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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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SIGMA-1 RECEPTOR OCCUPANCY BY DONEPEZIL

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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SIGMA-1 RECEPTOR OCCUPANCY BY DONEPEZIL

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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SIGMA-1 RECEPTOR OCCUPANCY BY DONEPEZIL

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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SIGMA-1 RECEPTOR OCCUPANCY BY DONEPEZIL

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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SIGMA-1 RECEPTOR OCCUPANCY BY DONEPEZIL

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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