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GENERAL INTRODUCTION

1GENERAL INTRODUCTION
Sigma receptors
Sigma receptors are unique proteins integrated in plasma and endoplasmic 
reticulum membranes of tissue derived from brain, immune, endocrine and 
reproductive organs, kidney, and liver (1). Sigma receptors were originally thought 
to be a sub-type of opioid receptors and got their name from the S of SKF10047, the 
morphine analogue which bound to them (2). The complex binding properties of 
SKF10047, which also bound to the phencyclidine (PCP) sites of NMDA receptors, 
caused some confusion and sigma receptors were at one time point also called 
sigma/PCP receptors. However, once more selective ligands became available, 
sigma receptors were established as non-opioid, non-PCP receptors (3).

Subtypes of sigma receptors
Two sub-types of sigma receptors have been confirmed, a 25kD sigma-1 receptor 
and a 21.5kD sigma-2 receptor. While the sequence and partial structure of the 
sigma-1 receptor are established (4, 5, 6), the existence of the sigma-2 receptor 
has only been proven pharmacologically (7). Recently, it was reported that the 
putative sigma-2 receptor ligand binding site is located within the PGRMC1 
(progesterone receptor membrane component-1) protein complex (8).

Regional distribution of sigma receptors in brain
The regional distribution of sigma receptors in mammalian brain has been examined 
using autoradiography (9, 10, 11, 12, 13, 14, 15, 16, 17), immunostaining (18) and 
mRNA in situ hybridization (19). In many studies, the highest densities of sigma 
receptors were observed in (i) areas related to motor functions (motor nuclei of the 
cranial nerves, red nucleus, substantia nigra pars compacta, ventral horn of the spinal 
cord) and (ii) in limbic structures (dentate gyrus and pyramidal cell layer of the 
hippocampus, superficial layers of the cortex, amygdala, basal forebrain nuclei and 
the olfactory bulb). This distribution suggest that sigma receptors may be involved 
in the control of posture and movement (particularly the sigma-2 subtype), and in 
learning and memory processes (particularly sigma-1) (9, 10, 14, 16, 18). 

Functions of sigma-1 receptors
The sigma-1 knockout mice that have been generated are viable and fertile and do 
not display any overt phenotype (20). However, compared to wild-type animals, they 
respond differently to challenges. When challenged with sigma-1 agonists such as (+)
SKF-10,047 (20) or DMT (21), sigma-1 knockout mice do not display a hypermotility 
response, or only an attenuated response. Thus, the psychostimulant action of sigma-1 
agonists is suppressed in these mice. Under certain forms of stress, sigma-1 receptor 
knockout mice display a depressive-like phenotype. They show increased immobility 
in the forced swimming test, but normal anxiety-like behavior in the elevated plus-
maze and light/dark box tests (22). In another study, male knockout mice showed 

11



1 signs of anxiety and depression, but not memory impairment. However, female 
knockout mice did not show signs of anxiety, but had spatial memory impairments 
which were related to age and decrease in 17b-estradiol levels (23). 

The endogenous ligand(s) for sigma receptors have not yet been identified 
with certainty. Neurosteroids (24, 25, 26, 27) and sphingolipids (28) interact 
with sigma-1 sites. Endogenous amines from the sphingolipid family (D-erythro-
sphingosine, sphingamine) bind with sub-micromolar affinity to the sigma-1 
receptor but not to the sigma-2 receptor protein (28). Another substance with 
alkylamine structure, the hallucinogen N,N-dimethyltryptamine (DMT), has also 
been identified as an endogenous sigma-1 ligand. DMT binds to the sigma-1 
receptor with an affinity in the 10-5 M range (21). A hypothetical signalling 
scheme triggered by the binding of DMT to sigma-1 receptors has been proposed, 
but since the Kd of DMT binding at sigma-1 receptors is much higher than the 
concentrations of DMT which are observed in vivo, the physiological relevance of 
DMT signaling through sigma-1 receptors is not yet clear (29).

Sigma-1 receptors are now considered to be ligand-regulated molecular 
chaperones modulating the activity of voltage-regulated and ligand-gated ion 
channels (30), intracellular calcium signalling (31), and the release of various 
neurotransmitters including acetylcholine (32, 33, 34) and glutamate (35). Occupancy 
of sigma-1 receptors by agonists causes translocation of the receptor protein from 
the endoplasmic reticulum to the cell membrane where the receptor can regulate 
ion channels and neurotransmitter release (31, 36). Sigma-1 receptors are involved 
in cellular differentiation (3, 37), neuroplasticity (38, 39), neuroprotection (40, 41), 
and cognition (42). Thus, they are implicated in several major neuropsychiatric 
disorders including Alzheimer’s disease, Parkinson’s disease, depression, anxiety, 
schizophrenia, pain and substance abuse (3, 43, 44, 45).

Imaging sigma-1 receptors using PET
Positron emission tomography (PET) is a non-invasive imaging technique in nuclear 
medicine which provides information on physiological and biochemical functions 
in tissues. A radionuclide (like 11C, 13N, 15O or 18F) is incorporated in a molecule of 
interest (drugs, metabolites, or biomolecules like neurotransmitters, hormones etc) 
to produce a radiotracer. After injection into the blood stream of a living subject, the 
tracer gets distributed within the body and takes part in the biological processes. 
For example, it can bind to target receptors reversibly or irreversibly, it can be 
metabolized and the radioactive metabolite then trapped inside cells, it can be 
incorporated into new molecules synthesized in the body etc. When the radionuclide 
decays, it emits a positron (Figure 1). Positrons are anti-electrons, i.e. particles with 
the same mass as an electron but a positive instead of a negative charge. When 
a positron meets a normal electron within its vicinity (less than 1mm for 18F to 
2.5mm for 15O), the combined mass of the two particles is converted to energy in 
a process called annihilation. This annihilation releases energy as two photons of 
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1

511 keV which travel in opposite directions (approximately 180 degrees). These 
photons are detected by a ring of detectors in the PET camera. Electronic circuits 
connected to the detector rings ensure that events are only registered when two 
detectors are almost simultaneously hit by a photon. Its origin, i.e. the position of 
the annihilation, is established along the line of coincidence. The data so acquired is 
reconstructed to produce three dimensional images of the distribution of the tracer 
within the body over time (46). These images can be assessed visually for tracer 
accumulation or using pharmacokinetic modelling to quantify functional processes.

PET studies with radiotracers for specific receptor systems can be used to 
quantify changes to the receptor system (expression, density or affinity) or to 
estimate the receptor occupancy (RO) of drugs binding to these receptors. 11C-
SA4503 is one such selective agonist radiotracer for sigma-1 receptors (47). 11C-
SA4503 has been used in pre-clinical and clinical studies to measure sigma-1 
receptors in the brain. See Table 1 for some examples. Figure 2 is a schematic 
representation of a typical microPET study using 11C-SA4503.

Sigma-1 receptors in drug discovery
Several drugs already marketed for various central nervous system (CNS) 
indications have been found to be sigma-1 ligands (see Table 2). Haloperidol, 
fluvoxamine and donepezil have been shown to occupy sigma-1 receptors in 
human volunteers at therapeutic doses using 11C-SA4503 (48, 49, 50). 
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Figure 1. Principles behind PET imaging. 1) Unstable parent nucleus, 2) radioactive decay with 
emission of positron and neutrino, 3) annihilation resulting in the formation of two 511 keV 
photons, 4) coincidence detection, when two detectors are simultaneously hit by the photons.
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GENERAL INTRODUCTION

1

Preclinical studies with sigma-1 receptor ligands (agonists, antagonists and 
allosteric modulators) have shown potential benefits in the treatment of disorders 
such as depression, anxiety, cognitive impairment in neuropsychiatric disorders, 
neurodegenerative disorders like Alzheimer’s disease and amyotrophic lateral 
sclerosis, substance abuse, pain and cancer (3, 7, 43, 44, 45, 51, 52, 53, 54, 55, 56). 
Several sigma ligands have reached the clinical development stage for various CNS 
indications (43, 44, 45, 57, 58) (See Table 3). The interest in sigma-1 antagonists 
as treatment for schizophrenia however, appears to have declined after several 
failures in clinical trials. Cutamesine (SA4503), is being developed as a potential 
drug for the treatment of several CNS disorders including post stroke recovery, 
major depression, Alzheimer’s disease and cognitive deficit in schizophrenia. 
Companies currently involved in the development of drugs for such indications 
include M’s Science, AGY Therapeutics, Esteve, and Anavex Life Sciences Corp.

Pharmacokinetics and receptor occupancy
Drug discovery process, especially for the brain, is very inefficient and slow 
with only 46 % of investigated drugs from phase 3 clinical trials actually getting 
marketing approval while taking 35% longer to develop (59). Use of PET imaging, 
especially in the pre-clinical stage, to confirm tissue delivery and drug-target 
interaction and to evaluate the drug’s pharmacokinetic-pharmacodynamic 
relationship could help reduce the time required for drug development. 

Brain penetration, regional distribution, and binding to the target receptor are 
important aspects for drugs that act through the CNS. Classical pharmacokinetic (PK) 
studies involving cold drugs will not provide information on pharmacodynamics 

Table 2. Drugs marketed for CNS indications that have sigma-1 ligand property

Marketed 
drug Class

Approved  
Indication Sigma activity Reference

Afobazole  
(in Russia)

Not well defined Anxiolytic Sigma-1 agonist (76, 77) 

Citalopram Selective serotonin reuptake 
inhibitor (SSRI)

Antidepressant Sigma-1 agonist (78, 79) 

Donepezil Acetylcholinesterase inhibitor Alzheimer’s disease Sigma-1 agonist (50, 80) 
Fluvoxamine 
Fluoxetine

SSRI Antidepressant Sigma-1 agonist (49, 78) 

Haloperidol Dopamine D2 antagonist Antipsychotic Non-selective 
sigma antagonist

(48) 

Imipramine Monoamine reuptake inhibitor Antidepressant Sigma-1 agonist (44) 
Memantine NMDA antagonist Alzheimer’s disease Sigma-1 agonist (44) 
Opipramol  
(in Europe)

Sigma-1 and 2 agonist, 
histamine H1 antagonist

Anxiolytic,  
antidepressant

Non-selective 
sigma agonist

(57, 81) 

Sertraline SSRI Antidepressant Sigma-1 antagonist (78) 

15



1

Fi
gu

re
 2

. S
ch

em
at

ic
 re

pr
es

en
ta

tio
n 

of
 a

 ty
pi

ca
l m

ic
ro

PE
T 

st
ud

y 
us

in
g 

11
C-

SA
45

03
.

16



GENERAL INTRODUCTION

1
Ta

bl
e 

3.
 S

ig
m

a 
lig

an
ds

 th
at

 re
ac

he
d 

cl
in

ic
al

 d
ev

el
op

m
en

t s
ta

ge
 fo

r v
ar

io
us

 C
N

S 
in

di
ca

tio
ns

Co
m

po
un

d
Co

m
pa

ny
Si

gm
a 

ac
ti

vi
ty

In
di

ca
ti

on
St

at
us

Re
fe

re
nc

e

Cu
ta

m
es

in
e 

 
(S

A4
50

3)
M

’s
 S

ci
en

ce
 

Si
gm

a-
1 

ag
on

is
t

Po
st

-s
tr

ok
e 

re
co

ve
ry

Ph
as

e 
II

a 
On

go
in

g
(8

2,
 8

3)
 

Cu
ta

m
es

in
e 

 
(S

A4
50

3)
M

’s
 S

ci
en

ce
 

Si
gm

a-
1 

ag
on

is
t

D
ep

re
ss

io
n

Ph
as

e 
II

a 
On

go
in

g
(8

2,
 8

3)
 

De
xt

ro
m

et
ho

rp
ha

n
Av

an
ir

  
Ph

ar
m

ac
eu

tic
al

s
Si

gm
a-

1 
ag

on
is

t
Re

du
ct

io
n 

of
 p

se
ud

ob
ul

ba
r a

ffe
ct

 in
 

pa
tie

nt
s w

ith
 a

m
yo

tr
op

hi
c l

at
er

al
 

sc
le

ro
si

s o
r m

ul
tip

le
 sc

le
ro

si
s

Ph
as

e 
II

I  
Ef

fe
ct

iv
e 

vs
. p

la
ce

bo
(8

4,
 8

5)

AN
AV

EX
 2

-7
3

An
av

ex
 L

ife
 

Sc
ie

nc
es

.
Si

gm
a-

1 
ag

on
is

t
Al

zh
ei

m
er

’s
 d

is
ea

se
Ph

as
e 

II 
tr

ia
l t

o 
be

 in
iti

at
ed

. A
 g

oo
d 

ef
fic

ac
y 

of
 A

na
ve

x 
2-

73
 fo

r A
lz

he
im

er
’s 

di
se

as
e 

w
as

 
pr

ed
ic

te
d 

ba
se

d 
on

 m
od

el
lin

g 
w

or
k.

 

(8
6,

 8
7)

Ig
m

es
in

e 
 

(C
L-

10
19

, J
O-

17
84

)
Pf

iz
er

 G
lo

ba
l 

R&
D

Si
gm

a-
1 

ag
on

is
t

D
ep

re
ss

io
n

Im
pr

ov
em

en
t, 

di
sc

on
tin

ue
d 

 
du

e 
to

 m
ar

ke
tin

g 
co

ns
id

er
at

io
ns

(5
7,

 8
8)

 

E-
52

86
2 

(S
1R

A)
Es

te
ve

Si
gm

a-
1 

an
ta

go
ni

st
Ac

ut
e 

pa
in

 
N

eu
ro

pa
th

ic
 p

ai
n 

Po
st

-o
pe

ra
tiv

e 
pa

in

Ph
as

e 
II

 O
ng

oi
ng

(8
9,

 9
0)

 

Ri
m

ca
zo

le
  

(B
W

-2
34

U)
Gl

ax
o 

Sm
ith

 
Kl

in
e

Si
gm

a-
1 

an
ta

go
ni

st
Sc

hi
zo

ph
re

ni
a

In
ef

fe
ct

iv
e 

ag
ai

ns
t p

os
iti

ve
  

sy
m

pt
om

s, 
di

sc
on

tin
ue

d
(4

4,
 9

1)
 

BM
S-

18
11

00
  

(B
M

Y-
14

80
2)

Br
is

to
l-M

ye
rs

 
Sq

ui
bb

Si
gm

a-
1 

an
ta

go
ni

st
Sc

hi
zo

ph
re

ni
a

In
ef

fe
ct

iv
e,

 d
is

co
nt

in
ue

d
(9

2)
 

Pa
na

m
es

in
e 

 
(E

M
D

 5
74

45
)

M
er

ck
 K

Ga
A

Si
gm

a-
1 

an
ta

go
ni

st
Sc

hi
zo

ph
re

ni
a

Ef
fe

ct
iv

e 
ag

ai
ns

t p
os

iti
ve

 /
  

ne
ga

tiv
e 

sy
m

pt
om

s 
D

is
co

nt
in

ue
d

(5
7,

 9
3,

 
 9

4,
 9

5)
 

D
uP

73
4

D
u 

Po
nt

 M
er

ck
 

Si
gm

a-
1 

an
ta

go
ni

st
Sc

hi
zo

ph
re

ni
a

In
ef

fe
ct

iv
e,

 d
is

co
nt

in
ue

d
(4

4,
 5

7,
 9

6)
 

SS
R-

12
50

47
Sa

no
fi-

Av
en

tis
Si

gm
a-

1 
an

ta
go

ni
st

Sc
hi

zo
ph

re
ni

a
Ph

as
e 

I N
o 

fu
rt

he
r r

ep
or

ts
(9

7)
 

SR
-3

17
42

A
Sa

no
fi-

Av
en

tis
Si

gm
a-

1 
an

ta
go

ni
st

Sc
hi

zo
ph

re
ni

a
D

is
co

nt
in

ue
d

(9
7)

 
El

ip
ro

di
l  

(S
L8

2.
07

15
)

Pa
rk

e-
D

av
is

 
Si

gm
a-

1 
an

ta
go

ni
st

Sc
hi

zo
ph

re
ni

a
Ef

fe
ct

iv
e 

ag
ai

ns
t n

eg
at

iv
e 

sy
m

pt
om

s
(9

8)
 

El
ip

ro
di

l  
(S

L8
2.

07
15

)
Pa

rk
e-

D
av

is
 

Si
gm

a-
1 

an
ta

go
ni

st
Pa

rk
in

so
n’

s 
di

se
as

e
Ph

as
e 

II
 N

o 
fu

rt
he

r r
ep

or
ts

(4
4,

 9
9)

 

17



1 (target engagement and receptor occupancy). Use of PET data on the contrary can 
simultaneously show target engagement and allow PK characterization (60, 61). 
Further, it is necessary to establish the potential of a drug to produce the required 
effect as early in the discovery process as possible, preferably at the pre-clinical 
stage as proof of concept. This is achieved by studying the relationship between 
the exposure (administered dose, drug concentration in plasma or site of action, 
receptor occupancy etc) and the response elicited. In pre-clinical behavioural 
studies, the administered dose is the most common, and often the only, measure 
of exposure available. However, dose as a measure of exposure does not take into 
account the complicated pharmacokinetics of the drug and the dose-response 
analysis ignores drug-target interactions. The concentration of the drug in plasma 
too ignores drug-target interaction and the observed results are not translatable 
to other drugs acting on the same target, as brain penetration and potency of 
drugs acting on the same receptor could be different. On the other hand, receptor 
occupancy (RO), which is the percentage of receptor population occupied by a drug, 
takes drug-target interaction into account and is translatable across drugs of the 
same class. RO plays an important role in the efficacy and safety profile of drugs, 
especially in CNS disorders. For example, dopamine D2 RO > 60% is required for 
efficacy of typical antipsychotics; however, occupancy > 80% is associated with 
increased side effects (62). Exposure-response analysis, that links dose, plasma 
concentration and RO, will give the most information about the potential efficacy 
of a drug and this can be achieved using PET studies alongside pharmacokinetic-
pharmacodynamic analysis.
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GENERAL INTRODUCTION

1AIM AND OUTLINE OF THE THESIS
Rodents are the main mammalian species used in preclinical studies of CNS disorders, 
ranging from behavioural studies for disease progression and drug effects, to 
pharmacokinetics of drugs and drug safety assessments. Sigma-1 receptor and its 
ligands are gaining importance in the field of CNS disorders. However, quantitative 
microPET imaging of sigma-1 receptors in rats had not yet been performed. 

The aim of this thesis was to investigate the use of 11C-SA4503 and pre-clinical 
PET imaging in living rats to study changes to sigma-1 receptors in the brain. 
Sigma-1 receptors were investigated in normal aging and in animal models of 
cognitive deficit. Further, drug treatment effects on receptor occupancy and 
behavioural models were investigated.

Chapter 2 provides an overview of the relationship between the cholinergic 
system and sigma-1 receptors, and discusses potential applications of sigma-1 
receptor agonists in the treatment of cognitive disorders.

Ex vivo studies with sigma receptor ligands in aging rodents have shown 
conflicting results ranging from decreased to unaltered to increased number of 
binding sites in the brain. In Chapter 3 the effect of normal aging on the status of 
sigma-1 receptors in the living rat brain was evaluated. Kinetic analysis of tracer 
uptake in the whole brain and individual brain regions were performed using a 
2-tissue compartment model (2-TCM) fit to assess changes in partition coefficient 
(K1/k2), non-displaceable binding potential (BPND), and total distribution volume 
(VT). About 40% of aged rats develop spontaneous pituitary tumors. In Chapter 4, 
the feasibility of detecting spontaneously developed pituitary tumors in aged rats 
and distinguishing them from the normal pituitary by microPET imaging with 11C-
SA4503 were studied. Also, kinetic analysis of tracer uptake in the brain, pituitary 
tumors and thyroid gland, were performed as described above. Finally, the impact 
of a pituitary tumor on uptake of 11C-SA4503 in peripheral organs was examined, 
since a pituitary tumor may affect the vascular properties and perfusion of other 
tissues because of altered hormone levels. 

In Chapter 5 changes to sigma-1 receptor expression were investigated in 
two models of cognitive deficit. The effect of unilateral cholinergic lesioning of 
the rat nucleus basalis on sigma-1 receptors of the cortex was investigated using 
11C-SA4503 and microPET. Immunocytochemical analysis was used to confirm 
findings from the scan. The effect of REM sleep deprivation, induced using the 
multiple platform method, on cognition was assessed using behavioural tests and 
a metabolite corrected biodistribution study was performed to assess 11C-SA4503 
uptake in brain and peripheral tissues. Western blot was performed on a couple 
of brain regions to confirm findings from the biodistribution study.

Chapter 6 describes a study in which the sigma-1 agonist tracer 11C-SA4503 and 
microPET was used to determine sigma-1 receptor occupancy (RO) by donepezil 
in the rat brain. The RO of donepezil was estimated, at doses that are commonly 
used in rodent behavioural studies, using Lassen plot. The PK/PD relationship 
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1 between the plasma concentration and RO of donepezil were explored and its 
EC50 was calculated as the plasma concentration required for 50% sigma-1 RO.

In Chapter 7, the ability of cutamesine to attenuate REM sleep deprivation induced 
memory loss was investigated. REM sleep deprivation was induced using the multiple 
platform method and tested using passive avoidance. The brain RO of cutamesine at 
the tested doses was estimated using 11C-SA4503 and microPET. The plasma and brain 
concentrations of cutamesine, at these doses were estimated using UPLC-MS. The 
relationship between the drug concentration and receptor occupancy was compared.

Although tracer pharmacokinetic (PK) data is available for 11C-SA4503, there 
is no literature available that reports the plasma and brain PK after injection 
of the drug cutamesine at pharmacologically active doses. Chapter 8 describes 
a pharmacokinetic study in rats to evaluate plasma and brain disposition of 
cutamesine, at the pharmacologically active doses of 0.3 and 1.0 mg/kg. This 
observed data was subsequently used to evaluate a population-based PK model 
developed for cutamesine from 11C-SA4503 in Chapter 9. 

Chapter 9 illustrates the development of a population-based PK model using 
nonlinear mixed effects modeling (NONMEM) to describe the time course of 
carbon-11 labeled cutamesine (11C-SA4503) radioactivity in plasma and brain. 
Since radiolabelled forms of drugs can be used to follow the disposition of the 
actual drug, the PK of the drug cutamesine was predicted using the PK model 
parameters obtained from 11C-SA4503. For this purpose 11C-SA4503 radioactivity 
data from different age groups/studies (Chapter 3 and 4) were pooled together 
and analyzed using NONMEM. The profile so obtained was then compared with 
data obtained from the unlabelled drug in Chapter 8. 

Finally, Chapter 10 summarises the finding from this thesis and Chapter 11 
provides some future perspectives.
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ABSTRACT
This article provides an overview of present knowledge regarding the relationship 
between the cholinergic system and sigma-1 receptors, and discusses potential 
applications of sigma-1 receptor agonists in the treatment of memory deficits and 
cognitive disorders. Sigma-1 receptors, initially considered as a subtype of the opioid 
family, are unique ligand-regulated molecular chaperones in the endoplasmatic 
reticulum playing a modulatory role in intracellular calcium signaling and in 
the activity of several neurotransmitter systems, particularly the cholinergic 
and glutamatergic pathways. Several central nervous system (CNS) drugs show 
high to moderate affinities for sigma-1 receptors, including acetylcholinesterase 
inhibitors (donepezil), antipsychotics (haloperidol, rimcazole), selective serotonin 
reuptake inhibitors (fluvoxamine, sertraline) and monoamine oxidase inhibitors 
(clorgyline). These compounds can influence cognitive functions both via 
their primary targets and by activating sigma-1 receptors in the CNS. Sigma-1 
agonists show powerful anti-amnesic and neuroprotective effects in a large 
variety of animal models of cognitive dysfunction involving, among others (i) 
pharmacologic target blockade (with muscarinic or NMDA receptor antagonists 
or p-chloroamphetamine); (ii) selective lesioning of cholinergic neurons; (iii) 
CNS administration of ß-amyloid peptides; (iv) aging-induced memory loss, both 
in normal and senescent-accelerated rodents; (v) neurodegeneration induced by 
toxic compounds (CO, trimethyltin, cocaine), and (vi) prenatal restraint stress. 

Keywords: Acetylcholine, cholinergic system, cognition, sigma-1 receptors, 
memory, anti-amnesic effects, sigma-1 agonists, neurodegenerative disease 
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INTRODUCTION
Cholinergic neurotransmission is a crucial process underlying memory 
and cognitive function. Cholinergic basal forebrain neurons in the nucleus 
basalis magnocellularis innervate the cerebral cortex, amygdaloid complex, 
or hippocampus and are essential for learning and memory formation (1), (2). 
Some cortical cholinergic activity is lost in normal aging. Patients suffering from 
AD or related dementias display a severe degeneration of cholinergic neurons 
and a corresponding loss of cortical cholinergic neurotransmission, which is 
one of the factors underlying their memory deficits (3), (4), (5). Administration 
of  an anticholinergic drug, such as the muscarinic antagonist scopolamine, to 
experimental animals or healthy volunteers results in striking impairments 
of memory function which resemble Alzheimer dementia (6). On the other 
hand, acetylcholinesterase (AChE) inhibitors such as tacrine, physostigmine, 
rivastigmine and galantamine which suppress breakdown of the neurotransmitter 
acetylcholine, can temporarily improve memory function in some demented 
patients and in animal models of amnesia (7).

The sigma-1 receptor, a unique orphan receptor, is strongly expressed in neurons 
and in glia (8), (9). Neurosteroids, i.e. steroid hormones which are synthesized 
within the brain itself (10), (11), (12), (13), and sphingolipids (14) interact with 
sigma-1 sites which are now considered as ligand-regulated molecular chaperones 
modulating the activity of voltage-regulated and ligand-gated ion channels (15), 
intracellular calcium signaling (16), and the release of various neurotransmitters 
including acetylcholine (17), (18), (19) and glutamate (20). Occupancy of sigma-1 
receptors by agonists causes translocation of the receptor protein from the 
endoplasmatic reticulum to the cell membrane where the receptor can regulate 
ion channels and neurotransmitter release (21), (22) (Figure 1). The sigma-1 
receptor is implicated in cellular differentiation (23), (24), neuroplasticity (25), 

(26), neuroprotection (27), (28), and cognitive functioning of the brain (29).
As both the cholinergic system and sigma-1 receptors are implied in cognition, we 

will in this article present an overview of current knowledge regarding the relationship 
between these neuronal pathways, and discuss potential applications of sigma-1 
receptor agonists in the treatment of memory deficits and cognitive disorders.

ACETYLCHOLINE AND SIGMA-1 RECEPTOR FUNCTION
Sigma-1 receptor agonists are potent modulators of acetylcholine release, both in 
vitro and in vivo. Igmesine and (+)SKF 10,047 potentiate the KCl-evoked release 
of 3H-acetylcholine from rat hippocampal slices, and this effect can be blocked 
by the sigma antagonist haloperidol (18). The sigma-1 receptor agonist SA4503 
dose-dependently increases the electrically evoked release of 3H-acetylcholine 
from hippocampal but not striatal slices isolated from rat brain (17).
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Using in vivo microdialysis in freely moving rats, extracellular acetylcholine 
levels in the frontal cortex were found to be acutely and dose-dependently increased 
upon administration of the sigma-1 receptor agonists (+)-SKF 10,047, (+)-3-PPP, 
(±)-pentazocine and DTG. The effect of SKF 10,047 was stereoselective and it could 
be reversed by the sigma antagonist haloperidol (30), (31). In later experiments, 
(+)-SKF 10,047 was shown to also increase extracellular acetylcholine in the 
hippocampus in a stereoselective fashion and this effect could also be blocked by 
haloperidol (32). Regional differences in the stimulation of acetylcholine release by 
sigma-1 receptor agonists were subsequently observed. (+)-SKF 10,047 and DTG 
increased the release of acetylcholine in hippocampus and frontal cortex, but in 
the rat striatum, DTG had no and (+)-SKF 10,047 had only a marginal effect (33). 
Acetylcholine release in the hippocampus and frontal cortex was also strongly 
increased by the sigma-1 agonist SA4503, whereas acetylcholine release in the 
striatum was not affected (19), (34) (see Figure 2). The absence of an increase of 
striatal acetylcholine levels after administration of sigma-1 receptor agonists may 

Figure 2. Upper panel: The sigma-1 
receptor agonist SA4503 (10 mg/kg, 
per os, administered at time zero) 
increases extracellular acetylcholine 
levels in the frontal cortex but not in 
the striatum of freely moving rats. 
Lower panel: The effect of SA4503 on 
acetylcholine release is counteracted 
by the sigma-1 receptor antagonist 
NE-100 (0.5 mg/kg, co-administered 
with SA4503). After (19), (34).
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be the reason why such drugs do not display some undesired side effects which are 
frequently seen after administration of acetylcholinesterase (AChE) inhibitors (19).

Since selective sigma-1 receptor agonists can facilitate the activity of 
cholinergic systems by stimulating acetylcholine release, particularly in the 
cortex and hippocampus, such drugs have the potential to ameliorate the memory 
impairments resulting from cholinergic dysfunction.

However, the capability of sigma-1 receptor agonists to ameliorate such 
impairments appears to be not solely due to modulation of residual acetylcholine 
release. In a recent study involving the potent and selective sigma-1 agonist (±)-
PPCC (Ki

 at muscarinic receptors > 10,000 nM) and cholinergic lesions of varying 
severity, it was noted that the anti-amnesic effects of the sigma receptor agonist 
occur even in animals with complete cholinergic depletion, i.e. a total absence of 
cholinergic neurons in the basal forebrain nuclei (35). Pretreatment of animals 
with the sigma-1 receptor antagonist BD1047 blocked the anti-amnesic effects of 
(±)-PPCC (36). Thus, PPCC appears to improve cognition through sigma-1 receptors 
via additional, other mechanisms than stimulation of acetylcholine release. Some 
possible mechanisms are discussed in subsequent sections of this paper.

CHANGES OF SIGMA RECEPTOR DENSITY IN AGING 
AND NEURODEGENERATIVE DISEASE
When sigma-1 receptor density in the brain of aged (20-28 years old) and young 
adult (4-8 years old) monkeys was compared using the radioligand 11C-SA4503 
and PET, a highly significant increase (160-210%) of the binding potential (BP) 
was observed in aged animals (37). In a similar PET study in humans, 11C-SA4503 
binding was found to be unchanged in the human brain during healthy aging (38). 
This contrasts strikingly with the age-dependent loss of cholinergic, glutamatergic 
and dopaminergic receptors which occurs in primates (Figure 3). 

Using autoradiography and the non-subtype-selective sigma ligand 3H-DTG, 
a significant, 26% loss of binding sites was noted in the CA1 stratum pyramidale 
region of the hippocampus of Alzheimer’s disease (AD) patients as compared 
to healthy controls. This loss of sigma receptors correlated with a 29% loss of 
pyramidal cells (39). These preliminary results suggested that sigma receptors are 
preferentially located on pyramidal cells in the CA1 region of the hippocampus. 

In later PET studies, a loss of sigma-1 receptors from the brain of patients 
with AD was indeed observed (40). The BP of the sigma-1 ligand 11C-SA4503 was 
significantly reduced (by 44 to 60%) in the frontal, temporal, and occipital lobe, 
cerebellum and thalamus of early AD patients as compared to healthy controls, 
but not in the hippocampus (41). 

Two genetic variants of the sigma-1 receptor gene could affect the susceptibility 
of humans to AD, i.e. G-241T/C-240T (rs. 1799729) in the proximal promoter 
region and A61C (resulting in an amino acid substitution Q2P) in the first exon 
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(42). The haplotype TT-C has been suggested to provide protection against AD. 
However, in a later study in a group of Polish patients (219 subjects with late-onset 
AD, 97 subjects with mild cognitive impairment and 308 nondemented subjects), 
no significant differences for the sigma-1 receptor allele, genotype, haplotype, 
and diplotype distributions were observed between the studied groups (43). 

In a small group of patients with early Parkinson’s disease (n = 6), the BP of 
11C-SA4503 was found to be significantly lower on the more affected than the less 
affected side of the anterior putamen, although there was no significant difference in 
BP between patients and controls (44). These data suggest that Parkinson’s disease 
may be associated with a loss of sigma-1 receptors from the putamen, although the 
decrease is less striking than that observed in the cerebral cortex in AD.

In the rodent brain, sigma-1 receptor density was generally found to be preserved 
during aging. In a recent study involving healthy controls and senescent-accelerated 
mice (SAM), no differences between 6-, 9- and 12-month old rodents regarding 
the sigma-1 receptor density of various brain regions were observed, neither at 
the level of mRNA nor at the protein level (histochemistry, binding of 3H-(+)-SKF 

A

D C

B

Figure 3. Age-related increases of sigma-1 receptor density in rhesus monkey brain (upper left) 
compared to the decreases of muscarinic M1/M4, serotonin-2A (5-HT2A), and dopamine D2/D3 
receptor numbers with aging in human brain. Data from (195), (196), (197), and (198), respectively.
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10,047). However, in aged (12-mo) SAM, the antidepressant efficacy of the sigma-1 
agonist igmesine was increased. This augmented response may be due to decreased 
levels of neurosteroids in these animals, particularly progesterone, a steroid with 
sigma-1 receptor antagonist action (45). The efficacy of sigma-1 receptor agonists 
is known to be inversely correlated to brain progesterone levels. In rats treated with 
chronic intracerebroventricular infusion of beta-amyloid(1-40) protein, or in beta-
amyloid(25-35) peptide-treated mice, a significant decrease of cerebral progesterone 
levels is  accompanied by a corresponding increase of the antidepressant activity of 
sigma-1 receptor agonists (46), (47). In another study on murine ageing, no differences 
in cerebral sigma-1 receptor density were observed between 2-mo and 24-mo old 
C57/BL6 mice, neither at the mRNA nor at the protein level (48). 

Changes of sigma-1 and sigma-2 receptors in aging rat brain have been 
examined as well, by applying the radioligands 3H-SA4503, 3H-(+)pentazocine and 
3H-DTG for binding studies in brain homogenates of 1.5 mo, 6-, 12- and 24-mo old 
Fisher-344 rats. The number of binding sites increased with aging, but the binding 
affinity of all ligands was decreased. Apparently, increases of receptor density 
(over)compensate for a reduced affinity of the receptor proteins to agonists in 
this rodent strain, and as a consequence, ligand binding is increased at old age 
(49), particularly at ages greater than 12 months. In an older study which used 
3H-haloperidol (in combination with 50 nM unlabeled spiperone) to quantify 
sigma-1 plus sigma-2 receptors, receptor density in the brain of Fisher-344 rats 
was found to be unaltered between postnatal day 1 and age 12 months (50).

These findings of a preserved receptor density may perhaps not be generalized 
to all rat strains, since middle-aged Sprague-Dawley rats (5-6 mo old) were 
reported to have fewer sigma binding sites and sites with lower affinity for 
3H-DTG than young adult animals (2-3 mo old). The older animals also exhibited a 
decreased behavioral response to sigma ligands injected into the substantia nigra 
(51). Another research group which used 3H-(+)-PPP confirmed that the binding 
sites for this ligand in the brain of Sprague-Dawley rats are present at high density 
during the perinatal period, and decline thereafter (52).

SIGMA LIGANDS IMPROVE COGNITION IN ANIMAL 
MODELS OF COGNITIVE IMPAIRMENT
Sigma-1 agonists (applied systemically) have shown anti-amnesic efficacy in 
several animal models of cognitive impairment. Both pharmacological and 
pathological models of amnesia have been examined (see Table 1 for an overview). 
These include: (i) cholinergic deficits (either induced by muscarinic antagonists 
or by lesions of the forebrain or the nucleus basalis resulting in a selective loss 
of cholinergic neurons); (ii) pathology induced by direct administration of 
ß-amyloid(25-35) peptide to the rodent CNS, an animal model of Alzheimer’s 
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disease; (iii) aging-induced losses of memory function, both in normal mice 
and SAM; (iv) neurodegeneration caused by exposure of animals to CO gas, or 
to trimethyltin; (v) prenatal stress (restraint, or exposure to cocaine), and (vi) 
glutamatergic, serotonergic, or calcium channel deficits induced by various drugs  
The beneficial effects of sigma-1 receptor agonists on cognitive performance 
were detected in many different cognitive tests assessing short-term (working 
memory), long-term (reference memory), contextual or spatial memory processes.

For example, the sigma-1 receptor agonists (+)-SKF 10,047, pentazocine, DTG, 
(+)-3-PPP, igmesine and SA4503 prevented the scopolamine-induced amnesia 
of mice and rats in passive avoidance tasks, and the beneficial action of these 
compounds was blocked by sigma-1 receptor antagonists like NE-100. The 
anti-amnesic effects of SA4503 were blocked after sigma-1 receptor antisense 
administration, but not after administration of a mismatch oligodeoxynucleotide 
(34), (53), (54), (55), (56). Thus, activation of the sigma-1 receptor is involved in the 
improvement of cognition, and sigma-1 agonists have potential for the treatment 
of amnesia resulting from cholinergic dysfunction.

Sigma-1 receptor agonists such as (+)-SKF 10,047, (+)-pentazocine, DTG, 
PRE-084 and SA4503 also showed a potent anti-amnesic action against the 
cognitive deficits induced by NMDA-receptor blockade in mice and rats, e.g. 
treatment of animals with the non-competitive NMDA receptor antagonist 
dizocilpine before the learning test. These beneficial effects were stereoselective 
and were blocked by pretreatment of animals with sigma-1 antagonists such as 
BMY 14802, haloperidol or NE-100 (see Table 1 for references).

Neurotoxicity models of cognitive impairment which have been employed for 
testing cognitive enhancement by sigma-1 receptor agonists include repeated 
exposure of mice to CO gas and trimethyltin administration to rats. The former 
model results after 5 to 7 days in neuronal death that remains restricted to the CA1 
area of the hippocampus (57). Trimethyltin administration results in damage of 
selective neural populations from limbic structures of the brain (58), (59). In such 
neurotoxicity models, similar findings were obtained as in the pharmacological 
models of amnesia, i.e. sigma-1 receptor agonists improved cognitive performance 
and this improvement could be blocked by sigma-1 receptor antagonists.  
However, in contrast to the scopolamine or dizocilpine-induced amnesia, cognitive 
impairments after exposure of animals to CO or trimethyltin were alleviated not 
only by sigma-1 agonists but also by sigma-2 receptor agonists. 

In most behavioral tests, sigma-1 receptor agonists do not facilitate and sigma-1 
receptor antagonists do not impede the learning of healthy control animals. 
Downregulation of sigma-1 receptor expression using an in vivo antisense approach 
also does not affect the learning ability of healthy mice submitted to a passive avoidance 
test (60), (61). However, sigma-1 receptor agonists improve the performance of 
pharmacologically or pathologically lesioned animals in standard learning tests, and 
this improvement in lesioned rodents can be blocked by sigma-1 receptor antagonists. 
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Table 1. Animal models in which sigma-1 agonists have shown anti-amnesic properties

Amnesia model Species σ1 agonists σ1 antagonists Other drugs used Behavioral tests Reference

Cholinergic deficit

Scopolamine Rat Igmesine, (+)-3-PPP, DTG None Piracetam Passive avoidance (151)
Scopolamine Mouse (+)-SKF 10,047, (±)-pentazocine None Ritanserin, mian-serin,  

tacrine, physostigmine
Passive avoidance (54)

Scopolamine, Ibotenic  
acid forebrain lesion

Rat SA4503 Haloperidol,  NE-100 None Passive avoidance (152)

Scopolamine Mouse (+)-SKF 10,047 Haloperidol, NE-100 (-)SKF 10,047,  
physostigmine

Passive avoidance (56)

Ibotenic acid forebrain lesion Rat SA4503 none None Morris water maze (153)
Scopolamine Mouse DHEA-S,  PREG-S Progesterone NE-100 None Y-maze, water maze (154)
Scopolamine Mouse PRE084, SA4503 Antisense mismatch antisense Y-maze, passive avoidance (155)
Scopolamine Rat OPC-14523 NE-100 None Morris water maze (156)
Nucleus basalis lesion Rat Fluoxetine None None Active avoidance (157)
Scopolamine Mouse (+)-pentazocine, (+)-SKF 10,047 antisense, NE-100 (-)pentazocine,  

U-50,488H
Y-maze (158) (159) 

(160)
Scopolamine Mouse ANAVEX1-41 antisense, BD1047 None Y-maze, passive avoidance, water 

 maze, forced swimming test
(161)

Scopolamine Mouse Dimemorfan Haloperidol None Passive avoidance Water maze (162)
192IgG-saporin induced 
lesions, Atropine sulfate

Rat (±)-PPCC BD1047 None Morris water maze (163)

L-NAME 7-nitroindazole Mouse (+)-SKF 10,047(+)-pentazocine NE-100 None Y-maze (164)

Amyloid-induced neurodegeneration
ß-amyloid(25-35) peptide Mouse (+)-pentazocine, PRE084, SA4503,  

PREG-S, DHEA-S
Haloperidol, BMY14802, 

 progesterone
None Y-maze, passive avoidance (165)

ß-amyloid(25-35) peptide Mouse Donepezil, PRE084 BD1047 Tacrine, rivastigmine,  
galantamine

Y-maze, passive avoidance (166)

ß-amyloid(25-35) peptide Mouse ANAVEX1-41 BD1047 Scopolamine Y-maze, passive avoidance,  
radial arm maze

(75)

ß-amyloid(25-35) peptide Mouse Dimemorfan Haloperidol None Passive avoidance Water maze (167)

Aging-related memory loss
Senescence-accelerated mouse Mouse Igmesine, PRE084 BMY14802 JO1783 Y-maze, water maze, passive  

avoidance, open field
(168)

Normal aging Rat PRE084 none None Water maze (169)
Normal aging Rat OPC-14523 NE-100 None Morris water maze (170)
Normal aging Mouse PRE084 none None Morris water maze (171)

Hypoxia-induced neurodegeneration
Repeated CO exposure Mouse (+)-SKF 10,047, DTG BMY14802 None Y-maze, passive avoidance (172)
Repeated CO exposure Mouse PRE084, DTG, BD1008 NE-100, haloperidol None Passive avoidance (173)
Repeated CO exposure Mouse DHEA Pregnelone, NE-100 None Y-maze, passive avoidance (174)
Repeated CO exposure Mouse Donepezil, igmesine BD1047 Tacrine, rivastigmine,  

galantamine
Y-maze, passive avoidance (175)
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Table 1. Animal models in which sigma-1 agonists have shown anti-amnesic properties

Amnesia model Species σ1 agonists σ1 antagonists Other drugs used Behavioral tests Reference

Cholinergic deficit

Scopolamine Rat Igmesine, (+)-3-PPP, DTG None Piracetam Passive avoidance (151)
Scopolamine Mouse (+)-SKF 10,047, (±)-pentazocine None Ritanserin, mian-serin,  

tacrine, physostigmine
Passive avoidance (54)

Scopolamine, Ibotenic  
acid forebrain lesion

Rat SA4503 Haloperidol,  NE-100 None Passive avoidance (152)

Scopolamine Mouse (+)-SKF 10,047 Haloperidol, NE-100 (-)SKF 10,047,  
physostigmine

Passive avoidance (56)

Ibotenic acid forebrain lesion Rat SA4503 none None Morris water maze (153)
Scopolamine Mouse DHEA-S,  PREG-S Progesterone NE-100 None Y-maze, water maze (154)
Scopolamine Mouse PRE084, SA4503 Antisense mismatch antisense Y-maze, passive avoidance (155)
Scopolamine Rat OPC-14523 NE-100 None Morris water maze (156)
Nucleus basalis lesion Rat Fluoxetine None None Active avoidance (157)
Scopolamine Mouse (+)-pentazocine, (+)-SKF 10,047 antisense, NE-100 (-)pentazocine,  

U-50,488H
Y-maze (158) (159) 

(160)
Scopolamine Mouse ANAVEX1-41 antisense, BD1047 None Y-maze, passive avoidance, water 

 maze, forced swimming test
(161)

Scopolamine Mouse Dimemorfan Haloperidol None Passive avoidance Water maze (162)
192IgG-saporin induced 
lesions, Atropine sulfate

Rat (±)-PPCC BD1047 None Morris water maze (163)

L-NAME 7-nitroindazole Mouse (+)-SKF 10,047(+)-pentazocine NE-100 None Y-maze (164)

Amyloid-induced neurodegeneration
ß-amyloid(25-35) peptide Mouse (+)-pentazocine, PRE084, SA4503,  

PREG-S, DHEA-S
Haloperidol, BMY14802, 

 progesterone
None Y-maze, passive avoidance (165)

ß-amyloid(25-35) peptide Mouse Donepezil, PRE084 BD1047 Tacrine, rivastigmine,  
galantamine

Y-maze, passive avoidance (166)

ß-amyloid(25-35) peptide Mouse ANAVEX1-41 BD1047 Scopolamine Y-maze, passive avoidance,  
radial arm maze

(75)

ß-amyloid(25-35) peptide Mouse Dimemorfan Haloperidol None Passive avoidance Water maze (167)

Aging-related memory loss
Senescence-accelerated mouse Mouse Igmesine, PRE084 BMY14802 JO1783 Y-maze, water maze, passive  

avoidance, open field
(168)

Normal aging Rat PRE084 none None Water maze (169)
Normal aging Rat OPC-14523 NE-100 None Morris water maze (170)
Normal aging Mouse PRE084 none None Morris water maze (171)

Hypoxia-induced neurodegeneration
Repeated CO exposure Mouse (+)-SKF 10,047, DTG BMY14802 None Y-maze, passive avoidance (172)
Repeated CO exposure Mouse PRE084, DTG, BD1008 NE-100, haloperidol None Passive avoidance (173)
Repeated CO exposure Mouse DHEA Pregnelone, NE-100 None Y-maze, passive avoidance (174)
Repeated CO exposure Mouse Donepezil, igmesine BD1047 Tacrine, rivastigmine,  

galantamine
Y-maze, passive avoidance (175)
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Table 1. Continued

Amnesia model Species σ1 agonists σ1 antagonists Other drugs used Behavioral tests Reference

Toxin-induced neurodegeneration (aspecific)
Trimethyltin Rat Igmesine none None passive avoidance,  

radial arm maze
(176)

Trimethyltin Mouse PRE084, DTG, BD1008 NE-100, haloperidol None Passive avoidance (177)

Prenatal stress
Prenatal restraint Rat Igmesine BD1063 None Y-maze, T-maze, water  

maze, passive avoidance
(178)

Prenatal cocaine exposure Rat Igmesine, DHEA BD1063 None T-maze, water maze, 
passive avoidance

(179)

NMDA-receptor deficit
Dizocilpine Mouse (+)-SKF 10,047, (+)-pentazocine, DTG BMY14802, NE-100 (-)SKF 10,047,  

(-)pentazocine
Y-maze, passive avoidance,  

elevated plus maze
(180)

Dizocilpine Rat (+)-SKF 10,047 (-)SKF 10,047 Three-panel runway task (181)
Dizocilpine Mouse DHEA-S BMY14802, haloperidol Y-maze, passive avoidance (182)
Dizocilpine Mouse SA4503 Haloperidol, progesterone L-NAME Y-maze, passive avoidance (183)
Dizocilpine Rat (+)-SKF 10,047, SA4503 NE-100 None Radial arm maze (184)
Dizocilpine Rat SA4503, DHEA-S, PREG-S Progesterone, NE-100 None Radial arm maze (185)
Dizocilpine Mouse PRE084, SA4503 Antisense Mismatch antisense Y-maze, passive avoidance (186)
Dizocilpine Mouse PRE084, DHEA-S, PREG-S Antisense Mismatch antisense Y-maze, passive avoidance (187)
Phencyclidine, dizocilpine Mouse SA4503,  (+)-pentazocine, (+)-SKF 10,047 NE-100 D-cycloserine, L-NAME One-trial water-finding task (188)
Dizocilpine Mouse Donepezil, igmesine Antisense, BD1047 Rivastigmine, tacrine Y-maze, passive avoidance (189)
Phencyclidine Mouse Fluvoxamine, SA4503, DHEA-S NE-100 Paroxetine Novel object recognition task (190)
Phencyclidine Mouse Donepezil NE-100 Physostigmine Novel object recognition task (191)

Serotonergic deficit
p-chloroamphe-tamine Mouse (+)-SKF 10,047, (±)-pentazocine none Ritanserin, mianserin, 

tacrine, physostigmine
Passive avoidance (54)

p-chloroamphe- tamine Mouse (+)-SKF 10,047, DTG, (+)-3-PPP none (-)SKF 10,047, 
hemicholinium-3

Passive avoidance (53)

Ca2+ channel  deficit
nimodipine Mouse PRE084 BMY14802 None Y-maze, passive avoidance, 

water maze
(129)

Sigma receptor deficit
CDEP Mouse (+)-SKF 10,047, DTG, (+)-3-PPP none None Passive avoidance (192)
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Table 1. Continued

Amnesia model Species σ1 agonists σ1 antagonists Other drugs used Behavioral tests Reference

Toxin-induced neurodegeneration (aspecific)
Trimethyltin Rat Igmesine none None passive avoidance,  

radial arm maze
(176)

Trimethyltin Mouse PRE084, DTG, BD1008 NE-100, haloperidol None Passive avoidance (177)

Prenatal stress
Prenatal restraint Rat Igmesine BD1063 None Y-maze, T-maze, water  

maze, passive avoidance
(178)

Prenatal cocaine exposure Rat Igmesine, DHEA BD1063 None T-maze, water maze, 
passive avoidance

(179)

NMDA-receptor deficit
Dizocilpine Mouse (+)-SKF 10,047, (+)-pentazocine, DTG BMY14802, NE-100 (-)SKF 10,047,  

(-)pentazocine
Y-maze, passive avoidance,  

elevated plus maze
(180)

Dizocilpine Rat (+)-SKF 10,047 (-)SKF 10,047 Three-panel runway task (181)
Dizocilpine Mouse DHEA-S BMY14802, haloperidol Y-maze, passive avoidance (182)
Dizocilpine Mouse SA4503 Haloperidol, progesterone L-NAME Y-maze, passive avoidance (183)
Dizocilpine Rat (+)-SKF 10,047, SA4503 NE-100 None Radial arm maze (184)
Dizocilpine Rat SA4503, DHEA-S, PREG-S Progesterone, NE-100 None Radial arm maze (185)
Dizocilpine Mouse PRE084, SA4503 Antisense Mismatch antisense Y-maze, passive avoidance (186)
Dizocilpine Mouse PRE084, DHEA-S, PREG-S Antisense Mismatch antisense Y-maze, passive avoidance (187)
Phencyclidine, dizocilpine Mouse SA4503,  (+)-pentazocine, (+)-SKF 10,047 NE-100 D-cycloserine, L-NAME One-trial water-finding task (188)
Dizocilpine Mouse Donepezil, igmesine Antisense, BD1047 Rivastigmine, tacrine Y-maze, passive avoidance (189)
Phencyclidine Mouse Fluvoxamine, SA4503, DHEA-S NE-100 Paroxetine Novel object recognition task (190)
Phencyclidine Mouse Donepezil NE-100 Physostigmine Novel object recognition task (191)

Serotonergic deficit
p-chloroamphe-tamine Mouse (+)-SKF 10,047, (±)-pentazocine none Ritanserin, mianserin, 

tacrine, physostigmine
Passive avoidance (54)

p-chloroamphe- tamine Mouse (+)-SKF 10,047, DTG, (+)-3-PPP none (-)SKF 10,047, 
hemicholinium-3

Passive avoidance (53)

Ca2+ channel  deficit
nimodipine Mouse PRE084 BMY14802 None Y-maze, passive avoidance, 

water maze
(129)

Sigma receptor deficit
CDEP Mouse (+)-SKF 10,047, DTG, (+)-3-PPP none None Passive avoidance (192)
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Neuroactive steroids (such as DHEA-S or pregnenolone sulfate) have similar effects as 
non-steroid sigma-1 receptor agonists, whereas progesterone behaves as a sigma-1 
receptor antagonist. These observations suggest that sigma-1 receptors are not 
directly involved in learning or memory, but sigma-1 receptor agonists can modulate 
neural processes underlying cognition, particularly under pathological conditions.  

However, in some publications pro-mnesic effects of sigma-1 receptor agonists 
have been reported.  For example, the neurosteroids DHEA-S and PREG-S, when 
given either pre- or post-training, were found to facilitate retention of a modified 
learning task in mice in a dose-dependent manner with a bell-shaped dose-
response curve. This action of the neurosteroids appears to be dependent on 
their interaction with sigma-1 receptors, since it can be blocked by concurrent 
administration of the sigma antagonist haloperidol (62). Long-term potentiation 
(LTP) in rat hippocampus, a process thought to be crucial for learning and memory, 
is facilitated after chronic (7 d) administration of the neurosteroid DHEA-S. This 
potentiation appears to be based on alterations in postsynaptic neurons since 
no changes were observed in presynaptic glutamate release. DHEA-S appears 
to act through sigma-1 receptors, since the potentiating effect is absent when 
sigma-1 receptor antagonists (NE-100, haloperidol) are co-administered with the 
neurosteroid (63). Another neurosteroid with sigma-1 receptor agonist action, 
PREG-S, has also been reported to facilitate LTP in the rodent hippocampus by a 
mechanism involving sigma-1 receptors and L-type calcium channels (64). The 
non-sulfated forms of the neurosteroids which lack the sigma-1 receptor agonist 
action (DHEA and PREG) do not potentiate LTP (65), (64). Paired-pulse facilitation 
in hippocampal neurons from adult rats, a short-term increase of the postsynaptic 
potential, is also potentiated by PREG-S and this potentiation is abolished after 
co-administration of sigma-1 receptor antagonists (66).  

IMPROVEMENT OF COGNITIVE FUNCTION  
IN HUMANS
Fluvoxamine has been reported to be effective in improving cognitive 
impairments in an animal model of schizophrenia, in contrast to paroxetine (67). 
Interestingly, fluvoxamine but not paroxetine was also found to improve the lack 
of concentration, poor memory, slowness of mind, and poor executive function in a 
patient with schizophrenia (68). The affinity of fluvoxamine for sigma-1 receptors 
is more than 50 times higher than that of paroxetine, although both compounds 
are potent selective serotonin reuptake inhibitors (SSRIs) (69). High occupancy 
(up to 60%) of sigma-1 receptors in the human brain was observed with 11C-
SA4503 PET after a single oral dose of 200 mg fluvoxamine (70) (see Figure 4 for 
a similar occupancy study). These data suggest that sigma-1 receptor agonists 
including SSRIs with sigma-1 receptor agonist action, such as fluvoxamine, may 
be candidates for treating cognitive impairments in schizophrenia. 

42



THE CHOLINERGIC SYSTEM, SIGMA-1 RECEPTORS AND COGNITION

2

Compounds which combine acetylcholinesterase (AChE) inhibition with sigma-1 
receptor agonism exist as well, e.g. donepezil. A recent paper reported that therapeutic 
doses of donepezil result in considerable sigma-1 receptor occupancy in human 
brain (71). Sigma-1 receptor agonists may have potential for treating AD since the 
compounds are not only capable of alleviating cognitive deficits in animal models of 
cognitive impairment (see above) but they can also provide neuroprotection against 
amyloid toxicity (see (72) for a review). Evidence for such neuroprotective activity 
has been provided both by in vitro experiments in cultured cortical neurons (73) and 
by in vivo studies in rodents (74), (75). Recently, it was found that sigma-1 receptor 
agonists can powerfully suppress microglial activation (76). Such compounds may 
therefore attenuate the inflammatory component in neurodegenerative diseases. 

More applications of sigma-1 receptor agonists, e.g. in the treatment of 
depression, anxiety, psychosis, substance abuse, stroke and neuropathic pain 
are discussed in several recent reviews (77), (78), (79), (80), (29), (81). Companies 
involved in the development of drugs for such indications include M’s Science, 
AGY Therapeutics, Otsuka American Pharmaceutical, and Sanofi-Aventis (78)

MODULATION OF GLUTAMATE RELEASE  
BY SIGMA-1 AGONISTS
Besides the well-known deficits of acetylcholine, the neurotransmitter glutamate 
can be reduced in AD. Both neurotransmitters are supposed to play vital roles in 
memory (82). It is thus of interest that sigma ligands are capable of modulating 
glutamate release in various areas of the brain. 

Figure 4. PET scans of the brain of a human volunteer, made with the sigma-1 receptor 
ligand 11C-SA4503, at baseline (left) and after oral administration of an antipsychotic 
drug, interval 3 h (middle) and 10 h (right), respectively. The binding of 11C-SA4503 was 
considerably reduced after occupancy of sigma-1 receptors by the antipsychotic drug. Data 
from our own group, not previously published.
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The neurosteroid PREGS (which is supposed to act as a sigma-1 receptor 
agonist) and the sigma-1 receptor agonist (+)-pentazocine, but not the 
(-)-enantiomers of PREGS and pentazocine, or the inactive steroid isopregnanolone 
enhance the spontaneous release of glutamate in cultured hippocampal neurons. 
The sigma receptor antagonists haloperidol and BD1063 and a membrane-
permeable calcium chelator block this effect of PREGS. These results suggest that 
hippocampal glutamate release can be enhanced via activation of presynaptic 
sigma-1 receptors and an elevation of the levels of intracellular Ca2+ (83). Later 
studies by another research group confirmed that the spontaneous release of 
glutamate is enhanced by PREGS both in the hippocampus and in prelimbic cortex, 
but not in the striatum. The effect of PREGS in the prelimbic cortex appears to 
be mediated via alpha-1 adrenergic and sigma-1 receptors, whereas the effect in 
the hippocampus is dependent on sigma-1 receptors only. Intracellular calcium 
released from the endoplasmatic reticulum plays a key role in the enhancement 
of glutamate release (84). DHEA-S, another neurosteroid with sigma-1 receptor 
agonist action, also enhances the spontaneous release of glutamate in prelimbic 
cortex and hippocampus. The effect of this compound in the prelimbic cortex 
appears to be mediated via dopamine D1 and sigma-1 receptors, whereas that in 
the hippocampus occurs only via sigma-1 receptors (85).

Brain-derived neurotrophic factor (BDNF)-induced glutamate release in 
cultured cortical neurons is potentiated by antidepressants with sigma-1 receptor 
agonist activity such as fluvoxamine and imipramine, and this potentiation is 
blocked by the sigma-1 receptor antagonist BD1047. Not only pharmacological 
activation but also overexpression of the sigma-1 receptor enhances BDNF-
enhanced glutamate release. The sigma-1 receptor appears to play an important 
role in BDNF signaling leading to the release of glutamate, and the enhancement 
of glutamate release seems to occur via the  PLC-gamma/IP3/Ca2+ pathway (86).

Thus, sigma ligands represent a strategy for modulating glutamatergic 
activity within the mammalian brain, and such modulation could be an additional 
mechanism underlying the anti-amnesic action of sigma-1 receptor agonists.

MODULATION OF THE NMDA RESPONSE  
BY SIGMA-1 AGONISTS
NMDA receptors mediate the induction of LTP and long-term depression in 
various brain areas (i.e. long-lasting improvements and impairments of synaptic 
transmission) (87), (88), (89), (90). Such forms of synaptic plasticity are considered 
as important cellular mechanisms underlying learning and memory (91), (92), (93). 

Pharmacological inhibition of NMDA receptor function, by administration of 
NMDA antagonists either directly into the brain or by systemic administration of 
compounds which can cross the blood-brain barrier, results in impaired spatial 
learning and nonspatial passive avoidance learning in rodents (94), (95), (96), 
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(97). Knockout mice lacking the NMDA receptor 1 gene in CA1 pyramidal cells 
of the hippocampus exhibit impaired spatial learning but unimpaired nonspatial 
learning (98). Apparently, NMDA-dependent strengthening of CA1 synapses is 
essential for the acquisition and storage of spatial memory. 

In many studies, sigma-1 receptor agonists were shown to modulate 
responses induced by NMDA receptor activation in various brain areas such as 
the hippocampus and prefrontal cortex. Some responses are potentiated and 
others inhibited by sigma-1 receptor agonists. Sigma-1 receptor antagonists 
when administered alone are without any effect, but these compounds block the 
agonist-induced modulation. 

For example, the electrophysiological response of pyramidal neurons in the CA3 
region of the rat dorsal hippocampus to NMDA (excitatory activation) is potentiated 
by sigma-1 receptor agonists such as (+)pentazocine, DTG, BD737, igmesine, 
L687,384, or DHEA and therapeutic drugs with significant sigma-1 receptor agonist 
affinity (the SSRI sertraline and the monoamine oxidase inhibitor clorgyline), 
whereas this potentiation is reversed by sigma-1 receptor antagonists such as 
haloperidol, BMY14802, NE-100, progesterone and testosterone (99), (100), (101), 

(102), (103), (104), (105). The potentiation persists for at least 60 minutes and can 
be sustained by prolonged microiontophoretic application of a sigma-1 receptor 
agonist, indicating that sigma-1 receptors do not rapidly desensitize (99).

Steroid hormones with antagonist action such as progesterone and 
testosterone produce a tonic dampening of the function of sigma-1 receptors and, 
consequently, of NMDA-mediated responses. Pregnancy reduces sigma-1 receptor 
function in the brain, since a tenfold higher dose of sigma-1 receptor agonists 
is required to potentiate the NMDA-response of  pyramidal neurons in pregnant 
female rats than in non-pregnant control animals (106).

In an electrophysiological study in which animals were unilaterally lesioned 
by local injection of colchicine into the mossy fiber system (an afferent system 
to CA3 pyramidal neurons), the potentiating effect of (+)-pentazocine on the 
NMDA-response was found to persist on the lesioned side, but the potentiating 
effects of DTG and igmesine were abolished after lesioning (107). These data were 
interpreted as suggesting that the test drugs were acting on two different subtypes 
of sigma receptors, and that the receptors for DTG and igmesine are located on 
the mossy fiber terminals, in contrast to the receptors for (+)-pentazocine (107). 
In a later study, the effect of the sigma-2 subtype-selective ligand siramesine was 
tested on the neuronal response to NMDA in the CA3 region of the rat dorsal 
hippocampus. Siramesine was found to potentiate the NMDA response dose-
dependently with a bell-shaped curve, but the effect of siramesine could - in 
contrast to the effect of sigma-1 receptor agonists - not be reversed by NE-100, 
haloperidol or progesterone (108). Thus, not only sigma-1 but also sigma-2 
receptors appear to be involved in modulation of the NMDA response.

Bell-shaped dose-response curves are a common finding in studies regarding 
the effect of sigma-1 receptor agonists. At low doses the NMDA response is 
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potentiated but at higher dose the potentiation is reversed (99), (109), (110), (103). 
For example, the sigma-1 receptor agonist SR 31742A increases NMDA-induced 
inward currents of pyramidal cells in slices of rat medial prefrontal cortex at 
doses ranging from 10 to 100 nM (EC50 23 nM), but at doses greater than 100 
nM an inhibition is observed (111). The potentiaton of NMDA-receptor mediated 
neurotransmission by SR 31742A may account for the antipsychotic and cognition-
enhancing properties of the drug, whereas the inhibition of NMDA responses at 
higher drug concentrations may account for its neuroprotective effect (112).

Recently, a molecular mechanism has been proposed which may explain how 
sigma-1 receptor ligands increase the NMDA response. Calcium ions entering the cells 
through NMDA-receptor-related channels normally activate a potassium current via 
small-conductance calcium-activated K+ channels (SK channels). This current shunts 
the NMDA receptor responses. Sigma-1 subtype-selective receptor agonists prevent 
SK channel opening, and consequently increase the NMDA receptor response (113).

MODULATION OF CALCIUM HOMEOSTASIS
The intracellular localization of sigma-1 receptors (mainly in endoplasmatic 
reticulum, but also in nuclear and plasma membranes and on mitochondria (114), 

(115), (116), (117), (118)) suggests that these binding sites could be involved in the 
regulation of calcium mobilization.

Indeed, sigma-1 receptor activation has been shown to affect calcium 
homeostasis. Sigma-1 receptor agonists increased contractility, beating rate and 
calcium influx in cultured cardiac myocytes from neonatal rats (119). Intracellular 
levels of inositol triphosphate in these cells were increased as well (120). In NG108 
(neuroblastoma-glioma) cells, various sigma-1 receptor agonists enhanced the 
bradykinin-induced increases in cytosolic free calcium with bell-shaped dose-
response curves whereas this effect could be blocked by a sigma-1 receptor 
antisense oligonucleotide, suggesting that sigma-1 receptor activation facilitates 
IP3-receptor-mediated Ca2+ signaling (121). In SH-SY5Y (neuroblastoma) cells, 
the sigma-1 receptor agonist (+)-pentazocine and various neurosteroids also 
potentiated the bradykinin-induced Ca2+ response, and this potentiation was 
blocked by the sigma receptor antagonists haloperidol and progesterone (122). By 
expression of either complete sigma-1 receptors or the N- or C-terminal segment of 
the sigma-1 receptor protein in MCF-7 breast cancer cells (which normally express 
few sigma-1 receptors), proof was obtained that sigma-1 receptor overexpression 
results in an enhancement of bradykinin-, vasopressin- or ATP-induced calcium 
release, and that the C-terminal segment of the sigma-1 receptor is involved in the 
interaction with the inositol triphosphate receptor-ankyrin-B 220 complex (123).

Experiments in adult guinea pig isolated brainstem preparations have indicated 
that sigma-1 receptor activation leads to activation of phospholipase C and the 
beta-1 and beta-2 isoforms of protein kinase C (124). In isolated rat hippocampal 
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neurons, receptor activation leads to a potentiation of NMDA-receptor-mediated 
increases of free intracellular calcium (125). However, in rat frontal cortical 
neurons, sigma receptor ligands were found to reduce the NMDA-induced Ca2+ 
influx. Sigma-1-subtype-selective compounds (igmesine, (+)-pentazocine) 
particularly affected the sustained phase of the Ca2+ response to NMDA, whereas 
non-subtype-selective compounds (DTG, haloperidol) reduced the initial and 
sustained phases to the same degree. The inhibition of the sustained phase was 
directly related to the affinity of the ligands to sigma-1 receptors. Thus, in frontal 
cortical neurons, sigma-1 receptors appear to facilitate the desensitization of the 
Ca2+ response to NMDA (126). Attenuation of NMDA-induced calcium responses 
by sigma ligands in frontal cortical neurons was also observed in a later study, 
and  that study confirmed that sigma ligands shifted the NMDA response from a 
sustained to a biphasic or transient event (127).

In an interesting study on the sigma-1 receptor agonist igmesine, the effect 
of intracerebroventricularly administered modulators of calcium influx and 
mobilization was examined on the reduction of immobilization time caused 
by igmesine in the forced swimming test. Using chelators of extracellular 
and intracellular calcium, L- and N-type voltage-dependent calcium channel 
antagonists and agonists, evidence was obtained that the antidepressant effect 
of igmesine is dependent not only on rapid Ca2+ influx (like that of classical 
antidepressants), but also on intracellular Ca2+ mobilization (128). 

Antagonists of voltage-dependent calcium channels such as nimodipine impair 
the cognitive performance of rodents in various learning tests. Such impairments 
could be attenuated by pre-administration of the sigma-1 receptor agonists PRE-
084, and this attenuation could be completely prevented by co-administration 
of the sigma-1 receptor antagonist BMY-14802. Thus, calcium fluxes are implied 
in memory processes and an impairment of calcium influx through voltage-
dependent calcium channels can, at least partially, be overcome by administration 
of a sigma-1 receptor agonist (129). Potentiation or attenuation of calcium signaling 
via sigma-1 receptors (both Ca2+ entry at the plasma membrane level via channels 
and Ca2+ mobilization from intracellular stores) may explain why selective sigma-1 
receptor agonists can modulate a wide variety of neuronal responses, and be the 
key mechanism by which sigma-1 receptors affect learning and memory (130).

INVOLVEMENT OF SIGMA-1 RECEPTORS  
IN NEURONAL DIFFERENTIATION  
AND NEUROPLASTICITY
Sigma-1 receptors are expressed not only in neurons but also in astrocytes and 
oligodendrocytes within the brain (131), (132). Overexpression of sigma-1 receptors 
potentiates nerve growth factor (NGF)-induced neurite outgrowth in PC-12 cells, and 
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this effect can be blocked by sigma-1 receptor antisense (133). Sigma-1 receptors are 
strongly upregulated in the corpus callosum of developing brains, particularly in the 
phase of active myelination (134). A high expression of these binding sites is observed 
in oligodendrocytes (135) and Schwann cells (136), suggesting involvement of the 
sigma-1 receptor in myelination. Knockdown of these receptors by siRNA results 
in complete inhibition of the differentiation and myelination of oligodendrocyte 
progenitor cells (137) and prevention of the formation of mature dendritic spines 
in hippocampal primary neurons (26). Eliprodil, a neuroprotective drug with a high 
affinity agonist action at sigma receptors, strongly promotes myelination in neuron-
oligodendrocyte cocultures. These data suggest that upregulation of sigma-1 
receptors is an important prerequisite for neuronal differentiation, and that sigma-1 
receptor agonists like eloprodil may be of therapeutic interest in demyelinating 
diseases such as multiple sclerosis (138).

Overexpression of sigma-1 receptors promotes lipid reconstitution in 
the plasma membrane and potentiates raft-residing neurotrophic factors 
receptors and signal transduction (NGF, EGF, BNDF) (139), (140), (141), (142). 
These neurotrophic factor signaling pathways may therefore be involved in 
the differentiation-promoting effects of sigma-1 receptors. When PC-12 cells 
are treated with NGF and verbenachalcone, a differentiation enhancer, the 
sigma-1 receptor belongs to the 10 (out of 10,000) genes showing the strongest 
upregulation (143). Since a very high expression of sigma-1 receptors has been 
noticed in the ventricular zone of young rat brains, where active proliferation 
and differentiation of cells occurs (144), sigma-1 receptors may not only play an 
important role in neuroplasticity but may also be involved in neurogenesis.  An 
involvement of sigma-1 receptors in neurogenesis is suggested by the observation 
that continuous administration of the sigma-1 agonist SA4503 dose-dependently 
enhances the number of bromodeoxyuridine-positive cells in the subgranular 
zone of the adult rat hippocampus (by 48% at 3 mg/kg/d and by 94% at 10 mg/
kg/d, respectively, after a treatment period of 3 days), indicating an increased 
cellular proliferation. Since SA4503 causes parallel increases of hippocampal 
5-HT neurotransmission and cell proliferation, the neurotransmitter serotonin 
may play a central role in the proliferation process (145).

Not only sigma-1 receptor overexpression, but also drug-induced sigma-1 
receptor activation results in potentiation of NGF-induced neurite outgrowth. 
Donepezil, a combined sigma-1 receptor ligand and AChE inhibitor (IC50 values 
14.6 nM and 21.5 nM, respectively (146)), potentiates NGF-induced neurite 
outgrowth in PC12 cells, and this effect of donepezil can be blocked by the sigma-1 
receptor antagonist NE-100 or the inositol 1,4.5-triphosphate (IP3)-receptor 
antagonist xestospongin C (147), but is not affected by cholinoceptor antagonists 
(mecamylamine, scopolamine) or cholinomimetic drugs (nicotine, carbachol) 
(148). Physostigmine, an AChE inhibitor without sigma-1 receptor affinity, does 
not alter NGF-induced neurite outgrowth (149). The SSRI fluvoxamine (but not 
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the SSRIs sertraline or paroxetine) and the sigma-1 receptor agonists SA4503, 
PPBP and DHEA-sulfate likewise potentiate neurite outgrowth in PC12 cells in a 
concentration-dependent manner, and the effect of these drugs can also be blocked 
by NE-100 or xestospongin C (150). Since sertraline and fluvoxamine have similar 
affinities to sigma-1 receptors (69) but only fluvoxamine promotes outgrowth, these 
data may indicate that sertraline is a sigma-1 receptor antagonist and fluvoxamine 
a sigma-1 receptor agonist (150).  Specific inhibitors of phospholipase C (PLC), 
phosphatidyl inositol 3-kinase (PI3K), p38 mitogen-activated protein kinase 
(p38MAPK), c-Jun terminal kinase (JNK), and the Ras/Raf/mitogen-activated 
protein kinase signaling pathways block the potentiation of NGF-induced neurite 
outgrowth as well (150). Apparently, both sigma-1 receptors and IP3-receptors are 
involved in the potentiation of neurite outgrowth by the test drugs, besides the 
PLC, PI3K, p38MAPK, JNK and the Ras/Raf/MAPk  signaling pathways.

CONCLUSION
Because of the neuromodulatory role of sigma-1 receptors, ligands for these 
binding sites can affect a large variety of cerebral processes. Modification of calcium 
transients (both by affecting calcium release from intracellular stores and influx 
of extracellular calcium) and modulation of potassium channel activity via direct 
protein-protein interaction appear to be key processes underlying the action of 
sigma-1 receptor ligands. Probably via these mechanisms, several neurotransmitter 
systems are modulated, particularly the cholinergic and glutamatergic (NMDA-
receptor) pathways. The modulatory role of sigma-1 receptors explains why 
sigma-1 receptor ligands are usually devoid of an effect under control conditions 
but have striking effects when the normal homeostasis of the organism has been 
disturbed, e.g. by disease or by a pharmacological challenge. Data from preclinical 
studies in a large variety of animal models suggests that sigma-1 receptor agonists 
are promising compounds for the treatment of cognitive dysfunction.
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ABSTRACT
Sigma-1 receptor agonists modulate the release of several neurotransmitters and 
intracellular calcium signaling. It has been proposed that their binding sites are 
upregulated in the aging brain to compensate for age-related losses of activity in 
other neurotransmitter systems. In this study we investigated sigma-1 receptors 
in the living rat brain to test this hypothesis. Sigma-1 receptors in young (1.5 and 
3 months) and aged (18, 24 and 32months) Wistar Hannover rats were visualized 
using 11C-SA4503. Time-dependent tracer uptake was measured using a microPET 
camera, and tracer-kinetic models were fitted to this data, using metabolite-
corrected plasma radioactivity and uncorrected whole blood radioactivity as 
input function. Aged rats metabolised 11C-SA4503 to a lesser extent than young 
rats. Logan graphical analysis and a 2-tissue compartment model (2-TCM) fit 
revealed that total distribution volume (VT), binding potential (BPND) and partition 
coefficient (K1/k2) of the tracer were significantly reduced with aging. BPND was 
reduced particularly in thalamus, hypothalamus, midbrain, pons and medulla. 
The PET data did not provide support for any upregulation of sigma-1 receptors in 
healthy aging. Sigma-1 receptor losses may be associated with endocrine changes 
in aged rats and greater sensitivity of neurons to apoptotic signals. 

Keywords: Cutamesine, Imaging, Kinetic analysis, Wistar-Hannover rat.
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INTRODUCTION
Sigma-1 receptors are widely distributed in the brain and are strongly expressed in 
neurons and glia (1). They are involved in cellular differentiation, neuroplasticity, 
neurogenesis, neuroprotection and cognition (1, 2, 3, 4, 5). Sigma-1 receptors are 
ligand-regulated molecular chaperones in the endoplasmic reticulum and play a 
modulatory role in intracellular calcium signaling (6). Upon activation, sigma-1 
receptors translocate from the endoplasmic reticulum to the plasma membrane 
to modulate the activity of ion channels and regulate neurotransmitter release 
(6). Sigma ligands modify the extracellular concentration of dopamine in rat brain 
(7, 8, 9) and sigma-1 agonists cause dose-dependent increases in the extracellular 
levels of acetylcholine (10, 11, 12, 13, 14) and glutamate (15, 16, 17). 

The density of dopaminergic, cholinergic and glutamatergic receptors is known 
to decline with age both in the rodent (18, 19, 20) and human (21, 22, 23) brain. 
Levels of neuroactive steroids such as progesterone and dehydroepiandrosterone, 
which are considered as endogenous ligands for sigma receptors, are also reduced 
during aging (24, 25). 

It has been proposed (26, 27, 28) that increased sigma-1 receptor signaling 
in the aging brain might compensate for the decline of the function of various 
neurotransmitter systems and for the loss of endogenous neurosteroids. This 
hypothesis is based on the following findings: First, dopamine D2 receptor density 
in the striatum of Fischer-344 x Brown Norway rats is reduced (by 36 to 41%) at 
old age in contrast to total sigma receptor density (sigma-1 plus sigma-2) which is 
significantly increased (by 35 to 42%) (26). Second, the binding potentials (Bmax/
K d ratios) of the sigma-1 ligand [3H]pentazocine and the non-subtype-selective 
sigma ligand [3H]DTG are increased in the brain of Fisher-344 rats at old age (24-
mo), although both the number of binding sites (Bmax) and dissociation constants 
(Kd values) of the two ligands are elevated (27). Third, an age-related 60 to 110% 
increase in the binding potential of 11C-SA4503 has been detected in the monkey 
brain with PET (28). 

However, data reported in other publications conflict with these findings. 
While in the brains of Fischer 344-related rats, sigma-1 receptor numbers were 
found to be either increased or unaffected by aging (26, 27, 29), in Sprague-Dawley 
rats age-related decreases of receptor number and affinity were noted (30, 31). 
Similarly, while aging cynomolgus monkeys showed significant increases of BPND 

of 11C-SA4503 in cortical regions, hippocampus, striatum, thalamus and cerebellum 
(28), 11C-SA4503 scans in aging humans indicated decreases of BPND in cerebellum, 
hippocampus, temporal and occipital cortices and slight increases in the putamen 
and head of the caudate nucleus (32). Sigma-1 receptor populations may thus be 
differently affected in different brain regions, rodent strains and primate species.

Published data for sigma receptor expression in the aging rat brain were 
acquired using in vitro binding assays of striatum (26) or whole brain (27, 29, 
30, 31) homogenates. In the current study, we investigated the effect of aging on 
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sigma-1 receptor binding potential in the brain of living rats, using 11C-SA4503 
and microPET. Regional differences could thus be assessed in the intact organism. 

We aimed to test the hypothesis that increases of sigma-1 receptor signaling 
compensate for age-related losses of function of other neurotransmitter systems. 
Based on this hypothesis and on PET findings in non-human primates (28) we 
expected to observe increases of sigma-1 receptor expression at advanced age.

MATERIALS AND METHODS
Radioligand
The ligand 1-[2-(3,4-dimethoxyphenethyl)]-4-(3-phenylpropyl)piperazine (11C-
SA4503) was prepared by reaction of 11C-methyl iodide with 4-O-demethyl SA4503, 
according to a published method (33). The decay corrected radiochemical yield was 
~ 24%, the specific radioactivity was > 100 TBq/mmol at the moment of injection 
and radiochemical purity > 98%. The 11C-SA4503 solution had a pH of 6.0 to 7.0. 

Animals
Male Wistar Hannover rats were obtained from Harlan (The Netherlands) and 
Semmelweis University Budapest. The age groups studied were 1.5 (n=9), 3 
(n=10), 18 (n=5), 24 (n=4) and 32 (n=5) months. About 40% of the older rats 
were found to have pituitary tumors (34). The microPET data of these animals 
were not included in the current study, but their blood samples provided some 
of the data for metabolite analysis. The rats were housed in Macrolon cages 
on a layer of wood shavings at 21 ± 2 °C and a fixed 12-hour light-dark regime 
(lights on at 7:00 a.m.). Food (standard laboratory chow, RMH-B, Hope Farms, 
The Netherlands) and water were available ad libitum. After arrival the rats were 
allowed to acclimatize for at least seven days. The protocol was approved by The 
Institutional Animal Care and Use Committee of the University of Groningen. The 
experiments were performed by licensed investigators in compliance with the 
Law on Animal Experiments of The Netherlands.

Arterial blood sampling
Before microPET scanning, rats were anesthetized with isoflurane in medicinal 
air (5% for induction and 2% for maintenance). An incision was made parallel to 
the femoral artery. The femoral artery was separated from the femoral vein and 
temporarily ligated to prevent leakage of blood. A small incision was made in the 
artery and a cannula was inserted (0.8 mm outer, 0.4 mm inner diameter). The 
cannula was secured to the artery with a suture and attached to a syringe filled 
with heparinized saline. 

From each rat, fifteen arterial blood samples (volume 0.1 to 0.15 ml) were 
collected at 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2.0, 3, 5, 7.5, 10, 15, 30, 60 and 90 minutes 
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after 11C-SA4503 injection. 25 µl of whole blood was reserved and plasma was 
obtained from the remaining blood by centrifugation (5 min in Eppendorf-type 
centrifuge at 13,000 rpm). Radioactivity in the whole blood and plasma samples 
(25 µl) was determined using a calibrated gamma counter (CompuGamma CS 
1282, LKB-Wallac, Turku, Finland)

In separate groups of rats, larger volumes of blood ranging from 0.4 to 1.6 ml 
were collected at 5, 10, 20, 40 and 60 min and a metabolite analysis was performed 
using a published method (35). Briefly, plasma was obtained by centrifugation (2 
min in Eppendorf-type centrifuge at 13,000 rpm) and de-proteinized using one third 
the volume of 20% trichloroacetic acid in acetonitrile. The mixture was centrifuged 
for 2 min at 13,000 rpm and the supernatant injected in a reversed-phase HPLC 
system to separate the parent tracer from its metabolites (MicroBondapak C18 
column, 7.8 x 300 mm, mobile phase acetonitrile/50 mM sodium acetate pH 7.2, 
1/1, v/v, flow rate 3 mL/min). The eluate was collected in 30 s fractions for 15 min 
and radioactivity in the samples was counted. The results were expressed as the 
percentage of total plasma radioactivity representing parent tracer.

Scanning
Two rats were scanned simultaneously in each scan session, using a Siemens/
Concorde microPET camera (Focus 220). They were placed in the camera in 
transaxial position with their heads and neck in the field of view. Body temperature 
of the animals was maintained with heating mats and electronic temperature 
controllers. Circulation and respiration could be monitored with the BioVet system 
(M2M Imaging, Cleveland, OH). First, a transmission scan of 515 s with a Co-57 
point source was obtained for attenuation and scatter correction of 511 keV 
photons by tissue. Subsequently, the first rat was injected through the penile vein 
with 11C-SA4503 (31±16 MBq, volume < 1 ml). This dose of [11C]SA4503 results 
in maximally 5.0 to 7.5% sigma-1 receptor occupancy throughout the rat brain, 
whereas blocking studies using either non-radioactive cutamesine or donepezil 
have indicated that nonspecific binding of the tracer is between 20% and 25% of 
total uptake of radioactivity in all studied brain regions (36). The emission scan was 
started with tracer injection of the first rat; whereas the second rat was injected 
a few minutes later. A list-mode protocol was used with 90 min acquisition time 
(analysis performed for first 74 min from tracer injection). The list-mode data of the 
emission scans were reframed into a dynamic sequence of 8x30s, 3x60s, 2x120s, 
2x180s, 3x300s, 3x600s, 1x720s, 1x960s frames. The data were reconstructed 
per time frame employing an iterative reconstruction algorithm (ordered subsets 
expectation maximization, OSEM2D with Fourier rebinning, 4 iterations and 16 
subsets). The final datasets consisted of 95 slices with a slice thickness of 0.8 mm, 
and an in-plane image matrix of 128 x 128 pixels. Voxel size was 0.5 x 0.5 x 0.8 mm. 
The linear resolution at the center of the field-of-view was about 1.5 mm. Data sets 
were fully corrected for decay, random coincidences, scatter and attenuation.
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Data analysis
Using Inveon Research Workplace (Siemens), three-dimensional regions of 
interest (ROIs) were drawn on a MRI template of rat brain (37), both over the 
whole brain and individual brain regions (bulbus, cortex, striatum, thalamus, 
hypothalamus, amygdala, midbrain, pons + medulla and cerebellum). PET images 
were co-registered with the MRI template and the regions of interest transferred 
from MRI to PET. Time-activity curves (TACs) were obtained for each of these 
regions. The results were expressed as dimensionless standardized uptake values 
(SUVs): [tissue activity concentration (MBq/g) × body weight (g) / injected dose 
(MBq)], assuming a specific gravity of 1 g/mL for brain tissue and blood plasma.

Kinetic analysis was performed by fitting a two-tissue compartment model 
(2-TCM) to the dynamic PET data using metabolite corrected arterial plasma 
radioactivity as input function. The plasma TAC of each animal was corrected for 
metabolites using an exponential function obtained from the average metabolite 
curve of the rats from the same group. Uncorrected whole blood data was used 
to estimate the contribution of radioactivity in blood to the measured brain 
radioactivity. Where plasma or whole blood data was not available, an age-matched 
group average corrected for injected dose and weight of individual animal was used 
as input. Software routines for MatLab 7 (The MathWorks, Natick, MA), written by 
Antoon T.M. Willemsen (University Medical Center Groningen), were used for curve 
fitting. The cerebral blood volume was fixed at 3.6% (38) and the rate constants 
K1 (from arterial plasma to tissue), k2 (from tissue to arterial plasma), k3 (from 
free to bound compartment in tissue), and k4 (from bound to free compartment in 
tissue) were estimated from the curve fit. Partition coefficient (VND) was calculated 
as K1/k2, non-displaceable binding potential (BPND) was calculated as k3/k4 and 
total distribution volume (VT) was calculated as K1/k2 * (1+ k3/k4). VND obtained 
for the whole brain was fixed for each individual rat during the second phase of 
modelling for individual brain regions. Additionally, Logan graphical analysis was 
used to obtain cerebral distribution volume (VLogan). The Logan fit was started at 
20 min and the parameter for cerebral blood volume was fixed at 3.6%. VLogan of the 
tracer was estimated from the curve fit. The binding potential for individual brain 
regions was also obtained from the VLogan as BPLogan = (VLogan / VND) - 1, where VND was 
obtained from the whole brain of each individual rat using 2-TCM.

Biodistribution
After the scanning period, the animals were terminated under deep anesthesia 
by extirpation of the heart. Blood was collected, and plasma and a cell fraction 
were obtained from the blood sample by short centrifugation (10 min at 13,000 
rpm). Several tissues (see Table 1) were excised and weighed. Radioactivity in 
tissue samples and in a sample of the injected tracer solution (infusate) was 
measured using a gamma counter with automatic decay correction. The results 
were expressed both as SUV and a ratio (SUV tissue/SUV plasma). 
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Statistics
All results are expressed as mean ± SEM. Differences between groups were 
examined using 1-way ANOVA (for area under the curves and whole brain 2-TCM 
parameters), 2-way ANOVA (biodistribution, brain and periphery analyzed 
separately) or repeated measures 2-way ANOVA (metabolite analysis and TACs), 
followed by a post hoc Bonferroni test, where applicable. A P value < 0.05 was 
considered statistically significant. Correlations were assessed using Pearson 
correlation coefficient (r) and considered strong when r2 was at least 0.7.

RESULTS
PET images
In young rats (1.5 and 3 months) the highest tracer uptake was seen in the pons 
and medulla, followed by midbrain, thalamus and hypothalamus. Lower uptake was 
seen in cortex, striatum, hippocampus, bulbus, amygdala and cerebellum. In older 
rats (18, 24 and 32 months), regional differences were less obvious (Figure 1). 

Tracer kinetics in plasma
Metabolite analysis was not performed in the 24 month old rats due to difficulty 
obtaining a sufficient number of rats; the information from 32 month old rats was 
used for their metabolite correction. Additionally, since pituitary tumor did not 
affect the metabolite formation34, metabolism data from rats with pituitary tumor 
(1 rat aged 18 months and 3 rats aged 32 months) were included. While only 
about 30% of the parent tracer remained unchanged at 60 min in the 1.5 month 
old rats, nearly 60% was unchanged in the 32 month old rats, indicating possible 
impairment in liver and kidney function (Figure 2). All groups were significantly 
different (P < 0.001 to 0.05) from other groups in at least one time point. 

Kinetics of radioactivity in plasma after metabolite correction is shown in 
Figure 3. While clearance was rapid in all age groups, the area under the curve 
(AUC) for 32-month-old rats was significantly higher (P < 0.001) than for other 
age groups. The rats aged 18 and 24 months also had significantly higher (P < 
0.001) AUC than the young rats of 1.5 and 3 months.

Tracer kinetics in brain
Tracer uptake was rapid, a peak at <5 min being followed by a slow washout 
(Figure 4A). Significant differences between various age groups were observed in 
the TACs; 1.5 vs. 18 months, first 5 minutes; 1.5 vs. 32 months, first 22 minutes; 
3 vs. 32 months, first 14 minutes; 24 vs. 32 months, first 4 minutes. AUC for the 
whole brain increased with age and reached significance (P < 0.01) between the 
youngest and oldest group (Figure 4B). The youngest age group showed greater 
regional differences in TACs than the oldest group (Figure 4C).
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Figure 1. MicroPET images of rat brain (sagittal view superimposed on MRI template, 22- to 
74-min-frames summed, about 1.6 mm from the midline). A) MRI template, B) 1.5-months-
old, C) 3-months- old, D) 18-months-old, E) 24-months-old and F) 32-months-old rats.

Kinetic analysis
Using metabolite corrected plasma radioactivity from arterial blood samples, and 
uncorrected whole blood samples as input function, 2-TCM was fitted to ROIs drawn 
around whole brain. Tracer VT significantly reduced with aging (Figure 5A). All three 
older age groups had significantly lower VT compared to both younger groups. BPND 
also tended to decline with age (Figure 5B), this tendency reaching significance 
only between the 1.5-months and 18- or 32-months groups. Additionally, there was 
a reduction in K1/k2 with age (Figure 5C) which reached significance between the 
3-months-old rats and the two oldest groups (24 and 32 months).

In the second phase of modeling, individual regions within the brain were 
analyzed using 2-TCM wherein the K1/k2 obtained from the whole brain was fixed 
for each individual rat. Due to similarities in the whole brain kinetic analysis 
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Figure 2. Effect of aging on 
tracer metabolism (mean ± 
SEM).

Figure 3. Metabolite-corrected 
tracer kinetics in plasma. A) 
TACs for different age groups. B) 
AUC. * indicates comparison with 
1.5-months-old, ̂  with 3-months-
old, # with 18-months-old and 
+ with 24-months-old rats. *** 
indicates P < 0.001.

results, the rats aged 1.5 and 3 months were combined as a “young” group while 
the rats aged 18, 24 and 32 months were combined to form an “aged” group 
in order to increase the power of analysis while comparing large numbers of 
regions. As was seen with the whole brain, all regions examined showed a highly 
significant reduction in VT in the aged group (Figure 6A). Changes in BPND were not 
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Figure 4. Cerebral kinetics of 11C-SA4503. Whole brain TACs (A) and AUCs (B) for the different 
age groups. * indicates comparison with 1.5-months-old rats, ** indicates P < 0.01. C) TACs for 
individual brain regions in young (left) and old (right) rats.

as uniform: the reduction in bulbus, cortex and cerebellum were not significant 
(Figure 6B).

VT and VLogan for whole brain were strongly correlated (r2 = 0.99, P < 0.0001) 
with VLogan showing a slight underestimation of about 5% (see Supplementary 
Information). BPLogan obtained from VLogan for individual brain regions was 
also closely correlated with BPND (r2 = 0.95, P < 0.0001), BPLogan having an 
underestimation of about 11% (see Supplementary Information).

Biodistribution
Biodistribution data for brain and peripheral organs are listed in Table 1. Aged 
rats showed a significantly lower SUV in brain regions other than cerebellum or 
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Figure 5. 2-TCM data of 11C-SA4503 in different 
age groups: whole brain VT (A), BPND (B), Partition 
coefficient (C). * indicates comparison with 
1.5-months-old and ̂  with 3-months-old. * P < 0.05, 
** P < 0.01, *** P < 0.001.

cortex, and a significantly higher SUV in spleen, submandibular gland and urine. 
However, since plasma SUV was significantly higher in aged rats (t-test: P < 0.0001), 
tissue-to-plasma ratio is a better measure of differences between groups. Tissue-
to-plasma ratio in cerebellum and rest of the brain was significantly lower in aged 
rats, while cortex was not significantly different. Among peripheral tissues, kidney 
and liver had a significantly (P < 0.001) lower tissue-to-plasma ratio in aged rats.

DISCUSSION
The hypothesis of an age-related upregulation of sigma-1 receptors was not 
confirmed by our data. A reduced regional variability of tracer uptake was 
noticed in aged brains. While some brain regions appeared to be unaffected, most 
regions showed reduced uptake. Although average brain TACs were higher in old 
animals, plasma TACs were also higher resulting in a reduction in VT with aging. 
Tracer-kinetic modeling proved essential as both the formation of radioactive 
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metabolites and plasma levels of radioactivity are influenced by aging. Considering 
only raw uptake (SUV values) could lead to misleading conclusions. Higher brain 
and plasma TACs in old animals could be related to the fact that aged rats weigh 
more than young ones and SUV measures tend to positively correlate with animal 
weight for most radiotracers. In addition, aged rats may show reduced liver and 
kidney function, resulting in slower tracer clearance.

The age-dependent reduction in whole brain VT was found to be related to 
a reduction in both K1/k2 and BPND, suggesting changes of flow or blood-brain 
barrier permeability as well as reductions in the numbers and/or affinities of 
sigma-1 receptors with aging. The greatest decreases of binding were noted in 
thalamus, hypothalamus, midbrain, pons and medulla, i.e. regions associated with 
sleep, hormonal control, fear, posture, and autonomic function. 

Our microPET data confirm the age-related decreases of receptor number and 
affinity which were measured with in vitro assays in aged Sprague-Dawley rats 
(30, 31), but they are at variance with the increases reported in the Fischer 344 

Figure 6. 2-TCM data of 11C-SA4503 in brain regions. Ages 1.5 and 3 months were combined to 
form the young group and ages 18, 24 and 32 were combined to form the aged group. A) VT, B) BPND. 
* P < 0.05, ** P < 0.01, *** P < 0.001.
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strain (26, 27, 29). Since Sprague-Dawley rats resemble our own Wistar Hannover 
rats quite closely in contrast to Fischer 344 rats, the discrepancies reported in the 
literature may indicate the presence of strain differences. 

Reductions in K1/k2 are likely to be due to hypoperfusion caused by a decline 
in microvascular structures (39) rather than a reduction in permeability, as 
permeability across the blood brain barrier generally increases with aging (40). 
Since BPND reflects Bmax/Kd, either a reduction in receptor numbers or affinity of 
the tracer to the receptors could reduce this parameter. In a population-based 
approach, where the pharmacokinetics of 11C-SA4503 was examined, we did 
not observe any reduction of Kd with aging (Chapter 9), suggesting that sigma-1 
receptor density rather than affinity to 11C-SA4503 is reduced in old rats.

Surprisingly, our rat data on sigma-1 receptor density resemble the age-related 
regional decreases observed in human brain (32) more closely than PET data on 
cynomolgus monkeys which indicated regional increases (28). Reduced sigma-1 
receptor binding in the human cortex could be one of the reasons for cognitive 
impairment in normal aging. 

Regional changes in aging rats (binding particularly decreased in thalamus, 
hypothalamus, midbrain, pons and medulla, smaller declines in hippocampus, 
amygdala and striatum, Fig. 6) suggest that sigma receptor losses in aging rodents 
are related to endocrine changes and impaired autonomic functions in addition 
to impaired cognition. Sigma-1 receptor losses could also be associated with 
reduced viability of neurons and greater sensitivity to apoptotic signals (41). 

In conclusion, our microPET study provides evidence of a decrease of sigma-1 
receptor numbers in the aging rodent brain contrary to our initial hypotheses. 
Tracer binding potential was particularly reduced in (hypo)thalamus, midbrain, 
pons, and medulla (less strikingly also in hippocampus, amygdala and, striatum). 
A global reduction in tracer partition coefficient was noted which may reflect an 
age-related decline in microvascular structures.
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Supplementary Figure 1. Tracer VND 
(from 2-TCM fit), brain-to-body weight 
ratio and (lack of) correlation of these 
parameters in our aging study population.

Supplementary Figure 2. Representative examples of [11C]SA4503 TAC in rat brain and the 
corresponding 2TCM fit. Left panel: young, right panel: aged animals.
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Supplementary Figure 3. Representative 
HPLC chromatograms of rat plasma drawn 
at  different intervals after intravenous 
injection of [11C]SA4503: A) 5 min, B) 10 
min, C) 20 min, D) 40 min and E) 60 min.
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Supplementary Figure 4. Comparison of data from 2-TCM and Logan graphical analysis. A) 
whole brain VT, B) BPND of individual brain regions
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ABSTRACT
Pituitary tumors are often detected only post-mortem or at late-stages of the 
disease when they are macroadenomas with a low surgical cure rate. Spontaneous 
pituitary tumors occur in rats over one year of age. In an ongoing study of changes 
in sigma-1 agonist binding related to ageing, several of our rats developed such 
tumors. The aim of the current study was to assess the kinetics of 11C-SA4503 
in tumor and brain, and to evaluate the utility of this tracer in the detection of 
pituitary tumors. 

Methods: MicroPET scans of the brain region of male Wistar Hannover rats (age 
18 to 32 months) were acquired using the sigma-1 agonist tracer 11C-SA4503. 
The time-dependent uptake of 11C in the entire brain, tumor or normal pituitary, 
and thyroid was measured. Two-tissue compartment model was fitted to the PET 
data, using metabolite-corrected plasma radioactivity as input function. 

Results: Pituitary tumors showed up as bright hot-spots in the scans. The total 
distribution volume (VT) of the tracer in tumor was significantly higher than in the 
normal pituitary. Surprisingly, a higher VT was also seen in the brain and thyroid 
tissue of animals with pituitary tumors compared to healthy rats. The increase in 
VT in brain and thyroid was not related to a change of non-displaceable binding 
potential (BPND), but rather, to an increase of the partition coefficient (K1/k2) of 

11C-SA4503. The increase in VT in the tumor on the other hand was accompanied 
by a significant increase in BPND. Western blotting analysis indicated that pituitary 
tumors over expressed sigma-1 receptors.

Conclusion: The over expression of sigma-1 receptors in the spontaneous pituitary 
tumors is detected as an increase in the uptake and BPND of 11C-SA4503. Therefore, this 
tracer may have promise for the detection of pituitary adenomas, using PET.

Keywords: sigma receptor, 11C-SA4503, spontaneous pituitary tumor, kinetic 
analysis, microPET.
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INTRODUCTION
Pituitary tumors (adenoma of pituitary gland) are among the five most common 
intracranial neoplasms (1, 2). Pituitary adenomas grow slowly and metastasize 
rarely (3). Despite their benign nature, they can cause significant morbidity 
(4). For example, pituitary tumors can lead to Cushing syndrome, pituitary 
hyperthyroidism, acromegaly, Nelson syndrome or impotence (5, 6). Unfortunately, 
pituitary tumors are very difficult to diagnose and often remain undetected until 
post-mortem examination or during late-stage disease (7, 8). At late stages, the 
majority of pituitary tumors will be macroadenomas with a low surgical cure rate 
(3). Diagnostic problems arise from the fact that they can manifest themselves 
by varying symptoms. Functioning tumors hypersecrete various hormones 
(e.g. prolactin, thyroid-stimulating hormone, and growth hormone), and non-
functioning tumors (non-secreting) grow usually undetected until they compress 
surrounding structures (e.g. optic nerves) or prevent normal functioning of the 
pituitary gland (9). In addition, large pituitary tumors can cause occasionally fatal 
damage to the brain due to a sustained increase in the intracranial pressure (10).

Because hormonal or symptom examination gives a rather poor differential 
diagnosis, current diagnostic methods include imaging techniques such as 
computed tomography (CT) or magnetic resonance imaging (MRI). CT and MRI 
imaging allows avoidance of biopsies and significantly improves pituitary tumor 
localization (9, 11, 12). However, CT and MRI cannot distinguish between tumor 
and scar tissue or monitor biochemical and functional aspects of the tumor. 

There is no tracer of first choice for pituitary tumor imaging using 
nuclear medicine(4), although such lesions have been visualized e.g. with 
18F-fluorodeoxyglucose (18F-FDG), radioactively labeled somatostatin analogs, such 
as 111In-pentetreotide, and dopamine D2 receptor-targeting radiopharmaceuticals, 
such as 18F-fluoroethyl-spiperone (18F-FESP) (1, 4, 7). The widespread use of 18F-FDG 
in positron emission tomography (PET) imaging in the last two decades increased 
the detection of incidentalomas of the pituitary gland (7, 13). However, pituitary 
tumors are slow growing and highly differentiated, which makes 18F-FDG unsuitable 
for their imaging (4). Furthermore, 18F-FDG poorly distinguishes between non-/
neoplastic lesion, benign/malignant lesions or inflammation, and accumulation of 
this tracer in pituitary gives an ambiguous interpretation (7, 13, 14, 15). Huyn et al. 
showed that only 40.8% the of patients with focal pituitary 18F-FDG accumulation 
presented with pathologic lesions (7). On the other hand, somatostatin receptor and 
dopamine D2 receptor-targeting radiopharmaceuticals have only limited clinical 
usefulness, because expression of these receptors is dependent on the hormones 
that the pituitary tumor secretes (e.g. higher expression of somatostatin receptors 
in tumors producing growth hormone/thyroid-stimulating hormone, or higher 
expression of dopamine D2 receptors in non-secretive tumors) (4, 12, 16). 

Tumor cells frequently overexpress sigma receptors. Sigma receptors are 
unique transmembrane proteins, classified into two subtypes, sigma-1 and 
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sigma-2 (17). Sigma-1 receptors were studied in more detail than sigma-2 
receptors since the sigma-1 but not the sigma-2 gene has been sequenced and 
cloned (18). Sigma-1 receptors were shown to be an intraorganelle signaling and 
cell survival modulator at the endoplasmic reticulum-mitochondria junctions 
(19). The sigma-2 subtype was recently identified as the progesterone receptor 
membrane component 1 (20). Sigma-1 receptors are expressed at rather high 
densities in the brain and pituitary gland (21). However, the presence of sigma-1 
receptors in pituitary tumors has not yet been examined. 

11C-SA4503 (11C-labeled 1-[2-(3,4-dimethoxyphenthyl)]-4-(3-phenylpropyl)-
piperazine dihydrochloride) is a ligand with high affinity for sigma-1 (IC50 value 

17.4 nM) and lower affinity for sigma-2 receptors (1784 nM), and commonly 
employed for PET(17). We have previously reported that microPET with 11C-
SA4503 shows high tracer accumulation in the mammalian brain (22). 11C-SA4503 
was already tested in healthy volunteers, and in patients with Alzheimer’s disease 
(23) or Parkinson’s disease (24). Furthermore, microPET with 11C-SA4503 in rats 
successfully detected subcutaneously-grown C6 gliomas, had 10-fold C6 tumor 
selectivity over a turpentine-induced sterile inflammation, and showed an early 
decrease in tumor uptake following systemic doxorubicin treatment which 
corresponded to a loss of sigma-1 receptors from the tumors (25, 26). 

In the current study we examined if spontaneously developed pituitary 
tumors in aged rats can be detected and distinguished from the normal pituitary 
by microPET imaging with 11C-SA4503. Also, we performed kinetic analysis of 
tracer uptake in the brain, pituitary tumors and thyroid gland, using a 2-tissue 
compartment model (2-TCM) fit to assess changes in partition coefficient (K1/k2), 
non-displaceable binding potential (BPND), and total distribution volume (VT). 
Finally, the impact of a pituitary tumor on uptake of 11C-SA4503 in peripheral 
organs was examined, since a pituitary tumor may affect the vascular properties 
and perfusion of other tissues because of altered hormone levels. 

MATERIALS AND METHODS 
11C-SA4503 Synthesis
The radioligand 1-[2-(3,4-dimethoxyphenethyl)]-4-(3-phenylpropyl)piperazine 
(11C-SA4503) was prepared by reaction of 11C-methyl iodide with 1-[2-(4-hydroxy-3-
methoxy-penthyl)]-4-(3-phenylpropyl)piperazine dihydrochloride (4-O-demethyl  
SA4503), according to a published method (27). The decay corrected radiochemical 
yield was ~ 24%, the specific radioactivity was > 100 TBq/mmol at the moment 
of injection and radiochemical purity > 98%. The 11C-SA4503 solution had a pH 
of 6.0 to 7.0. 
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Animal Model
Experiments were performed in male Wistar Hannover rats (HsdHan™:WIST) 
aged 18 to 32 months. Animals were either purchased from Harlan (Boxmeer, The 
Netherlands) or acquired from Semmelweis University. It was previously reported 
that more than 37% of male Wistar Hannover rats above 1-year of age may 
develop pituitary tumors (28). Additional pituitary tumors and normal pituitary 
for western blotting were obtained from rats of similar ages from Semmelweis 
University. The rats were housed in Macrolon cages on a layer of wood shavings in 
a room with constant temperature (21 ± 2°C) and fixed 12-hour light-dark regime 
(light phase from 7:00 to 19:00 hours). Food (standard laboratory chow, RMH-B, 
Hope Farms, The Netherlands) and water were available ad libitum. After arrival 
the rats were acclimatized for at least seven days. Experiments were performed 
by licensed investigators in compliance with the Law on Animal Experiments in 
The Netherlands. The protocol was approved by the Committee on Animal Ethics 
of the University of Groningen. Animals were assigned to the healthy control (n = 
8) or tumor-bearing group (n = 5) after autopsy.

Arterial Blood Sampling
Before microPET scanning, an arterial cannula was placed in each rat for blood 
sampling and determination of the time course of radioactivity in plasma. For this 
purpose, rats were anesthetized with isoflurane in medicinal air (5% for induction 
2% for maintenance). An incision was made parallel to the femoral artery. The 
femoral artery was separated from the femoral vein and temporarily ligated to 
prevent leakage of blood. A small incision was made in the artery and a cannula 
was inserted (0.8 mm outer, 0.4 mm inner diameter). The cannula was secured to 
the artery with a suture and attached to a syringe filled with heparinized saline. 

From each rat, fifteen arterial blood samples (volume 0.1 to 0.15 ml) were 
collected at 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2.0, 3, 5, 7.5, 10, 15, 30, 60 and 90 minutes 
after 11C-SA4503 injection and start of the microPET scan. Plasma was obtained 
from the blood by centrifugation (5 min in Eppendorf-type centrifuge at 13,000 
rpm). Radioactivity in plasma samples was determined using a calibrated gamma 
counter (CompuGamma CS 1282, LKB-Wallac, Turku, Finland). Plasma data was 
corrected for radioactive metabolites based on the age of the rat as below.

In a separate group of animals, larger volumes of blood ranging from 0.4 to 
1.6 ml was collected at 5, 10, 20, 40 and 60 min and a metabolite analysis was 
performed using a method similar to one previously published for 11C-SA4503 
(29). Briefly, plasma was obtained by centrifugation (2 min in Eppendorf-type 
centrifuge at 13,000 rpm) and de-proteinized using one third the volume of 
20% trichloroacetic acid in acetonitrile. The mixture was centrifuged for 2 min 
at 13,000 rpm and the supernatant injected in a reversed-phase HPLC system 
to separate the parent tracer and metabolites. A MicroBondapak C18 (7.8 x 300 
mm) column and a mobile phase consisting of a mixture of acetonitrile and 50 
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mM sodium acetate buffer (pH 7.2; 1/1, v/v) at a flow rate of 3 mL/min were 
used. The eluate was collected in 30 sec fractions for 15min and radioactivity in 
the samples was measured using a gamma counter. 

MicroPET Scan
Two rats were scanned simultaneously in each scan session, using a Siemens/
Concorde microPET camera (Focus 220). They were positioned in the camera 
in transaxial position with their heads and neck in the field of view. First, a 
transmission scan of 515 seconds with a Co-57 point source was obtained for 
attenuation and scatter correction of 511 keV photons by tissue. Subsequently, 
the first rat was injected through the penile vein with 11C-SA4503 (31±16 MBq, 
volume < 1 ml). The emission scan was started with tracer injection of the first rat; 
whereas the second animal was injected a few minutes later. A list-mode protocol 
was used with 90 min acquisition time (analysis performed for first 74 min from 
tracer injection). Reconstructions were performed using microPET Manager 

2.3.3.6 (Siemens). The list-mode data of the emission scans were reframed into 
a dynamic sequence of 8x30s, 3x60s, 2x120s, 2x180s, 3x300s, 3x600s, 1x720s, 
1x960s frames. The data were reconstructed per time frame employing an iterative 
reconstruction algorithm (OSEM2D with Fourier rebinning, 4 iterations and 16 
subsets). The final datasets consisted of 95 slices with a slice thickness of 0.8 mm, 
and an in-plane image matrix of 128 x 128 pixels. Voxel size was 0.5 x 0.5 x 0.8 mm. 
The linear resolution at the center of the field-of-view was about 1.5 mm. Data sets 
were fully corrected for decay, random coincidences, scatter and attenuation. 

MicroPET Data Analysis
The images obtained from the scan were co-registered with an MRI template (30) 
for drawing the three-dimensional regions of interest (ROIs) over the whole brain 
and healthy pituitary. ROIs were also drawn over the thyroid and pituitary tumor 
using Inveon Research Workplace software (Siemens). Time-activity curves 
(TACs) were calculated for each of these regions. Tracer uptake was expressed 
as a PET-SUV, assuming a specific gravity of 1 g/cm3 for brain tissue and blood 
plasma. The parameter SUV is defined as: [tissue activity concentration (MBq/g) 
× animal body weight (g) / injected dose (MBq)].

Kinetic analysis was performed by fitting a standard four-parameter, two-
tissue compartment model (2-TCM) to the dynamic PET data, using metabolite-
corrected plasma radioactivity from arterial blood samples as input function. 
The 2-TCM is described in ((31) ); its parameters are rate constant for transport 
from arterial plasma to tissue (K1), tissue to arterial plasma (k2), free to bound 
compartment in tissue (k3) and bound to free compartment in tissue (k4). Where 
plasma data was not available, a population average corrected for injected dose 
and weight of individual animal was used as input. Software routines for MatLab 
7 (The MathWorks, Natick, MA), written by Dr. A.T.M. Willemsen (University 
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Medical Center Groningen), were used for curve fitting. The blood volume was 
fixed at 0.036 and the rate constants K1, k2, k3, and k4 estimated from the curve fit. 
Partition coefficient was calculated as K1/k2, BPND was calculated as k3/k4 and VT 
was calculated as K1/k2 * (1+ k3/k4).

Ex vivo Biodistribution
After the scanning period, animals were terminated by extirpation of the heart. Blood 
was immediately collected, and plasma and a cell fraction were separated by short 
centrifugation (5 min at 13,000 rpm). Several tissues (see Tables 1 and 2) were 
excised. All tissue samples were weighed. Radioactivity in tissue samples and in a 
sample of the injected tracer solution (infusate) was measured using a gamma counter 
with automatic decay correction. The data are presented as SUV. Tissue-to-plasma and 
pituitary or tumor-to-brain concentration ratios of radioactivity were calculated.

Western Blotting
A portion of the pituitary tumors (n=5) and the entire pituitary of control animals 
(n=5) were homogenized in lysis buffer containing 137 mM NaCl, 20 mM Tris-
HCl pH 8.0, 2% Nonidet P-40, 10% glycerol and protease inhibitors. Total protein 
was used for analysis rather than a plasma membrane fraction, since most 
sigma-1 receptors are known to be intracellular and the intracellular receptors 
are functionally important (17, 19, 21). Moreover, our ligand [11C]SA4503 
visualizes the entire sigma-1 receptor population because of its lipophilicity. The 
homogenate was sonicated for 30s in a cold pack. Lysates were centrifuged for 
15 min at 15300g at 4oC. Supernatants were collected and stored at -20oC until 
use. The concentration of protein was determined with a Bradford assay. 20 µg 
of protein were electrophoresed on 8-12% (v/v) polyacrylamide SDS-PAGE gels. 
Proteins were electrotransferred onto PVDF membranes (Amersham, Piscataway, 
NJ). The nonspecific binding of immunoproteins was blocked with 5% non-fat 
dry milk for 2 hours at RT. After blocking, the membrane was incubated with 
primary antibodies overnight at 4oC. The primary antibody recognizing sigma-1 
receptors was ab89655, an anti-Sig-1R antibody purchased from AbCam. The 
membrane was rinsed in TBS containing 0.1% Tween 20 (TBS-T) followed by 1h 
incubation with HRP-conjugated secondary antibody at room temperature. After 
incubation, the membranes were repeatedly washed in TBS-T and incubated with 
an enhanced chemiluminescence reagent (ECL plus, RPN 2132, Amersham). The 
protein bands were visualized on X-ray films. The optical density of the protein 
bands were quantified using ImageJ (National Institutes of Health, Bethesda, MD), 
and standardized to β-actin (1:2000, sc-47778 Santa Cruz). 

Statistics
All results are expressed as mean ± SEM. Differences between groups were 
examined by unpaired two-tailed t-test or 2-way ANOVA, followed by a post hoc 
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Bonferroni test, where applicable. A P value < 0.05 was considered statistically 
significant. Correlations were assessed using Pearson correlation coefficient (r) 
and considered strong when r2 was at least 0.7 and significant when P value < 0.05.

RESULTS 
Tumor Visualization on PET Images 
Spontaneous pituitary tumors developed in 38% of the aged rats. These tumors 
were clearly visible in the 11C-SA4503 scans (Figure 1). The brains of animals 
with pituitary tumors also appeared to take up more tracer than normal brain. 
The thyroid glands were in the field of view and they appeared to take up more 
of the tracer in the tumor-bearing rats than in the normal aged rats (Figure 1).

Figure 1. 11C-SA4503 microPET images of: A) a healthy aged rat; B) an aged rat with 
spontaneous pituitary tumor weighing 17 mg. TRANS = transverse, COR = coronal, SAG = 
sagittal view. Solid arrows indicate the healthy pituitary or pituitary tumor, dashed arrow 
position of the thyroid gland.
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Kinetics of Radioactivity in Plasma and Brain
Metabolite analysis revealed that about 50% of the parent tracer remained intact 
at 60 minutes, but there was no significant difference between the groups (data 
not shown). Kinetics of radioactivity in the plasma (metabolite corrected, n=4 
each) after a bolus injection of 11C-SA4503 is shown in Figure 2A. Values from 
four normal rats and one rat with tumor were not included in this analysis due 
to nonavailability of plasma samples (failure of the cannula and changed kinetics 
due to a small depot during tracer injection). A rapid biexponential clearance was 
observed in both groups. The presence of the pituitary tumor did not significantly 
affect plasma kinetics of the tracer. Area under the curve (AUC) for normal rats: 
18.0 ± 3.1; rats with tumor: 13.1 ± 0.8, (P = 0.1720).

Kinetics of 11C-SA4503 in the pituitary and pituitary tumor, the brain and the 
thyroid are presented in Figures 3B-D. Tracer uptake was rapid in normal brain, 
normal pituitary and brain with tumor, with the peak appearing within 5 min of 
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Figure 2. Time-activity curves of 11C-SA4503 in: A) plasma of normal (n = 5) and tumor-
bearing (n = 4) rats; B) normal pituitary (n = 7) and pituitary tumors (n = 5); C) brain of 
normal (n = 7) and tumor-bearing (n = 5) rats; D) thyroid of normal (n = 7) and tumor-
bearing rats (n = 5). Data are expressed as mean ± SEM, differences in the area under the 
curve (AUC) were tested with unpaired two-tailed t-test. 
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tracer injection, and was followed by a slow washout. The uptake in the pituitary 
tumor, while also rapid, reached a plateau within 10 min and no appreciable 
washout was seen within the scan duration. Uptake of the tracer was significantly 
higher in the tumor than in the normal pituitary and was about 3-fold higher by 
the end of the scan (AUC 439.6 ± 104.4 vs 166.6 ± 8.6, P <0.05). Uptake in the 
tumor was also higher than in the brain of tumor-bearing rats and was about 
2-fold higher by the end of the scan. The uptake in the brain of tumor-bearing rats 
was about 50% higher than in the brain of normal aged rats. 

Kinetic Analysis
Using the metabolite-corrected arterial plasma as input, 2-TCM was fitted to ROIs 
drawn around whole brain, normal pituitary, pituitary tumor and thyroid. Where 
plasma data was not available, a population average corrected for injected dose and 
weight of individual animal was used as input. The VT (Figure 3A) of the tracer was 
significantly higher (P < 0.05) in tumor (105.0 ± 47.6) than in the normal pituitary 
(11.6 ± 1.0). Furthermore, the VT in the brain tissue of animals with pituitary tumors 
was higher than in brain tissue of normal rats (25.5 ± 3.3 vs 11.8 ± 1.2, P < 0.001) 
(Figure 3B). Additionally, the VT in the thyroid of rats with pituitary tumors was 
higher than in the thyroid of normal rats (39.3 ± 5.5 vs 23.1 ± 1.9, P < 0.01). 

The higher VT in the tumor was associated with a significantly higher BPND 
(10.7 ± 1.7 vs 4.6 ± 0.5, P < 0.01) as well as K1/k2 (10.5 ± 4.5 vs 2.2 ± 0.3, P < 
0.05) (Figures 4A). On the other hand, the higher VT in the brain was not related 
to a change in BPND, but was due to a higher partition coefficient (K1/k2) of 11C-
SA4503 (6.6 ± 1.3 vs 2.4 ± 0.4, P < 0.01, (Figure 3B). Similarly, the higher VT in the 
thyroid was related to a higher K1/k2 (8.8 ± 1.3 vs 5.1 ± 0.8, P<0.05), rather than 
to BPND. Changes of VT and K1/k2 in brain and thyroid were strongly correlated 
(R2 = 0.81, P < 0.0001, and R2 = 0.85, P < 0.0001, respectively). The correlation 
between changes in BPND was not as strong, but still quite significant (R2 = 0.66, P 
= 0.0014) (Figures 4C). However, changes of K1/k2 in brain and pituitary or tumor 
correlated only weakly (R2 = 0.38, P < 0.05) and changes of VT and BPND were not 
correlated at all (R2 = 0.19, P = 0.1372 and R2 = 0.02, P = 0.6622, respectively).

Biodistribution
The mass of a normal pituitary was 12.7 ± 3.3 mg (mean ± SD, n = 5, range 8.6 
to 17.7 mg). Spontaneous pituitary tumors weighed 70.5 ± 93.1 mg (mean ± SD, 
n = 8, range 14.0 to 274.7 mg). Biodistribution data of 11C-SA4503, 90 min after 
injection, showed a considerable uptake in the pituitary tumor (SUV 10.3 ± 2.1), 
which was about 3-fold higher than in the normal pituitary gland. Accumulation 
of 11C-SA4503 in tumor tissue was about 100-fold higher than in plasma and 
about 6-fold higher than in the adjacent brain (Table 1).

Biodistribution data for the brain areas and peripheral organs are listed in 
Table 2. The presence of the pituitary tumor was associated with a significantly 
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Figure 3. Kinetic modeling parameters of 11C-SA4503 in: A) normal pituitary (n = 8) and 
pituitary tumor (n = 5); B) brain of normal (n = 8) and tumor bearing (n = 5) rats; C). 
Correlation of 11C-SA4503 kinetic parameters (VT, BPND, K1/k2) in the thyroid and brain. Data 
are expressed as mean ± SEM and were tested with unpaired, two-tailed t-test.

higher SUV and tissue-to-plasma ratio of the tracer in all brain areas. SUV values 
in the peripheral organs of normal and tumor-bearing rats were not significantly 
different, but tissue-to-plasma ratios in brain, small intestine, liver and spleen of 
tumor-bearing animals were significantly higher. 
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Table 1. Biodistribution of 11C-SA4503 in the pituitary and tumor

Normal Pituitary
(n=5)

Pituitary tumor
(n=6) P#

SUV 3.28 ± 0.47 10.28 ± 2.10 <0.05
Tissue to Brain Ratio 2.90 ± 0.61 5.70 ± 0.77 <0.05
Tissue to Plasma Ratio 17.29 ± 1.72 101.1 ± 19.42 <0.01

Two rats which had large necrotic tumors were not included in this analysis.
Data are expressed as mean ± SEM.

Western Blotting
Western blotting was performed to quantify the sigma-1 receptor proteins in the 
pituitary tumor and normal pituitary. Immunoreactive bands for sigma-1 receptor 
proteins were visualized at 25kDa. The sigma-1 receptor protein to β-actin ratio 
was significantly higher in the pituitary tumors compared to normal pituitary 
(1.94 ± 0.21 vs 0.97 ± 0.13, P < 0.01) (Figure 4). 

Figure 4. Sigma-1 receptor protein to β-actin ratio 
from Western blotting in normal pituitary (n = 5) 
and pituitary tumors (n = 5). Data are expressed as 
mean ± SEM and were tested with unpaired, two-
tailed t-test. Inset shows representative bands.

DISCUSSION
This study demonstrates that spontaneous pituitary tumors in aged rats can be 
detected and distinguished from normal pituitary and brain by microPET imaging 
with the sigma-1 ligand, 11C-SA4503. To the best of our knowledge, this is the first 
report identifying sigma-1 receptors in pituitary tumors. 

For clear visualization of tumor lesions, the ratio of tracer uptake in tumor 
versus surrounding tissue must be >> 1. In the biodistribution experiments, we 
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observed an accumulation of 11C-SA4503 in the pituitary tumors which was about 
6-fold higher than in the adjacent brain and about 100-fold higher than in plasma. 
Therefore, the pituitary tumors were easily visualized with 11C-SA4503.

Kinetic modeling indicated that VT in pituitary tumors increased (by 10-fold) 
compared to the normal pituitary. These changes in VT were related to increases in 
both K1/k2 and BPND (4.9-fold and 2.3-fold, respectively). Tracer VT in the brain of 
pituitary tumor-bearing rats was increased (by 2.4-fold) compared to brain of healthy 
rats, due to an increase in K1/k2 (by 2.7-fold), whereas BPND was unaltered (Figure 
3A). Since pituitary is adjacent to the brain, partial volume effect could play a role in 
the increased VT in the brains of rats with pituitary tumor. However, the higher SUV in 
the brains of animals with pituitary tumor in the biodistribution study suggests that 
this effect is independent of partial volume effects. A 1.7-fold increase of K1/k2 (but 
not BPND) was also observed in the thyroid gland of tumor-bearing rats (Figure 3B).

Increases in the partition coefficient (K1/k2) of the tracer were observed not only 
in pituitary tumors, but also in the brain and thyroid. Increases in K1/k2 are thus not 
limited to tumor tissue. Pituitary tumors are known to exert global effects on blood flow 
(32) and different effects on regional blood pressure (32). Altered tissue-to-plasma 
ratios of 11C-SA4503 in the brain, small intestine, liver and spleen of tumor-bearing 
animals (Table 2) may be related to such phenomena, although additional data on 
hormone levels and tissue perfusion are required to prove the underlying mechanism. 

A change in BPND could indicate a change in either receptor numbers or 
affinity. If the affinity of 11C-SA4503 to sigma-1 receptors remains constant during 
malignant transformation, as has been reported for nonneural tumors (33), the 
observed increase of BPND in tumor tissue should reflect an up-regulation of 
sigma-1 receptors in pituitary tumors. Such up-regulation would be consistent 
with the moderate (generally 2-3-fold) overexpression of sigma-1 receptors in 
other tumor tissues (17, 33, 34). Our results from Western blotting also confirmed 
a 2-fold over-expression of sigma-1 receptors in pituitary tumors. The reason for 
up-regulation of sigma-1 receptors in tumor tissue is unclear but it may provide 
the tumor cells with an additional brake on apoptosis (35). Since BPND values in 
the brain and thyroid of tumor-bearing rats were not increased, sigma-1 receptor 
expression in these organs appears to be not affected by the pituitary tumor.

In this study, we did not find any correlation between BPND and tumor size (data 
not shown). Similarly, in a study on 95 breast cancer patients, no correlation was 
observed between sigma-1 receptor levels and tumor size, histological grade or 
expression of the proliferation marker, Ki-67, although a positive correlation was 
reported between sigma-1 receptor levels, hormone receptor positivity (in particular 
progesterone receptor), Bcl-2 expression and the period of disease-free survival (36). 
Low ratios (< 1) of pro-survival Bcl-2 and pro-apoptotic Bax expression predominate 
in non-functioning pituitary tumors and pituitary microadenomas (37). 
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CONCLUSION
The very high uptake of 11C-SA4503 in pituitary adenomas indicates that it may be 
worthwhile to test 11C-SA4503-PET in a clinical setting. Even very small tumors were 
clearly detected (lesion mass in Figure 1 was 17 mg). This suggests that 11C-SA4503 
may be applied for the detection of microadenomas. Future studies are needed to 
answer the question whether 11C-SA4503-PET can discriminate between symptomatic, 
hormone-secreting and non-functioning (non-symptomatic, non-secretive) tumors. 
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ABSTRACT
Objectives: Cerebral sigma-1 receptors are involved in cellular differentiation, 
neuroprotection, neuroplasticity, learning and memory processes. We assessed 
changes of sigma-1 receptor expression in two animal models of cognitive 
impairment and determined the suitability of these models for evaluation of 
sigma-1 ligands as cognitive enhancers.

Methods: Male Wistar Hannover rats were either lesioned by unilateral stereotactic 
injection of N-methyl-D-aspartic acid (NMDA, 60 nmol in 1 μL of phosphate-
buffered saline) in the nucleus basalis, or deprived of rapid eye movement (REM) 
sleep for 48 h, using the modified multiple platform method. Sigma-1 receptor 
expression was examined with microPET and biodistribution analysis (using the 
agonist radioligand 11C-SA4503), besides immunohistochemistry and Western 
blotting. Novel object recognition (NOR) and passive avoidance (PA) tests were 
used to evaluate cognitive deficits. 

Results: MicroPET did not indicate any significant difference of tracer uptake in 
cholinergic lesioned and sham-lesioned cortices. However, immunohistochemical 
analysis revealed moderate increases of sigma-1 receptor expression which were 
limited to layer V of the parietal cortex at the posterior bregma level (-2.8) of the 
lesioned side. Sleep deprivation caused significant reductions of tissue-to-(metabolite 
corrected)-plasma ratios of 11C-SA4503 in pons, adrenal gland and pancreas. Western 
blots revealed a significant loss of sigma-1 receptor numbers in the pons. REM sleep 
deprivation caused significant memory impairment in the PA test.

Conclusion: Unilateral cholinergic lesioning of the nucleus basalis affects sigma-1 
receptor expression, but the affected area is not large enough to be measurable with 
microPET. The REM sleep deprivation model is suitable for evaluation of sigma-1 
ligands as cognitive enhancers, using both microPET and behavioral tests.

Keywords: cholinergic lesion, microPET, novel object recognition, passive 
avoidance, REM sleep deprivation, 11C-SA4503, sigma-1 receptor.
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INTRODUCTION
Sigma receptors are unique proteins integrated in plasma and endoplasmic 
reticulum membranes of tissue derived from brain, immune, endocrine and 
reproductive organs, kidney, and liver (1). In brain, the highest densities of 
sigma receptors were observed in areas related to motor functions and in limbic 
structures. This distribution suggests that sigma receptors are involved in the 
control of posture and movement (particularly the sigma-2 subtype), and in 
learning and memory processes (particularly sigma-1) (2, 3, 4, 5, 6). 

Sigma-1 receptors are now considered as ligand-regulated molecular 
chaperones modulating the activity of voltage-regulated and ligand-gated ion 
channels (7), intracellular calcium signalling (8), and the release of various 
neurotransmitters including acetylcholine (9, 10, 11) and glutamate (12). Sigma-1 
receptors are involved in cellular differentiation (13, 14), neuroplasticity (15, 16), 
neuroprotection (17, 18), and cognition (19). Thus, they are implicated in several 
neuropsychiatric disorders including Alzheimer’s disease, Parkinson’s disease, 
depression, anxiety, schizophrenia, pain and substance abuse (14, 20, 21, 22).

Sigma agonist treatment has shown anti-amnesic effects in various animal 
models of cognitive deficit(23). These include: 1. Fluoxetine treatment of rats 
with bilateral electrolytic lesions of the nucleus basalis of Meynert (24), 2. 
(+/-)-PPCC treatment of rats with central cholinergic depletion induced by 
different doses of 192 igG-saporin injected intraventricularly (25), 3. (-)-MR22 
treatment of rats injected both with 192 igG-saporin in the hippocampus and 
pre-aggregated amyloid peptide in the basal forebrain (26), 4. cutamesine 
treatment of rats with ibotenic acid-induced lesions of the basal forebrain (27), 
5. dimemorphan or (+)-SKF-10047 (28)(+)-pentazocine, PRE-084 or SA4503(29), 
ANAVEX1-41(30), ANAVEX2-73 (31)or donepezil (32)treatment of mice after 
intracerebroventricular administration of β25–35-amyloid peptide. In all these 
cases, sigma-1 agonists were effective in overcoming the effects of the various 
lesion procedures. However, the impact of lesion procedures on the status of 
sigma-1 receptors is not known.

Sleep deprivation causes memory deficits which can be detected using 
behavioural tests (33, 34). It also increases amyloid loads while sleep restores 
the amyloid levels (35, 36, 37). Treatment with haloperidol, a dopamine D2 
antagonist with sigma antagonistic activity, was found to reduce REM sleep in rats 
(38). Treatment with donepezil, an acetylcholinesterase inhibitor with sigma-1 
receptor agonist activity, increased REM sleep not only in normal subjects (39, 
40), but also in autistic children (41)and patients with Alzheimer’s disease (42), 
who tend to have lower baseline REM sleep (43, 44). The beneficial effect of 
donepezil on sleep deprivation-induced memory impairment is disputed, some 
studies reporting a lack of improvement (34), while others report improvements 
in individuals vulnerable to sleep deprivation (45, 46). It is not clear whether 
these effects of haloperidol and donepezil are related to their sigma-1 activity or 
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to their primary pharmacological properties. No information is available on the 
effect of sleep deprivation on sigma-1 receptors. 

11C-SA4503 is a selective agonist for sigma-1 receptors. Using this radioligand, 
we have detected an up-regulation of sigma-1 receptors in spontaneous pituitary 
tumours in rats (47) and a decrease of sigma-1 receptor binding in various regions 
of the aging rat brain (Chapter 3). Pons, which is involved in REM sleep, was one 
of the regions most affected by aging. 

In this study, two cognitive deficit models, cholinergic lesion of the nucleus 
basalis and REM sleep deprivation, were investigated for changes of sigma-1 
receptor expression. The feasibility of using these models in conjunction with 
behavioural studies and PET imaging was examined.

MATERIALS AND METHODS
Drugs and Reagents
NMDA (Sigma-Aldrich, St. Louis, MO) solution was prepared in phosphate-buffered 
saline (PBS) solution (pH7.4) in a concentration of 60 nmol per 1 µl. The radioligand 
1-[2-(3,4-dimethoxyphenethyl)]-4-(3-phenylpropyl)piperazine (11C-SA4503) was 
prepared by reaction of 11C-methyl iodide with 1-[2-(4-hydroxy-3-methoxy-penthyl)]-
4-(3-phenylpropyl)piperazine dihydrochloride (4-O-demethyl SA4503), according 
to a published method(48). The decay corrected radiochemical yield was ~ 24%, the 
specific radioactivity was > 15 TBq/mmol at the moment of injection and radiochemical 
purity > 98%. The 11C-SA4503 solution had a pH of 6.0 to 7.0.

Animals
Male Wistar Hannover rats were obtained from Harlan (Boxmeer, The 
Netherlands) The rats were housed in Macrolon cages on a layer of wood shavings 
in a room with constant temperature (21 ± 2 °C) and fixed 12-hour light-dark 
regime (lights on at 7.00). Food (standard laboratory chow, RMH-B, Hope Farms, 
The Netherlands) and water were available ad libitum. After arrival the rats were 
allowed to acclimatize for at least seven days. The study protocol was approved by 
The Institutional Animal Care and Use Committee of the University of Groningen. 
The animal experiments were performed by licensed investigators in compliance 
with the Law on Animal Experiments of The Netherlands.

Cholinergic lesion model
Lesion surgery was performed on day 1 and the rats were allowed 5 days for 
recovery. On days 7 and 10, microPET scans were performed with 11C-SA4503. 
Novel object recognition (NOR) study was performed on days 8 and 9 and passive 
avoidance (PA) study was performed on days 11, 12 and 13. After the PA study, 
the rats were sacrificed and brains prepared for immunocytochemical analysis.
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Lesion procedure
The animals were anaesthetized with a combination of ketamine (75mg.kg) and 
medetomidine (0.5mg/kg). Excitotoxic damage to the magnocellular nucleus 
basalis was carried out unilaterally as described in (49). Briefly, one microliter 
of the freshly prepared solution of NMDA (60 nmol) in phosphate-buffered saline 
(PBS) was applied by a Hamilton microsyringe into the nucleus basalis (anterior-
posterior coordinate, 1.5 mm; lateral, 3.2 mm) at two dorsoventral positions, 
6.2 and 7.0 mm ventral to the dura on one side (lesioned side), while the same 
quantity of PBS alone was injected into the nucleus basalis on the other side 
(sham lesioned side). Control animals were sham lesioned on one side while the 
other side was left untouched. Atipamezole was used to reverse the anesthesia.

PET scans 
Two rats were scanned simultaneously in each scan session, using a Siemens/
Concorde microPET camera (Focus 220). They were positioned in the camera on 
heating mats in transaxial position with their heads and neck in the field of view. 
First, a transmission scan of 515 seconds with a Co-57 point source was obtained 
for attenuation and scatter correction of 511 keV photons by tissue. Subsequently, 
the first rat was injected through the penile vein with 11C-SA4503 (28±2 MBq, 
volume < 1 ml). The emission scan was started simultaneously with tracer 
injection of the first rat; whereas the second animal was injected 6 minutes later. 
A list-mode protocol was used with 90 min acquisition time. Reconstructions were 
performed using microPET Manager 2.3.3.6 (Siemens) and ASIPro 6.3.3.0. The list-
mode data of the emission scans were reframed into a dynamic sequence of 8x30s, 
3x60s, 2x120s, 3x180s, 4x300s and 5x600s frames. The data were reconstructed 
per time frame employing an iterative reconstruction algorithm (ordered subsets 
expectation maximization, OSEM2D with Fourier rebinning, 4 iterations and 16 
subsets). The final datasets consisted of 95 slices with a slice thickness of 0.8 mm, 
and an in-plane image matrix of 128 x 128 pixels. Voxel size was 0.5 x 0.5 x 0.8 mm. 
The linear resolution at the center of the field-of-view was about 1.5 mm. Data sets 
were fully corrected for decay, random coincidences, scatter and attenuation.

Three-dimensional regions of interest (ROIs) were drawn over the whole 
brain and cortex on a rat brain MRI template ((50)) using Inveon Research 
Workplace (Siemens Medical Solutions USA). The images obtained from the scan 
were co-registered with the MRI template and the regions of interest transferred 
from MRI to PET. Time-activity curves (TACs) were obtained for each of these 
regions. The results were expressed as dimensionless standardized uptake values 
(SUVs). The parameter SUV is defined as: [tissue activity concentration (MBq/g) × 
body weight (g) / injected dose (MBq)]. SUVs were calculated, assuming a specific 
gravity of 1 g/mL for brain tissue and blood plasma.

Behavioural studies
NOR and PA studies were performed as described below (sleep deprivation model).
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Immunocytochemical analysis
After the PA study, the rats were transcardially perfused under deep pentobarbital 
anesthesia with a fixative solution of 4% paraformaldehyde in 0.1 M phosphate 
buffer, pH 7.4, after a short prerinse with heparinized saline. The brains were 
removed, post-fixed for 2 days in the same fixative, and stored in phosphate 
buffer containing 0.1% sodium azide at 0°C, then cryoprotected by 30% sucrose 
in phosphate buffer containing 0.1% sodium azide for 4 days, and sectioned on 
a cryostat microtome at a thickness of 20 µm. Free-floating brain sections were 
processed for immunocytochemical staining.

After antigen retrieval using the urea method (51), the nonspecific binding 
of immunoproteins was blocked with normal goat serum for 2 hours at room 
temperature and then incubated with primary antibodies overnight at 4oC. The 
primary polyclonal rabbit antibody recognizing sigma-1 receptors was ab89655, 
an anti-Sig-1R antibody purchased from AbCam. After rinsing with PBS containing 
0.1% Tween 20 (PBS-T), the sections were incubated with secondary antibody, 
biotinylated goat anti-rabbit IgG diluted 500x (Jackson ImmunoResearch Lab 
Inc), at room temperature for 1h. After incubation, the sections were repeatedly 
washed in PBS-T and the staining was completed with diaminobenzidine (DAB) 
reaction in the presence of H2O2.

An immunocytochemistry density evaluation system (Image-Pro Plus) was 
used for quantification of sigma-1 receptor immunoreactivity. Measurements 
were performed at two Anterior-Posterior (AP) levels: Br. -1.6 and Br. -2.8. The 
data obtained at these two AP levels were averaged and the differences between 
the lesioned and sham lesioned sides were calculated.

Sleep deprivation model
On days 1, 2 and 3, the rats (cage control n=12; large platform control n=10, sleep 
deprived n=10), were handled for about 8 minutes each (tail marking, weighing, 
stroking, scruffing) and exposed to the experimental cages without water for 
about 30 minutes. Sleep deprivation (SD) was always started in the morning 
session and lasted 48 hours. NOR study was performed on days 4, 5 and 6 and PA 
study on days 10, 11, 12 and 13. After the behavioral experiments, some of the 
animals were used for a biodistribution study with 11C-SA4503 and others were 
sacrificed and brain samples stored at -80º C for Western blotting.

SD was performed using the modified multiple platform method (33). Plexiglass 
cages were used to create three different experimental conditions. A cage with 
no platforms, which had wood shavings as bedding (cage control), a cage with 
five small platforms of 6.5cm diameter and 2.5cm height, placed 10cm apart from 
each other and the walls (sleep deprivation) and a cage with large platforms of 
10cm diameter and 2.5cm height placed close together (large platform control). 
Both sleep deprivation cage and large platform control cage had water to a depth 
of 1.5cm. All cages contained free access to food and water.
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Novel object recognition 
The rats were habituated to the empty NOR arena (oval; 126cm at the longest 
and 88 cm at the widest) for 10 min before being placed in the SD or control 
cages. 48h later the rats were re-habituated by placing them in the empty arena 
for 3 min. Two identical Duplo ® objects (A, A) were subsequently placed in the 
arena, equidistant from the sides and the rats allowed to interact with them for 
5 min. The rats were then injected intraperitoneally with 1ml/kg of saline and 
returned to the SD or control cages. 3h later, the animals were placed in the arena 
containing one novel and one familiar object (A, B) and the interaction of the rat 
with the objects was video recorded for 10 min. The novel object recognition 
was calculated as 100 * novel / (novel time + familiar time). The rats were then 
returned to their home cages and allowed undisturbed sleep. 

Passive avoidance 
The PA apparatus consisted of a dark chamber (40 x 40 x 40 cm) with shock 
grids 1.5 cm apart on the bottom. On one side of the chamber was an opening 
with a sliding door leading to an illuminated platform (10 cm breadth x 30 cm 
length) elevated 98 cm above the floor. On day 10, the rats were placed in the dark 
chamber for 3 minutes for habituation. They were then placed on the illuminated 
platform and the door to the box opened 10 sec later. The latency to enter the dark 
chamber was noted (pre-shock latency 1). On day 11, the rats were again placed on 
the illuminated platform and the latency to enter noted (pre-shock latency 2) as 
before. The rats were allowed 3 min in the chamber and the procedure repeated. 
This time, in addition to noting the latency (pre-shock latency 3), as soon as all 
four paws were in the door, a shock of 0.8mA was administered for 2 sec. After 
allowing 3 minutes in the dark chamber, the rats were administered saline and 
placed in the SD or control chambers. 48h later, the rats were again placed on the 
illuminated platform and the latency to enter noted (post-shock latency 1). A 300 
sec cut off point was used for the maximum time on platform. If the rats entered 
the chamber, they were picked up within 15sec and placed back on the platform, 
again with a 300 sec cut off point (post-shock latency 2). The average of the two 
post shock latencies was taken for analysis, except when the 300 sec cut off limit 
was reached in one of the attempts.

Metabolite analysis and biodistribution study
This study was performed in four animals from cage control and sleep deprived 
groups. For metabolite analysis, four from the cage control and two from the sleep 
deprived group were used. 60 min after tracer injection, the chest cavity of the 
animals was opened while under deep anaesthesia and blood collected from the 
heart for metabolite analysis (see Chapter 2). The animals were then terminated 
by extirpation of the heart. Blood and several tissues (see Table 1) were collected 
and weighed. Radioactivity in tissue samples and in a sample of the injected tracer 
solution (infusate) was measured using a gamma counter with automatic decay 
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correction. The results were expressed as SUVs and the ratio of tissue to plasma 
SUV and ratio of tissue to metabolite corrected plasma SUV were calculated. 

Western blot analysis
Based on the results of biodistribution study, pons and midbrain regions were 
selected for Western blot analysis. These regions were homogenized in lysis 
buffer containing 137 mM NaCl, 20 mM Tris-HCl pH 8.0, 2% Nonidet P-40, 
10% glycerol and protease inhibitors. Total protein was used for analysis. The 
homogenate was sonicated for 30s in a cold pack. Lysates were centrifuged for 
15 min at 15300g at 4oC. Supernatants were collected and stored at -20oC until 
use. The concentration of protein was determined with a Bradford assay. 20 µg 
of protein were electrophoresed on 8-12% (v/v) polyacrylamide SDS-PAGE gels. 
Proteins were electrotransferred onto PVDF membranes (Amersham, Piscataway, 
NJ). The nonspecific binding of immunoproteins was blocked with 5% non-fat 
dry milk for 2 hours at RT. After blocking, the membrane was incubated with 
primary antibodies overnight at 4oC. The primary antibody recognizing sigma-1 
receptors was ab89655, an anti-Sig-1R antibody purchased from AbCam. The 
membrane was rinsed in TBS containing 0.1% Tween 20 (TBS-T) followed by 1h 
incubation with HRP-conjugated secondary antibody at room temperature. After 
incubation, the membranes were repeatedly washed in TBS-T and incubated with 
an enhanced chemiluminescence reagent (ECL plus, RPN 2132, Amersham). The 
protein bands were visualized on X-ray films. The optical density of the protein 
bands was quantified using ImageJ (National Institutes of Health, Bethesda, MD), 
and standardized to β-actin (1:2000, sc-47778 Santa Cruz).

Statistics
All results are expressed as mean ± SEM. Differences of sigma-1 immunoreactivity in 
the lesioned and sham lesioned sides of the cholinergic lesion study was evaluated 
using two-tailed, paired student’s t-test. Differences between groups in the NOR 
test, were examined using 1-way ANOVA test followed by Dunnett’s post hoc test, to 
evaluate the impact of SD. Differences between groups in the PA test, were examined 
using Kruskal-Wallis test followed by Dunn’s post hoc test to evaluate the impact 
of SD. Data from the biodistribution study were examined using 2-way ANOVA 
followed by a post hoc Bonferroni test. Western blot data was analysed using one-
tailed student’s t-test. A P value < 0.05 was considered statistically significant. 

RESULTS
Cholinergic lesion model
During an interim analysis of microPET scans, uptake of the sigma-1 receptor ligand 
11C-SA4503 was found to be similar in the parietal cortex of lesioned and sham-
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lesioned animals (n=4 in each group). TACs for the whole cortex and parietal cortex 
in both groups are presented in Figure 1. Because of these negative findings, the scans 
were stopped and the behavioural data of the cholinergically lesioned animals is not 
presented due to lack of sufficient animals per group. Immunocytochemical analysis 
was performed to investigate possible reasons for the unexpected PET findings. 
Immunocytochemistry data showed moderate but significant (P < 0.05) increases in 
the sigma-1 receptor expression of layer V of the parietal cortex (Figure 2) at the 
posterior Bregma level (-2.8), but lack of change in other cortical regions (Figure 3). 

Sleep deprivation model
Novel object recognition
Preliminary analysis (n=6) showed that the NOR was significantly less (P < 0.05) 
for the sleep deprived animals compared to the cage control animals (Figure 4). 
However, their NOR was lower than 50%, suggesting that the animals may have 
had a preference for the familiar object.

Passive avoidance
The pre-shock latencies were similar for all groups and only those rats which 
had an average pre-shock latency below 20 sec were included in the analysis. 
The sleep deprived animals took significantly less time to enter the dark shock 
chamber (Figure 5) compared to both cage control (P < 0.001) and large platform 
control (P < 0.01) animals.

Metabolite analysis and biodistribution study
Tracer metabolism in the sleep-deprived animals was slightly but significantly 
decreased, as judged by HPLC analysis of plasma radioactivity, 60 min after 
injection of 11C-SA4503 (Figure 6). Since metabolism was affected by sleep 
deprivation, the ratio of tissue-to-metabolite-corrected-plasma radioactivity was 
examined (Table 1). There was a significant (P < 0.0001) overall effect of sleep 
deprivation on this ratio both in the brain and in peripheral organs. A post hoc 
test revealed that there was a significant reduction of tracer uptake (T-mP ratio) 
in pons (P < 0.05), adrenal gland (P < 0.001) and pancreas (P < 0.001).

Western blot analysis
Western blot analysis of pons and midbrain revealed a significant (P < 0.05) 
reduction of sigma-1 receptor numbers in both brain regions after sleep 
deprivation (Figure 7).

DISCUSSION
Sigma-1 receptors are considered as potential targets for drug development in the area 
of central nervous system disorders (14, 21, 52, 53). Although sigma-1 receptor agonists 
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Figure 1. Kinetics of 11C-SA4503 in sham-lesioned and lesioned sides of rat brain. TACs for 
whole cortex (left panel) and parietal cortex (right panel).

Figure 2. Effect of NMDA lesion on sigma-1 receptor immunoreactivity in secondary somatosensory 
area of parietal cortex layer V (box). Left panel is a sham side and right panel lesioned side.

have been shown to be effective in several models of cognitive deficit (23), the status 
of sigma-1 receptors in these models is not known. In the present study, we examined 
two animal models of cognitive impairment for alterations of sigma-1 receptor 
expression and the feasibility of combining them with PET studies and behavioural 
tests: cholinergic lesioning of the nucleus basalis and REM sleep deprivation,. 

After cholinergic lesioning of the nucleus basalis, cortical sigma-1 receptors were 
found to be spared (Figures 1 and 3) and to be even upregulated in certain parts of layer 
V of the parietal cortex (Figures 2 and 3), the brain area where the largest cholinergic 
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Figure 3. Sigma-1 receptor immunoreactivity in sham-lesioned and lesioned sides of rat 
brain (n = 8) A) bregma -2.8 and B) bregma -1.6. * represents P < 0.05.

deafferentation occurs (49). This data indicates that since the cholinergic deficit 
in AD develops rather slowly, and sigma-1 receptor expression appears to be fairly 
resistant to cholinergic deafferentation in the neocortex, there may be opportunity for 
pharmacological treatment with sigma-1 receptor agonists in early AD. 

However, it is in theory possible that the post synaptic neurons, where sigma-1 
receptors are most abundant, were as yet unaffected because we employed a rather 
short time frame (12 days) between NMDA lesioning and PET scanning. Also, the 
area affected by the lesion was relatively restricted and could not be detected with 
PET (Figure 1). Further studies are required to investigate whether larger lesions or 
a longer interval between NMDA lesioning and scanning result in greater changes 
of sigma-1 receptor expression that are detectable with PET imaging.

Forty-eight hours of sleep deprivation produced cognitive deficits which could 
be assessed using behavioural tests, particularly the passive avoidance procedure 
(Figures 4 and 5). This duration of sleep deprivation also led to reduced tissue 
to metabolite-corrected plasma ratios of the sigma-1 agonist tracer 11C-SA4503 
in the brain and peripheral organs (Table 1), suggesting either blockade of 
the receptors by stress-related steroid hormones (54) or a down-regulation of 
sigma-1 receptors. Western blot analysis confirmed that sigma-1 receptors were 
in fact down-regulated in the two brain regions analysed (Figure 7). 

Outside the brain, the reduction in tissue to metabolite-corrected plasma ratio of 
the tracer in pancreas of sleep deprived rats was especially striking (Table 1). Sleep 
restriction, especially when it is chronic, has metabolic consequences which can lead 
to the development of type-2 diabetes (55, 56, 57). In an animal model of diabetes 
mellitus, neuronal sigma-1 receptors were found to be reduced, suggesting that 
changes in sigma receptors may play a role in diabetes-related abnormalities (58).

Sleep deprivation is known to increase aggregation of misfolded proteins (36, 
37) and to trigger the ER stress response both in brain (35) and pancreas (55). In 
cultured mouse hippocampal cells (HT22), application of tunicamycin, an inducer of 
ER stress, was shown to decrease the expression of sigma-1 receptors. Treatment 
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Table 1. Biodistribution of 11C-SA4503 in brain and peripheral organs of cage control (n = 4) 
and sleep deprived (n = 4) rats 60 min after administration

SUV Tissue-plasma Ratio Tissue-metabolite corrected plasma ratio

Cage control Sleep deprived P Cage control Sleep deprived P Cage control Sleep deprived P

Brain
Bulbus olfactorius 1.60 ± 0.32 1.98 ± 0.11 ns 16.90 ± 5.29 15.05 ± 1.03 ns 27.40 ± 8.59 19.28 ± 1.34 ns
Hippocampus 1.65 ± 0.09 1.85 ± 0.12 ns 16.75 ± 3.43 13.85 ± 0.89 ns 27.18 ± 5.55 17.73 ± 1.15 ns
Striatum 1.08 ± 0.24 1.40 ± 0.11 ns 10.85 ± 3.29 10.63 ± 1.01 ns 17.63 ± 5.33 13.60 ± 1.29 ns
Cingulate Cortex 1.70 ± 0.14 1.50 ± 0.20 ns 17.20 ± 3.27 11.08 ± 0.82 ns 27.88 ± 5.31 14.18 ± 1.06 ns
Frontal Cortex 1.98 ± 0.17 1.88 ± 0.15 ns 20.45 ± 4.49 14.20 ± 1.29 ns 33.23 ± 7.29 18.18 ± 1.64 ns
Cortex rest 1.83 ± 0.17 1.88 ± 0.14 ns 18.40 ± 3.86 13.98 ± 1.15 ns 29.88 ± 6.25 17.88 ± 1.47 ns
Cerebellum 1.68 ± 0.09 1.48 ± 0.13 ns 17.28 ± 3.49 11.23 ± 1.04 ns 28.00 ± 5.69 14.30 ± 1.32 ns
Medulla 2.43 ± 0.27 2.30 ± 0.21 ns 24.53 ± 5.44 17.23 ± 1.50 ns 39.80 ± 8.80 22.05 ± 1.93 ns
Pons 2.75 ± 0.23 2.23 ± 0.17 ns 28.70 ± 7.09 17.03 ± 1.78 ns 46.58 ± 11.50 21.78 ± 2.29 < 0.05
Midbrain 2.45 ± 0.23 2.15 ± 0.22 ns 24.90 ± 5.49 16.00 ± 1.03 ns 40.33 ± 8.88 20.45 ± 1.32 ns
Thalamus+ Hypothalamus 2.03 ± 0.17 1.93 ± 0.14 ns 20.50 ± 4.14 14.60 ± 1.04 ns 33.25 ± 6.70 18.68 ± 1.32 ns
Rest brain 2.03 ± 0.14 1.88 ± 0.16 ns 20.50 ± 3.78 14.13 ± 1.16 ns 33.20 ± 6.14 18.08 ± 1.47 ns

Peripheral organs
Adipose tissue 0.55 ± 0.10 0.35 ± 0.06 ns 6.00 ± 1.80 2.63 ± 0.48 ns 9.70 ± 2.94 3.30 ± 0.59 ns
Adrenal gland 22.95 ± 1.35 21.90 ± 2.57 ns 255.40 ± 49.40 163.13 ± 10.84 < 0.001 414.30 ± 80.20 208.75 ± 13.87 < 0.001
Bladder 3.25 ± 1.39 3.15 ± 0.85 ns 33.65 ± 14.42 24.28 ± 7.73 ns 54.60 ± 23.40 31.05 ± 9.86 ns
Bone 0.48 ± 0.12 0.45 ± 0.06 ns 5.35 ± 2.01 3.25 ± 0.36 ns 8.68 ± 3.29 4.13 ± 0.46 ns
Bone marrow 2.65 ± 0.96 3.43 ± 0.77 ns 24.55 ± 7.72 25.18 ± 4.12 ns 39.85 ± 12.54 32.20 ± 5.29 ns
Heart 0.33 ± 0.03 0.38 ± 0.05 ns 3.40 ± 0.78 2.85 ± 0.29 ns 5.55 ± 1.26 3.65 ± 0.40 ns
Intestine large 2.13 ± 0.03 1.68 ± 0.45 ns 21.08 ± 3.56 12.55 ± 3.19 ns 34.18 ± 5.79 16.05 ± 4.11 ns
Intestine small 2.13 ± 0.30 2.53 ± 0.55 ns 19.73 ± 1.09 19.25 ± 4.18 ns 31.95 ± 1.78 24.63 ± 5.35 ns
Kidney 4.70 ± 0.21 5.28 ± 0.59 ns 46.20 ± 6.51 40.50 ± 5.23 ns 74.93 ± 10.54 51.88 ± 6.68 ns
Liver 9.73 ± 1.07 10.95 ± 0.81 ns 95.45 ± 17.58 82.50 ± 3.97 ns 154.75 ± 28.51 105.58 ± 5.09 ns
Lung 2.93 ± 0.11 2.85 ± 0.12 ns 29.58 ± 6.21 21.53 ± 1.34 ns 48.00 ± 10.08 27.55 ± 1.73 ns
Muscle 0.23 ± 0.05 0.30 ± 0.10 ns 2.35 ± 0.81 2.30 ± 0.88 ns 3.80 ± 1.33 2.93 ± 1.12 ns
Pancreas 10.13 ± 0.60 5.20 ± 1.33 < 0.001 98.90 ± 13.30 38.10 ± 9.12 < 0.001 160.38 ± 21.60 48.75 ± 11.67 < 0.001
Pituitary 2.23 ± 0.97 5.05 ± 1.45 ns 22.90 ± 10.99 36.73 ± 9.29 ns 49.53 ± 18.17 47.05 ± 11.87 ns
Plasma 0.13 ± 0.03 0.13 ± 0.03 ns 1.00 ± 0.00 1.00 ± 0.00 ns 1.60 ± 0.00 1.30 ± 0.00 ns
RBC 0.08 ± 0.05 0.10 ± 0.00 ns 0.78 ± 0.25 0.65 ± 0.15 ns 1.23 ± 0.41 0.83 ± 0.19 ns
Spleen 3.90 ± 0.24 3.68 ± 0.31 ns 39.08 ± 7.07 28.05 ± 2.59 ns 63.33 ± 11.46 35.90 ± 3.31 ns
Submandibular gland 6.63 ± 1.13 8.58 ± 2.17 ns 63.00 ± 8.84 66.88 ± 20.69 ns 102.20 ± 14.37 85.58 ± 26.48 ns
Thymus 3.23 ± 0.29 3.48 ± 0.36 ns 32.23 ± 5.87 26.30 ± 2.83 ns 52.28 ± 9.49 33.65 ± 3.62 ns
Thyroid 3.83 ± 0.46 2.55 ± 0.37 ns 42.93 ± 6.14 19.00 ± 2.11 ns 69.70 ± 9.95 24.30 ± 2.69 ns
Urine 1.23 ± 0.59 4.20 ± 1.32 ns 13.38 ± 6.95 31.83 ± 9.29 ns 21.73 ± 11.26 40.75 ± 11.88 ns
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Table 1. Biodistribution of 11C-SA4503 in brain and peripheral organs of cage control (n = 4) 
and sleep deprived (n = 4) rats 60 min after administration

SUV Tissue-plasma Ratio Tissue-metabolite corrected plasma ratio

Cage control Sleep deprived P Cage control Sleep deprived P Cage control Sleep deprived P

Brain
Bulbus olfactorius 1.60 ± 0.32 1.98 ± 0.11 ns 16.90 ± 5.29 15.05 ± 1.03 ns 27.40 ± 8.59 19.28 ± 1.34 ns
Hippocampus 1.65 ± 0.09 1.85 ± 0.12 ns 16.75 ± 3.43 13.85 ± 0.89 ns 27.18 ± 5.55 17.73 ± 1.15 ns
Striatum 1.08 ± 0.24 1.40 ± 0.11 ns 10.85 ± 3.29 10.63 ± 1.01 ns 17.63 ± 5.33 13.60 ± 1.29 ns
Cingulate Cortex 1.70 ± 0.14 1.50 ± 0.20 ns 17.20 ± 3.27 11.08 ± 0.82 ns 27.88 ± 5.31 14.18 ± 1.06 ns
Frontal Cortex 1.98 ± 0.17 1.88 ± 0.15 ns 20.45 ± 4.49 14.20 ± 1.29 ns 33.23 ± 7.29 18.18 ± 1.64 ns
Cortex rest 1.83 ± 0.17 1.88 ± 0.14 ns 18.40 ± 3.86 13.98 ± 1.15 ns 29.88 ± 6.25 17.88 ± 1.47 ns
Cerebellum 1.68 ± 0.09 1.48 ± 0.13 ns 17.28 ± 3.49 11.23 ± 1.04 ns 28.00 ± 5.69 14.30 ± 1.32 ns
Medulla 2.43 ± 0.27 2.30 ± 0.21 ns 24.53 ± 5.44 17.23 ± 1.50 ns 39.80 ± 8.80 22.05 ± 1.93 ns
Pons 2.75 ± 0.23 2.23 ± 0.17 ns 28.70 ± 7.09 17.03 ± 1.78 ns 46.58 ± 11.50 21.78 ± 2.29 < 0.05
Midbrain 2.45 ± 0.23 2.15 ± 0.22 ns 24.90 ± 5.49 16.00 ± 1.03 ns 40.33 ± 8.88 20.45 ± 1.32 ns
Thalamus+ Hypothalamus 2.03 ± 0.17 1.93 ± 0.14 ns 20.50 ± 4.14 14.60 ± 1.04 ns 33.25 ± 6.70 18.68 ± 1.32 ns
Rest brain 2.03 ± 0.14 1.88 ± 0.16 ns 20.50 ± 3.78 14.13 ± 1.16 ns 33.20 ± 6.14 18.08 ± 1.47 ns

Peripheral organs
Adipose tissue 0.55 ± 0.10 0.35 ± 0.06 ns 6.00 ± 1.80 2.63 ± 0.48 ns 9.70 ± 2.94 3.30 ± 0.59 ns
Adrenal gland 22.95 ± 1.35 21.90 ± 2.57 ns 255.40 ± 49.40 163.13 ± 10.84 < 0.001 414.30 ± 80.20 208.75 ± 13.87 < 0.001
Bladder 3.25 ± 1.39 3.15 ± 0.85 ns 33.65 ± 14.42 24.28 ± 7.73 ns 54.60 ± 23.40 31.05 ± 9.86 ns
Bone 0.48 ± 0.12 0.45 ± 0.06 ns 5.35 ± 2.01 3.25 ± 0.36 ns 8.68 ± 3.29 4.13 ± 0.46 ns
Bone marrow 2.65 ± 0.96 3.43 ± 0.77 ns 24.55 ± 7.72 25.18 ± 4.12 ns 39.85 ± 12.54 32.20 ± 5.29 ns
Heart 0.33 ± 0.03 0.38 ± 0.05 ns 3.40 ± 0.78 2.85 ± 0.29 ns 5.55 ± 1.26 3.65 ± 0.40 ns
Intestine large 2.13 ± 0.03 1.68 ± 0.45 ns 21.08 ± 3.56 12.55 ± 3.19 ns 34.18 ± 5.79 16.05 ± 4.11 ns
Intestine small 2.13 ± 0.30 2.53 ± 0.55 ns 19.73 ± 1.09 19.25 ± 4.18 ns 31.95 ± 1.78 24.63 ± 5.35 ns
Kidney 4.70 ± 0.21 5.28 ± 0.59 ns 46.20 ± 6.51 40.50 ± 5.23 ns 74.93 ± 10.54 51.88 ± 6.68 ns
Liver 9.73 ± 1.07 10.95 ± 0.81 ns 95.45 ± 17.58 82.50 ± 3.97 ns 154.75 ± 28.51 105.58 ± 5.09 ns
Lung 2.93 ± 0.11 2.85 ± 0.12 ns 29.58 ± 6.21 21.53 ± 1.34 ns 48.00 ± 10.08 27.55 ± 1.73 ns
Muscle 0.23 ± 0.05 0.30 ± 0.10 ns 2.35 ± 0.81 2.30 ± 0.88 ns 3.80 ± 1.33 2.93 ± 1.12 ns
Pancreas 10.13 ± 0.60 5.20 ± 1.33 < 0.001 98.90 ± 13.30 38.10 ± 9.12 < 0.001 160.38 ± 21.60 48.75 ± 11.67 < 0.001
Pituitary 2.23 ± 0.97 5.05 ± 1.45 ns 22.90 ± 10.99 36.73 ± 9.29 ns 49.53 ± 18.17 47.05 ± 11.87 ns
Plasma 0.13 ± 0.03 0.13 ± 0.03 ns 1.00 ± 0.00 1.00 ± 0.00 ns 1.60 ± 0.00 1.30 ± 0.00 ns
RBC 0.08 ± 0.05 0.10 ± 0.00 ns 0.78 ± 0.25 0.65 ± 0.15 ns 1.23 ± 0.41 0.83 ± 0.19 ns
Spleen 3.90 ± 0.24 3.68 ± 0.31 ns 39.08 ± 7.07 28.05 ± 2.59 ns 63.33 ± 11.46 35.90 ± 3.31 ns
Submandibular gland 6.63 ± 1.13 8.58 ± 2.17 ns 63.00 ± 8.84 66.88 ± 20.69 ns 102.20 ± 14.37 85.58 ± 26.48 ns
Thymus 3.23 ± 0.29 3.48 ± 0.36 ns 32.23 ± 5.87 26.30 ± 2.83 ns 52.28 ± 9.49 33.65 ± 3.62 ns
Thyroid 3.83 ± 0.46 2.55 ± 0.37 ns 42.93 ± 6.14 19.00 ± 2.11 ns 69.70 ± 9.95 24.30 ± 2.69 ns
Urine 1.23 ± 0.59 4.20 ± 1.32 ns 13.38 ± 6.95 31.83 ± 9.29 ns 21.73 ± 11.26 40.75 ± 11.88 ns
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Figure 4. Novel object recognition 
in cage control (n = 6), large 
platform control (n = 6) and sleep 
deprived rats (n = 6). * indicates 
comparison with cage control.* 
represents P < 0.05.

Figure 5. Latency of cage control 
(n = 11), large platform control (n = 
10) and sleep deprived (n = 10) rats 
to enter the dark chamber in the 
passive avoidance test. * indicates 
comparison with cage control and 
$ indicates comparison with large 
platform control. ** represents P < 
0.01, $$$ represents P < 0.001.

Figure 6. Percentage of intact parent tracer 
remaining in the plasma 60 min after tracer 
administration in cage control (n = 4) and sleep 
deprived (n = 2) rats. * represents P < 0.05.
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Figure 7. Ratio of sigma-1 receptor protein to β-actin from Western blotting in cage control 
(n = 5) and sleep deprived (n = 6) animals in A) midbrain and B) pons.

with imipramine, a sigma-1 agonist, could normalize the sigma-1 receptor expression 
under these circumstances (59). Our results are also compatible with the idea that 
sigma-1 receptors are downregulated after triggering of ER stress response.

However, other reports suggest that oxidative damage, which leads to ER 
stress, increases the expression of sigma-1 receptors and that sigma-1 agonists 
can protect neurons against the negative consequences of this form of stress (60). 
These discrepant findings may be related to the duration of the stress. Acute ER 
stress is accompanied by upregulation of sigma-1 receptors which has a protective 
effect, but chronic stressors alter the stability and sub-cellular distribution of 
sigma-1 receptors (8). Reduced sigma-1 receptor expression could make the 
brain, pancreas and adrenal glands of sleep deprived rats more susceptible to ER 
stress and treatment with sigma-1 agonists could be protective (59, 60, 61).

In conclusion, unilateral cholinergic lesioning of the nucleus basalis alters 
sigma-1 receptor expression, but the affected area is not large enough to be 
measurable with PET. The REM sleep deprivation model is suitable for evaluation of 
sigma-1 ligands as cognitive enhancers, using both microPET and behavioral tests.
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ABSTRACT
Rationale: Sigma-1 receptor agonists are under investigation as potential disease-
modifying agents for several CNS disorders. Donepezil, an acetylcholinesterase 
inhibitor used for the symptomatic treatment of Alzheimer’s disease, is also a 
high-affinity sigma-1 agonist. 

Objectives: To investigate if the sigma-1 agonist tracer 11C-SA4503 and microPET 
can be used to determine sigma-1 receptor occupancy (RO) of donepezil in the rat 
brain. To establish RO of donepezil at doses commonly used in rodent behavioural 
studies. To determine the effective plasma concentration of donepezil required 
for 50% of max-min occupancy (EC50). 

Methods: Male Wistar rats were pre-treated with donepezil (0.1 to 10 mg/kg) 
for about 1 h before microPET scans using 11C-SA4503. The total distribution 
volume (VT) of the tracer was determined by Logan graphical analysis using time 
activity curves from arterial plasma and regions-of-interest drawn around the 
entire brain and individual brain regions. RO by donepezil was calculated from a 
modified Lassen plot and ED50 was estimated from the sigmoidal dose-response 
curves obtained when the RO was plotted against log donepezil dose. 

Results: A dose-dependent reduction was observed for VT in the whole brain as 
well as individual brain regions. RO increased dose dependently and was 93% at 
10 mg/kg. ED50 was 1.29 mg/kg. 

Conclusions: Donepezil, in the common dose range, was found to dose-
dependently occupy a significant fraction of the sigma-1 receptor population. The 
data indicate that it is possible to determine sigma-1 RO by an agonist drug in rat 
brain, using 11C-SA4503 and microPET. 

Keywords: sigma-1 receptor, 11C-SA4503, donepezil, receptor occupancy, kinetic 
analysis, microPET.
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INTRODUCTION
Donepezil is an acetylcholinesterase inhibitor and one of the five drugs 
currently approved for the symptomatic treatment of Alzheimer’s disease. It 
received marketing approval in 1996, but still retains considerable interest as 
no new drugs have been approved for the treatment of Alzheimer’s disease in 
recent times. It is also a gold standard against which new drugs are compared 
during drug discovery and development. Donepezil, in addition to being an 
acetylcholinesterase inhibitor, is also a sigma-1 receptor agonist (1). 

Sigma-1 receptors are implicated in cellular differentiation, neuroplasticity, 
neuroprotection, and cognitive functioning. These receptors modulate the activity 
of voltage-regulated and ligand-gated ion channels, intracellular calcium signaling, 
and the release of various neurotransmitters including acetylcholine and glutamate. 
Many CNS drugs bind to sigma-1 receptors with high affinity, besides donepezil e.g. 
haloperidol (2), rimcazole (3)(antipsychotics) fluvoxamine, and sertraline (SSRI 
antidepressants) (4). Several sigma ligands are currently in clinical trials for various 
indications: Cutamesine (SA4503): depression, stroke recovery, Phase 2A (5), ANAVEX 
2-73: Alzheimer’s disease, Phase I (see company website, http://anavex.com/rnd_
cns_alzheimer.html), and E-52862: pain management, Phase 2 (6). Preclinical studies 
have indicated that sigma-1 ligands are potentially useful in various therapeutic areas 
such as anxiety, cognitive deficits, addiction, and cancer (7, 8).

In drug discovery, it is necessary to establish the potential of a drug to produce 
the required effect as early in the drug discovery process as possible, preferably 
at the pre-clinical stage as proof of concept. Receptor occupancy (RO), which is 
the percentage of receptor population occupied by a drug, takes the complicated 
pharmacokinetics and target interaction of a test drug into account and is 
translatable across drugs of the same class. RO plays an important role in the 
efficacy and safety profile of drugs, especially in CNS disorders. For example, 
dopamine D2 RO greater than 60% is required for efficacy of typical antipsychotics; 
however, occupancy > 80% is associated with increased side effects (9). Exposure-
response analysis that links dose, plasma concentration and RO will give the most 
information about the potential efficacy of a drug.

Positron emission tomography (PET) studies with radiotracers for specific 
receptor systems can be used to measure the RO of drugs binding to these 
receptors. 11C-SA4503 is a selective agonist radiotracer for sigma-1 receptors. 
Using this tracer, we have detected an up-regulation of sigma-1 receptors in 
spontaneous pituitary tumours in rats (10)and a decrease in sigma-1 receptor 
binding in various regions of ageing rat brain (11). While there is no area in the 
brain that can be used as a reference region for this tracer, we have observed that 
there are regional differences in the distribution volume (VT) allowing the use of 
the modified Lassen plot proposed by Cunningham et al. (12)to calculate RO. 

Therapeutic doses of donepezil needed to achieve various effects in preclinical 
behavioural models of CNS disorders are in the 0.1 to 10 mg/kg range (13, 14, 15). 
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Since part of these effects could be due to interaction of donepezil with sigma-1 
receptors, we determined sigma-1 RO of this drug in the rodent brain, in the dose 
range used for preclinical behavioural studies. Only a single PET study about sigma-1 
receptor occupancy by donepezil in the human brain is available (16), wherein the 
authors found 60 and 75% occupancies at 5 and 10 mg dose respectively. Objectives 
of the present study were to determine whether sigma-1 RO by donepezil can also 
be measured in the rat brain, using microPET, at donepezil doses known to have 
significant behavioural effects, and to determine the EC50 of donepezil.

MATERIALS AND METHODS
Synthesis of 11C-SA4503
The radioligand 1-[2-(3,4-dimethoxyphenethyl)]-4-(3-phenylpropyl)piperazine 
(11C-SA4503) was prepared by reaction of 11C-methyl iodide with 1-[2-(4-hydroxy-
3-methoxy-penthyl)]-4-(3-phenylpropyl)piperazine dihydrochloride (4-O-demethyl 
SA4503), according to a published method (17). The decay corrected radiochemical 
yield was ~ 24%, the specific radioactivity > 15 TBq/mmol at the moment of injection 
and radiochemical purity > 98%. The 11C-SA4503 solution had a pH of 6.0 to 7.0. 

Drugs and reagents
Donepezil hydrochloride was obtained from Hwasun Biotechnology Co., Ltd 
(Shanghai, China) and the actual dose was calculated based on the weight of the 
free base. Citalopram, used as an internal standard (IS) in UPLC-MS analysis, 
was obtained from Trademax Pharmaceuticals and Chemicals (Shanghai, China).
HPLC grade methanol and acetonitrile were obtained from Biosolve Chimie (The 
Netherlands). Ammonium bicarbonate was obtained from Sigma Aldrich (St.Louis, 
MO, USA). All aqueous solutions for UPLC-MS mobile phase were prepared in Milli 
Q (Millipore, Milford, MA, USA) grade water. Naive rat arterial blood plasma was 
harvested from Wistar Hannover rats.

Animals
Male Wistar Hannover rats were obtained from Harlan (Boxmeer, The 
Netherlands) The rats were housed in Macrolon cages on a layer of wood shavings 
in a room with constant temperature (21 ± 2 °C) and fixed 12-hour light-dark 
regime (lights on at 7.00). Food (standard laboratory chow, RMH-B, Hope Farms, 
The Netherlands) and water were available ad libitum. After arrival the rats 
were allowed to acclimatize for at least seven days. The animal experiments 
were performed by licensed investigators in compliance with the Law on Animal 
Experiments of The Netherlands. The protocol was approved by The Institutional 
Animal Care and Use Committee of the University of Groningen.
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Drug dosing and arterial blood sampling
Rats were anesthetized with isoflurane (Pharmachemie BV, The Netherlands) 
in medical air (5% for induction, 2% for maintenance). Saline or donepezil 
dissolved in saline (0.1, 0.3, 0.5, 1.0, 3.0 and 10.0 mg/kg, i.p.) were administered 
to the rats (body weight 324 ± 5 g) 73.5 ± 1.8 min before tracer injection. Six rats 
were scanned per dose group, in four of these rapid blood samples were taken for 
input function determination, the other two were subjected to another sampling 
protocol for metabolite analysis. A femoral artery cannula was placed in each 
rat for blood sampling and determination of the time course of radioactivity in 
plasma. An incision was made parallel to the femoral artery. The femoral artery 
was separated from the femoral vein and temporarily ligated to prevent leakage 
of blood. A small incision was made in the artery and a cannula was inserted (0.8 
mm outer, 0.4 mm inner diameter). The cannula was secured to the artery with a 
suture and attached to a syringe filled with heparinized saline. 

From each rat, fifteen arterial blood samples (volume 0.1 to 0.15 ml) were 
collected at 0.08, 0.17, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2.0, 3, 5, 7.5, 10, 15, 30, 60 and 
90 min after 11C-SA4503 injection and start of the microPET scan. 25 µl of whole 
blood was reserved and plasma (25 µl) was obtained from the remaining blood by 
centrifugation (5 min in Eppendorf-type centrifuge at 13,000 x g). Radioactivity 
in the whole blood and plasma samples was determined using a calibrated gamma 
counter (CompuGamma CS 1282, LKB-Wallac, Turku, Finland). 

In separate groups of animals, larger volumes of blood ranging from 0.4 to 
1.6 ml were collected at 5, 10, 20, 40 and 60 min and a metabolite analysis was 
performed using a method similar to one previously published for 11C-SA4503 
(18). Plasma was obtained by centrifugation (2 min in Eppendorf-type centrifuge 
at 13,000 x g) and deproteinated using one third the volume of 20% trichloroacetic 
acid in acetonitrile. The mixture was centrifuged for 2 min at 13,000 x g and the 
supernatant injected in the reversed-phase HPLC system to separate parent tracer 
and metabolites. A MicroBondapak C18 (7.8 x 300 mm) column and a mobile 
phase consisting of a mixture of acetonitrile and 50 mM sodium acetate buffer 
(pH 7.2; 1/1, v/v) at a flow rate of 3 mL/min were used. The eluate was collected 
in 30 s fractions for 15 min and radioactivity in the samples was measured using 
a gamma counter.The results were expressed as the fraction of total plasma 
radioactivity representing parent tracer (in %).

Twenty-five µl of plasma collected at 5 and 90 min after tracer injection, 
both from the scan and metabolite analysis animals, was immediately placed on 
crushed ice and later stored at -80°C for estimation of donepezil by UPLC-MS.

MicroPET scan
Two rats were scanned simultaneously in each scan session, using a Siemens/
Concorde microPET camera (Focus 220). They were positioned on heating 
mats in transaxial position with their heads and neck in the field of view. First, 
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a transmission scan of 515 seconds with a Co-57 point source was made for 
attenuation and scatter correction of 511 keV photons. Subsequently, the first rat 
was injected with 11C-SA4503 (28±2 MBq, volume < 1 ml) through the penile vein. 
The emission scan was started with tracer injection of the first rat; whereas the 
second animal was injected 6 minutes later. A list-mode protocol was used with 
90 min acquisition time. Image reconstructions were performed using microPET 
Manager 2.3.3.6; ASIPro 6.3.3.0 (Siemens). The list-mode data of the emission 
scans were reframed into a dynamic sequence of 8×30s, 3×60s, 2×120s, 3×180s, 
4×300s, 5×600s frames. The data were reconstructed per time frame employing 
an iterative reconstruction algorithm (ordered subsets expectation maximization, 
OSEM2D with Fourier rebinning, 4 iterations and 16 subsets). The final datasets 
consisted of 95 slices with a slice thickness of 0.8 mm, and an in-plane image 
matrix of 128 × 128 pixels. Voxel size was 0.5 × 0.5 × 0.8 mm. The linear resolution 
at the centre of the field-of-view was about 1.5 mm. Data sets were corrected for 
decay, random coincidences, scatter and attenuation.

MicroPET data analysis
Three-dimensional regions of interest (ROIs) were drawn over the whole brain 
and individual brain regions (bulbus, cortex, striatum, thalamus, hypothalamus, 
amygdala, midbrain, pons, medulla and cerebellum) on an MRI template (19) 
using Inveon Research Workplace (Siemens Medical Solutions USA). PET images 
were co-registered with this MRI template and the regions of interest transferred 
from MRI to PET. Time-activity curves (TACs) were obtained for each of these 
regions. The results were expressed as dimensionless standardized uptake values 
(SUVs). The parameter SUV is defined as: [tissue activity concentration (MBq/g) × 
body weight (g) / injected dose (MBq)]. SUVs were calculated, assuming a specific 
gravity of 1 g/mL for brain tissue and blood plasma.

Logan graphical analysis was used to obtain cerebral VT. The Logan fit was 
started at 20 min and the parameter for cerebral blood volume was fixed at 3.6% 
(20). Metabolite corrected plasma radioactivity from arterial blood samples was 
used as input function, while uncorrected whole blood data was used to estimate 
the contribution of radioactivity in blood to the measured brain radioactivity. The 
plasma TAC of each animal was corrected for metabolites using an exponential 
function obtained from the average metabolite curve of the two rats from the 
same group. Where plasma and whole blood TACs were not available, i.e. for 
the metabolite analysis rats, the group average, corrected for injected dose and 
weight of the individual animal, was employed. Software routines for MatLab 
7 (The MathWorks, Natick, MA), written by Dr. A.T.M. Willemsen (University 
Medical Center Groningen), were used for curve fitting. 

Cunningham’s (12)transformation of the graphical method by Lassen (21)was 
used to estimate RO. VT of brain regions from control animals was plotted on the 
x-axis and the difference between VT of control and VT of treated brain regions on the 
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y-axis. Data from individual drug-treated animals were used to determine VT drug-
treated, while a group average was used for VT control. The x-axis intercept gave the 
non-displaceable volume of distribution (VND). The gradient of the linear relationship 
gave the RO. Receptor occupancy was calculated for each individual drug-treated rat. 

Biodistribution
After the scanning period, the animals were terminated by extirpation of the heart 
while under deep anaesthesia. Blood was collected, and plasma and a cell fraction 
were obtained from the blood sample by short centrifugation (10 min at 13,000 
x g). Several tissues (see Table 1) were excised. All tissue samples were weighed. 
Radioactivity in tissue samples and in a sample of the injected tracer solution 
(infusate) was measured using a gamma counter with automatic decay correction. 
The results were expressed as SUVs and the ratio of tissue to plasma SUV. 

Quantification of donepezil in plasma 
Quantitative analysis of donepezil in plasma was conducted using a Xevo G2 QTof 
mass spectrometer (Waters Corporation) with ACQUITY UPLC (Waters, Milford, 
MA, USA). The detectors were UV-detector and time of flight. An analytical column 
(ACQUITY UPLC BEH C18 1.7 µm, 2.1 × 50 mm, Waters Corporation) was used 
for chromatographic separation. Column temperature was set to 40 °C. The flow 
rate was 0.6 mL/min, starting with 95% of A which goes to 20% in 1.5 min, and 
goes back to 95% at 2.7 min. The mobile phase A consisted of 10 mM ammonium 
bicarbonate adjusted to pH 9.4 with 25% ammonia and mobile phase B was 
acetonitrile. The sample volume injected was 3 µL and the auto sampler was set 
at 10 °C. The run time was 4 min. UPLC-MS was operated in positive ionization 
mode from 50 to 1200 Da. Masslynx V4.1 SCN 803 software was used to operate 
the UPLC-MS. Capillary voltage was 0.5 kV. Source temperature and desolvation 
temperature were set to 150 °C and 600 °C, respectively. Cone gas flow and 
desolvation gas flow were set to 10 and 1000 l/h, respectively.

Stock solutions (1 mg/mL) of donepezil and citalopram were prepared in 
methanol. Working standard solutions of donepezil of 10-10,000 ng/mL were 
prepared in methanol from the first stock solution. Citalopram at 100 ng/mL in 
80% acetonitrile and 20% 10 mM ammonium bicarbonate was used as internal 
standard (IS) solution. These stock solutions were stored at 4°C. 

For the calibration curve, 0.05, 0.1, 0.2, 0.5, 1, 2, 3, 5, 10, 20, 30, 50, 100, 200, 
500 ng/mL of donepezil were prepared in methanol to a final volume of 50 µL. To 
this, 50 µL of diluted (1:1 with water) blank plasma was added. Similarly, 50 µL of 
diluted (1:1 with water) plasma samples were combined with 50 µL of methanol. 
Protein precipitation in the samples and calibration curve was achieved by the 
addition of 175 µL of the IS solution, followed by vigorous shaking for 20 min and 
centrifugation for 15 min (3200 x g). The supernatant was directly injected in 
the UPLC–MS system. A total blank (without analyte and IS) and blank (without 
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analyte) were injected at the start of the calibration curve and again at the end 
to test carry-over of analytes. Washes were included between standards and 
samples and between different sample groups. The methods were tested for 
signal-response of the calibration standards. The peak area ratios of donepezil to 
IS versus that of concentration of calibration standards were plotted. The best-
fit line was determined by least squares linear regression of the calibration data 
using a weighting factor of 1/X, where X is the concentration. Concentrations of the 
analytes were determined using peak area ratios and the regression parameters.

ED50 and EC50

ED50 and EC50 were estimated by different methods usingnon-linear regression 
plots of log agonist versus response curves. Percent RO from the Lassen plot 
and cerebral and peripheral organ tracer uptake from the biodistribution study 
(tissue to plasma ratio) were plotted against log donepezil dose to estimate 
ED50. EC50 was estimated by plotting individual percent RO against individual log 
donepezil concentration in plasma. Additionally, the dose corresponding to the 
EC50 (i.e. ED50) was estimated from a graph of plasma concentration versus dose.

Statistics
All results are expressed as mean ± SEM. Differences between AUCs were tested 
with 1-way ANOVA followed by Dunnett’s Multiple comparison test. The dose-
dependent effect of donepezil on VT values of brain regions were analyzed using 
2-way ANOVA followed by Bonferroni posttest. Biodistribution data of plasma SUV 
were analyzed using 1-way ANOVA followed by Dunnett’s Multiple comparison 
test. A P value < 0.05 was considered statistically significant. 

RESULTS
Tracer kinetics in brain and plasma
After pretreatment of animals with donepezil, a dose-dependent reduction in 
uptake was observed in the brain images (Figure 1). Tracer uptake in the brain 
was rapid, reaching a maximum within the first 5 minutes followed by a slow 
washout, except in the case of the 10mg/kg group, where the washout was more 
rapid (Figure 2a). AUC (Figure 2b) was significantly (P < 0.05) lower in the 10 
mg/kg group compared to the control group.

Tracer metabolism increased with increasing dose of donepezil (Figure 2c). 
While about 40% of the parent tracer remained unchanged at 60 min in the control 
rats, only about 30% and 20% remained unchanged in the 3 mg/kg and 10 mg/
kg group respectively. Both drug groups (3 and 10 mg/kg) had significantly (P < 
0.01 and 0.001 respectively) lower levels of parent tracer compared to the control 
group, as evidenced by the AUC (Figure 2d). 
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Kinetics of radioactivity in plasma is shown in Figure 2e. AUC (Figure 2f) was 
significantly higher for 3 mg/kg (P < 0.05) and 10 mg/kg (P < 0.05) compared to 
the control group.

Kinetic analysis and receptor occupancy
Logan graphical analysis was performed to estimate VT in the whole brain and 
different brain regions. With increasing dose of donepezil, a dose dependent 

Fig. 2. Kinetics of 11C-SA4503. a) whole brain TACs, b) area under the curve (AUC) of whole 
brain TACs, c) effect of donepezil dose on conversion of parent tracer to radioactive metabolites 
over time, d) AUC of % intact parent vs. time curve, e) metabolite corrected plasma TACs, f) 
AUC of the metabolite corrected plasma TACs 
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reduction in VT was observed for all brain regions investigated (Figure 3). The 
reduction was significant except for some regions at the two lowest doses.

The Lassen plot as modified by Cunningham was used to estimate percent RO 
and VND (Figure 4a). The RO rates at each respective dose group were: 35.4 ± 8.1% 
(0.1mg/kg), 45.4 ± 5.2% (0.3 mg/kg), 44.4 ± 3.0% (0.5 mg/kg), 65.2 ± 3.5% (1.0 
mg/kg), 78.5 ± 2.5% (3.0 mg/kg) and 93.4 ± 2.0% (10.0 mg/kg). The ED50 for RO 
was 1.29 mg/kg (Figure 4b, see also supplementary figure). The VND calculated as 

Fig. 3. Total distribution volume (VT) in whole brain and different brain regions estimated 
using Logan graphical analysis.

Fig. 4. a) Lassen plot as extended by Cunningham. Difference between the VT of control and 
treated groups was plotted versus VT of control group. The dots represent individual brain 
regions, b) Receptor occupancy plotted against Log donepezil dose to obtain ED50.
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an average of the three highest doses was 7.06. Since the average whole brain VT 
was 28.19, the specific binding fraction of 11C-SA4503 in rat brain is about 75%. 
Lack of any region with a value near the Vnd confirms that there is no reference 
region for [11C]SA4503 in the rat brain.

Biodistribution
Biodistribution data for the brain areas and peripheral organs are listed in Table 1. The 
SUV for plasma was significantly (P < 0.05 to 0.001) higher in all donepezil dose groups 
except 0.1 mg/kg. Therefore, tissue-to-plasma SUV ratios were considered rather than 
SUV values of each tissue. Since the plasma data is not corrected for metabolites, ED50 
values obtained from the biodistribution study were smaller than that from other 
methods. All brain regions exhibited a dose-dependent reduction in the tissue-to-
plasma ratio, and ED50 ranged between 0.31 and 0.91 mg/kg. Most peripheral tissues 
also showed a dose-dependent reduction in the tissue-to-plasma ratio.

Quantification of donepezil in plasma
The lower limit of quantification of donepezil was 1.0 ng/mL. The extraction 
recovery of donepezil and citalopram was >95% for plasma biological matrix. 
The chromatographic retention times for citalopram and donepezil were 1.89 and 
2.04 min, respectively.

The analyzed plasma samples were taken 5 and 90 min after start of the scan and 
79 ± 2 and 164 ± 2 min after donepezil administration. All samples from the 0.1 and 0.3 
mg/kg groups were below the limit of detection. An additional two 90 min samples of 
the 0.5mg/kg group were also below the limit of detection. The plasma concentration 
of donepezil increased linearly with increasing donepezil dose (Figure 5b). Using the 
5 min plasma sample, EC50 for RO was 333.0 nM, which corresponds to an ED50 of 1.07 
mg/kg (Figure 5a and 5b). The EC50 and ED50 using the 90 min sample were 431.8 nM 
and 1.40 mg/kg respectively. Greater than 90% sigma-1 RO was achieved with the 10 
mg/kg donepezil dose, at a 5 min plasma concentration of 7150 ± 1694 nM.

DISCUSSION
Donepezil, the most widely prescribed drug for symptomatic treatment of Alzheimer’s 
disease, is also a sigma-1 agonist. It is the gold standard against which new drugs 
are compared. In this study we examined the relationship between donepezil dose, 
plasma concentration and sigma-1 RO. Using 11C-SA4503 and microPET, we assessed 
the sigma-1 RO by donepezil in the brain of living rats and calculated its ED50 and EC50. 

Pre-treatment with donepezil dose-dependently increased the metabolism of 
11C-SA4503 (Figure 2c). The underlying mechanism is not clear as donepezil is not 
known to up-regulate any enzymes (http://www.accessdata.fda.gov/drugsatfda_
docs/label/2013/ 020690s037,021720s010,022568s007lbl.pdf). Possibly due to 
increasing occupancy of peripheral sigma-1 receptors and plasma proteins at higher 
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doses of donepezil, a larger proportion of tracer remained free in plasma and was 
therefore susceptible to metabolism. This interpretation is supported by the higher 
plasma AUC of 11C-SA4503 in the higher dose groups even after metabolite correction 
(Figure 2f). Since group differences in plasma TAC would also influence the brain TAC, 
SUV is not a reliable measure and kinetic modelling is necessary for group comparisons.

The ED50 values established using RO or EC50 are in the 1.07 to 1.40 mg/kg range 
(Figures 4b and 5b). The 5 min plasma sample (taken about 80 min after donepezil 
administration) gave a slightly lower ED50 (1.07 mg/kg) compared to that obtained 
from the 90 min sample (taken about 165 min after donepezil administration) (1.40 
mg/kg). It should be noted that a plasma sample taken at an even earlier time point, 
for example at maximum concentration, could have resulted in a lower estimate for 
ED50. ED50 values calculated from biodistribution data are lower than those from the 
other methods possibly because plasma metabolites could not be taken into account. 

Most behavioural experiments with donepezil are carried out in the 30 to 90 
min time frame after drug administration. Maximum plasma concentration of 
donepezil after i.p. administration is reached at about 30 min and plasma half 
life of the drug is about 3 hours (22). Maximum brain concentration of donepezil 
is reached within 15 min after subcutaneous injection (23)and within 1 hour 
after oral administration (24). Commonly used doses of donepezil range from 
0.1 mg/kg to 10.0 mg/kg, however, higher doses including 20 mg/kg have also 
been reported (14, 15). In studies on learning and memory, the effective doses of 
donepezil are commonly 1.0 mg/kg or smaller. However, in a forced swim test for 
depressive-like behaviour, a 0.5 or 1.0 mg/kg dose of donepezil was not effective 
(25), in contrast to other sigma-1 agonists (26, 27, 28), suggesting that a higher 

Fig. 5. a) Receptor occupancy plotted against Log plasma concentration to obtain EC50. Each data 
point is an individual rat, b) ED50 obtained from the plasma concentration versus dose graph.
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Table 1. Biodistribution data of 11C-SA4503 in the various treatment groups (mean ± SEM)

Control   
(n = 6)

0.1 mg/kg  
(n = 6)

0.3 mg/kg  
(n = 6)

0.5 mg/kg  
(n = 6)

1.0 mg/kg  
(n = 6)

3.0 mg/kg  
(n = 6)

10.0 mg/kg  
(n = 6)

SUV
Plasma 0.10 ± 0.01 0.16 ± 0.05 0.22 ± 0.06 0.21 ± 0.05 0.26 ± 0.05 0.37 ± 0.04 0.43 ± 0.09

Tissue to Plasma SUV ratio ED50

Brain regions
Bulbus olfactorius 16.45 ± 2.42 12.02 ± 1.28 9.10 ± 1.28 7.53 ± 1.56 6.82 ± 1.50 2.95 ± 0.48 1.77 ± 0.30 0.66
Hippocampus 15.48 ± 2.18 13.70 ± 2.23 9.98 ± 1.04 8.17 ± 1.46 6.83 ± 0.97 3.35 ± 0.41 2.32 ± 0.29 0.43
Striatum 11.60 ± 1.85 9.67 ± 1.46 6.72 ± 0.77 5.78 ± 1.40 3.97 ± 0.52 2.63 ± 0.32 1.70 ± 0.20 0.31
Cingulate cortex 13.65 ± 1.46 9.25 ± 2.10 7.68 ± 1.20 6.55 ± 1.68 5.35 ± 0.57 2.95 ± 0.25 1.80 ± 0.28 0.80
Frontal cortex 13.52 ± 1.05 10.92 ± 1.46 7.95 ± 0.49 8.20 ± 1.93 5.43 ± 0.75 2.90 ± 0.27 1.92 ± 0.16 0.66
Cortex rest 13.58 ± 1.22 11.03 ± 1.52 8.55 ± 1.18 7.32 ± 1.13 5.88 ± 0.63 2.70 ± 0.30 1.93 ± 0.16 0.61
Cerebellum 13.17 ± 1.63 8.73 ± 0.90 7.05 ± 1.09 6.87 ± 1.55 4.33 ± 0.31 2.45 ± 0.21 1.83 ± 0.24 0.70
Medulla 22.85 ± 3.58 17.47 ± 2.36 14.33 ± 2.08 12.63 ± 2.57 8.23 ± 1.29 4.02 ± 0.28 2.67 ± 0.27 0.66
Pons 24.33 ± 3.04 18.78 ± 3.20 14.12 ± 2.13 14.08 ± 2.65 8.33 ± 0.58 4.53 ± 0.45 2.68 ± 0.34 0.63
Midbrain 19.02 ± 3.67 16.22 ± 2.57 12.35 ± 1.84 11.90 ± 2.41 9.33 ± 1.79 3.85 ± 0.63 2.27 ± 0.32 0.91
Thalamus+hypothalamus 18.90 ± 2.19 13.57 ± 2.68 10.63 ± 1.20 9.48 ± 1.93 5.75 ± 0.47 3.50 ± 0.45 2.07 ± 0.27 0.54
Rest brain 17.75 ± 2.06 10.53 ± 1.56 9.88 ± 1.33 8.65 ± 1.63 5.12 ± 0.68 3.23 ± 0.30 2.15 ± 0.23 0.81

Peripheral tissues
Adipose tissue 5.65 ± 1.18 3.07 ± 0.82 1.55 ± 1.55 3.55 ± 1.64 1.40 ± 0.20 1.30 ± 0.08 1.78 ± 0.28 0.32
Adrenal gland 258.6 ± 35.6 226.0 ± 28.8 153.4 ± 153.5 145.0 ± 27.9 127.3 ± 19.2 58.3 ± 7.4 26.8 ± 6.6 0.69
Bladder 9.93 ± 2.97 10.22 ± 1.86 8.38 ± 8.38 5.18 ± 0.79 5.72 ± 2.16 3.28 ± 0.97 2.53 ± 0.72 0.33
Bone 6.03 ± 0.96 11.68 ± 7.43 3.10 ± 3.10 3.33 ± 0.48 1.73 ± 0.19 1.25 ± 0.15 1.23 ± 0.12 Interrupted
Bone marrow 34.37 ± 21.99 19.13 ± 3.82 10.23 ± 10.23 9.50 ± 1.41 7.00 ± 0.76 4.33 ± 0.85 4.98 ± 0.99 0.06
Heart 3.15 ± 0.43 3.75 ± 1.06 1.67 ± 1.67 1.72 ± 0.34 1.53 ± 0.13 1.13 ± 0.10 1.15 ± 0.11 Ambiguous
Intestine large 20.93 ± 2.54 15.87 ± 1.98 10.90 ± 10.90 9.38 ± 1.16 4.62 ± 0.50 3.17 ± 0.46 2.00 ± 0.16 0.29
Intestine small 23.15 ± 3.16 16.52 ± 2.44 14.00 ± 14.00 14.68 ± 0.94 7.57 ± 1.10 5.42 ± 0.94 3.43 ± 0.41 0.82
Kidney 42.23 ± 3.54 27.78 ± 2.89 18.13 ± 18.13 17.32 ± 4.37 9.53 ± 0.62 6.33 ± 0.47 4.75 ± 0.23 0.28
Liver 83.23 ± 6.96 47.32 ± 5.61 40.55 ± 40.55 31.30 ± 3.48 24.50 ± 2.46 14.48 ± 1.86 10.75 ± 1.16 0.55
Lung 19.47 ± 1.21 16.12 ± 2.93 9.07 ± 9.07 10.82 ± 3.42 7.78 ± 0.85 4.80 ± 0.47 5.10 ± 0.48 0.15
Muscle 2.33 ± 0.55 2.38 ± 0.51 1.02 ± 1.02 1.17 ± 0.27 0.87 ± 0.12 0.72 ± 0.12 0.65 ± 0.06 Ambiguous
Pancreas 51.83 ± 13.39 50.70 ± 6.36 58.50 ± 58.50 36.13 ± 3.46 26.00 ± 2.68 11.82 ± 1.86 5.80 ± 1.25 0.91
Plasma 1.00 1.00 1.00 1.00 1.00 1.00 1.00 -
Red blood cells 0.64 ± 0.13 0.50 ± 0.03 0.48 ± 0.48 0.48 ± 0.03 0.45 ± 0.07 0.48 ± 0.04 0.47 ± 0.02 0.04
Spleen 26.97 ± 3.57 17.88 ± 2.53 14.12 ± 14.12 13.63 ± 3.13 8.85 ± 0.88 6.97 ± 0.93 5.48 ± 0.39 0.48
Submandibular gland 39.72 ± 4.19 32.38 ± 4.24 26.23 ± 26.23 17.60 ± 3.12 19.50 ± 1.98 14.87 ± 1.58 12.15 ± 1.38 0.20
Thymus 24.68 ± 2.61 23.52 ± 3.38 14.72 ± 14.72 12.63 ± 2.26 9.08 ± 1.04 6.00 ± 0.74 4.18 ± 0.19 0.19
Thyroid 22.35 ± 2.74 16.98 ± 5.12 8.50 ± 8.50 9.67 ± 2.01 4.98 ± 0.74 4.70 ± 1.84 2.63 ± 0.55 0.10
Urine 11.45 ± 3.706 17.80 ± 6.16 17.12 ± 17.11 10.22 ± 2.25 14.62 ± 4.15 9.80 ± 4.09 6.68 ± 3.29 1.01
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Table 1. Biodistribution data of 11C-SA4503 in the various treatment groups (mean ± SEM)

Control   
(n = 6)

0.1 mg/kg  
(n = 6)

0.3 mg/kg  
(n = 6)

0.5 mg/kg  
(n = 6)

1.0 mg/kg  
(n = 6)

3.0 mg/kg  
(n = 6)

10.0 mg/kg  
(n = 6)

SUV
Plasma 0.10 ± 0.01 0.16 ± 0.05 0.22 ± 0.06 0.21 ± 0.05 0.26 ± 0.05 0.37 ± 0.04 0.43 ± 0.09

Tissue to Plasma SUV ratio ED50

Brain regions
Bulbus olfactorius 16.45 ± 2.42 12.02 ± 1.28 9.10 ± 1.28 7.53 ± 1.56 6.82 ± 1.50 2.95 ± 0.48 1.77 ± 0.30 0.66
Hippocampus 15.48 ± 2.18 13.70 ± 2.23 9.98 ± 1.04 8.17 ± 1.46 6.83 ± 0.97 3.35 ± 0.41 2.32 ± 0.29 0.43
Striatum 11.60 ± 1.85 9.67 ± 1.46 6.72 ± 0.77 5.78 ± 1.40 3.97 ± 0.52 2.63 ± 0.32 1.70 ± 0.20 0.31
Cingulate cortex 13.65 ± 1.46 9.25 ± 2.10 7.68 ± 1.20 6.55 ± 1.68 5.35 ± 0.57 2.95 ± 0.25 1.80 ± 0.28 0.80
Frontal cortex 13.52 ± 1.05 10.92 ± 1.46 7.95 ± 0.49 8.20 ± 1.93 5.43 ± 0.75 2.90 ± 0.27 1.92 ± 0.16 0.66
Cortex rest 13.58 ± 1.22 11.03 ± 1.52 8.55 ± 1.18 7.32 ± 1.13 5.88 ± 0.63 2.70 ± 0.30 1.93 ± 0.16 0.61
Cerebellum 13.17 ± 1.63 8.73 ± 0.90 7.05 ± 1.09 6.87 ± 1.55 4.33 ± 0.31 2.45 ± 0.21 1.83 ± 0.24 0.70
Medulla 22.85 ± 3.58 17.47 ± 2.36 14.33 ± 2.08 12.63 ± 2.57 8.23 ± 1.29 4.02 ± 0.28 2.67 ± 0.27 0.66
Pons 24.33 ± 3.04 18.78 ± 3.20 14.12 ± 2.13 14.08 ± 2.65 8.33 ± 0.58 4.53 ± 0.45 2.68 ± 0.34 0.63
Midbrain 19.02 ± 3.67 16.22 ± 2.57 12.35 ± 1.84 11.90 ± 2.41 9.33 ± 1.79 3.85 ± 0.63 2.27 ± 0.32 0.91
Thalamus+hypothalamus 18.90 ± 2.19 13.57 ± 2.68 10.63 ± 1.20 9.48 ± 1.93 5.75 ± 0.47 3.50 ± 0.45 2.07 ± 0.27 0.54
Rest brain 17.75 ± 2.06 10.53 ± 1.56 9.88 ± 1.33 8.65 ± 1.63 5.12 ± 0.68 3.23 ± 0.30 2.15 ± 0.23 0.81

Peripheral tissues
Adipose tissue 5.65 ± 1.18 3.07 ± 0.82 1.55 ± 1.55 3.55 ± 1.64 1.40 ± 0.20 1.30 ± 0.08 1.78 ± 0.28 0.32
Adrenal gland 258.6 ± 35.6 226.0 ± 28.8 153.4 ± 153.5 145.0 ± 27.9 127.3 ± 19.2 58.3 ± 7.4 26.8 ± 6.6 0.69
Bladder 9.93 ± 2.97 10.22 ± 1.86 8.38 ± 8.38 5.18 ± 0.79 5.72 ± 2.16 3.28 ± 0.97 2.53 ± 0.72 0.33
Bone 6.03 ± 0.96 11.68 ± 7.43 3.10 ± 3.10 3.33 ± 0.48 1.73 ± 0.19 1.25 ± 0.15 1.23 ± 0.12 Interrupted
Bone marrow 34.37 ± 21.99 19.13 ± 3.82 10.23 ± 10.23 9.50 ± 1.41 7.00 ± 0.76 4.33 ± 0.85 4.98 ± 0.99 0.06
Heart 3.15 ± 0.43 3.75 ± 1.06 1.67 ± 1.67 1.72 ± 0.34 1.53 ± 0.13 1.13 ± 0.10 1.15 ± 0.11 Ambiguous
Intestine large 20.93 ± 2.54 15.87 ± 1.98 10.90 ± 10.90 9.38 ± 1.16 4.62 ± 0.50 3.17 ± 0.46 2.00 ± 0.16 0.29
Intestine small 23.15 ± 3.16 16.52 ± 2.44 14.00 ± 14.00 14.68 ± 0.94 7.57 ± 1.10 5.42 ± 0.94 3.43 ± 0.41 0.82
Kidney 42.23 ± 3.54 27.78 ± 2.89 18.13 ± 18.13 17.32 ± 4.37 9.53 ± 0.62 6.33 ± 0.47 4.75 ± 0.23 0.28
Liver 83.23 ± 6.96 47.32 ± 5.61 40.55 ± 40.55 31.30 ± 3.48 24.50 ± 2.46 14.48 ± 1.86 10.75 ± 1.16 0.55
Lung 19.47 ± 1.21 16.12 ± 2.93 9.07 ± 9.07 10.82 ± 3.42 7.78 ± 0.85 4.80 ± 0.47 5.10 ± 0.48 0.15
Muscle 2.33 ± 0.55 2.38 ± 0.51 1.02 ± 1.02 1.17 ± 0.27 0.87 ± 0.12 0.72 ± 0.12 0.65 ± 0.06 Ambiguous
Pancreas 51.83 ± 13.39 50.70 ± 6.36 58.50 ± 58.50 36.13 ± 3.46 26.00 ± 2.68 11.82 ± 1.86 5.80 ± 1.25 0.91
Plasma 1.00 1.00 1.00 1.00 1.00 1.00 1.00 -
Red blood cells 0.64 ± 0.13 0.50 ± 0.03 0.48 ± 0.48 0.48 ± 0.03 0.45 ± 0.07 0.48 ± 0.04 0.47 ± 0.02 0.04
Spleen 26.97 ± 3.57 17.88 ± 2.53 14.12 ± 14.12 13.63 ± 3.13 8.85 ± 0.88 6.97 ± 0.93 5.48 ± 0.39 0.48
Submandibular gland 39.72 ± 4.19 32.38 ± 4.24 26.23 ± 26.23 17.60 ± 3.12 19.50 ± 1.98 14.87 ± 1.58 12.15 ± 1.38 0.20
Thymus 24.68 ± 2.61 23.52 ± 3.38 14.72 ± 14.72 12.63 ± 2.26 9.08 ± 1.04 6.00 ± 0.74 4.18 ± 0.19 0.19
Thyroid 22.35 ± 2.74 16.98 ± 5.12 8.50 ± 8.50 9.67 ± 2.01 4.98 ± 0.74 4.70 ± 1.84 2.63 ± 0.55 0.10
Urine 11.45 ± 3.706 17.80 ± 6.16 17.12 ± 17.11 10.22 ± 2.25 14.62 ± 4.15 9.80 ± 4.09 6.68 ± 3.29 1.01
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RO than the 50% achieved at a dose of 1 mg/kg donepezil may be required for 
antidepressant-like action. However, since donepezil doses greater than 3 mg/
kg in rats produce cholinergic side effects (14), adjunctive treatment with other 
sigma-1 agonists would be needed to obtain a higher RO.

Obtaining higher RO at regular doses in human subjects appears to be possible, 
as in a human RO study with donepezil, the doses of 5 and 10 mg were found to 
produce 60 and 75% RO respectively (16). The highest approved dose of donepezil 
(23 mg) was not included in this study. However, since metabolite analysis was 
not performed, a possible effect of drug treatment on tracer metabolism may have 
been missed, thereby overestimating the RO. 

Besides occupying sigma-1 receptors, donepezil will also inhibit 
acetylcholinesterase (AChE) activity in the living brain. In PET studies on human 
volunteers using 11C-MP4A (29, 30)or 11C-MP4P (31, 32) as tracers, donepezil at 
dosages of 3mg to 10mg/day, and treatment durations ranging from 5 weeks to 
11 months, inhibited AChE activity in the brain only moderately at values ranging 
from 26% to 44%. However, one hour after oral administration in rats, donepezil 
was found to block brain AChE by 40–70% in doses ranging from 1.25 to 5 mg/
kg (33). In a more recent study, an oral dose of 3mg/kg donepezil was found to 
inhibit brain AChE activity by over 90% (24). The Ki value for AChE inhibition by 
donepezil in rat brain was calculated to be 1.5mg/kg (1h after s.c. administration) 
(23). This closely matches our findings of an ED50 of 1.29 mg/kg for sigma-1 
receptor occupancy. Thus, at mg/kg doses, donepezil will significantly occupy 
both sigma-1 receptors and the acetylcholinesterase protein in rat brain.

The major finding of this study is that, after a single i.p administration, donepezil 
bound to sigma-1 receptors in the rat brain, in a dose- and concentration-dependent 
manner. To our knowledge, this is the first report demonstrating that donepezil 
binds to sigma-1 receptors in rodent brain at doses that are effective in preclinical 
behavioural studies. This finding is consistent with a previously reported human PET 
study (16) and with in-vitro receptor-binding data from guinea-pig brain membranes 
and mouse brain (34, 35). In future tests of sigma-1 ligands as cognitive enhancers, 
antidepressants and antipsychotics, the tracer 11C-SA4503 and microPET can be used 
to examine the relationship between target occupancy and therapeutic effects. The 
results from this study can be used to calculate sigma-1 receptor occupancy for any 
time or route of administration (i.e., sc, iv, ip, or oral) of donepezil in rats, provided that 
plasma levels of the drug are available. This also allows for retrospective estimation 
of sigma-1 receptor occupancy in published studies of donepezil.
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Supplementary figure 1. Receptor occupancy plotted against donepezil dose.
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ABSTRACT
Cutamesine is a sigma-1 agonist that is currently being developed for the 
treatment of depression and recovery from stroke. It has also been shown to be 
effective in several models of cognitive impairment. Recently, we showed that 
REM sleep deprivation (SD) caused a decrease in sigma-1 receptors and cognitive 
deficit which can be assessed using behavioral tests. 

In this study we investigated the effect of cutamesine treatment (0.3 or 1.0 
mg/kg) in the REM SD model. We also estimated the sigma-1receptor occupancy 
at the same doses using 11C-SA4503 and microPET. Additionally, the brain and 
plasma levels of cutamesine at these doses were estimated.

Cutamesine at the higher of the two doses tested, 1.0 mg/kg, reversed REM SD 
induced cognitive deficit in the passive avoidance test. The receptor occupancy 
study showed that this dose of cutamesine occupies about 92% of receptors in the 
brain. However, the lower dose which occupied 88% of the receptors did not have 
a significant effect in the PA test. Pharmacokinetic analysis of plasma and brain 
levels of cutamesine suggests that the longer duration of cutamesine exposure 
with the higher dose could be the reason for its higher efficacy over the lower dose.

Keywords: sigma receptor, sleep deprivation, 11C-SA4503, cutamesine, receptor 
occupancy, kinetic analysis, microPET.
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TREATMENT EFFECTS AND SIGMA-1 RO BY CUTAMESINE

INTRODUCTION
Drug discovery process, especially for the brain, is very inefficient and slow with only 
46 % of investigated drugs from phase 3 clinical trials actually getting marketing 
approval while taking 35% longer to develop (1). Use of PET imaging, especially in the 
pre-clinical stage, can offer insights into the relationship between target occupancy 
and drug efficacy and can lead to a more efficient drug discovery process.

Cutamesine (SA4503) is a sigma-1 receptor agonist drug currently in clinical 
trial for the treatment of depression and recovery from stroke (2). Other sigma-1 
receptor ligands are being developed as drugs for the treatment of Alzheimer’s 
disease (3, 4) and pain (5). Cutamesine has also been shown to be effective in 
various models of impaired cognition. While the effectiveness of sigma-1 agonists 
in various animal models of cognitive deficit is well established (6), the receptor 
occupancy required for this effect is not known. 

Sigma-1 receptors are thought to act as membrane associated molecular 
chaperones in the endoplasmic reticulum (ER) and to be involved in the ER stress 
response where they may play a role in the management of misfolded proteins. 
Sleep deprivation (SD) increases amyloid loads while sleep restores the amyloid 
levels (7, 8, 9). SD causes memory deficits which can be detected using behavioural 
tests (10, 11). SD by the modified multiple platform method in a mouse model 
of AD caused elevated plasma corticosterone, behavioral deficits, and increased 
AB and pTau in cortex (8). We recently showed that REM sleep deprivation in 
rats, using the modified multiple platform method, causes a reduction of sigma-1 
receptor expression in the brain (Chapter 5). 

11C-SA4503 is currently the only routinely used PET radioligand available for 
imaging the sigma receptors in vivo in humans and in experimental animals (12). 
Using this tracer, we have detected a decrease in sigma-1 receptor binding in various 
regions of aging rat brain (Chapter 3). One of the most affected regions in aging brain 
was pons, which is also a key brain structure for generating REM sleep (13). We also 
found that REM sleep deprived rats had cognitive deficits that could be assessed 
using a passive avoidance task and that 11C-SA4503 had a significantly lower uptake 
in the brains of REM sleep deprived rats, especially in the pons (Chapter 5). Donepezil 
is one of the drugs shown to be effective in this model of sleep deprivation (14). We 
have used 11C-SA4503to show that a dose dependent increase in the sigma-1receptor 
occupancy by donepezil was measurable in rats (Chapter 6). 

In this study we investigated two commonly used doses of cutamesine for their 
ability to overcome REM SD induced cognitive deficit. Further, we measured the plasma 
and brain drug concentrations and sigma-1receptor occupancies at these doses.
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MATERIALS AND METHODS
Drugs and Reagents
Cutamesine was obtained from M’s Science Corporation, Kobe, Japan. Actual drug dose 
was calculated based on the weight of the free base. Citalopram, used as an internal 
standard (IS) in UPLC-MS analysis, was obtained from Trademax Pharmaceuticals and 
Chemicals (Shanghai, China).HPLC grade methanol and acetonitrile were obtained 
from Biosolve Chimie (The Netherlands). Ammonium bicarbonate was obtained from 
Sigma Aldrich (St.Louis, MO, USA). All aqueous solutions for UPLC-MS mobile phase 
were prepared in Milli Q (Millipore, Milford, MA, USA) grade water. Naive rat arterial 
blood plasma was harvested from Wistar Hannover rats.

Animals
Two Male Wistar Hannover rats each were housed in Macrolon cages on a layer 
of wood shavings in a room with constant temperature (21 ± 2 °C) and fixed 
12-hour light-dark regime (light phase from 7:00 to 19:00 hours). Food (standard 
laboratory chow, RMH-B, Hope Farms, The Netherlands) and water were available 
ad libitum. After arrival the rats were allowed to acclimatize for at least seven 
days. All experiments were approved by the Animal Ethics Committee of the 
University of Groningen, The Netherlands.

Sleep deprivation (SD) study
Sleep deprivation procedure, novel object recognition (NOR) and passive 
avoidance (PA) tests were performed as described in Chapter 5. On days 1, 2 
and 3, the rats (n=10 each group), were handled for about 8 minutes each (tail 
marking, weighing, stroking, scruffing) and exposed to the experimental cages 
without water for about 30 minutes. SD was always started in the morning session 
and lasted 48 hours. NOR study was conducted on days 4, 5 and 6 and PA study 
was conducted on days 10, 11, 12 and 13. After a wash out of at least two weeks, 
some of the animals were used for brain and plasma pharmacokinetic study of 
cutamesine as described in Chapter 5.

Plexiglass cages with five small platforms of 6.5cm diameter and 2.5cm height 
placed 10cm apart and had water to a depth of 1.5cm were used to achieve SD (modified 
multiple platform method). All cages contained free access to food and water.

The rats were habituated to the empty NOR arena (oval; 126cm at the longest 
and 88 cm at the widest) for 10 min before being placed in the sleep deprivation 
or control cages. 48h later the rats were re-habituated by placing them in the 
empty arena for 3 min. Two identical Duplo ® objects (A, A) were subsequently 
placed in the arena, equidistant from the sides and the rats allowed to interact 
with them for 5 min. The rats were then injected intraperitoneally with 1ml/kg 
of saline or 0.3 or 1.0 mg/kg of cutamesine and returned to the SD cages. 3h later, 
the animals were placed in the arena containing one novel and one familiar object 
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(A, B) and the interaction of the rat with the objects was video recorded for 10 
min. The NOR was calculated as 100 * novel time (novel time + familiar time). The 
rats were then returned to their home cages and allowed undisturbed sleep.

The PA apparatus consisted of a dark chamber (40 x 40 x 40 cm) with shock 
grids 1.5 cm apart on the bottom. On one side of the chamber was an opening 
with a sliding door leading to an illuminated platform (10 cm breadth x 30 cm 
length) elevated 98 cm above the floor. On day 10, the rats were placed in the dark 
chamber for 3 minutes for habituation. They were then placed on the illuminated 
platform and the door to the box opened 10 sec later. The latency to enter the dark 
chamber was noted (pre-shock latency 1). On day 11, the rats were again placed 
on the illuminated platform and the latency to enter noted (pre-shock latency 2) 
as before. The rats were allowed 3 min in the chamber and the procedure repeated. 
This time, in addition to noting the latency (pre-shock latency 3), as soon as all 
four paws were in the door, a shock of 0.8mA was administered for 2 sec. After 
allowing 3 minutes in the dark chamber, the rats were administered either 
cutamesine or vehicle and placed in the SD cages. 48h later, the rats were again 
placed on the illuminated platform and the latency to enter noted (post-shock 
latency 1). A 300 sec cut off point was used for the maximum time on platform. If 
the rats entered the chamber, they were picked up within 15sec and placed back 
on the platform, again with a 300 sec cut off point (post-shock latency 2). The 
average of the two post shock latencies was taken for analysis, except when the 
300 sec cut off limit was reached in one of the attempts.

Receptor occupancy
Synthesis of 11C-SA4503
The radioligand 1-[2-(3,4-dimethoxyphenethyl)]-4-(3-phenylpropyl)piperazine 
(11C-SA4503) was prepared by reaction of 11C-methyl iodide with 1-[2-(4-hydroxy-
3-methoxy-penthyl)]-4-(3-phenylpropyl)piperazine dihydrochloride (4-O-demethyl  
SA4503), according to a published method(15). The decay corrected radiochemical 
yield was ~ 24%, the specific radioactivity was > 15 TBq/mmol at the moment of 
injection and radiochemical purity > 98%. The 11C-SA4503 solution had a pH of 
6.0 to 7.0. 

Drug dosing and microPET scan
Rats were anesthetized with isoflurane (Pharmachemie BV, The Netherlands) 
in medical air (5% for induction 2% for maintenance). Saline or cutamesine 
dissolved in saline (0.3 and 1.0 mg/kg, i.p.) were administered to male Wistar 
Hannover rats (body weight 316 ± 5 g) 79.9 ± 3.7 min before tracer injection. Six 
(controls) and five (treated) rats were scanned per dose group, two in each group 
were subjected to another sampling protocol for metabolite analysis. The blood 
sampling, metabolite analysis, microPET scans and data analysis were performed 
as described in Chapter 6. Briefly, a femoral artery cannula was placed in each rat 
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for blood sampling. From each rat, fifteen arterial blood samples (volume 0.1 to 
0.15 ml) were collected at 0.08, 0.17, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2.0, 3, 5, 7.5, 10, 
15, 30, 60 and 90 min after 11C-SA4503 injection and start of the microPET scan. 
Radioactivity in 25 µl of whole blood and plasma samples was determined using a 
calibrated gamma counter. In separate groups of animals, larger volumes of blood 
ranging from 0.4 to 1.6 ml were collected at 5, 10, 20, 40 and 60 min for metabolite 
analysis. Plasma was deproteinated, centrifuged and the supernatant injected in 
the reversed-phase HPLC system to separate parent tracer and metabolites. The 
eluate was collected in 30 s fractions for 15 min and radioactivity in the samples 
was measured using a gamma counter.The results were expressed as the fraction 
of total plasma radioactivity representing parent tracer (in %).

Twenty-five µl of plasma collected at 5 and 90 min after tracer injection, 
both from the scan and metabolite analysis animals, was immediately placed on 
crushed ice and later stored at -80°C for estimation of cutamesine by UPLC-MS.

Two rats were scanned simultaneously in each scan session. They were 
positioned in the camera on heating mats in transaxial position with their heads 
and neck in the field of view. The first rat was injected through the penile vein 
with 11C-SA4503 (26±3 MBq, volume < 1 ml). The emission scan was started with 
tracer injection of the first rat; whereas the second animal was injected 6 minutes 
later. A list-mode protocol was used with 90 min acquisition time. The list-mode 
data of the emission scans were reframed into a dynamic sequence of 8x30s, 
3x60s, 2x120s, 3x180s, 4x300s, 5x600s frames. The data were reconstructed per 
time frame employing an iterative reconstruction algorithm. The final datasets 
consisted of 95 slices with a slice thickness of 0.8 mm, and an in-plane image 
matrix of 128 x 128 pixels. Voxel size was 0.5 x 0.5 x 0.8 mm. The linear resolution 
at the center of the field-of-view was about 1.5 mm. Data sets were fully corrected 
for decay, random coincidences, scatter and attenuation.

MicroPET data analysis
Three-dimensional regions of interest (ROIs) were drawn over the whole brain 
and individual brain regions (bulbus, cortex, striatum, thalamus, hypothalamus, 
amygdala, midbrain, pons, medulla and cerebellum) on an MRI template (16)
using Inveon Research Workplace (Siemens Medical Solutions USA). PET images 
were co-registered with this MRI template and the regions of interest transferred 
from MRI to PET. Time-activity curves (TACs) were obtained for each of these 
regions. The results were expressed as dimensionless standardized uptake values 
(SUVs). The parameter SUV is defined as: [tissue activity concentration (MBq/g) × 
body weight (g) / injected dose (MBq)]. SUVs were calculated, assuming a specific 
gravity of 1 g/mL for brain tissue and blood plasma.

Logan graphical analysis was used to obtain cerebral VT. The Logan fit was 
started at 20 min and the parameter for cerebral blood volume was fixed at 3.6% 
(17). Metabolite corrected plasma radioactivity from arterial blood samples was 
used as input function, while uncorrected whole blood data was used to estimate 
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the cerebral blood volume. The plasma TAC of each animal was corrected for 
metabolites using an exponential function obtained from the average metabolite 
curve of the two rats from the same group. Where plasma and whole blood 
TACs were not available, i.e. for the metabolite analysis rats, the group average, 
corrected for injected dose and weight of the individual animal, was employed. 
Software routines for MatLab 7 (The MathWorks, Natick, MA), written by Dr. A.T.M. 
Willemsen (University Medical Center Groningen), were used for curve fitting. 

Cunningham’s (18) transformation of the graphical method by Lassen (19) 
was used to estimate RO. VT of brain regions from control animals (average) was 
plotted on the x-axis and the difference between VT of control (average) and VT 
of treated (individual rat) brain regions on the y-axis. The x-axis intercept gave 
the non-displaceable volume of distribution (VND). The gradient of the linear 
relationship gave the RO for each individual drug-treated rat. 

After the scanning period, the animals were terminated by extirpation of the heart 
while under deep anaesthesia. Blood and several tissues (see Table 1) were collected 
and weighed. Radioactivity in tissue samples and in a sample of the injected tracer 
solution (infusate) was measured using a gamma counter with automatic decay 
correction. The results were expressed as SUVs and the ratio of tissue to plasma SUV.

Quantification of cutamesine in plasma and brain
Cutamesine in plasma and brain were quantified as described in Chapter 8. 

Stock solutions of cutamesine and citalopram in methanol were prepared at the 
strength of 1 mg/mL. Working standard solutions of cutamesine of 10-10,000 ng/mL 
were prepared in methanol from the first stock solution. Citalopram at 100 ng/mL 
in 80% acetonitrile and 20% 10 mM ammonium bicarbonate was used as internal 
standard (IS) solution.These stock solutions were stored at approximately 4oC. 

For the calibration curve, various concentrations (for plasma analysis: 0.2, 0.5, 
1, 2, 3, 5, 10, 20, 30, 50 ng/mL and for brain analysis: 0.5, 1, 2, 5, 10, 20, 50, 100, 
200, 500 ng/mL) of cutamesine were prepared in methanol to a final volume of 50 
µL. To this, 50 µL of diluted (1:1 with water) blank plasma or brain homogenate 
(homogenized with 1 volume of water) was added. 

Similarly, 50 µL of diluted (1:1 with water) plasma or brain homogenate 
samples were combined with 50 µL of methanol. Protein precipitation was 
achieved in the samples and calibration curve by the addition of 175 µL of the 
IS solution, followed by vigorous shaking for 20 min and centrifugation for 15 
min (3200 × g for plasma and 7800 × g for brain). The supernatant was directly 
injected in the UPLC–MS system. A total blank (without analyte and IS) and blank 
(without analyte) were injected at the start of the calibration curve and again at 
the end to test carryover of analytes. Washes were included between standards 
and samples and between different sample groups.

The methods were tested for signal-response of the calibration standards. 
The peak area ratios of the cutamesine to the IS versus that of concentration of 
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calibration standards were plotted. The best-fit line was determined by least 
squares linear regression of the calibration data using a weighting factor of 1/X, 
where X is the concentration. Concentrations of the analytes were determined 
using peak area ratios and the regression parameters

Quantitative analysis of cutamesine in plasma was conducted using a 
Xevo G2 QTof mass spectrometer (Waters Corporation) with ACQUITY UPLC 
(Waters, Milford, MA, USA). The detectors were UV-detector and time of flight. 
The analytical column ACQUITY UPLC BEH C18 1.7 µm (2.1 × 50mm, (Waters 
Corporation) was used for the chromatographic separation. Column temperature 
was set as 40 °C. The flow rate was 0.6 mL/min, starting with 95% of A which goes 
to 20% in 1.5 min, and goes back to 95% at 2.7 min. The mobile phase A consisted 
of 10 mM ammonium bicarbonate adjusted to pH 9.4 with 25% ammonia and 
mobile phase B was acetonitrile. The sample volume injected was 3 µL and the 
auto sampler was set at 10 °C. The run time was 4 min. LC-MS was operated in 
positive ionization mode from 50 to 1200 Da. Masslynx V4.1 SCN 803 software 
was used to operate the LC-MS. Capillary voltage was 0.5 kV. Source temperature 
and desolvation temperature were set to 150 °C and 600 °C, respectively. Cone gas 
flow and desolvation gas flow were set to 10 and 1000 l/h, respectively.

Statistics
All results are expressed as mean ± SEM. Differences between groups in the PA 
test, were examined using Kruskal-Wallis test followed by Dunn’s post hoc test. 
Differences between AUCs were tested with 1-way ANOVA followed by Dunnett’s 
Multiple comparison test. The dose-dependent effect of cutamesine on VT values 
of brain regions were analyzed using 2-way ANOVA followed by Bonferroni 
posttest. Biodistribution data of plasma SUV were analyzed using 1-way ANOVA 
followed by Dunnett’s Multiple comparison test, and the tissue-to-plasma ratio 
was analyzed with 2-way ANOVA followed by Bonferroni posttest. A P value < 
0.05 was considered statistically significant. 

RESULTS
Sleep deprivation study
Preliminary analysis of NOR data (Chapter 5) showed that sleep deprived animals 
might have had a preference for the familiar object. Therefore, the effect of 
cutamesine treatment was not analyzed.

In the PA test, pre-shock latencies were similar for all groups. Cutamesine 
treatment dose-dependently increased the time taken to enter the dark shock 
chamber (Figure 1) compared to untreated sleep deprived animals, and reached 
significance at the 1.0 mg/kg dose (P < 0.01).
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Receptor Occupancy
Tracer kinetics in brain and plasma
After cutamesine pretreatment, a reduction in tracer uptake was observed in the 
brain images (Figure 2).Tracer uptake in the brain was rapid, reaching a maximum 
within the first 5 minutes followed by a slow washout. However, the washout was 
dose dependently more rapid in the treated groups (Figure 3A). The uptake was 
significantly lower in both treated groups and was about half of the control group 
by the end of the scan (area under the curve (AUC) 85.8 ± 9.5 (0.3 mg/kg) and 
75.6 ± 4.6 (1.0 mg/kg) vs. 160.1 ± 10.8, P < 0.001) (Figure 3B). 

The conversion of parent tracer to radioactive metabolites increased with 
increasing dose of cutamesine (Figure 3C). While about 42% of the parent tracer 
remained unchanged at 60 min in the control rats, only about 31% and 24% 
remained unchanged in the 0.3 mg/kg and 1.0 mg/kg group respectively and they 
had significantly (P < 0.01 and 0.001 respectively) lower levels of parent tracer 
compared to the control group, as evidenced by the AUC (Figure 3D). 

Kinetics of metabolite corrected radioactivity in the plasma is shown in Figure 
3E. AUC was significantly higher for both 0.3 mg/kg and 1.0 mg/kg groups (12.1 ± 
0.6 and 13.0 ± 1.0 vs. 9.3 ± 0.4, P < 0.05) compared to the control group (Figure 3F). 

Kinetic analysis and receptor occupancy
Logan graphical analysis was performed to obtain VT in the whole brain and smaller 
individual brain regions. With increasing dose of cutamesine, a dose dependent 
reduction in VT was observed for all brain regions investigated (Figure 4). 

Figure 1. Latency of the rats to 
enter the dark chamber in the 
passive avoidance test.(data 
from control animals, Chapter 
5, is included for comparison). 
** represents P < 0.01
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Figure 2. Small animal PET images of sagittal view of rat brain (summed from 20 to 90min) 
obtained after injection of 11C-SA4503. a) MRI template, b) control, c) 0.3 mg/kg, d) 1.0 mg/
kg of cutamesine

Lassen plot was used to estimate percent receptor occupancy and VND (Figure 
5a). The receptor occupancy at each dose group was 88.1 ± 1.5% (0.3 mg/kg) and 
92.2 ± 1.6% (1.0 mg/kg). The VND calculated as the x-intercept was 5.23. Since the 
average whole brain VT was 28.19, 11C-SA4503 has a specific binding of about 81% 
in the rodent brain.

Biodistribution
Biodistribution data for the brain areas and peripheral organs are listed in Table 
1. The SUV for plasma was significantly (P < 0.001) higher in both cutamesine-
treated groups. Therefore, tissue-to-plasma SUV ratios were considered rather 
than SUV values of each tissue. All brain regions exhibited significant dose-
dependent reduction in the tissue-to-plasma ratio. Most peripheral tissues also 
showed a dose-dependent reduction in the tissue-to-plasma ratio, though not all 
were significant due to very large uptake in tissues like adrenal gland and liver.

Quantification of cutamesine in plasma and brain
The lower limit of quantification of cutamesine was 0.2 ng/mL. The extraction 
recovery of cutamesine and citalopram was >95% for both plasma and brain 
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Figure 3. Kinetics of 11C-SA4503. a) whole brain TACs, b) area under the curve (AUC) of 
whole brain TACs, c) effect of cutamesine dose on conversion of parent tracer to radioactive 
metabolites over time, d) AUC of % intact parent vs. time curve, e) metabolite corrected 
plasma TACs, f) AUC of the metabolite corrected plasma TACs 

homogenate biological matrices. The chromatographic retention times for 
citalopram and cutamesine were 1.81 and 1.94 min, respectively. The plasma 
samples analyzed were taken 5 and 90 min after the onset of the scan, i.e. 85 ± 4 
and 175 ± 4 min respectively, from the time of cutamesine administration. Sigma-1 
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receptor occupancy of over 90% was achieved with the 1.0 mg/kg cutamesine 
dose, at a 5 min (= 85 min from drug administration) plasma concentration of 279 
± 76 nM, a 90 min (= 175 min from drug administration) plasma concentration 
of 202 ± 67 nM and at a brain concentration of 2227 ± 492 nM (the end of scan).

DISCUSSION
Sigma-1 ligands may play a potential role in the symptomatic and disease-modifying 
treatment of schizophrenia, depression, dementia, ischemia, drug dependence 
and pain, and have received considerable interest in current CNS drug discovery 
programs (20, 21, 22, 23). In this study, we tested cutamesine, a sigma-1 agonist 
drug, on REM SD induced cognitive deficit. In order to confirm tissue delivery and 
target engagement by cutamesine at the doses tested in the REM SD model, brain 
and plasma levels and sigma-1 receptor occupancy were also evaluated.

SD induced memory deficit in the passive avoidance test was overcome by 
cutamesine at 1.0 mg/kg, the higher dose tested. While the lower dose showed 
a similar trend, it did not reach significance due to high variability. This is the 
first time that cutamesine, a sigma-1 agonist drug, has been shown to have 
an ameliorative effect on SD induced cognitive deficit. Although donepezil, 
an acetylcholinesterase inhibitor (14), and venlafaxine, a dual serotonin and 
norepinephrine reuptake inhibitor (24), with sigma-1 agonist properties, 
have been shown to have beneficial effects in SD models, their effects could be 
attributed to their primary targets. 

SD is known to cause accumulation of protein aggregates and ER stress leading 
to unfolded protein response (7, 8, 9). While acute ER stress could upregulate 
sigma-1 receptors leading to a protective effect, chronic stressors could alter the 

Figure 4. Total distribution volume (VT) from the whole brain and smaller brain regions 
obtained using Logan graphical analysis. 
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Table 1. Biodistribution data of 11C-SA4503 in the treatment groups (brain and peripheral 
organs were analyzed separately).

Control   
(n = 6)

0.3 mg/kg  
(n = 5) P

1.0 mg/kg  
(n = 5) P

SUV
Plasma 0.10 ± 0.01 0.32 ± 0.04 < 0.001 0.34 ± 0.02 < 0.001

Tissue-to-plasma ratio

Brain regions
Bulbus olfactorius 16.45 ± 2.42 1.94 ± 0.54 < 0.001 1.68 ± 0.29 < 0.001
Hippocampus 15.48 ± 2.18 2.58 ± 0.58 < 0.001 1.86 ± 0.27 < 0.001
Striatum 11.60 ± 1.85 2.32 ± 0.63 < 0.001 1.36 ± 0.15 < 0.001
Cingulate Cortex 13.65 ± 1.46 1.82 ± 0.52 < 0.001 1.44 ± 0.25 < 0.001
Frontal Cortex 13.52 ± 1.05 2.70 ± 0.65 < 0.001 1.76 ± 0.27 < 0.001
Cortex rest 13.58 ± 1.22 2.32 ± 0.65 < 0.001 1.70 ± 0.21 < 0.001
Cerebellum 13.17 ± 1.63 2.38 ± 0.61 < 0.001 1.60 ± 0.23 < 0.001
Medulla 22.85 ± 3.58 3.06 ± 0.98 < 0.001 2.16 ± 0.29 < 0.001
Pons 24.33 ± 3.04 3.74 ± 1.03 < 0.001 2.06 ± 0.46 < 0.001
Midbrain 19.02 ± 3.67 3.06 ± 0.74 < 0.001 1.88 ± 0.38 < 0.001
Thalamus+Hypothalamus 18.90 ± 2.19 2.74 ± 0.61 < 0.001 1.86 ± 0.21 < 0.001
Rest brain 17.75 ± 2.06 2.48 ± 0.76 < 0.001 1.72 ± 0.27 < 0.001

Peripheral tissues
Adipose tissue 5.65 ± 1.18 2.20 ± 0.39 ns 1.66 ± 0.42 ns
Adrenal gland 258.6 ± 35.63 69.72 ± 20.03 < 0.001 38.04 ± 10.62 < 0.001
Bladder 9.93 ± 2.97 5.62 ± 1.19 ns 4.45 ± 0.97 ns
Bone 6.03 ± 0.96 1.72 ± 0.31 ns 1.48 ± 0.06 ns
Bone marrow 34.37 ± 21.99 7.54 ± 2.35 < 0.05 5.70 ± 0.49 < 0.05
Heart 3.15 ± 0.43 1.52 ± 0.40 ns 1.30 ± 0.18 ns
Intestine large 20.93 ± 2.54 4.00 ± 0.88 ns 3.12 ± 0.38 ns
Intestine small 23.15 ± 3.16 5.02 ± 0.62 ns 4.58 ± 0.64 ns
Kidney 42.23 ± 3.54 6.86 ± 1.32 < 0.01 6.14 ± 0.77 < 0.001
Liver 83.23 ± 6.96 18.26 ± 4.79 < 0.001 10.72 ± 2.11 < 0.001
Lung 19.47 ± 1.21 6.80 ± 1.16 ns 5.08 ± 0.61 ns
Muscle 2.33 ± 0.55 0.84 ± 0.12 ns 1.40 ± 0.60 ns
Pancreas 51.83 ± 13.39 32.12 ± 3.83 ns 23.26 ± 2.11 < 0.05
Pituitary 44.00 ± 7.11 10.26 ± 2.56 < 0.01 8.34 ± 0.83 < 0.01
Plasma 1.00 1.00 - 1.00 -
RBC 0.64 ± 0.13 0.54 ± 0.07 ns 0.46 ± 0.04 ns
Spleen 26.97 ± 3.57 9.10 ± 2.62 ns 6.30 ± 0.46 ns
Submandibular gland 39.72 ± 4.19 18.88 ± 2.26 ns 14.52 ± 0.62 ns
Thymus 24.68 ± 2.61 7.90 ± 1.81 ns 6.28 ± 0.70 ns
Thyroid 22.35 ± 2.74 5.34 ± 1.30 ns 3.80 ± 0.21 ns
Urine 11.45 ± 3.70 23.74 ± 7.27 ns 18.50 ± 6.92 ns
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stability and subcellular distribution of sigma-1 receptors (25). Treatment with 
sigma-1 agonists has been shown to be protective in ER stress.

In the receptor occupancy study, pretreatment with cutamesine dose-
dependently increased the metabolism of 11C-SA4503. The mechanism behind 
this is not known, however another sigma-1 agonist, donepezil, was also shown to 
affect the tracer metabolism (Chapter 7). Possibly due to increasing occupancy of 
peripheral sigma-1 receptors and plasma proteins at doses of drugs causing high 
receptor occupancy, a larger proportion of tracer remained free in plasma and was 
therefore susceptible to metabolism. This is also supported by the higher plasma 
AUC in the treatment groups even after metabolite correction. Differences between 
groups in the plasma TAC would also influence the brain TAC, therefore SUV is not a 
reliable measure and kinetic modeling is necessary for group comparisons.

Cutamesine occupied over 90% of sigma-1 receptors at a dose of 1.0mg/kg. 
For similar occupancy with donepezil, a 10.0 mg/kg dose was required (Chapter 
6). Therefore cutamesine appears to have much higher potency than donepezil 
at the sigma-1 receptors. In preclinical studies with donepezil it would not be 
practicable to achieve this high sigma-1 receptor occupancy with donepezil alone 
due to cholinergic side effects at doses of 3 mg/kg or over. 

The few behavioral experiments with cutamesine performed in rats were 
carried out 30 min after oral administration of the drug (26, 27, 28, 29), which is 
within the brain Tmax range of 30-60 min (30). Commonly used doses of cutamesine 
range from 0.05 mg/kg to 1.0 mg/kg, although higher doses, including 20 mg/kg, 
have also been reported (30). After i.p. administration of cutamesine, the maximum 
brain concentration is achieved at around 30 min and the brain half life is about 
5 hours (Chapter 8). The occupancy versus concentration graphs suggest that 
both doses studied were similar and near the plateau level of maximal receptor 
occupancy. The reason for differing effects in the behavioral study then may not 
be due to the small differences in the RO alone. In the PA study, cutamesine was 
administered after the training i.e. at the start of 48h sleep deprivation. The levels 
of cutamesine in brain remained above the IC50 value of sigma-1 receptor for up to 
16 h of post dosing with the 1.0 mg/kg dose (Chapter 8). With the lower dose, the 
exposure would also be lower. It is likely that it is the duration of drug availability 
at the target that influenced the results of the behavioral study. A repeat dosing 
at 24h could help to maintain brain levels of the drug and could possibly improve 
the effects at the lower dose. Receptor occupancy studies at later time points 
would be needed to clarify this issue.

In conclusion, treatment with cutamesine was shown to overcome REM SD 
induced cognitive deficit at over 90% sigma-1 receptor occupancy. Combining 
pre-clinical PET studies with behavioral studies and pharmacokinetic analysis 
can give valuable insights into the relationship between exposure of tissue to 
drug, drug-target interaction and efficacy. 
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ABSTRACT
Cutamesine is a sigma-1 subtype-selective receptor agonist (IC50 = 17.4 nM), a 
novel small molecule, with activity in preclinical models of CNS diseases and 
currently being studied in humans (phase II clinical trials) for depression and 
stroke indications. There is no literature available that reports the plasma 
and brain distribution of this centrally acting compound. In this context, we 
performed a pharmacokinetic study in Wistar rats, to evaluate plasma and brain 
disposition of cutamesine at the pharmacologically active doses of 0.3 and 1.0 
mg/kg. Following intraperitoneal administration, plasma concentrations of 
cutamesine decreased bi-exponentially and the elimination half-life in plasma 
and brain were found to be 1.6-3.2 h and 5.1h, respectively. Systemic clearance 
and central volume of distribution of cutamesine were found to be 5.9 (L/h/kg) 
and 27.2 L/kg, respectively. The peak levels and AUC(0-∞) of brain were 2.4 and 5.2 
times, respectively, higher compared to the plasma. Cutamesine was shown to 
have adequate PK profiles that are required for desired CNS effects. In addition, 
the levels of cutamesine in brain remained above the IC50 value of sigma-1 
receptor for up to 16 h of post dosing, suggesting that appreciable levels of drug 
is available to exert its therapeutic actions. This finding also suggests that this 
drug may be dosed once daily in the clinic.

Keywords: cutamesine, pharmacokinetics, LC-MS, plasma distribution, brain 
distribution
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PLASMA AND BRAIN PHARMACOKINETICS OF CUTAMESINE IN RATS

INTRODUCTION
Cutamesine, (SA4503), is being developed as a potential drug for the treatment 
of several central nervous system (CNS) disorders including post stroke 
recovery, major depression, and cognitive deficit (1, 2, 3, 4). Activity for the 
above mentioned therapeutic indications is postulated due to its high affinity 
and selectivity for human sigma-1 receptors (IC50 = 17.4 nM). It has also been 
shown to be effective in several pre-clinical animal models (5). However, to our 
knowledge, other than a mention in a review article (6), there is no literature 
available that reports the plasma and brain pharmacokinetics of this centrally 
acting compound. In this context, we performed a pharmacokinetic study in rats 
to evaluate plasma and brain disposition of cutamesine, at the pharmacologically 
active doses of 0.3 and 1.0 mg/kg. This observed data was subsequently used 
to evaluate a population-based pharmacokinetic (PK) model developed for 
cutamesine from its 11C-labelled tracer (Chapter 9). In addition, this PK data could 
be used to understand the exposure-response (receptor occupancy- behavioural 
study outcome) relationship (Chapter 7).

MATERIALS AND METHODS
Chemicals and Reagents
Cutamesine (Table 1) was obtained from M’s Science Corporation, Kobe, Japan. 
Citalopram, used as an internal standard, was obtained from Trademex Pharmaceuticals 
and Chemicals, Shanghai, China. HPLC grade methanol and acetonitrile were obtained 
from Biosolve Chimie, the Netherlands. Ammonium bicarbonate was obtained from 
Sigma Aldrich, St.Louis, MO, USA. All other reagents used were of laboratory reagent 
grade and were used without further purification. All aqueous solutions for UPLC 
and LC-MS/MS mobile phase were prepared in Milli Q (Millipore, Milford, MA, USA) 
grade water. Naive rat arterial blood (plasma) and brain were harvested from Wistar 
Hannover rats purchased from Harlan, Boxmeer, The Netherlands.

Animals
Experiments were performed in male Wistar Hannover rats purchased from 
Harlan, the Netherlands. The rats were housed in Macrolon cages on a layer 
of wood shavings in a room with constant temperature (21 ± 2°C) and fixed 
12-hour light-dark regime (light phase from 7:00 to 19:00 hours). Food (standard 
laboratory chow, RMH-B, Hope Farms, The Netherlands) and water were available 
ad libitum. After arrival the rats were acclimatized for at least seven days. Data for 
this study was obtained from the animals in Chapter 7. Some of the animals were 
used in behavioral studies; a wash out period of at least two weeks was allowed 
before the performance of the pharmacokinetic study described here. Other 
animals were used in microPET scans for receptor occupancy estimation; samples 
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collected during that scan, between 75 to 180 min post-dosing, were included 
in the present study. Experiments were performed by licensed investigators in 
compliance with the Law on Animal Experiments in The Netherlands. The protocol 
was approved by the Committee on Animal Ethics of the University of Groningen.

Pharmacokinetic study
A femoral artery of the rats was cannulated under isoflurane anesthesia and they 
were maintained under anesthesia for the duration of the experiment. They were 
injected intraperitoneally with either 0.3 mg/kg or 1.0 mg/kg of cutamesine 
dissolved in saline. From various animals in the 1.0 mg/kg group, blood samples 
were collected at 1, 2, 5, 15, 30, 45, 60, 75, 90, 120, 300 and 1440 min after injection. 
One animal each was terminated by guillotine at 2, 15 and 120 min, two animals 
each at 30, 60 and 90 min and additional blood and brain samples were collected at 
the point of termination. Two uncannulated animals each were terminated at 300 
and 1440 min after dosing and blood and brain samples collected without sampling 
at earlier time points. In the 0.3 mg/kg group, blood sampling was performed as 
with the 1.0 mg/kg group and one animal each was terminated at 2, 15, 30, 60 and 
120 min and further blood and brain samples collected. Additional blood and brain 
samples collected between 75 to 180 min during the microPET scan study with 
11C-cutamesine were included in the analysis (Table 2). The collected blood and brain 
were immediately placed on crushed ice and plasma obtained by centrifugation. The 
plasma and brain samples were then stored at -80°C till further analysis.

Analytical procedure 
Liquid chromatography- mass spectrometric conditions
Quantitative analysis of cutamesine in plasma and brain was conducted using 
a Xevo G2 QTof mass spectrometer (Waters Corporation) with ACQUITY UPLC 
(Waters, Milford, MA, USA). The detectors were UV-detector and time of flight. 
The analytical column ACQUITY UPLC BEH C18 1.7 µm (2.1 × 50mm, (Waters 

Table 1. LC-MS parameters for cutamesine and internal standard

Compound Molecular Weight Structure

Cutamesine 368.24

Citalopram (IS) 324.39
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Corporation) was used for the chromatographic separation. Column temperature 
was set as 40 °C. The flow rate was 0.6 mL/min, starting with 95% of A which goes 
to 20% in 1.5 min, and goes back to 95% at 2.7 min. The mobile phase A consisted 
of 10 mM ammonium bicarbonate adjusted to pH 9.4 with 25% ammonia and 
mobile phase B was acetonitrile. The sample volume injected was 3 µL and the 
auto sampler was set at 10 °C. The run time was 4 min. LC-MS was operated in 
positive ionization mode from 50 to 1200 Da. Masslynx V4.1 SCN 803 software 
was used to operate the LC-MS. Capillary voltage was 0.5 kV. Source temperature 
and desolvation temperature were set to 150 °C and 600 °C, respectively. Cone gas 
flow and desolvation gas flow were set to 10 and 1000 l/h, respectively.

Sample preparation 
The brain tissue was homogenized with 1 volume of water using Mini bead 
beater-24, (Biospec products, Bartlesville, OK, USA) for 45 sec at 2.5 (× 1000) 
oscillations per min. 

Stock solutions of cutamesine and citalopram in methanol were prepared at the 
strength of 1 mg/mL. Working standard solutions of cutamesine of 10-10,000 ng/mL 
were prepared in methanol from the first stock solution. Citalopram at 100 ng/mL 
in 80% acetonitrile and 20% 10 mM ammonium bicarbonate was used as internal 
standard (IS) solution. These stock solutions were stored at approximately 40C. 

For the calibration curve, various concentrations (for plasma analysis: 0.2, 0.5, 1, 
2, 3, 5, 10, 20, 30, 50 ng/mL and for brain analysis: 0.5, 1, 2, 5, 10, 20, 50, 100, 200, 
500 ng/mL) of cutamesine were prepared in methanol to a final volume of 50 µL. To 
this, 50 µL of diluted (1:1 with water) blank plasma or brain homogenate was added. 

Similarly, 50 µL of diluted (1:1 with water) plasma or brain homogenate 
samples were combined with 50 µL of methanol. Protein precipitation was 
achieved in the samples and calibration curve by the addition of 175 µL of the 
IS solution, followed by vigorous shaking for 20 min and centrifugation for 15 
min (3200 × g for plasma and 7800 × g for brain). The supernatant was directly 
injected in the UPLC–MS system. A total blank (without analyte and IS) and blank 

Table 2. Number of samples collected at each time point. Parenthesis shows the samples from 
the microPET scan study

Time (min)

1 2 5 15 30 45 60 75 90 120 180 300 1440

1 mg/kg plasma 1 1 8 8 7 5 5 3 (1) 3 (4) 1 (4) (3) 2 2
1 mg/kg brain - 1 - 1 2 - 2 - 2 1* (4) 2 2
0.3 mg/kg plasma 1 1 4 4 3 2 2 1 (3) 1 (2) 1 (2) (4) - -
0.3 mg/kg brain - 1 - 1 1 - 1 - - 1 (1) - -

* Data lost during sample preparation
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(without analyte) were injected at the start of the calibration curve and again at 
the end to test carryover of analytes. Washes were included between standards 
and samples and between different sample groups.

The methods were tested for signal-response of the calibration standards. 
The peak area ratios of the cutamesine to the IS versus that of concentration of 
calibration standards were plotted. The best-fit line was determined by least 
squares linear regression of the calibration data using a weighting factor of 1/X, 
where X is the concentration. Concentrations of the analytes were determined 
using peak area ratios and the regression parameters (7).

Pharmacokinetic data analysis
Pharmacokinetic parameters were calculated by a non-compartmental method 
(Gibaldi and Perrier 1982) using Microsoft Excel 2007 (Microsoft Corporation, 
Washington, USA). The area under the plasma concentration versus time curve 
up to the last quantifiable time point, AUC(0-t) was obtained by the linear up 
and log-linear trapezoidal summation. The AUC(0-t) was extrapolated to infinity 
(i.e., AUC(0-∞)) by adding Clast/Kel, where Clast represents the last measurable time 
concentration and Kel represents the apparent terminal rate constant. Kel was 
calculated by the linear regression of the log-transformed concentrations of the 
drug in the terminal phase. The half-life of the terminal elimination phase was 
obtained using the relationship t1/2 = 0.693/Kel. The peak plasma concentration 
(Cmax) and time to peak (Tmax) were derived by visual inspection of the data. 
Systemic clearance (CL) was calculated by the relationship CL/F = Dose/AUC(0-∞), 

where F is bioavailability. The apparent volume of distribution (Vd) was obtained 
from the equation Vd/F = Dose/(AUC(0-∞)*Kel). 

RESULTS
The lower limit of quantification of cutamesine was 0.2 ng/mL. The extraction 
recovery of cutamesine and citalopram was >95% for both plasma and brain 
homogenate biological matrices. The chromatographic retention times for 
citalopram and cutamesine were 1.81 and 1.94 min, respectively. A representative 
UPLC-MS chromatogram of cutamesine and citalopram is shown in Fig. 1. The mean 
plasma and brain concentrations versus time profiles of cutamesine following a 
single intraperitoneal administration to rats are presented in Fig. 2. The mean 
intra-peritoneal pharmacokinetic parameters for cutamesine are summarized 
in Table 3. Following intraperitoneal administration, plasma concentrations of 
cutamesine decreased bi-exponentially and the elimination half-life was found 
to be 1.6-3.2 h. At 1 mg/kg, where sufficient data points were available, CL and 
Vd of cutamesine were found to be 5.9 (L/h/kg) and 27.2 L/kg, respectively. The 
peak levels and AUC(0-∞) of brain were 2.4 and 5.2 times, respectively, higher 
compared to the plasma. The average terminal half-life (t1/2) of brain disposition 
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Figure 2. Concentration-time profiles (mean ± SEM) of cutamesine in plasma (A) and 
brain (B) after intraperitoneal injection of cutamesine into rats.

Table 3. Pharmacokinetic (PK) parameters of cutamesine in rats at 0.3 and 1 mg/kg after 
intraperitoneal administration

PK Parameters

1 mg/kg 0.3 mg/kg

Plasma Brain Plasma Brain

AUC (0-3h) (ng×h/mL) 61.5 336.0 20.4 174.3

AUC (0-∞) (ng×h/mL) 172.5 896.1 * *

Cmax (ng/mL) 70.8 167.0 18.5 86.4

Tmax (h) 0.03 0.5 0.08 0.5

Kel (/h) 0.216 0.135 0.442 0.309

t1/2 (h) 3.2 5.1 1.6 2.2

CL (L/h/kg) 5.9 1.2 * *

Vd (L/kg) 27.2 8.5 * *

* Sufficient data points were not available to calculate this value accurately

was 5.1 h and longer than plasma. Data from the 0.3 mg/kg dose was sufficient 
to show that the increase in Cmax and AUC were dose proportional. Assuming the 
11C-cutamesine and cold compound disposition is the same, the AUC(0-∞) following 
an intravenous dose of 11C-cutamesine was used to estimate the bioavailability 
(Chapter 9). Absolute intraperitoneal bioavailability was found to be 60% for the 
dose of 1 mg/kg based on radiotracer kinetics.

DISCUSSION
Cutamesine is a novel small molecule, a sigma-1 subtype-selective receptor 
agonist, with activity in preclinical models of CNS diseases and currently being 
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studied in humans (phase II) for depression and stroke indications (1, 5). 
Cutamesine exhibited favorable physicochemical properties that are required for 
an ideal CNS drug with clogP of 2.52 and aqueous solubility of >31 mg/mL (2, 3). 
In this article we have quantified the plasma and brain levels of cutamesine using 
UPLC-MS method. Subsequently, non-compartmental analyses were performed to 
characterize the pharmacokinetics of cutamesine in rats.

Cutamesine was shown to have adequate PK profiles that are required for 
desired CNS effects. In addition, the levels of cutamesine in brain remained above 
the IC50 value of sigma-1 receptor for up to 16 h of post dosing, suggesting that 
appreciable levels of drug is available to exert its therapeutic actions. This finding 
also suggests that this drug may be dosed once daily in the clinic, if a similar PK 
profile is observed in humans.

The in vitro sigma-1 receptor binding potency (IC50 = 17.4 nM), solubility (86 
mM), blood brain barrier permeability (8) and favorable PK properties (brain) of 
cutamesine in the preclinical species make it a potential clinical candidate for CNS 
disease such as depression and stroke. 
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ABSTRACT
Cutamesine (SA4503) is a selective sigma-1 receptor agonist, currently in Phase II 
clinical trials for depression and post-stroke neurological disturbances. Cutamesine 
has been found to be effective in several rodent models of amnesia and depression. 
We used data obtained with carbon-11-labeled cutamesine (11C-SA4503) in rats 
to develop a population pharmacokinetic (PK) model. Non-linear mixed effects 
modeling (NONMEM) provides a tool for analyzing repeated measurements data 
in which the relationship between the explanatory (covariates) and response 
(PK parameters) variables can be modeled as a single function, allowing the 
parameters to differ between individuals. This modeling framework can be useful 
to scale preclinical drug kinetic information to clinical settings. 

Methods: MicroPET scans of the brain region of male Wistar Hannover rats (age 
1.5-32 months) were made and 11C-SA4503 time-activity curves were obtained 
for the entire brain. A femoral artery cannula was used for blood sampling, and 
metabolite-corrected plasma time-activity curves were obtained. Integrated 
PK models (two-, three- and four-compartment) were explored to describe the 
plasma and brain time course. Bootstrap resampling (n = 1000) technique was 
used as a model evaluation tool. The effects of covariates (age, weight and disease 
condition) on PK parameters were investigated for the final model. 

Results: A three-compartment model best described the plasma and brain PK. 
The three compartments were: a central compartment (plasma) and two brain 
compartments (free and bound). Population PK parameters (relative standard 
error) were: central clearance (CL) 17.4 ml/min (13%), central volume of 
distribution (V1) 25.3 ml (23%), brain volume of distribution (Vbr) 84.9 ml (23%), 
clearance into brain (Qin) 61.8 ml/min (12%), clearance out of brain (Qout) 14.4 
ml/min (38%), clearance into bound compartment (Qon) 5.83 ml/min (27%), 
clearance out of bound compartment (Qoff) 1.55 ml/min (4%). Population 
estimates of the model are in close agreement with the median values of 
successful bootstrap replicates. Conclusion: Population PK modeling can be used 
successfully to analyze PET data of 11C-labeled cutamesine. This developed model 
was successfully used to predict the plasma and brain disposition of cutamesine. 

Keywords: 11C-SA4503, Cutamesine, Pharmacokinetics, Non-linear mixed effects 
modeling, MicroPET.
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INTRODUCTION
Cutamesine (SA4503) is a selective sigma-1 receptor agonist, currently in Phase 
II clinical trials for depression and post-stroke neurological disturbances. 
Cutamesine has been found to be effective in several rodent models of amnesia 
and depression (1), (2). 

Brain penetration, distribution, and binding to the (target) receptor are 
important aspects for drugs that act through the central nervous system (CNS). 
Classical pharmacokinetic (PK) studies involving cold drugs will not provide 
information on target engagement and receptor occupancy. Therefore, proof of 
concept is difficult. Use of positron emission tomography (PET) data on the contrary 
will simultaneously show target engagement and allow PK characterization (3), 

(4). Another advantage of the PET PK methods over conventional PK methods 
is the availability of brain data. In the conventional PK method, it would be 
necessary to terminate one animal for each of the brain time points. In the case 
of human studies obtaining brain data points would be impossible. With PET, a 
large number of data points can be obtained from the brain of a single animal or 
subject, allowing more accurate PK parameter estimation. 

However, these imaging studies are often low throughput, high cost, and highly 
labor intensive, consequently, sample sizes (number of subjects) are usually small. In 
recent years, population-based PK approaches, like non-linear mixed effects modeling 
(NONMEM), have been used to analyze PET data to overcome problems with sparse 
data and to maximize the information extracted from the available data (3), (5). 

Earlier Kagedal (5) and Syvanen et al (6), (7) have shown the advantages of using 
population-based analysis over individual PET analysis in reducing the variability. 
In conventional PET tracer kinetic modeling, only data from individual animals 
are modeled. That is, brain and plasma data from each animal is used to arrive at 
the model parameters for that animal. Therefore, only unexplained variability, the 
difference between observed radioactivity and the model-fitted radioactivity for that 
particular observation is accounted for. As a second step, the average and variability 
of the model parameters are calculated introducing unnecessary variability in the 
model parameters. In contrast, population-based methods, like NONMEM, models 
pooled data from all sampled individuals, thereby allowing the quantification of 
population-typical values as well as two separate kinds of variability. The inter-
individual variability, that is explainable, arising from biological processes, and 
intra-individual variability, that is not explainable, arising from different sources 
(e.g., measurement error, dosing errors and model misspecification) (8). This 
methodology may additionally identify the covariates influencing the variability. 

A population modeling approach comprises of three main components or models 
namely, the structural model, statistical model and covariate model (9). The structural 
model describes the overall trend in the data, making use of the fixed-effects 
parameters, for example pharmacological clearance and volume of distribution. The 
statistical component of the model seeks to characterize and quantify any variability in 
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the population parameters across individuals. Such variability is accounted for using 
different levels of random effects namely, inter-rat variability (IRV) and within-rat 
variability (WRV) (10). Finally, the covariate component expresses and characterizes 
any relationship that may exist between covariates and population model parameters 
(11). This part seeks to identify and characterize any factors (e.g., age, weight, disease 
condition) that may cause variability in drug exposure and response. 

The purpose of the study was to develop a population-based PK model to describe 
the time course of carbon-11 labeled cutamesine (11C-SA4503) radioactivity in plasma 
and brain. For this purpose 11C-SA4503 radioactivity data from different age groups/
studies (originally intended to study sigma-1 receptor binding potential and tracer 
distribution volume) were pooled together to predict pharmacokinetics of 11C-SA4503 
by taking into account age-dependent drug disposition. Since, radiolabeled forms of 
drugs can be used to follow the disposition of the actual drug (12), we predicted PK 
for the drug cutamesine using the model parameters obtained from the radiolabeled 
form of the drug and compared it with data obtained from the unlabelled drug. 

MATERIALS AND METHODS 
Animals
Data obtained from experiments performed in male Wistar Hannover rats aged 
1.5, 3, 18, 24 and 32 months (Table 1) were used in this analysis. Animals were 
either purchased from Harlan (Boxmeer, The Netherlands) or acquired from 
Semmelweis University (Budapest, Hungary). The rats were housed in Macrolon 
cages on a layer of wood shavings in a room with constant temperature (21 ± 2°C) 
and fixed 12-hour light-dark cycle (light phase from 7:00 to 19:00 hours). Food 
(standard laboratory chow, RMH-B, Hope Farms, The Netherlands) and water 
were available ad libitum. After arrival the rats were acclimatized for at least seven 
days. Experiments were performed by licensed investigators in compliance with 
the Law on Animal Experiments in The Netherlands. The protocol was approved 
by the Committee on Animal Ethics of the University of Groningen. 

PET experiments
PET experiments were performed as described in (Ramakrishnan et al., 2013). Briefly, 
11C-SA4503 was prepared by reaction of 11C-methyl iodide with 1-[2-(4-hydroxy-3-
methoxy-penthyl)]-4-(3-phenylpropyl)piperazine dihydrochloride (4-O-demethyl 
SA4503), according to a published method (13). The decay corrected radiochemical 
yield was ~ 24%, the specific radioactivity was > 100 TBq/mmol at the moment of 
injection and radiochemical purity > 98%. The 11C-SA4503 solution had pH 6.0 to 7.0. 

Before microPET scanning, an arterial cannula was placed in each rat, under 
isoflurane anesthesia (Pharmachemie BV, The Netherlands, 5% in medical air for 
induction, 2% for maintenance), for blood sampling and determination of the time 
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course of radioactivity in plasma. From each rat, 15 to 17 arterial blood samples 
(volume 0.1 to 0.15 ml) were collected after 11C-SA4503 injection (23 +/- 15 MBq) 
and start of the microPET scan. Twenty five µl of whole blood was reserved and 
plasma was obtained from the remaining blood by centrifugation. Radioactivity 
in blood and plasma samples (25 µl) was determined using a calibrated gamma 
counter (CompuGamma CS 1282, LKB-Wallac, Turku, Finland). Plasma data was 
corrected for radioactive metabolites based on the age of the rat, as the metabolite 
formation was found to decrease significantly with age (14). For each of the age 
groups (except 24 months), 3 to 5 additional rats were used for metabolite analysis. 
Additional rats were necessary due to the larger volumes of plasma, totaling about 
3.5 ml per rat, needed for bio-analysis.  Arterial blood samples ranging from 0.4 ml 
to 1.6 ml were drawn through a femoral artery cannula at 5, 10, 20, 40 and 60 min 
after injection of tracer. Plasma was obtained by centrifugation and de-proteinated 
by mixing with one third the volume of 20% trichloroacetic acid in acetonitrile. The 
mixture was centrifuged for 2 min at 13,000 rpm and the supernatant collected. 
The parent tracer and metabolites in the supernatant were separated using HPLC, 
with MicroBondapak C18 (7.8 × 300 mm) column and the mobile phase consisting 
of a mixture of acetonitrile and 50 mM sodium acetate buffer (pH 6.1) (1/1, v/v) at 
a flow rate of 3 ml/min. The eluate was collected in 30 sec fractions for 15 min and 
radioactivity in the samples was measured using a gamma counter. 

Two rats were scanned simultaneously in each scan session, using a Siemens/
Concorde microPET camera (Focus 220). They were positioned in the camera 
in transaxial position with their heads and neck in the field of view. First, a 
transmission scan of 515 sec with a Co-57 point source was obtained for attenuation 
and scatter correction of 511 keV photons by tissue. Subsequently, the first rat was 
injected through the penile vein with 11C-SA4503. The emission scan was started 
with tracer injection of the first rat; whereas the second animal was injected a 

Table 1. Number of animals (n) with weight at the time of PET scanning and injected doses of 
11C-SA4503 in the different age groups (median with range is presented)

Age group
1.5 

months
3  

months
18  

months
24 

months
32 

months

n (scan) 6 8 3 4 3
n (metabolite analysis) 4 3 3 0 5
n (scan, with tumor) - - 2 1 2
Body weight  (g) 219  

(207-228)
294  

(272-331)
625  

(591-744)
590 

(545-643)
585 

(491-652)
11C-SA4503 dose in MBq 6.2  

(5.3-14.4)
15.05 

(11.5-21.4)
39.4  

(26.3-45.9)
9.6  

(6.8-12.5)
41.8 

(24-50.9)
Total number of plasma sample points 91 136 60 45 69
Total number of brain sample points 138 200 115 113 115
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few minutes later. A list-mode protocol was used with 90 min acquisition time. 
Reconstructions were performed using microPET Manager 2.3.3.6; ASIPro 6.3.3.0 
(Siemens Solutions, Knoxville, TN). The list-mode data of the emission scans were 
reframed into a dynamic sequence with frame durations ranging from 30 sec 
to 720 sec. The data were reconstructed per time frame employing an iterative 
reconstruction algorithm (OSEM2D with Fourier rebinning, 4 iterations and 16 
subsets). The final datasets consisted of 95 slices with a slice thickness of 0.8 mm, 
and an in-plane image matrix of 128  × 128 pixels. Voxel size was 0.5 × 0.5 × 0.8 
mm. The linear resolution at the center of the field-of-view was about 1.5 mm. Data 
sets were fully corrected for decay, random coincidences, scatter and attenuation. 

MicroPET data analysis
The images obtained from the scan were co-registered with an MRI template (15) 
for drawing three-dimensional regions of interest (ROIs) over the whole brain using 
Inveon Research Workplace software (Siemens Medical Solutions, Knoxville, TN). 
Time-activity curves (TACs) were calculated and tracer uptake was expressed as Bq/
ml, assuming a specific gravity of 1 g/cm3 for brain tissue and blood plasma (Fig. 
1). Individual kinetic analysis was performed by fitting a standard four-parameter, 
two-tissue compartment model to the dynamic PET data, using metabolite-corrected 
plasma radioactivity as input function. Software routines for MatLab 7 (The 
MathWorks, Natick, MA), written by Dr. A.T.M. Willemsen (University Medical Center 
Groningen, the Netherlands), were used for curve fitting. The blood volume was fixed 
at 3.6% (16) and the rate constants K1, k2, k3, and k4 estimated from the curve fit.

Fig. 1. Plasma and brain concentration of 11C-SA4503 as a function of time for all rats (plasma 
PK data: 26 rats, data points: 401; brain PK data: 29 rats, data points: 681).
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Population based-mixed effects modeling for 11C-SA4503
A non-linear mixed effects modeling (NONMEM) approach, performed using the 
NONMEM VII software (17)  (ICON Development Solutions, Hanover, MD), was 
used to describe the time course of plasma and brain PK of 11C-SA4503. Fig. 2 shows 
the steps that were followed during the model development of the population-
based NONMEM analysis. R (version 2.13;www.r-project.org) (18)(16) was used 
for graphical inspection of the results. Natural log-transformed 11C-SA4503 
concentrations were used to estimate the plasma and brain PK parameters. 

The first-order conditional estimation (FOCE) method in NONMEM with 
interaction option was used to estimate the model parameters. IRV for the structural 
model parameters was evaluated using a log-normally distributed model: 

Pj =PTV × exp(ηj) Eq. 1

where PTV represents the population typical value of the parameter and Pj is 
the value of the parameter for subject j. ηj denotes an subject-specific random 
effect that distinguishes the value of the jth subject from the PTV. The values of ηj 

are assumed to be normally distributed with mean zero and variance ω2. IRV is 

Fig. 2. Schematic representation of the model development steps that were followed in the 
population-based non-linear mixed effects modeling analysis.
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expressed as percent coefficient of variation (% CV). The WRV describes the error 
terms, which remain unexplained and refers to, for example, dosing inaccuracies, 
analytical errors, or structural model misspecifications. Different types of WRV 
residual error models (e.g., proportional, additive) were tested separately for 
plasma and brain. A proportional error model was used to describe WRV in the 
plasma and brain concentration as shown in the following equation: 

ln(yij) = ln(yˆij) + εij  Eq. 2

where yij is the jth observation in the ith animal, yˆij is the corresponding model 
prediction, and εij is a normally distributed random error with a mean of zero and 
a variance of σ2. 

Model selection
Model selection was based on the precision of parameter estimates (as relative 
standard errors; RSE), the objective function value (OFV) and the goodness-of-
fit (GOF) plots. The RSE should ideally be less than 30% for each PK parameter 
for the model to be selected, although values up to 50% are acceptable. A 
reduction of OFV by 3.84 (corresponding to a P value of 0.05) is required, for 
each additional structural parameter or IRV, to consider a model with additional 
parameters as superior (19). GOF was assessed graphically by evaluation of the 
agreement between observed and predicted 11C-SA4503 concentrations, the 
range of conditional weighted residuals, and uniformity of the distribution of 
conditional weighted residuals about zero (20) across the range of the predicted 
concentrations. 

To describe the time course of combined plasma and brain levels, three model 
structures were investigated as shown in Fig. 3; a) a two-compartment model 
with a central compartment for plasma and a peripheral compartment for brain, 
b) a three-compartment model with a central compartment for plasma and 
two brain compartments (free and bound drug), c) a four-compartment model 
with a central plasma compartment, two brain compartments and a peripheral 
compartment. Based on RSE, OFV and GOF plots, the best performing model was 
chosen, as shown in the box of Fig. 3.

The final structural PK model (Fig. 3b), consisted of a three-compartment 
model. The concentration-time profile of 11C-SA4503 in the plasma compartment 
can be described by equation 3. From the plasma compartment, 11C-SA4503 
diffuses across the blood-brain barrier into the brain (brain free, equation 4), 
where it can bind to the sigma-1 receptors (brain bound, equation 5). In order 
to improve the stability of the model, a model with a common Vbr (Vbr1 + Vbr2) 
parameter was used, which corresponds to total brain volume (brain free + brain 
bound). Total 11C-SA4503 concentration in brain is derived from equation 6.

Differential equations: This final model was implemented by user-defined 
differential equations using the ADVAN 9 subroutine in NONMEM.
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Plasma
dA1/dt(1) = K21*A(2)-KE*A(1)-K12*A(1)  Eq. 3

Where, Cplasma = A1/V1 ; KE=CL/V1 ; K12=Q/V1

Brain
dA2/dt (2) = K12*A(1)+K32*A(3)-K21*A(2)-K23*A(2)  Eq. 4

dA3/dt (3) = K23*A(2)-K32*A(3)  Eq. 5

Total concentration in brain was quantified using equation 6

Cbrain = (A2+A3)/(Vbr1 + Vbr2)  Eq. 6

Influence of rat weight, age, and presence of pituitary tumor were evaluated as 
covariates to account for the variability in the PK model parameters. We also 
tested age as a binary covariate (aged rats- 18, 24 and 32 months vs. young rats- 
1.5 and 3 months) on brain PK parameters. Covariate analysis was performed 
in NONMEM using PsN with a step-wise forward additive approach followed 
by a step-wise backward elimination approach with a P value of 0.05 and 0.01, 
respectively (21). Uncorrelated covariates were included in the model using 
different functional forms like linear, power and exponential functions. 

Fig. 3. The population pharmacokinetic model structures. V1, V2, Vbr1 and Vbr2 are pharmacological 
volumes of distribution in central, peripheral, brain free and brain bound concentration 
compartments, respectively. CL (total body clearance), Q (bi-directional clearance between central 
and peripheral compartments), Qin (clearance into brain free compartment), Qout (clearance out of 
the brain free compartment), Qon (clearance into bound compartment), and Qoff (clearance out of 
bound compartment). The model that best described the data is model b (box).
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Model evaluation
The bootstrap analysis was performed to check the stability of the PK model. In 
this analysis, bootstrap replicates are generated by random sampling from the 
original data set with replacement. Summary non-parametric model parameters 
(bootstrap median and 95% confidence intervals) were calculated and compared 
with observed parameter values.

In addition, a predictive check was performed to determine whether the final 
integrated model (plasma and brain PK model) provides an adequate description 
of tracer disposition. For this purpose, one thousand Monte-Carlo simulations 
were performed utilizing the final model parameter estimates to compare the 
distribution of the simulated and the observed plasma and brain PK data. Observed 
data was overlaid on 95% prediction intervals arising from this simulation. This 
model may be used to simulate data that are suitable for direct comparison with 
the observed data as described in the following section. 

Application of tracer PK model to predict cutamesine PK
The developed tracer PK model was subsequently used for predicting the PK and 
absolute bioavailability of cutamesine at 1.0 mg/kg dose in 3 month old rats. 
This dose, administered intra-peritonealy (i.p), was used in behavioral tests for 
learning and memory and receptor occupancy studies (unpublished data). At 
the end of the behavioral studies, the rats were allowed a wash out period of 
at least two weeks before the pharmacokinetic study. They were anesthetized 
as for the scan, cutamesine was administered under isoflurane anesthesia and 
blood sampled through a cannula inserted in the femoral artery (cannulated as 
for the scan). Additional plasma samples (n = 16) collected between 75 to 180 
min post-dosing, during a receptor occupancy study scan (with similar anesthesia 
and cannulation procedure), were also included in the present study. Plasma area 
under the curve after i.p administration (AUCip = 197 ng×h/mL), of cutamesine 
exposure obtained from conventional PK analysis was used for calculating 
bioavailability (equation 7). 

Fip*Dose = CL*AUCip.  Eq 7

RESULTS
PET data
Fig. 1 depicts time profiles of 11C-SA4503 in plasma and brain. The tracer was 
rapidly cleared from the plasma and reached a plateau within 5 min. In the brain, 
a peak was observed within 10 min and was followed by a slow washout.
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Population based-mixed effects modeling for 11C-SA4503
Model b (Fig. 3), a three-compartment model performed the best based on OFV 
(model a: -715; model b: -3325; model c: -3298). The three compartments were 
a central compartment (plasma), and two brain compartments (free and bound). 
Population PK parameters (relative standard error) were: central clearance (CL) 
17.4 ml/min (13%), central volume of distribution (V1) 25.3 ml (23%), brain 
volume of distribution (Vbr) 84.9 ml (23%), clearance into brain (Qin) 61.8 ml/
min (12%), clearance out of brain (Qout) 14.4 ml/min (38%), clearance into bound 
compartment (Qon) 5.83 ml/min (27%), clearance out of bound compartment (Qoff) 
1.55 ml/min (4%). 95% confidence intervals of above PK parameters obtained 
from nonparametric bootstrap analysis are shown in Table 3. Relationship between 
NONMEM population parameter estimates and the PET parameters from a two-
tissue compartment model are also presented in Table 3. Generally, parameter 
estimates were similar for individual and population modeling approaches. 

Model GOF plots for the final population PK model including both brain and 
plasma 11C-SA4503 concentrations are shown in Fig. 4. Most of the data points are 
randomly distributed around the line of identity which indicates that the model 
describes the time course adequately. In addition, randomly selected individual 
plots showing the observed vs. predicted 11C-SA4503 radioactivity is displayed in 
Fig. 5. Individual profiles are adequately described by the model after accounting 
for variability. 

Only one covariate, age as a continuous variable, was found to significantly 
(P <0.01) influence the final PK model (Qin; reduction of 1.6% for a unit of month 
from median age of 18 months). We also observed age as a binary covariate (aged 
vs. young rats) on brain volume (Vbr), but the parameter estimate was imprecise. 
Though other covariates (weight and presence of tumor) resulted in a significant 
drop of OFV they resulted in high %RSE in covariate-parameter estimates. 

Model evaluation
Population parameter estimates from the PK model are in good agreement with 
the median values of successful bootstrap replicates (Table 3). Simulation-based 
visual predictive check plots are shown in Fig. 6. More than 80% of the observed 

Table 2. Number of samples collected at each time point from 3 month old rats for conventional 
PK study after intraperitoneal administration of 1 mg/kg cutamesine

Time (min) 1 2 5 15 30 45 60 75 90 120 180 300 1440

Plasma samples 1 1 8 8 7 5 5 3 3 1 - 2 2
Brain (n = 13) samples - 1 - 1 2 - 2 - 2 1* - 2 2
Plasma samples  
(from receptor occupancy study)

- - - - - - - 16 - -

* Data lost during sample preparation
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Fig. 4. Model diagnostic plots (GOF plots) for the final population pharmacokinetic model 
including both brain and plasma 11C-SA4503 concentrations. All dots represent individual 
data points. Observed versus population and observed versus individual predictions are 
shown in the upper panels. Most of the data points are randomly distributed around the line 
of identity (grey) which indicates that the model describes the concentrations adequately. 
Absolute individual weighted residuals versus individual predictions and conditional 
weighted residuals versus time are shown in the lower panels. Most residuals are scattered 
around zero, indicating suitability of the model for further model evaluation approaches.

data points fell within 95% prediction intervals (shaded area), indicating the 
adequacy of the model to reproduce the observed data. 

Application of tracer PK model to predict the cold SA4503 
(cutamesine) PK
The developed tracer PK model was subsequently used for predicting the PK of 
cutamesine at a 1.0 mg/kg dose in 3 month old rats. The bioavailability (F%) 
following intra-peritoneal dosing of cutamesine to 3 months old rats was found 
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Table 3. Population pharmacokinetic (PK) parameter estimates from the original data set for 
the final model and 95% confidence interval (CI) resulting from 1,000 bootstrap replicates

PK Parameter Mean (95% CI*) IRV as % CV (95% CI*) 

Plasma pharmacokinetics 
V1 (ml) 25.3 (19.8-32.3) 52 (36-64)

CL (ml/min) 17.4 (14.9-19.6) 33 (24-41)

WRV for plasma (CV %) 40 (34-49) -

Brain pharmacokinetics 
Vbr1 = Vbr2 (ml) 84.9 (68.7-99.4) 37 (25-46)

Qin (ml/min) 61.8 (52.6-76.5) 18 (4-34)

Qout (ml/min) 14.4 (11.0-21.4) 35 (20-62)

Qon (ml/min) 5.83 (3.71-8.74) 41(17-70)

Qoff (ml/min) 1.55 (1.20-2.01) NE

WRV for Brain (CV %) 4.1 (2-5) -

Relationship between non-linear mixed effects modeling population parameter 
estimates and the PET parameters from two-tissue compartment model 
Parameter (SE) PET approach Population-based approach 

K1 (ml ml-1 min-1) 1.45 (0.40) 1.46 (0.38) 

k2 (min-1) 0.64 (0.25) 0.34 (0.29) 

k3 (min-1) 0.165 (0.025) 0.137 (0.08) 

k4 (min-1) 0.030 (0.0025) 0.037 (0.0035) 

Rate constants were calculated based on the model estimates shown above:
K1 = Qin/V1(V1/Vbr) 

k2 = Qout/Vbr1

k3 = Qon/Vbr1 

k4= Qoff/Vbr2

NE: not estimated 

to be about 60% using equation 7. The model, based on the radiotracer, predicted 
the plasma time course of cutamesine reasonably well after correction for 
bioavailability. However, the brain exposure was under predicted for cutamesine 
compared to the tracer. We observed approximately 7 times higher brain to 
plasma ratio for 11C-SA4503 compared to cutamesine. Following the correction for 
the difference in brain-to-plasma ratio and bioavailability, the model predictions 
were in reasonably good agreement with the observed brain PK data. The 
overlay of model predictions and real observed data for 1 mg/kg intra-peritoneal 
administration is shown in Fig 7.
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DISCUSSION
Cutamesine (SA4503) is a selective sigma-1 receptor agonist, currently in Phase 
II clinical trials for depression and post-stroke neurological disturbances [http://
www.clinicaltrials.gov/ct2/results?term=SA4503&Search=Search](22)(20). In this 
paper we presented the development of a population-based PK model to describe 
the time course of 11C-SA4503 radioactivity in plasma and in brain. Additionally, 
we also showed its utility in predicting the behavior of the unlabelled drug, 
cutamesine. The radiotracer model adequately predicted the plasma exposure after 
correcting for bioavailability, while an additional correction for brain-to-plasma 
ratio was required for the brain. We speculate that protein binding, active transport 
or saturation of binding at receptors may have contributed to this difference since 
the model was developed at tracer concentrations, whereas the drug at 1 mg/kg is 
in the pharmacological range. At the 1 mg/kg dose, over 90% of sigma-1 receptors 
would be occupied (reported elsewhere) and the ratio of bound/free drug is 
reduced, whereas at tracer concentrations, bound/free approaches Bmax/Kd.

In this analysis, all plasma and brain data were simultaneously fitted and potential 
differences in model parameters from these two regions are considered including 
a WRV term separately for plasma and brain compartments. This is in contrast to 
tracer kinetic modeling, where it is not possible to separate the variability coming 
from the plasma and brain. For example, from our results (Table 3) it can be seen 
that plasma data accounts for a much higher unexplained variability (40% CV) than 
brain (4.1% CV). Since unexplained variability can generally be assumed to represent 
a combination of measurement errors, dosing errors and model misspecification, 
we can conclude that brain TACs derived from PET is more accurate and robust 
compared to the plasma TACs obtained from gamma counter which requires much 
more handling of the samples. Such separation and explanation of variability would 
not be possible with conventional tracer kinetic modeling.

NONMEM uses population data and allows pooling of data from different 
studies, centers, species etc to improve parameter precision and thereby to 
increase the confidence of dose or exposure (in plasma or brain) versus response 
relationship. Since brain drug concentrations are seldom measured in humans, 
it is not possible to study the drug exposure in human brain and its relationship 
with effects. Understanding the plasma and brain exposure-response relationship 
of new drugs pre-clinically prior to testing in humans would be of great value 
in the clinical setting as it would help in choosing the dose and dosing schedule 
(23). This could be achieved using modeling tools which allow translating this 
relationship from one species to another species using allometric approaches. 
Using appropriate scaling factors and human specific information on PK and 
receptor binding, one could estimate pharmacokinetic-pharmacodynamic 
parameter in humans using allometric scaling: for e.g., PK parameter in humans 
= PK parameter in Rat* (Weight human/Weight Rat)^b; (b = is exponent. e.g., for 
CL or Vd, the commonly used exponent for CL = 0.75 and for Vd = 1). Moreover, 
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model-based approaches can accommodate the diverse drug-related features (e.g., 
physico-chemical properties, in vitro efficacy and safety profile and metabolic 
properties) and the system-related features (e.g., receptor density, transduction 
process, and disease progression) which can increase the efficiency in drug 
development of CNS drugs (24), (25). Population-based approaches therefore 
allow maximizing the extraction of information from available data.

The identification of covariates (e.g., age, weight) that explain variability is an 
important objective of any population modeling evaluation. Covariate modeling 
helps to answer questions like “how much does a young rat differ in exposure from 
old rats?” In our covariate analysis, age as a continuous variable had an influence 
on Qin. We also observed age as a binary covariate on brain volume. Based on 
these results we anticipate that brain drug exposure might be reduced with 
aging and higher doses of the drug may be necessary in aged rats. The reduced 
brain volume may be due to the reduced transport of the drug into the brain with 
age. More rats in each age group could allow identification of other significant 
covariate-parameter relationships. Combined analysis of the population-based 
PK with PET data allows prediction of not only the time course of drug but also 
helps to quantify the exposure required for efficacy and safety.

CONCLUSIONS
We characterized the PK of the drug cutamesine using data obtained from 11C-
SA4503 microPET studies in rats. A population-based PK model was developed 
to provide robust model parameter estimates which were subsequently used to 
predict the plasma and brain disposition of cutamesine. It was also evident from 
our analysis that the population-based approach showed generally comparable 
parameter estimates in comparison with individual tracer kinetic approach 
method. In addition, population-based modeling approach helped to quantify the 
variability within and between rats.
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SUMMARY

The sigma-1 receptor is a unique orphan receptor, strongly expressed in neurons 
and glia. Proposed endogenous ligands include neurosteroids, sphingosine and 
dimethyltryptamine. Sigma-1 receptors are now considered as ligand-regulated 
molecular chaperones modulating the activity of voltage-regulated and ligand-
gated ion channels, intracellular calcium signaling, and the release of various 
neurotransmitters including acetylcholine and glutamate. Sigma receptors are 
involved in several central nervous system (CNS) disorders like depression, 
anxiety, psychosis, schizophrenia, Parkinson’s disease, Alzheimer’s disease, 
addiction and neuropathic pain. Several CNS drugs like haloperidol, donepezil, 
rimcazole, fluvoxamine, sertraline and clorgyline have moderate to high sigma 
receptor affinity.  Pharmaceutical companies currently involved in R&D and 
clinical trials of sigma-1 drugs include Anavex Life Sciences Corp., M’s Science 
Corp. and Laboratorios del Dr. Esteve S.A.

In this thesis we investigated the use of sigma-1 selective agonist tracer 11C-SA4503 
and microPET to study changes to sigma-1 receptors in the rat brain in normal aging and 
in models of cognitive deficit. We investigated the effect of pharmacological treatments 
on sigma-1receptor occupancy and also estimated the receptor occupancy required for 
efficacy in an animal model of cognitive deficit. Population pharmacokinetic modeling 
was performed on data obtained from the tracer 11C-SA4503 to learn more about the 
pharmacokinetics of the drug cutamesine (SA4503). 

Chapter 1 provides a general introduction to sigma-1 receptors, the imaging of 
sigma-1 receptors using the agonist tracer 11C-SA4503 and drug discovery for 
sigma-1 ligands. 

Chapter 2 provides an overview of present knowledge regarding the relationship 
between the cholinergic system and sigma-1 receptors, and discusses potential 
applications of sigma-1 receptor agonists in the treatment of memory deficits and 
cognitive disorders.

In Chapter 3 we investigated sigma-1 receptors in the living rat brain to test 
the hypothesis that sigma-1 binding sites are upregulated in the ageing brain to 
compensate for age-related losses of activity in other neurotransmitter systems. 
The necessity of kinetic modelling and metabolite analysis for this tracer became 
apparent during this evaluation. When the whole brain of the rat is considered, 
an age dependent reduction in the total volume of distribution and binding 
potential of the tracer was observed over the ages of 1.5 to 32 months, suggesting 
a reduction in the receptor numbers and/or affinity with aging. However, when 
individual smaller regions of interest within the brain were analyzed, some 
regions like cortex appeared to have preserved binding potential and therefore 
preserved receptor numbers and/or affinity with aging.  Therefore, our study did 
not provide support for an upregulation of sigma-1 receptors in healthy aging. 

During the aging study, about 40% of the aged rats were found to have spontaneous 
pituitary tumors.  In Chapter 4, we assessed the kinetics of 11C-SA4503 in tumor 
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and brain, and evaluated the utility of this tracer in the detection of pituitary 
tumors.  The tumors were well visualized with this tracer and were found to 
over express sigma-1 receptors. The over expression of sigma-1 receptors in 
the spontaneous pituitary tumors was detected as an increase in the uptake and 
binding potential of 11C-SA4503. Therefore, this tracer may have promise for the 
detection of pituitary adenomas, using PET.

We then investigated the changes in sigma-1 receptor expression in two models 
of cognitive deficit, cholinergic lesion of the nucleus basalis and REM sleep 
deprivation (Chapter 5). The feasibility of using these models in conjunction 
with behavioural studies and PET imaging was also examined. 

In the cholinergic lesion model, there was no significant difference in the uptake 
of the tracer 11C-SA4503 in the cortex of lesioned side compared to the sham-lesioned 
side. Imunocytochemical analysis of brain slices established that the cholinergic 
lesion spared cortical sigma-1 receptors and even upregulated them in certain 
parts of layer V of the parietal cortex. The area affected by the lesion was relatively 
restricted and therefore could not be detected with PET. Since the cholinergic deficit 
in AD develops rather slowly, and sigma-1 receptor expression appears to be fairly 
resistant to cholinergic deafferentation in the neocortex, there may be opportunity 
for pharmacological treatment with sigma-1 receptor agonists in early AD.

Forty-eight hours of REM sleep deprivation produced cognitive deficits which 
could be assessed using behavioural tests (Chapter 5). This duration of sleep 
deprivation also led to a reduced tissue to metabolite-corrected plasma ratio of 
the tracer 11C-SA4503 in the brain and periphery. Western blot analysis confirmed 
that sigma-1 receptors are in fact down-regulated in the two brain regions 
analysed. PET studies in this model appear to be feasible however, metabolite 
analysis would be essential. Sleep deprivation is known to increase aggregation 
of misfolded proteins and also to trigger the ER stress response while sigma-1 
receptors are known to be molecular chaperones at the ER. Treatment with 
sigma-1 agonists could potentially be beneficial in this model. 

In Chapter 6, the sigma-1 receptor occupancy by donepezil was investigated. 
Donepezil, the most widely prescribed drug for symptomatic treatment of 
Alzheimer’s disease, is also a sigma-1 agonist. It is the gold standard against which 
new drugs are compared. Using 11C-SA4503 and microPET, we evaluated the sigma-1 
receptor occupancy by donepezil in rats. Plasma levels of the drug were determined 
using UPLC-MS analysis and ED50 and EC50 for receptor occupancy were calculated. 
Donepezil, in the usually used dose range, was found to occupy a significant fraction 
of the sigma-1 receptor population in the rat brain, in a dose- and concentration-
dependent manner. In future tests of sigma-1 ligands as cognitive enhancers, 
antidepressants and antipsychotics, the tracer 11C-SA4503 and microPET can be 
used to examine the relationship between target occupancy and therapeutic effects.
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SUMMARY

Sigma-1 receptor occupancy required for efficacy in a model of cognitive 
impairment was estimated in Chapter 7. Treatment with cutamesine was found 
to be effective in overcoming REM sleep deprivation-induced memory deficit. 
The sigma-1 receptor occupancies at the tested doses were then evaluated using 
11C-SA4503 and microPET. Plasma and brain levels of the drug were determined 
using UPLC-MS analysis. Virtually complete sigma-1 receptor occupancy (over 
90%) was found to be necessary for effectiveness in this model. Combining 
behavioral studies with pre-clinical PET studies and pharmacokinetic analysis 
can give valuable insights in to the relationship between exposure of tissue to 
drug, drug-target interaction and efficacy.

While information about the kinetics of the tracer 11C-SA4503 is available from 
several studies, less was known about the pharmacokinetics of the drug cutamesine. 
Therefore, microPET data for 11C-SA4503, obtained from rats of varying ages, were 
analyzed using a population-based approach (nonlinear mixed-effects modeling, 
NONMEM) to obtain pharmacokinetic profile of cutamesine in plasma and brain 
(Chapter 9). Actual data obtained after i.p injection of cutamesine (Chapter 8) was 
used for comparison. The plasma and brain time profile for cutamesine obtained 
from the NONMEM analysis was found to be a reasonable match after correction 
for route of administration. Cutamesine was also found to have favorable plasma 
and brain pharmacokinetics allowing once daily treatment in the case of rats. This 
model structure could potentially be extrapolated to human studies.

In conclusion, the tracer 11C-SA4503 could be used to study changes to sigma-1 
receptors, not only in the brain, but also in tumors. The tracer can be used to assess 
the dose-dependent sigma-1 receptor occupancy of CNS drugs. Cutamesine was 
found to be effective in the treatment of memory deficit. The occupancy to aim 
for, when a novel sigma-1 agonist drug is evaluated in cognitive tests was also 
established. The data obtained from the tracer was found to be useful in evaluating 
the pharmacokinetics of the drug cutamesine. Therefore, sigma-1 receptor imaging 
has potential uses in the study of human diseases and in drug discovery.
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FUTURE PERSPECTIVES

The studies presented in this thesis demonstrated the usefulness of 11C-SA4503 and 
microPET to evaluate sigma-1 receptors in the rat brain. Increased and decreased 
binding of the tracer to sigma-1 receptors could be estimated in normal aging 
brain (Chapter 3) and spontaneous pituitary tumor (Chapter 4) respectively. In 
Chapter 5, REM sleep deprivation was found to cause reduced sigma-1 expression 
in the brain, while in Chapter 7, treatment with cutamesine (SA4503) was shown 
to overcome REM sleep deprivation induced cognitive deficits. The receptor 
occupancy by agonist drugs, donepezil and cutamesine, at doses effective in 
behavioral studies of cognition were estimated using 11C-SA4503 in Chapters 6 
and 7. In Chapters 8 and 9, the kinetics of the drug cutamesine in plasma and brain 
was modeled using classical and non-linear mixed effects modeling (NONMEM) 
for the cold drug and its radioactive form (11C-SA4503) respectively. Based on 
the findings in this thesis, several questions were raised. In this chapter, future 
avenues for the use of this tracer will be explored.

True status of sigma-1 receptors in Alzheimer’s disease
In our aging study (Chapter 3), we found that the binding potential of sigma-1 
agonist tracer 11C-SA4503 was reduced in several brain regions in rats. However, 
cholinergic lesion of the nucleus basalis did not reduce the sigma-1 receptor density, 
but rather increased it in one of the regions studied (Chapter 5). A study in early 
Alzheimer’s disease patients with the same tracer showed a reduction in tracer 
binding potential (1). However, three out of the five patients included in that study 
were being treated with donepezil which we know is a sigma-1 receptor agonist 
(Chapter 6). It is possible that the reduction observed was partially due to the 
blocking of sigma-1 receptors by donepezil. If the sigma-1 receptors are preserved 
in Alzheimer’s disease, treatment with sigma-1 agonists would be a possibility. 
Therefore, it would be beneficial to study drug naive early Alzheimer’s disease 
patients with this tracer in order to determine the true status of sigma-1 receptors.

Distinguishing types of pituitary tumors
In chapter 4 we demonstrated that spontaneous pituitary tumors in aged rats can be 
detected and distinguished from normal pituitary and brain by microPET imaging 
with the sigma-1 ligand, 11C-SA4503. The very high uptake of 11C-SA4503 in pituitary 
adenomas indicates that it may be worthwhile to test 11C-SA4503-PET in a clinical 
setting. Even very small tumors were clearly detected. This suggests that 11C-SA4503 
may be applied for the detection of microadenomas. Future studies are needed to 
answer the question whether 11C-SA4503-PET can discriminate between symptomatic, 
hormone-secreting and non-functioning (non-symptomatic, non-secretive) tumors.

Role of sigma-1 receptors in sleep deprivation, depression and diabetes
Sleep deprivation is known to cause accumulation of protein aggregates and 
endoplasmic reticulum (ER) stress leading to unfolded protein response (2, 3, 4). 

11

203



While acute ER stress could upregulate sigma-1 receptors leading to a protective 
effect, chronic stressors could alter the stability and subcellular distribution of 
sigma-1 receptors (5). Treatment with sigma-1 agonists have been shown to be 
protective in ER stress (6, 7, 8). 

Forty-eight hours of REM sleep deprivation in rats produced cognitive deficits 
(Chapter 5) which were associated with a reduced tissue to metabolite-corrected 
plasma ratio of the tracer 11C-SA4503 in the brain and periphery. It would be 
informative to compare the effects of different durations of sleep deprivation on 
sigma-1 receptors. In terms of ER stress, is forty-eight hours of sleep deprivation 
a chronic stress? Would a shorter duration of sleep deprivation, of say, 6 or 24 
hours, have a different, perhaps beneficial, effect on sigma-1 receptors? 

It would also be interesting to investigate if the rapid beneficial effect of short 
term sleep deprivation in depression (9) is related to its effects on sigma-1 receptors. 
Under certain forms of stress, sigma-1 receptor knockout mice display a depressive-
like phenotype. (10) The sigma-1 receptor gene was found to be involved in the 
pathophysiology of depression in the Japanese population (11). Sigma-1 agonists have 
antidepressant effects in pre-clinical models and several marketed antidepressants 
are sigma-1 agonists (12). Recently, sigma-1 receptor concentration in plasma of 
depressed patients was found to increase after antidepressant treatment (13). 
Therefore, a comparative study which looks at normal individuals and depressed 
patients before and after sleep deprivation using 11C-SA4503 and PET would be 
informative on the role of sigma receptors in depression.

In the case of peripheral tissues, the reduction in tissue to metabolite-
corrected plasma ratio of the tracer in pancreas of sleep deprived rats was 
especially striking. Sleep restriction, especially when it is chronic, has metabolic 
consequences which could lead to the development of type-2 diabetes (14, 15, 
16). In an animal model of diabetes mellitus, neuronal sigma-1 receptors were 
found to be reduced, suggesting that changes in sigma receptors may play a 
role in diabetes related abnormalities (17). The role of sigma-1 receptors in the 
development and treatment of diabetes would be an interesting and novel avenue 
of research that could be undertaken using the tracer 11C-SA4503.

Sigma-1 receptors in drug effects
We have shown that a single i.p. dose of donepezil and cutamesine, in the dose 
range commonly used in pre-clinical behavioral studies, occupies a significant 
fraction of sigma-1 receptors in the brain (Chapters 6 and 7). Virtually complete 
receptor occupancy was found to be required for efficacy of cutamesine in the sleep 
deprivation induced cognitive deficit model. However, the donepezil dose that 
produces a similar occupancy is associated with significant cholinergic side effects. 
Therefore, co-treatment with a sigma-1 agonist like cutamesine might improve the 
treatment effects of donepezil without increasing side effects. Designing of new 
molecules which incorporate sigma-1 receptor affinity in addition to established 
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targets for treatment of (cognitive deficits in) CNS disorders might be worth 
considering. In the case of antidepressants, selective serotonin reuptake inhibitors 
which also have sigma-1 affinity are better at improving cognition (18, 19, 20).

Another point to consider is that drug administration need not be in a single 
dose. Repeated administration of smaller doses, that does not produce side 
effects, but leads to sufficient receptor occupancy due to accumulation of drug 
in target tissues, is possible. Further studies, behavioral, pharmacokinetic and 
PET, would be required to evaluate the effects of co-treatment and to identify 
ideal dosing regimens. However, pharmacokinetic-pharmacodynamic modeling 
and simulation, using PET and pharmacokinetic data available from this thesis 
and literature could be used to predict the ideal dose ranges before expensive and 
time consuming experiments are performed.

Use of NONMEM in the analysis of PET data
There is no getting away from the fact that PET studies are expensive, time consuming 
and labor intensive. However, it also produces vast amounts of data that should be 
completely exploited. Non-linear mixed effects modeling uses pooled data from all 
sampled individuals. Therefore, it allows the quantification of population-typical 
values as well as two separate kinds of variability. The inter-individual variability, 
that is explainable, arising from biological processes, and intra-individual variability, 
that is not explainable, arising from different sources (e.g., measurement error, dosing 
errors and model misspecification) (21). This methodology may additionally identify 
covariates influencing the variability. Use of NONMEM should be encouraged in the 
analysis of PET data, both prospectively and retrospectively.

Neurodegenerative disorders
Sigma-1 receptors are molecular chaperones at the endoplasmic reticulum (ER)- 
mitochondrion interface (Hayashi and Su, 2007). Molecular chaperones promote 
the proper folding of newly synthesized proteins and prevent the accumulation 
of toxic protein aggregates by transferring misfolded proteins to ER-associated 
degradation machinery (Schroder, 2005). Misfolded proteins that escape 
degradation could form aggregates that ultimately cause cellular degeneration. 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease wherein 
degeneration of motor neurons in brain and spinal cord leads to progressive weakness 
and paralysis. Recently, a mutation in the sigma-1 receptor gene was identified as 
a cause of familial juvenile ALS and cells expressing the mutated receptor protein 
were found to be less resistant to apoptosis induced by endoplasmic reticulum stress 
(22). Levels of the sigma-1 receptor protein were found to be reduced in lumbar ALS 
patient spinal cord and they were abnormally accumulated in enlarged C-terminals 
and endoplasmic reticulum structures of alpha motor neurons (23). Further, 
sigma-1 receptor gene mutations were found to be causative for the co-ocurrence 
of frototemporal lobar degeneration with motor neuron disease or ALS (24). In pre-
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clinical studies, knockout of sigma-1 receptors in a mouse model of ALS was found 
to decrease the lifespan of the animals (25) and treatment with sigma-1 agonists 
PRE-084 (23, 26, 27) and cutamesine (28) was found to have protective effects in both 
in vitro and in vivo models of ALS. PET studies with 11C-SA4503 in pre-clinical models 
and patients could shed light on the status of sigma-1 receptors during the course of 
the disorder rather than at the end point.

Therapeutic potential of sigma-1 antagonists
While the focus so far has been on sigma-1 agonists, interesting research is 
ongoing into the therapeutic potential of sigma-1 antagonists especially in the 
field of pain and addiction. Formalin induced pain was reduced in sigma-1 knock-
out mice (29), while treatment of animals with the sigma-1 antagonist haloperidol 
had an antinociceptive effect that is mediated through sigma-1 receptors (30). 
Capsaicin was unable to induce mechanical hypersensitivity in sigma-1 knockout 
mice, while sigma-1 antagonists inhibited the mechanical allodynia induced by 
capsaicin (31, 32) in wild type mice. Several selective sigma-1 antagonists are 
being developed for the treatment of neuropathic pain (33). Sigma-1 antagonists 
are also being investigated for the treatment of substance abuse and addiction. 
Behavioral effects of many drugs of abuse including cocaine, methamphetamine, 
and alcohol are ameliorated by sigma-1 antagonists (34). Antagonism of sigma-1 
receptors also blocked addiction-like behavior of binge eating (35). The extent of 
receptor occupancy required by antagonists to achieve these effects is not known. 
PET studies using 11C-SA4503 would be useful in this scenario.

In conclusion, the sigma-1 agonist tracer 11C-SA4503 has potential uses in 
the study of various disorders, both of the CNS and periphery, as well as in the 
evaluation of potential treatments and drug effects.

11

206



FUTURE PERSPECTIVES

1. Mishina M, Ohyama M, Ishii K, et al. Low 
density of sigma1 receptors in early 
alzheimer’s disease. Ann Nucl Med. 
2008;22:151-156.

2. Rothman SM, Herdener N, Frankola 
KA, Mughal MR, Mattson MP. Chronic 
mild sleep restriction accentuates 
contextual memory impairments, and 
accumulations of cortical abeta and 
pTau in a mouse model of alzheimer’s 
disease. Brain Res. 2013;1529:200-208.

3. Spira AP, Gamaldo AA, An Y, et al. Self-
reported sleep and beta-amyloid 
deposition in community-dwelling 
older adults. JAMA Neurol. 2013.

4. Naidoo N. Cellular stress/the unfolded 
protein response: Relevance to sleep 
and sleep disorders. Sleep Med Rev. 
2009;13:195-204.

5. Hayashi T, Su TP. Sigma-1 receptor 
chaperones at the ER-mitochondrion 
interface regulate ca(2+) signaling and 
cell survival. Cell. 2007;131:596-610.

6. Ono Y, Shimazawa M, Ishisaka M, Oyagi 
A, Tsuruma K, Hara H. Imipramine 
protects mouse hippocampus against 
tunicamycin-induced cell death. Eur J 
Pharmacol. 2012;696:83-88.

7. Wang L, Eldred JA, Sidaway P, et al. 
Sigma 1 receptor stimulation protects 
against oxidative damage through 
suppression of the ER stress responses 
in the human lens. Mech Ageing Dev. 
2012;133:665-674.

8. Hyrskyluoto A, Pulli I, Tornqvist K, Ho 
TH, Korhonen L, Lindholm D. Sigma-1 
receptor agonist PRE084 is protective 
against mutant huntingtin-induced 
cell degeneration: Involvement of 
calpastatin and the NF-kappaB pathway. 
Cell Death Dis. 2013;4:e646.

9. Hemmeter UM, Hemmeter-Spernal 
J, Krieg JC. Sleep deprivation in 
depression. Expert Rev Neurother. 
2010;10:1101-1115.

10. Sabino V, Cottone P, Parylak SL, Steardo 
L, Zorrilla EP. Sigma-1 receptor knockout 
mice display a depressive-like phenotype. 
Behav Brain Res. 2009;198:472-476.

11. Kishi T, Yoshimura R, Okochi T, et 
al. Association analysis of SIGMAR1 
with major depressive disorder and 
SSRI response. Neuropharmacology. 
2010;58:1168-1173.

12. Kulkarni SK, Dhir A. Sigma-1 receptors 
in major depression and anxiety. Expert 
Rev Neurother. 2009;9:1021-1034.

13. Shimizu H, Takebayashi M, Tani M, et al. 
Sigma-1 receptor concentration in plasma 
of patients with late-life depression: A 
preliminary study. Neuropsychiatr Dis 
Treat. 2013;8:1867-1872.

14. Naidoo N, Davis JG, Zhu J, et al. Aging 
and sleep deprivation induce the 
unfolded protein response in the 
pancreas: Implications for metabolism. 
Aging Cell. 2014;13:131-141.

15. Killick R, Banks S, Liu PY. Implications 
of sleep restriction and recovery on 
metabolic outcomes. J Clin Endocrinol 
Metab. 2012;97:3876-3890.

16. Hanlon EC, Van Cauter E. Quantification 
of sleep behavior and of its impact on 
the cross-talk between the brain and 
peripheral metabolism. Proc Natl Acad 
Sci U S A. 2011;108 Suppl 3:15609-
15616.

17. Mardon K, Kassiou M, Donald A. Effects 
of streptozotocin-induced diabetes on 
neuronal sigma receptors in the rat 
brain. Life Sci. 1999;65:PL 281-6.

18. Hindmarch I, Hashimoto K. 
Cognition and depression: The 
effects of fluvoxamine, a sigma-1 
receptor agonist, reconsidered. Hum 
Psychopharmacol. 2010;25:193-200.

19. Niitsu T, Iyo M, Hashimoto K. Sigma-1 
receptor agonists as therapeutic 
drugs for cognitive impairment in 
neuropsychiatric diseases. Curr Pharm 
Des. 2012;18:875-883.

20. Hashimoto K. Sigma-1 receptors 
and selective serotonin reuptake 
inhibitors: Clinical implications of their 
relationship. Cent Nerv Syst Agents Med 
Chem. 2009;9:197-204.

21. Sheiner LB, Steimer JL. Pharmacokinetic/
pharmacodynamic modeling in drug 

REFERENCES

11

207



development. Annu Rev Pharmacol 
Toxicol. 2000;40:67-95.

22. Al-Saif A, Al-Mohanna F, Bohlega S. A 
mutation in sigma-1 receptor causes 
juvenile amyotrophic lateral sclerosis. 
Ann Neurol. 2011;70:913-919.

23. Prause J, Goswami A, Katona I, et al. Altered 
localization, abnormal modification and 
loss of function of sigma receptor-1 in 
amyotrophic lateral sclerosis. Hum Mol 
Genet. 2013;22:1581-1600.

24. Luty AA, Kwok JB, Dobson-Stone C, et al. 
Sigma nonopioid intracellular receptor 
1 mutations cause frontotemporal lobar 
degeneration-motor neuron disease. Ann 
Neurol. 2010;68:639-649.

25. Mavlyutov TA, Epstein ML, Verbny YI, et 
al. Lack of sigma-1 receptor exacerbates 
ALS progression in mice. Neuroscience. 
2013;240:129-134.

26. Mancuso R, Olivan S, Rando A, Casas 
C, Osta R, Navarro X. Sigma-1R 
agonist improves motor function and 
motoneuron survival in ALS mice. 
Neurotherapeutics. 2012;9:814-826.

27. Peviani M, Salvaneschi E, Bontempi 
L, et al. Neuroprotective effects of the 
sigma-1 receptor (S1R) agonist PRE-
084, in a mouse model of motor neuron 
disease not linked to SOD1 mutation. 
Neurobiol Dis. 2014;62:218-232.

28. Ono Y, Tanaka H, Takata M, et al. SA4503, 
a sigma-1 receptor agonist, suppresses 
motor neuron damage in in vitro and in 
vivo amyotrophic lateral sclerosis models. 
Neurosci Lett. 2014;559:174-178.

29. Cendan CM, Pujalte JM, Portillo-
Salido E, Montoliu L, Baeyens JM. 
Formalin-induced pain is reduced in 
sigma(1) receptor knockout mice. Eur 
J Pharmacol. 2005;511:73-74.

30. Cendan CM, Pujalte JM, Portillo-Salido 
E, Baeyens JM. Antinociceptive effects 
of haloperidol and its metabolites in the 
formalin test in mice. Psychopharmacology 
(Berl). 2005;182:485-493.

31. Entrena JM, Cobos EJ, Nieto FR, Cendan 
CM, Baeyens JM, Del Pozo E. Antagonism 
by haloperidol and its metabolites of 
mechanical hypersensitivity induced by 
intraplantar capsaicin in mice: Role of 
sigma-1 receptors. Psychopharmacology 
(Berl). 2009;205:21-33.

32. Entrena JM, Cobos EJ, Nieto FR, et 
al. Sigma-1 receptors are essential 
for capsaicin-induced mechanical 
hypersensitivity: Studies with selective 
sigma-1 ligands and sigma-1 knockout 
mice. Pain. 2009;143:252-261.

33. Diaz JL, Zamanillo D, Corbera J, et al. 
Selective sigma-1 (sigma1) receptor 
antagonists: Emerging target for 
the treatment of neuropathic pain. 
Cent Nerv Syst Agents Med Chem. 
2009;9:172-183.

34. Maurice T, Su TP. The pharmacology 
of sigma-1 receptors. Pharmacol Ther. 
2009;124:195-206.

35. Cottone P, Wang X, Park JW, et al. Antagonism 
of sigma-1 receptors blocks compulsive-
like eating. Neuropsychopharmacology. 
2012;37:2593-2604.

11

208







Nederlandse samenvatting

12





NEDERLANDSE SAMENVATTING

12

De sigma-1 receptor is een unieke “orphan receptor” die sterk tot expressie komt 
in neuronen en glia cellen. Tot de endogene liganden die voor deze receptor zijn 
voorgesteld behoren neurosteroïden, sphingosine en dimethyltryptamine. Sigma-1 
receptoren worden beschouwd als ligand-gereguleerde chaperone-eiwitten die de 
activiteit van spanningsgestuurde en ligandafhankelijke ionenkanalen, intracellulaire 
calciumsignalen en de afgifte van verschillende neurotransmitters moduleren 
(waaronder acetylcholine en glutamaat). Daardoor zijn sigma-1 receptoren betrokken 
bij verschillende aandoeningen van het centraal zenuwstelsel (CZS) zoals depressie, 
angststoornissen, psychose, schizofrenie, de ziekte van Parkinson, de ziekte van 
Alzheimer, verslaving en neuropathische pijn. Vele geneesmiddelen voor het CZS 
zoals haloperidol, donepezil, rimcazol, fluvoxamine, sertraline en clorgyline hebben 
een middelmatige tot hoge affiniteit voor sigma-1 receptoren. Tot de farmaceutische 
bedrijven die zich momenteel met onderzoek, ontwikkeling en klinische trials van 
sigma-1 liganden bezighouden behoren Anavex Life Sciences Corporation, M’s 
Science Corporation en Laboratorios del Dr.Esteve S.A.

In dit proefschrift hebben wij de sigma-1 selectieve agonistische tracer 11C-
SA4503 en microPET gebruikt om veranderingen van sigma-1 receptoren in het 
rattenbrein te kunnen vaststellen tijdens normale veroudering en in diermodellen 
voor een verminderde cognitie. We onderzochten de bezetting van sigma-1 
receptoren door geneesmiddelen en bepaalden de mate van receptorbezetting die 
nodig is om een verminderde cognitie te verbeteren. Populatie farmacokinetisch 
modelleren werd toegepast op data van de tracer 11C-SA4503 om meer inzicht 
te verkrijgen in de farmacokinetiek van het geneesmiddel cutamesine (SA4503).

Hoofdstuk 1 verschaft een algemene inleiding over sigma-1 receptoren, het 
afbeelden van sigma-1 receptoren met behulp van 11C-SA4503 en PET en toepassing 
van deze techniek bij de ontwikkeling van therapeutische sigma-1 liganden.

Hoofdstuk 2 geeft een overzicht van de huidige kennis betreffende verbanden 
tussen het cholinerge systeem en sigma-1 receptoren en bespreekt mogelijke 
toepassingen van sigma-1 receptor agonisten voor de behandeling van 
geheugenstoornissen en verminderde cognitie.

In hoofdstuk 3 onderzochten we sigma-1 receptoren in het levende rattenbrein 
om de hypothese te testen dat de receptordichtheid in het verouderende 
brein toeneemt om leeftijdsgerelateerde verliezen van activiteit in andere 
neurotransmittersystemen te kunnen compenseren. Tijdens dit onderzoek 
bleken kinetisch modelleren en metabolietanalyse van de gebruikte tracer 
noodzakelijk te zijn. Wanneer het brein van de rat werd beschouwd in zijn geheel, 
dan werd er een leeftijdsafhankelijke afname van het totale distributievolume 
en van de bindingspotentiaal van de tracer waargenomen tussen een leeftijd van 
1,5 en 32 maanden. Dit wekt de indruk dat het aantal receptoren of de affiniteit 
van de receptoren voor een agonist bij veroudering afneemt. Wanneer kleinere 
hersengebieden afzonderlijk werden bekeken, dan leken bepaalde gebieden, 
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zoals de cortex, een onveranderde bindingspotentiaal te hebben en daarom 
een onveranderd aantal receptoren en/of een onverminderde affiniteit bij 
veroudering. In ieder geval verschafte deze studie geen aanwijzingen voor een 
upregulatie van sigma-1 receptoren tijdens gezonde veroudering.

Tijdens de studie van veroudering bleken zich bij ongeveer 40% van de oude 
ratten spontane hypofysetumoren te ontwikkelen. In hoofdstuk 4 onderzochten 
we daarom de kinetiek van 11C-SA4503 in dergelijke tumoren en het normale 
hersenweefsel, en gingen na of deze tracer bruikbaar zou kunnen zijn om 
hypofysetumoren te detecteren. De tumoren werden met de gebruikte tracer 
voortreffelijk zichtbaar gemaakt en bleken sigma-1 receptoren tot overexpressie 
te brengen, gemeten als een toename van de opname en bindingspotentiaal van 
11C-SA4503. De tracer is daarom veelbelovend voor de detectie van adenomas van 
de hypofyse met behulp van PET.

Vervolgens onderzochten we veranderingen in de expressie van sigma-1 
receptoren in twee diermodellen van verminderde cognitie: een cholinerge laesie 
van de nucleus basalis en een tekort aan REM slaap (hoofdstuk 5). De geschiktheid 
van deze modellen voor PET onderzoek gecombineerd met gedragsstudies werd 
eveneens onderzocht.

In het cholinerg laesiemodel was er geen sprake van een significant verschil in 
opname van de tracer 11C-SA4503 in de hersenschors aan de gelaedeerde zijde in 
vergelijking met de sham-gelaedeerde zijde. Met behulp van immunohistochemische 
analyse van hersencoupes werd vastgesteld dat corticale sigma-1 receptoren na 
de laesie gespaard bleven en zelfs werden upgereguleerd in bepaalde delen van 
laag V van de parietale cortex. Het hersengebied dat door de laesie werd beïnvloed 
was relatief gering van omvang en kon daarom met behulp van PET niet worden 
waargenomen. Aangezien het cholinerg tekort bij de ziekte van Alzheimer zich 
relatief langzaam ontwikkelt, en de expressie van sigma-1 receptoren in de neocortex 
tamelijk bestendig is tegen verlies van afferente cholinerge neuronen, bestaat er 
mogelijk gelegenheid om patiënten in een vroege fase van de ziekte van Alzheimer met 
sigma-1 receptor agonisten te behandelen. Het doelwit voor zulke geneesmiddelen 
blijft bij deze patiënten immers aanwezig en stimulatie van de sigma-1 receptor kan 
de afgifte van neurotransmitters zoals acetylcholine bevorderen.

Achtenveertig uur van REM slaapdeprivatie leidde tot een verminderde 
cognitie van proefdieren die met behulp van gedragstests kon worden vastgesteld 
(hoofdstuk 5). Dezelfde periode van slaapdeprivatie leidde ook tot een afname 
van de weefsel-tot-plasma concentratieverhouding van de tracer 11C-SA4503 
in het brein en in perifere organen. Analyse met Western blots bevestigde dat 
sigma-1 receptoren in twee onderzochte hersengebieden werkelijk waren 
downgereguleerd. PET studies in dit diermodel lijken daarom mogelijk, hoewel 
metabolietanalyses noodzakelijk zullen zijn. Van slaapdeprivatie is bekend dat de 
aggregatie van verkeerd gevouwen eiwitten toeneemt en dat het endoplasmatisch 
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reticulum (ER) reageert met een stress respons, terwijl sigma-1 receptoren 
moleculaire chaperones zijn op het niveau van het ER. Behandeling met sigma-1 
agonisten zou in dit diermodel daarom mogelijk een gunstig effect kunnen hebben.

In hoofdstuk 6 werd de sigma-1 receptor bezetting van donepezil onderzocht. 
Donepezil is het geneesmiddel dat voor behandeling van M.Alzheimer wereldwijd 
het meest wordt voorgeschreven. Het is zowel een acetylcholinesterase remmer 
als een sigma-1 agonist, en functioneert als de gouden standaard waarmee nieuwe 
geneesmiddelen worden vergeleken. Met behulp van 11C-SA4503 en microPET 
bepaalden we de bezetting van sigma-1 receptoren door donepezil in ratten. 
De niveaus van het geneesmiddel in plasma werden bepaald met behulp van 
UPLC-MS, en ED50 en EC50 waarden voor de receptorbezetting werden berekend. 
Binnen het bereik van doseringen dat gewoonlijk wordt toegepast in patiënten 
bleek donepezil een aanzienlijke fractie van de sigma-1 receptorpopulatie in 
het rattenbrein op een dosis- en concentratieafhankelijke manier te bezetten. In 
toekomstig onderzoek dat is gericht op de ontwikkeling van sigma-1 liganden 
als “cognitive enhancers”, antidepressiva en antipsychotica kunnen de tracer 11C-
SA4503 en microPET gebruikt worden om het verband tussen bezetting van de 
receptor en het therapeutisch effect vast te stellen. 

Welk niveau van sigma-1 receptorbezetting noodzakelijk is om de cognitie in een 
diermodel te kunnen verbeteren werd onderzocht in hoofdstuk 7. Behandeling 
met cutamesine (SA4503) bleek in staat om het geheugenverlies ontstaan door 
REM slaapdeprivatie volledig op te heffen. De bezettingsgraad van de sigma-1 
receptor bij de gebruikte doseringen werd vervolgens vastgesteld door middel van 
11C-SA4503 en microPET. Concentratie van het geneesmiddel in plasma en brein 
werd bepaald met behulp van UPLC-MS. Een vrijwel volledige bezetting van de 
sigma-1 receptor (meer dan 90%) bleek noodzakelijk te zijn voor werkzaamheid 
van cutamesine in dit model. Een combinatie van gedragsstudies met preklinisch 
PET onderzoek en farmacokinetische analyse kan waardevolle inzichten bieden 
in het verband tussen de blootstelling aan een geneesmiddel, de interactie van het 
geneesmiddel met de doelwitreceptor en de werkzaamheid van het geneesmiddel.

Hoewel informatie over de kinetiek van de tracer 11C-SA4503 bekend is uit 
verschillende studies, was er minder bekend over de farmacokinetiek van 
het geneesmiddel cutamesine. Daarom hebben wij microPET data van 11C-
SA4503 in ratten van verschillende leeftijden geanalyseerd met een populatie-
gebaseerde benadering (“nonlinear mixed-effects modeling”, NONMEM) om 
het farmacokinetisch profiel van cutamesine in plasma en brein vast te stellen 
(hoofdstuk 9). Data die na intraperitoneale injectie van cutamesine waren 
verkregen werden gebruikt ter vergelijking (hoofdstuk 8). Het tijdsprofiel van 
cutamesine in plasma en brein, dat werd voorspeld door de NONMEM analyse, 
bleek na correctie voor de toedieningsroute behoorlijk goed overeen te komen 
met het werkelijke profiel. Cutamesine bleek een gunstige farmacokinetiek in 
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plasma en brein te vertonen, waardoor ratten in longitudinale studies slechts 
eenmaal per dag behandeld hoeven te worden. De opzet van het model kan 
mogelijk worden geëxtrapoleerd naar studies in mensen.

Uit het onderzoek dat in dit proefschrift wordt beschreven kunnen we 
concluderen dat de tracer 11C-SA4503 kan worden gebruikt om veranderingen 
van sigma-1 receptoren vast te stellen – niet alleen in de hersenen maar ook in 
tumoren. De tracer kan bovendien worden gebruikt om de dosisafhankelijke 
bezetting van de sigma-1 receptor door geneesmiddelen in het CZS vast te 
stellen. Cutamesine bleek geschikt te zijn voor de behandeling van verminderde 
cognitie. De receptorbezetting door nieuwe sigma-1 agonisten die moet worden 
nagestreefd werd eveneens vastgesteld. Gegevens van de tracer 11C-SA4503 bleken 
geschikt te zijn om de farmacokinetiek van cutamesine in te schatten. Sigma-1 
receptor imaging heeft daarom vele mogelijke toepassingen in het onderzoek naar 
verschillende aandoeningen en bij de ontwikkeling van nieuwe geneesmiddelen.
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