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GENERAL 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 plusmaze and light/dark box tests (22). In another study, male knockout mice showed
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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-erythrosphingosine, 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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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.

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. 11CSA4503 is one such selective agonist radiotracer for sigma-1 receptors (47). 11CSA4503 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).

Pre-clinical

Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical

Pre-clinical
Pre-clinical
Pre-clinical
Pre-clinical
Pre-clinical

Pre-clinical

Pre-clinical

Type of study

mice

human
human
human
human
human
human
human
human
human

rat

Ex vivo tissue distribution

PET
PET
PET
PET methodology
PET methodology
PET methodology
PET
PET
PET

Preliminary tissue distribution, ex vivo
autoradiography, metabolite analysis, PET, blocking
mice and
Radiation dosimetry, tissue distribution and
cat
blocking in mice, PET and blocking in cat
monkey
PET, blocking
rat
In vitro binding assay with 3H-SA4503
rat
Ex vivo tissue distribution
monkey
PET
mice
Ex vivo tissue distribution

Species

Re-evaluation of selectivity, emopamil binding protein

Receptor mapping in brain
Brain, aging
No P-glycoprotein modulation by SA4503
Brain, aging
Receptor occupancy by haloperidol
nemonapride, and spiperone
Parkinson’s disease
Receptor occupancy by haloperidol
Receptor occupancy by fluvoxamine
Establish kinetic analysis for receptor mapping in brain
Distribution volume as alternative to binding potential
Shortened scan protocol
Comparison with cerebral blood flow
Alzheimer’s disease
Receptor occupancy by donepezil

Receptor mapping in brain

Receptor mapping in brain

Focus

2012

2005
2006
2007
2007
2007
2008
2008
2008
2009

2001
2003
2003
2003
2003

2000

2000

Year

(75)

(69)
(48)
(49)
(70)
(71)
(72)
(73)
(74)
(50)

(64)
(65)
(66)
(67)
(68)

(63)

(47)

Reference

1

Table 1. Pre-clinical and clinical studies that have used 11C-SA4503 to investigate sigma-1 receptors in the brain
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Table 2. Drugs marketed for CNS indications that have sigma-1 ligand property
Marketed
drug

Afobazole
(in Russia)
Citalopram

Class

Sigma activity

Reference

Not well defined

Anxiolytic

Sigma-1 agonist

(76, 77)

Sigma-1 agonist
Sigma-1 agonist

(50, 80)
(49, 78)

Sigma-1 agonist

Non-selective
sigma antagonist
Imipramine Monoamine reuptake inhibitor Antidepressant
Sigma-1 agonist
Memantine
NMDA antagonist
Alzheimer’s disease Sigma-1 agonist
Opipramol
Sigma-1 and 2 agonist,
Anxiolytic,
Non-selective
(in Europe)
histamine H1 antagonist
antidepressant
sigma agonist
Sertraline

1

Approved
Indication

Selective serotonin reuptake Antidepressant
inhibitor (SSRI)
Donepezil
Acetylcholinesterase inhibitor Alzheimer’s disease
Fluvoxamine
SSRI
Antidepressant
Fluoxetine
Haloperidol
Dopamine D2 antagonist
Antipsychotic

SSRI

Antidepressant

Sigma-1 antagonist

15

(78, 79)

(48)
(44)
(44)
(57, 81)
(78)

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

Figure 2. Schematic representation of a typical microPET study using 11C-SA4503.
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Parke-Davis

Glaxo Smith
Kline
Bristol-Myers
Squibb
Merck KGaA

Rimcazole
(BW-234U)
BMS-181100
(BMY-14802)
Panamesine
(EMD 57445)
DuP734
SSR-125047
SR-31742A
Eliprodil
(SL82.0715)

Eliprodil
(SL82.0715)

Pfizer Global
R&D
Esteve

Anavex Life
Sciences.

Sigma-1 antagonist

Sigma-1 antagonist

Parkinson’s disease

Schizophrenia
Schizophrenia
Schizophrenia
Schizophrenia

Schizophrenia

Phase II No further reports

Effective against positive /
negative symptoms Discontinued
Ineffective, discontinued
Phase I No further reports
Discontinued
Effective against negative symptoms

Sigma-1 antagonist
Sigma-1 antagonist
Sigma-1 antagonist
Sigma-1 antagonist

Phase IIa Ongoing

Phase IIa Ongoing

Status

Du Pont Merck
Sanofi-Aventis
Sanofi-Aventis
Parke-Davis

Depression

Post-stroke recovery

Indication

Reduction of pseudobulbar affect in
Phase III Effective vs. placebo
patients with amyotrophic lateral
sclerosis or multiple sclerosis
Sigma-1 agonist
Alzheimer’s disease
Phase II trial to be initiated. A good efficacy
of Anavex 2-73 for Alzheimer’s disease was
predicted based on modelling work.
Sigma-1 agonist
Depression
Improvement, discontinued
due to marketing considerations
Sigma-1 antagonist
Acute pain
Phase II Ongoing
Neuropathic pain
Post-operative pain
Sigma-1 antagonist
Schizophrenia
Ineffective against positive
symptoms, discontinued
Sigma-1 antagonist
Schizophrenia
Ineffective, discontinued

Sigma-1 agonist

Sigma-1 agonist

Sigma-1 agonist

Sigma activity

Avanir
Pharmaceuticals

Igmesine
(CL-1019, JO-1784)
E-52862 (S1RA)

ANAVEX 2-73

M’s Science

Cutamesine
(SA4503)
Cutamesine
(SA4503)
Dextromethorphan

M’s Science

Company

Compound

Table 3. Sigma ligands that reached clinical development stage for various CNS indications

(44, 99)

(57, 93,
94, 95)
(44, 57, 96)
(97)
(97)
(98)

(92)

(44, 91)

(89, 90)

(57, 88)

(86, 87)

(84, 85)

(82, 83)

(82, 83)

Reference
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(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 pharmacokineticpharmacodynamic analysis.

GENERAL INTRODUCTION

AIM 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 11CSA4503 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
11
C-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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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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