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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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