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ABSTRACT

3

Sigma-1 receptor agonists modulate the release of several neurotransmitters and
intracellular calcium signaling. It has been proposed that their binding sites are
upregulated in the aging brain to compensate for age-related losses of activity in
other neurotransmitter systems. In this study we investigated sigma-1 receptors
in the living rat brain to test this hypothesis. Sigma-1 receptors in young (1.5 and
3 months) and aged (18, 24 and 32months) Wistar Hannover rats were visualized
using 11C-SA4503. Time-dependent tracer uptake was measured using a microPET
camera, and tracer-kinetic models were fitted to this data, using metabolitecorrected plasma radioactivity and uncorrected whole blood radioactivity as
input function. Aged rats metabolised 11C-SA4503 to a lesser extent than young
rats. Logan graphical analysis and a 2-tissue compartment model (2-TCM) fit
revealed that total distribution volume (VT), binding potential (BPND) and partition
coefficient (K1/k2) of the tracer were significantly reduced with aging. BPND was
reduced particularly in thalamus, hypothalamus, midbrain, pons and medulla.
The PET data did not provide support for any upregulation of sigma-1 receptors in
healthy aging. Sigma-1 receptor losses may be associated with endocrine changes
in aged rats and greater sensitivity of neurons to apoptotic signals.
Keywords: Cutamesine, Imaging, Kinetic analysis, Wistar-Hannover rat.
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INTRODUCTION
Sigma-1 receptors are widely distributed in the brain and are strongly expressed in
neurons and glia (1). They are involved in cellular differentiation, neuroplasticity,
neurogenesis, neuroprotection and cognition (1, 2, 3, 4, 5). Sigma-1 receptors are
ligand-regulated molecular chaperones in the endoplasmic reticulum and play a
modulatory role in intracellular calcium signaling (6). Upon activation, sigma-1
receptors translocate from the endoplasmic reticulum to the plasma membrane
to modulate the activity of ion channels and regulate neurotransmitter release
(6). Sigma ligands modify the extracellular concentration of dopamine in rat brain
(7, 8, 9) and sigma-1 agonists cause dose-dependent increases in the extracellular
levels of acetylcholine (10, 11, 12, 13, 14) and glutamate (15, 16, 17).
The density of dopaminergic, cholinergic and glutamatergic receptors is known
to decline with age both in the rodent (18, 19, 20) and human (21, 22, 23) brain.
Levels of neuroactive steroids such as progesterone and dehydroepiandrosterone,
which are considered as endogenous ligands for sigma receptors, are also reduced
during aging (24, 25).
It has been proposed (26, 27, 28) that increased sigma-1 receptor signaling
in the aging brain might compensate for the decline of the function of various
neurotransmitter systems and for the loss of endogenous neurosteroids. This
hypothesis is based on the following findings: First, dopamine D2 receptor density
in the striatum of Fischer-344 x Brown Norway rats is reduced (by 36 to 41%) at
old age in contrast to total sigma receptor density (sigma-1 plus sigma-2) which is
significantly increased (by 35 to 42%) (26). Second, the binding potentials (Bmax/
Kd ratios) of the sigma-1 ligand [3H]pentazocine and the non-subtype-selective
sigma ligand [3H]DTG are increased in the brain of Fisher-344 rats at old age (24mo), although both the number of binding sites (Bmax) and dissociation constants
(Kd values) of the two ligands are elevated (27). Third, an age-related 60 to 110%
increase in the binding potential of 11C-SA4503 has been detected in the monkey
brain with PET (28).
However, data reported in other publications conflict with these findings.
While in the brains of Fischer 344-related rats, sigma-1 receptor numbers were
found to be either increased or unaffected by aging (26, 27, 29), in Sprague-Dawley
rats age-related decreases of receptor number and affinity were noted (30, 31).
Similarly, while aging cynomolgus monkeys showed significant increases of BPND
of 11C-SA4503 in cortical regions, hippocampus, striatum, thalamus and cerebellum
(28), 11C-SA4503 scans in aging humans indicated decreases of BPND in cerebellum,
hippocampus, temporal and occipital cortices and slight increases in the putamen
and head of the caudate nucleus (32). Sigma-1 receptor populations may thus be
differently affected in different brain regions, rodent strains and primate species.
Published data for sigma receptor expression in the aging rat brain were
acquired using in vitro binding assays of striatum (26) or whole brain (27, 29,
30, 31) homogenates. In the current study, we investigated the effect of aging on
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sigma-1 receptor binding potential in the brain of living rats, using 11C-SA4503
and microPET. Regional differences could thus be assessed in the intact organism.
We aimed to test the hypothesis that increases of sigma-1 receptor signaling
compensate for age-related losses of function of other neurotransmitter systems.
Based on this hypothesis and on PET findings in non-human primates (28) we
expected to observe increases of sigma-1 receptor expression at advanced age.

MATERIALS AND METHODS
Radioligand
The ligand 1-[2-(3,4-dimethoxyphenethyl)]-4-(3-phenylpropyl)piperazine (11CSA4503) was prepared by reaction of 11C-methyl iodide with 4-O-demethyl SA4503,
according to a published method (33). The decay corrected radiochemical yield was
~ 24%, the specific radioactivity was > 100 TBq/mmol at the moment of injection
and radiochemical purity > 98%. The 11C-SA4503 solution had a pH of 6.0 to 7.0.

Animals

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

Arterial blood sampling

Before microPET scanning, rats were anesthetized with isoflurane in medicinal
air (5% for induction and 2% for maintenance). An incision was made parallel to
the femoral artery. The femoral artery was separated from the femoral vein and
temporarily ligated to prevent leakage of blood. A small incision was made in the
artery and a cannula was inserted (0.8 mm outer, 0.4 mm inner diameter). The
cannula was secured to the artery with a suture and attached to a syringe filled
with heparinized saline.
From each rat, fifteen arterial blood samples (volume 0.1 to 0.15 ml) were
collected at 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2.0, 3, 5, 7.5, 10, 15, 30, 60 and 90 minutes
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after 11C-SA4503 injection. 25 µl of whole blood was reserved and plasma was
obtained from the remaining blood by centrifugation (5 min in Eppendorf-type
centrifuge at 13,000 rpm). Radioactivity in the whole blood and plasma samples
(25 µl) was determined using a calibrated gamma counter (CompuGamma CS
1282, LKB-Wallac, Turku, Finland)
In separate groups of rats, larger volumes of blood ranging from 0.4 to 1.6 ml
were collected at 5, 10, 20, 40 and 60 min and a metabolite analysis was performed
using a published method (35). Briefly, plasma was obtained by centrifugation (2
min in Eppendorf-type centrifuge at 13,000 rpm) and de-proteinized using one third
the volume of 20% trichloroacetic acid in acetonitrile. The mixture was centrifuged
for 2 min at 13,000 rpm and the supernatant injected in a reversed-phase HPLC
system to separate the parent tracer from its metabolites (MicroBondapak C18
column, 7.8 x 300 mm, mobile phase acetonitrile/50 mM sodium acetate pH 7.2,
1/1, v/v, flow rate 3 mL/min). The eluate was collected in 30 s fractions for 15 min
and radioactivity in the samples was counted. The results were expressed as the
percentage of total plasma radioactivity representing parent tracer.

Scanning

Two rats were scanned simultaneously in each scan session, using a Siemens/
Concorde microPET camera (Focus 220). They were placed in the camera in
transaxial position with their heads and neck in the field of view. Body temperature
of the animals was maintained with heating mats and electronic temperature
controllers. Circulation and respiration could be monitored with the BioVet system
(M2M Imaging, Cleveland, OH). First, a transmission scan of 515 s with a Co-57
point source was obtained for attenuation and scatter correction of 511 keV
photons by tissue. Subsequently, the first rat was injected through the penile vein
with 11C-SA4503 (31±16 MBq, volume < 1 ml). This dose of [11C]SA4503 results
in maximally 5.0 to 7.5% sigma-1 receptor occupancy throughout the rat brain,
whereas blocking studies using either non-radioactive cutamesine or donepezil
have indicated that nonspecific binding of the tracer is between 20% and 25% of
total uptake of radioactivity in all studied brain regions (36). The emission scan was
started with tracer injection of the first rat; whereas the second rat was injected
a few minutes later. A list-mode protocol was used with 90 min acquisition time
(analysis performed for first 74 min from tracer injection). The list-mode data of the
emission scans were reframed into a dynamic sequence of 8x30s, 3x60s, 2x120s,
2x180s, 3x300s, 3x600s, 1x720s, 1x960s frames. The data were reconstructed
per time frame employing an iterative reconstruction algorithm (ordered subsets
expectation maximization, OSEM2D with Fourier rebinning, 4 iterations and 16
subsets). The final datasets consisted of 95 slices with a slice thickness of 0.8 mm,
and an in-plane image matrix of 128 x 128 pixels. Voxel size was 0.5 x 0.5 x 0.8 mm.
The linear resolution at the center of the field-of-view was about 1.5 mm. Data sets
were fully corrected for decay, random coincidences, scatter and attenuation.
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Data analysis
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Using Inveon Research Workplace (Siemens), three-dimensional regions of
interest (ROIs) were drawn on a MRI template of rat brain (37), both over the
whole brain and individual brain regions (bulbus, cortex, striatum, thalamus,
hypothalamus, amygdala, midbrain, pons + medulla and cerebellum). PET images
were co-registered with the MRI template and the regions of interest transferred
from MRI to PET. Time-activity curves (TACs) were obtained for each of these
regions. The results were expressed as dimensionless standardized uptake values
(SUVs): [tissue activity concentration (MBq/g) × body weight (g) / injected dose
(MBq)], assuming a specific gravity of 1 g/mL for brain tissue and blood plasma.
Kinetic analysis was performed by fitting a two-tissue compartment model
(2-TCM) to the dynamic PET data using metabolite corrected arterial plasma
radioactivity as input function. The plasma TAC of each animal was corrected for
metabolites using an exponential function obtained from the average metabolite
curve of the rats from the same group. Uncorrected whole blood data was used
to estimate the contribution of radioactivity in blood to the measured brain
radioactivity. Where plasma or whole blood data was not available, an age-matched
group average corrected for injected dose and weight of individual animal was used
as input. Software routines for MatLab 7 (The MathWorks, Natick, MA), written by
Antoon T.M. Willemsen (University Medical Center Groningen), were used for curve
fitting. The cerebral blood volume was fixed at 3.6% (38) and the rate constants
K1 (from arterial plasma to tissue), k2 (from tissue to arterial plasma), k3 (from
free to bound compartment in tissue), and k4 (from bound to free compartment in
tissue) were estimated from the curve fit. Partition coefficient (VND) was calculated
as K1/k2, non-displaceable binding potential (BPND) was calculated as k3/k4 and
total distribution volume (VT) was calculated as K1/k2 * (1+ k3/k4). VND obtained
for the whole brain was fixed for each individual rat during the second phase of
modelling for individual brain regions. Additionally, Logan graphical analysis was
used to obtain cerebral distribution volume (VLogan). The Logan fit was started at
20 min and the parameter for cerebral blood volume was fixed at 3.6%. VLogan of the
tracer was estimated from the curve fit. The binding potential for individual brain
regions was also obtained from the VLogan as BPLogan = (VLogan / VND) - 1, where VND was
obtained from the whole brain of each individual rat using 2-TCM.

Biodistribution

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

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

Tracer kinetics in plasma

Metabolite analysis was not performed in the 24 month old rats due to difficulty
obtaining a sufficient number of rats; the information from 32 month old rats was
used for their metabolite correction. Additionally, since pituitary tumor did not
affect the metabolite formation34, metabolism data from rats with pituitary tumor
(1 rat aged 18 months and 3 rats aged 32 months) were included. While only
about 30% of the parent tracer remained unchanged at 60 min in the 1.5 month
old rats, nearly 60% was unchanged in the 32 month old rats, indicating possible
impairment in liver and kidney function (Figure 2). All groups were significantly
different (P < 0.001 to 0.05) from other groups in at least one time point.
Kinetics of radioactivity in plasma after metabolite correction is shown in
Figure 3. While clearance was rapid in all age groups, the area under the curve
(AUC) for 32-month-old rats was significantly higher (P < 0.001) than for other
age groups. The rats aged 18 and 24 months also had significantly higher (P <
0.001) AUC than the young rats of 1.5 and 3 months.

Tracer kinetics in brain

Tracer uptake was rapid, a peak at <5 min being followed by a slow washout
(Figure 4A). Significant differences between various age groups were observed in
the TACs; 1.5 vs. 18 months, first 5 minutes; 1.5 vs. 32 months, first 22 minutes;
3 vs. 32 months, first 14 minutes; 24 vs. 32 months, first 4 minutes. AUC for the
whole brain increased with age and reached significance (P < 0.01) between the
youngest and oldest group (Figure 4B). The youngest age group showed greater
regional differences in TACs than the oldest group (Figure 4C).

3

70

3

Figure 1. MicroPET images of rat brain (sagittal view superimposed on MRI template, 22- to
74-min-frames summed, about 1.6 mm from the midline). A) MRI template, B) 1.5-monthsold, C) 3-months- old, D) 18-months-old, E) 24-months-old and F) 32-months-old rats.

Kinetic analysis
Using metabolite corrected plasma radioactivity from arterial blood samples, and
uncorrected whole blood samples as input function, 2-TCM was fitted to ROIs drawn
around whole brain. Tracer VT significantly reduced with aging (Figure 5A). All three
older age groups had significantly lower VT compared to both younger groups. BPND
also tended to decline with age (Figure 5B), this tendency reaching significance
only between the 1.5-months and 18- or 32-months groups. Additionally, there was
a reduction in K1/k2 with age (Figure 5C) which reached significance between the
3-months-old rats and the two oldest groups (24 and 32 months).
In the second phase of modeling, individual regions within the brain were
analyzed using 2-TCM wherein the K1/k2 obtained from the whole brain was fixed
for each individual rat. Due to similarities in the whole brain kinetic analysis
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Figure 2. Effect of aging on
tracer metabolism (mean ±
SEM).

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

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

as uniform: the reduction in bulbus, cortex and cerebellum were not significant
(Figure 6B).
VT and VLogan for whole brain were strongly correlated (r2 = 0.99, P < 0.0001)
with VLogan showing a slight underestimation of about 5% (see Supplementary
Information). BPLogan obtained from VLogan for individual brain regions was
also closely correlated with BPND (r2 = 0.95, P < 0.0001), BPLogan having an
underestimation of about 11% (see Supplementary Information).

Biodistribution

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

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

DISCUSSION
The hypothesis of an age-related upregulation of sigma-1 receptors was not
confirmed by our data. A reduced regional variability of tracer uptake was
noticed in aged brains. While some brain regions appeared to be unaffected, most
regions showed reduced uptake. Although average brain TACs were higher in old
animals, plasma TACs were also higher resulting in a reduction in VT with aging.
Tracer-kinetic modeling proved essential as both the formation of radioactive
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Figure 6. 2-TCM data of 11C-SA4503 in brain regions. Ages 1.5 and 3 months were combined to
form the young group and ages 18, 24 and 32 were combined to form the aged group. A) VT, B) BPND.
* P < 0.05, ** P < 0.01, *** P < 0.001.

metabolites and plasma levels of radioactivity are influenced by aging. Considering
only raw uptake (SUV values) could lead to misleading conclusions. Higher brain
and plasma TACs in old animals could be related to the fact that aged rats weigh
more than young ones and SUV measures tend to positively correlate with animal
weight for most radiotracers. In addition, aged rats may show reduced liver and
kidney function, resulting in slower tracer clearance.
The age-dependent reduction in whole brain VT was found to be related to
a reduction in both K1/k2 and BPND, suggesting changes of flow or blood-brain
barrier permeability as well as reductions in the numbers and/or affinities of
sigma-1 receptors with aging. The greatest decreases of binding were noted in
thalamus, hypothalamus, midbrain, pons and medulla, i.e. regions associated with
sleep, hormonal control, fear, posture, and autonomic function.
Our microPET data confirm the age-related decreases of receptor number and
affinity which were measured with in vitro assays in aged Sprague-Dawley rats
(30, 31), but they are at variance with the increases reported in the Fischer 344

Urine

Cerebellum
Cerebral cortex
Rest brain
Adipose tissue
Bladder
Bone
Bone marrow
Heart
Large intestine
Small intestine
Kidney
Liver
Lung
Muscle
Pancreas
Plasma
Red blood cells
Spleen
Submandibular gland

Tissue
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.09
0.08
0.10
0.06
0.20
0.05
0.91
0.03
0.10
0.22
0.23
0.39
0.11
0.02
0.51
0.01
0.01
0.17
0.25

1.58 ± 0.28

1.31
1.30
1.75
0.47
1.30
0.46
2.29
0.36
1.91
2.29
4.40
9.30
2.07
0.17
5.18
0.11
0.06
2.47
3.29

Young
(n=16)
0.10
0.11
0.09
0.06
0.73
0.05
0.73
0.04
0.16
0.26
0.21
0.47
0.16
0.06
0.59
0.01
0.01
0.30
0.59

3.32 ± 1.22

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

Aged
(n=13)
1.33
1.56
1.36
0.28
2.34
0.43
3.15
0.65
2.20
3.18
3.50
10.78
2.24
0.35
5.63
0.17
0.09
4.45
5.98

SUV

< 0.05

ns
ns
< 0.05
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
<0.01
<0.001

P#

14.51 ± 2.67

12.70 ± 1.37
12.43 ± 1.06
16.79 ± 1.52
4.40 ± 0.56
13.04 ± 2.63
4.19 ± 0.49
20.97 ± 8.38
3.51 ± 0.44
18.17 ± 1.53
22.08 ± 2.96
42.00 ± 3.47
87.37 ± 5.45
19.69 ± 1.69
1.76 ± 0.27
48.46 ± 5.86
1.00
0.63 ± 0.07
23.52 ± 2.11
30.82 ± 2.72

Young
(n=16)

ns

< 0.05
ns
<0.001
ns
ns
ns
ns
ns
ns
ns
<0.001
<0.001
ns
ns
ns
ns
ns
ns
ns

8.23 ± 1.00
9.66 ± 1.11
8.45 ± 0.98
1.66 ± 0.36
14.67 ± 5.14
2.58 ± 0.31
17.67 ± 3.57
3.92 ± 0.39
13.51 ± 1.55
19.49 ± 2.26
21.30 ± 1.89
65.30 ± 5.37
13.61 ± 1.38
2.13 ± 0.43
34.75 ± 4.99
1.00
0.50 ± 0.06
27.28 ± 2.81
36.20 ± 4.58
21.33 ± 8.50

P#

Aged
(n=13)

T/P ratio

Table 1. Biodistribution of 11C-SA4503 in brain and peripheral organs of young (1.5- and 3-months-old) and aged (18-, 24-, 32-months-old) rats. Data
were acquired 90 min after intravenous radioligand injection.
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strain (26, 27, 29). Since Sprague-Dawley rats resemble our own Wistar Hannover
rats quite closely in contrast to Fischer 344 rats, the discrepancies reported in the
literature may indicate the presence of strain differences.
Reductions in K1/k2 are likely to be due to hypoperfusion caused by a decline
in microvascular structures (39) rather than a reduction in permeability, as
permeability across the blood brain barrier generally increases with aging (40).
Since BPND reflects Bmax/Kd, either a reduction in receptor numbers or affinity of
the tracer to the receptors could reduce this parameter. In a population-based
approach, where the pharmacokinetics of 11C-SA4503 was examined, we did
not observe any reduction of Kd with aging (Chapter 9), suggesting that sigma-1
receptor density rather than affinity to 11C-SA4503 is reduced in old rats.
Surprisingly, our rat data on sigma-1 receptor density resemble the age-related
regional decreases observed in human brain (32) more closely than PET data on
cynomolgus monkeys which indicated regional increases (28). Reduced sigma-1
receptor binding in the human cortex could be one of the reasons for cognitive
impairment in normal aging.
Regional changes in aging rats (binding particularly decreased in thalamus,
hypothalamus, midbrain, pons and medulla, smaller declines in hippocampus,
amygdala and striatum, Fig. 6) suggest that sigma receptor losses in aging rodents
are related to endocrine changes and impaired autonomic functions in addition
to impaired cognition. Sigma-1 receptor losses could also be associated with
reduced viability of neurons and greater sensitivity to apoptotic signals (41).
In conclusion, our microPET study provides evidence of a decrease of sigma-1
receptor numbers in the aging rodent brain contrary to our initial hypotheses.
Tracer binding potential was particularly reduced in (hypo)thalamus, midbrain,
pons, and medulla (less strikingly also in hippocampus, amygdala and, striatum).
A global reduction in tracer partition coefficient was noted which may reflect an
age-related decline in microvascular structures.
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Supplementary Figure 1. Tracer VND
(from 2-TCM fit), brain-to-body weight
ratio and (lack of) correlation of these
parameters in our aging study population.

Supplementary Figure 2. Representative examples of [11C]SA4503 TAC in rat brain and the
corresponding 2TCM fit. Left panel: young, right panel: aged animals.
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Supplementary Figure 3. Representative
HPLC chromatograms of rat plasma drawn
at different intervals after intravenous
injection of [11C]SA4503: A) 5 min, B) 10
min, C) 20 min, D) 40 min and E) 60 min.
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Supplementary Figure 4. Comparison of data from 2-TCM and Logan graphical analysis. A)
whole brain VT, B) BPND of individual brain regions

3

0.10 ± 0.02

0.19 ± 0.02

7
307.7± 8.3
1.900± 0.04
19.0± 2.1

7
-

5
214.8 ± 3.3
1.725 ± 0.03
10.3± 1.8

5
-

7
3
-

3 months

5
4
-

1.5 months

2.672 ± 0.376

4.734 ± 1.237
2.133 ± 0.789
0.276 ± 0.063
0.032 ± 0.002
26.59 ± 3.61
8.670 ± 2.034

K1
k2
k3
k4
VT
BPND

K1/k2

1.5 months

Age group

3.683 ± 0.439

2.431 ± 0.3097
0.738 ± 0.131
0.238 ± 0.046
0.039 ± 0.006
25.49 ± 3.13
6.266 ± 0.927

3 months

2.876 ± 0.231

1.078 ± 0.149
0.388 ± 0.073
0.119 ± 0.007
0.032 ± 0.001
14.22 ± 0.51
3.768 ± 0.323

18 months

Supplementary Table 2. Parameters of 2-TCM fit to whole brain TACs in all study groups.

Upper limit of injected tracer mass (nmol)

Number of rats scanned
Number of rats used for metabolite analysis
Additional rats with pituitary tumor used only for
metabolite analysis
Total number of brain TACs used for kinetic analysis
Number of rats where plasma data was not available
and group averages were used
Number of rats where individual plasma data was available
Body weight in gram ± SEM
Brain weight in gram ± SEM
11
C-SA4503 dose injected in MBq ± SEM

Age group

4
2

4
-

24 months

1.578 ± 0.095

1.392 ± 0.361
0.879 ± 0.215
0.223 ± 0.039
0.039 ± 0.002
10.25 ± 1.26
5.508 ± 0.726

0.09 ± 0.01

2
594.8± 20.1
2.110 ± 0.04
9.2± 1.3

24 months

0.35 ± 0.04

5
1 + (2 from
metabolite analysis)
2
608.5± 9.2
2.217 ± 0.05
34.7± 3.9

3
2 (also scanned)
1

18 months

32 months

2.044 ± 0.186

0.702 ± 0.093
0.349 ± 0.052
0.112 ± 0.018
0.033 ± 0.002
8.27 ± 0.87
3.388 ± 0.366

32 months

0.37 ± 0.05

5
1 + (2 from
metabolite analysis)
2
612± 18.0
2.111 ± 0.04
36.5± 4.6

3
2 (also scanned)
3

Supplementary Table 1. Additional animal data (body and brain weights, injected tracer dose and mass, input functions used for modeling)
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