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Introduction:Neuroinflammation is associatedwith several neurological disorders, including Alzheimer's disease
(AD). The translocator protein 18 kDa (TSPO), due to its overexpression during microglial activation and rela-
tively low levels in the brain under normal neurophysiological conditions, is commonly used as an in vivo bio-
marker for neuroinflammation. Reported here is the preclinical evaluation of [18F]F-DPA, a promising new
TSPO-specific radioligand, as a tool for the detection of activated microglia at different ages in the APP/PS1-21
mouse model of AD and a blocking study to determine the specificity of the tracer.
Methods: [18F]F-DPAwas synthesisedby thepreviously reported electrophilic 18F-fluorinationmethodology. In vivo
PET and ex vivo brain autoradiographywere used to observe the tracer distribution in the brains of APP/PS1-21 and
wildtypemice at different ages (4.5–24 months). The biodistribution and degree ofmetabolism of [18F]F-DPAwere
analysed and the specificity of [18F]F-DPA for its target was determined by pre-treatment with PK11195.
Results:The in vivoPET imaging and ex vivo brain autoradiographydata showed that [18F]F-DPAuptake in the brains

of the transgenic animals increasedwith age, however, there was a drop in the tracer uptake at 19mo. Despite the
slight increase in [18F]F-DPA uptake with age in healthy animal brains, significant differences between wildtype
and transgenic animals were seen in vivo at 9months and ex vivo already at 4.5months. The specificity study dem-
onstrated that PK11195 can be used to significantly block [18F]F-DPA uptake in all the brain regions studied.
Conclusions: In vivo time activity curves plateaued at approximately 20–40 min suggesting that this is the optimal
imaging time. Significant differences in vivo are seen at 9 and 12 mo. Due to the higher resolution, ex vivo autora-
diography with [18F]F-DPA can be used to visualise activated microglia at an early stage of AD pathology.

© 2018 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Neuroinflammation has, for a long time, been associated with a wide
range of neurological diseases and conditions, amongst themstroke,mul-
tiple sclerosis and Alzheimer's disease (AD). When neuroinflammation
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occurs,microglia are activated in an attempt to protect the nervous tissue
from the damage. The translocator protein 18 kDa (TSPO), formerly
knownas the peripheral benzodiazepine receptor [1], is locatedprimarily
on the outer mitochondrial membrane [2]. Due to its overexpression
during microglial activation and relatively low levels in the brain
under normal neurophysiological conditions [3,4], the TSPO has been
adopted as a biomarker for neuroinflammation.

The past two decades have seen the development and use of numer-
ous TSPO-specific positron emission tomography (PET) tracers for the
imaging of various diseases, such as; herpes encephalitis [5,6], glioma
[7], rheumatoid arthritis [8], multiple sclerosis [9], and AD [9,10], to
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name a few. Despite the existence of several clinically used TSPO-
specific radioligands, the development of novel tracers with higher
signal-to-noise ratio is paramount for increasing the quality of PET im-
ages and data, particularly in diseases which exhibit a low signal. One
of the latest additions to this library of tracers is the recently reported
N,N-diethyl-2-(2-(4-([18F]fluoro)phenyl)-5,7-dimethylpyrazolo[1,5-a]
pyrimidin-3-yl)acetamide ([18F]F-DPA), initially synthesised by an elec-
trophilic method from a stannylated precursor using [18F]Selectfluor bis
(triflate) [11]. [18F]F-DPA has already attracted much interest and has
undergone evaluation by Wang et al. in an animal model of stroke and
briefly (n = 2) in the APP/PS1 model of AD [12]. [18F]F-DPA is an ana-
logue of the well-known tracer [18F]DPA-714 [13]. [18F]DPA-714 has
previously been employed in neuroinflammation PET studies [14]
with the APP/PS1-21 mouse model of AD, as has the related tracer
[18F]PBR111 [15]. The mutations in this animal model result in the for-
mation Aβ plaques at approximately 2 months (mo) of age, these
plaques are accompanied by microglia activation and neuronal as well
as cognitive degeneration [16,17].

In [18F]DPA-714, the fluorine-18 label is found on the terminal posi-
tion of an alkoxy chain, bonded to an aromatic moiety through the oxy-
gen atom. However, this position has been shown to be unstable with
respect to metabolism [9,18]. Nevertheless, this motif remains widely
studied in the field of tracer discovery, resulting in the development of
numerous related TSPO-specific PET ligands in recent years [19–22].
[18F]F-DPA differs from [18F]DPA-714 by the absence of the alkoxy
linker between the label and the aromatic ring, i.e. the fluorine-18
atom is found directly on the aromatic ring, a position which confers a
higher degree of stability with respect to radiometabolite formation by
cleavage of the fluorine-18 atom.

We have previously reported the radiosynthesis and evaluation of
[18F]F-DPA in Sprague Dawley rats [11]. This comparison of [18F]F-DPA
and [18F]DPA-714 demonstrated higher metabolic stability and
favourable wash out kinetics for the new [18F]F-DPA. Reported here is
the further in-depth evaluation of [18F]F-DPA in the APP/PS1-21
mouse model of AD. The tracer uptake was measured in both young
and ageing AD mice by in vivo PET and ex vivo brain autoradiography.
Additionally, this preclinical study includes an investigation of themet-
abolic profile of [18F]F-DPA in mice and a blocking with PK11195 to
demonstrate the specificity of [18F]F-DPA uptake in the APP/PS1-21
mouse brain. This study is the first instance [18F]F-DPA being used to
image APP/PS1-21 AD model mice.
2. Materials and methods

2.1. Radiochemistry

N,N-diethyl-2-(2-(4-([18F]fluoro)phenyl)-5,7-dimethylpyrazolo
[1,5-a]pyrimidin-3-yl)acetamide ([18F]F-DPA) was synthesised from
7.5 ± 2.32 GBq of [18F]Selectfluor bis(triflate) (decay corrected to end
of bombardment (EOB)) (Fig. 1) according to the same procedure as
previously described [11]. The molar activity (Am) of the product was
7.5 ± 2.3 GBq/μmol (decay corrected to EOB).
Fig. 1. Synthesis of 18F-F-DPA (2) from stannylated precursor (1) using
2.2. Animals

All of the animal experiments were approved by the Regional State
Administrative Agency for Southern Finland (permission ESAVI/3899/
04.10.07/2013 and ESAVI/4660/04.10.07/2016) and animal care com-
plied with the guidelines of the International Council of Laboratory An-
imal Science (ICLAS). This study was performed with the APP/PS1-21
transgenic mouse model of AD (TG, n = 31, 15 males) and WT mice
(WT, n = 19, 10 males) with ages ranging from 4.5 to 24 mo. APP/
PS1-21 coexpresses KM670/671NL mutated amyloid precursor protein
and a very aggressive presenilin 1 mutation (L166P) under the control
of a neuron-specific Thy1 promoter. The Aβ42-driven cerebral amyloid-
osis starts at 6–8 wk, amyloid-associated pathologies including dystro-
phic synaptic boutons, hyperphosphorylated tau-positive neuritic
structures and robust gliosis are also detected, with the number of neo-
corticalmicroglia increasing threefold from1 to 8moof age [16,17]. The
original publication of the APP/PS1-21 animalmodel demonstrated that
there was no difference between the amyloid load of depositing male
and femalemice at 2mo [16]. Aβ immunoreactive plaques develop pro-
gressively in the neocortex and hippocampus, and are associated with
dystrophic neurites and gliosis [17]. APP/PS1-21 mice were originally
provided by KOESLER (Rottenburg, Germany) and were further bred
in the Central Animal Laboratory of University of Turku with C57BL/
6Cn mice.

All animals were group-housed under standard conditions (temper-
ature 21 ± 3 °C, humidity 55 ± 15%, lights on from 6:00 a.m. until
6:00 p.m.) at the Central Animal Laboratory, University of Turku and
had ad libitum access to soy-free chow (RM3 (E) soya-free, 801710, Spe-
cial Diets Service) and tap water.

2.3. In vivo PET/CT imaging and analysis

PET imaging was performed with female and male TG (n = 22, 12
male, weight: 29.27 ± 5.95 g, aged 4.5–19 mo, n = 3–4 per age
group) and WT mice (n = 19, 10 male, weight: 30.4 ± 7.24 g, aged
4.5–9 mo, n = 1–6 per age group), a detailed description of the groups
has been presented in the supplementary material (Supplementary
Table 1). The mice, anaesthetized with 2.5% isoflurane/oxygen gas,
were injected intravenously (i.v.) with [18F]F-DPA (6.91 ± 0.59 MBq,
0.05± 0.03mg/kg) for scanning by Inveon multimodality PET/CT scan-
ner (Siemens Medical Solutions, Knoxville, TN, USA). The mice were
kept on a heating pad and under anaesthesia during the study.

The mice were first scanned for 10 min with computed tomography
(CT) for attenuation correction and anatomical reference. Immediately
after that a 60-min dynamic PET scan (51 frames: 30 × 10, 15 × 60, 4
× 300 and 2 × 600 s) was started and the tracer was injected intrave-
nously via a tail vein.

For image analysis, dynamic PET images were first co-registered
with corresponding CT images for a robust anatomical registration.
The second, rigid registrationwas performed by aligning the PET/CT im-
ages with an averaged mouse MRI template [23] and, thus predefined
standardised volumes of interest (VOIs) were placed in the neocortex
(CTX), frontal cortex (FC), hippocampus (HIPP), cerebellar cortex (CB)
post-target produced [18F]F2 derived [18F]Selectfluor bis(triflate).
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and the whole brain (WB), with Inveon Research Workplace 4.2 (Sie-
mens Medical Solutions) using the template as an anatomic reference.
Averaged standardised uptake values (SUVs) were calculated for the
20–40 min washout phase.

2.4. Ex vivo brain autoradiography

Following the in vivo studies, while still under deep anaesthesia, the
mice were sacrificed by cardiac puncture. Once removed, the whole
brain was weighed and the radioactivity was measured using a
gamma counter (Wizard2 3 × 3″, PerkinElmer, Turku, Finland). The
brain was then rapidly frozen in isopentane (Sigma-Aldrich) on dry
ice. Preparation of brain slices for autoradiography and exposure was
performed according to previously reported procedures [14,24].

After the exposure, the imagingplateswere scannedusingBAS-5000
reader (Fuji, Japan) with a resolution of 25 μm. The digitised images
were analysed by AIDA Image Analyzer 4.5 software (Raytest,
Isotopenmessgeräte, Straubenhardt, Germany). The regions-of-interest
(ROIs) were drawn in the FC, HIPP, CB, lateral ventricle (LV) and hypo-
thalamus (HYP). TheROIswere calculated as photostimulated intensity/
area - background (PSL/mm2) and presented as region-of-interest to
hypothalamus (ROI/HYP) ratios. The HYP was used as the reference re-
gion due to reasons discussed later.

2.5. Blocking study

Three 15-mo-old TG mice were selected for a blocking study to de-
termine the specificity of the [18F]F-DPA binding. The animals were
injected intraperitoneally with PK11195 (ABX GmbH, Radeberg,
Germany; 1mg total dose, in DMSO), 30min prior to the administration
of the tracer [25]. All mice were imaged by PET/CT for 60 min and, after
that, sacrificed and the brains were sliced for autoradiography analyses.

2.6. Biodistribution

Following the sacrifice, the mice (5 min, n = 3; 15 min, n = 3;
30 min, n = 3, 60 min: n = 19, the 60 min animals had been used for
in vivo PET imaging) previously injected i.v. with [18F]F-DPA (6.84 ±
0.58MBq, 0.05± 0.04mg/kg) were dissected and the blood and organs
were harvested for biodistribution studies. The tissues were weighed
and the radioactivitywasmeasured using the gamma counter (Wizard2

3 × 3″). The activity is reported as the percentage of injected dose per
gram of tissue (%ID/g tissue).

2.7. Radiometabolite TLC analysis

For radiometabolite analysis, blood and cortex samples were taken
from the samemice used in the biodistribution studies. The preparation
Fig. 2. Time-activity curves derived from the cortex VOIs for A) 4.5–19 mo TG n = 3–4 and B)
of samples and TLC analysis was carried out according to previously
published methods [11].

2.8. Immunohistochemical staining

Microglial activation was assessed with the inflammation marker ion-
ized calcium binding adaptor molecule 1 (Iba1) (Wako Ltd., Japan). The
immunohistochemistry protocol was performed as described before [24].

2.9. Statistical methods

The results are reported as means ± standard deviation (n ≥ 3). The
relationships between in vivo SUVs or ex vivo ROI/HYP ratios and the in-
dependent variables group (WT or TG) and age were studied with de-
scriptive statistics and ANOVA model. Continuous variables were
characterized using median and range of values. The main statistical
analyses for in vivo SUVs or ex vivo ROI/HYP ratios were performed
using the ANOVA model. Due to small sample size, separate models
were used to evaluate some TG groups. Group and age were included
in all models. p-Values were adjusted with Bonferroni correction to
avoid Type 1 error. The p-values determined for the age matched com-
parison of WT and TG animals, both in vivo and ex vivo, have been pro-
vided in supplementary tables 2 and 3. Statistical significance level was
set at 0.05 in all tests (two-tailed). The analyses were performed using
SAS system, version 9.4 for Windows (SAS Institute Inc., Cary, NC, US).

The correlation between in vivo SUVs averaged over 20–40 min or
ex vivo autoradiography ratios and age, as well as between in vivo
SUVs averaged over 20–40 min and ex vivo autoradiography ratios
was tested using the Pearson correlation coefficient and differences
were considered statistically significant if the p value was b0.05.

3. Results

3.1. In vivo PET/CT imaging and analysis

The time-activity curves (TACs) for the TG mice (Fig. 2A) showed
that, after the sharp initial peak, the level and speed at which the TAC
reaches equilibriumdiffered depending on age. The younger age groups
showed a fast washout and the tracer concentration reached equilib-
rium between 10 and 20 min after injection. In the older TG age groups,
the initial uptake was followed by higher tracer-binding, hence the level
at which the tracer concentration equilibrates increased with age until
12 mo. For these older age groups, the concentration equilibrium of the
tracerwas reached at 20–40min after injection. Therewas little apparent
difference between the curves of the 12 and 15mo TG animals, however
for the 19 mo TG animals, the binding of the tracer dropped relative to
the 15 mo TG animals. For the WT mice, the level at which the equilib-
rium plateau was reached, increased between 4.5 and 12 mo, but there
was no subsequent increase between 12 and 24 mo (Fig. 2B).
4.5–9 moWT n= 1–6 per age group. Error bars have been omitted for the sake of clarity.
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The SUVs, averaged during 20–40min of the scan, for the FC,WB, CB
and HIPP of TG mice, varied as a function of age. A significantly higher
tracer uptake was observed in the FC, WB, and HIPP of 9 mo TG animals
compared age-matched WT animals (Fig. 3A–D). At 12 mo TG animals
showed significantly higher tracer uptake in all of the brain regions
studied compared to the agematchedWT animals. Example PET/CT im-
ages in the coronal plane, at the level of the HIPP are shown for 4.5 mo
WT and 4.5, 9, 15 and 19 mo TG in Fig. 4.

Correlation between in vivo PET and age (Supplementary Fig. 1)
showed that for the TG animals there is a strong positive correlation in
all of the brain regions studied. In WT animals, a similar correlation
was observed but at a lower level of statistical significance.

3.2. Ex vivo brain autoradiography and immunohistochemical staining

The ex vivo autoradiography images and in particular the immuno-
histochemical staining of the same brain slices (Fig. 4), demonstrated
that the hypothalamus remains relatively clear of pathology which
causes neuroinflammation, even in very old TG animals, and hence it
could be employed as a reference region for the calculation of ROI/
HYP ratios. These derived ROI/HYP ratios (Fig. 5) showed that there is
already a highly significant difference between the uptake of [18F]F-
DPA in the FC in animals as young as 4.5 mo when compared to the
age matched WT groups. There was an increase in the uptake in the
FC and HIPP between 4.5 and 15 mo in the TG mice, subsequently
there was a drop in the uptake at 19 mo. The ROI/HYP ratios of WT
Fig. 3. SUVs of TG andWT animals at different ages (n=1–6), averaged over 20–40min in the;
the level of significance between WT and TG. *p b 0.05,**p b 0.01, ***p b 0.001.
animals showed no significant variation with age. A comparison of the
LV/HYP (Fig. 5C) ratios showed that there is no significant difference be-
tween age matched TG and WT.

The correlation between ex vivo autoradiography ratios and age
(Supplementary Fig. 1) showed that for the TG animals there is a strong
positive correlation. HoweverWT animals demonstrated no correlation
between autoradiography ratios and age.

Correlation carried out between in vivo PET and ex vivo autoradiog-
raphy data for the FC and HIPP (Supplementary Fig. 2) showed that
for the TG animals there is a clear positive correlation in both the FC
(r2 = 0.6711, p b 0.0001) and HIPP (r2 = 0.6612 p b 0.0001). In con-
trast, in WT animals no correlation was seen in either FC (r2 =
0.006659, p = 0.7475) or HIPP (r2 = 0.009929 p = 0.6940).
3.3. Blocking study

When the in vivo and ex vivo images (Fig. 6) and derived cortical
TACs (Fig. 7A) and ROI/HYP ratios (Fig. 7B) of 15 mo TG blocked
mice were compared with those of the age-matched non-
pretreated TG animals, a clear blocking and significant difference
can be seen in all the brain regions studied. As would be expected,
the TACs for the blocked TG animals strongly resemble those of the
WT mice (Fig. 2A).

The blocking of TSPO with PK11195 resulted in significantly lower
uptake ratios in all the brain regions studied (Fig. 7B). Notable is that
A) Frontal cortex, B)Whole brain, C) CerebellumandD)Hippocampus. * are used to denote



Fig. 4. Immunohistochemical stainings (Iba 1) and autoradiography images (ARG) of the same coronal sections for 9 mo WT and 4.5, 9, 15 and 19 mo TG mouse brains on the level of
hippocampus, thalamus and hypothalamus. The 9 mo WT and 4.5, 9, 15 and 19 mo TG animals were administered with 6.9 ± 1.0 MBq of [18F]F-DPA respectively, while under
isoflurane anaesthesia. The coronal PET/CT images at the level of the HIPP are summed over 20–40 min after injection.
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LV/HYP ratio of pre-treated mice was also significantly lower (p =
0.029) compared to non-pre-treated animals.

3.4. Biodistribution

The highest uptake in peripheral tissues was observed in the adre-
nals, lungs and kidneys. Moderate uptake was evident in bone (skull).
The high uptake in the liver, gallbladder and intestine indicated that
the radioactivity was excreted via the hepatobiliary tract (Fig. 8).

3.5. Radiometabolite TLC analysis

Two polar radiometabolites were clearly visible in the plasma with
Rf values of 0.60 and 0.65. These accounted for, on average, a total of
25% of the remaining activity, 60 min after injection of the tracer,
while the unchanged tracer (Rf value: 0.80) accounted for N70%
(Fig. 9A). In the brain, no radiometabolites were observed at any time
point (Fig. 9B).

4. Discussion

The APP/PS1-21 AD mice display plaque formation in the CTX at
6 wk, in HIPP at 2–3 mo and in the brain stem at 4–5 mo of age, with
Fig. 5. Ex vivo brain autoradiography ratios of TG and WT animals at different ages (n = 1–
B) Hippocampus (HIPP) and C) Lateral ventricles (LV). ***p b 0.001.
the number of neocortical microglia increasing threefold from 1 to
8moof age [16]. The previously reported lack of any difference between
the amyloid burden of male and female animals [16] did not discourage
the use of amixture ofmales and females. Since itwas seen in a previous
study that the uptake of [18F]DPA-714 in this model of disease only in-
creases until 12mo [14] and in the interest of ethical reduction of exper-
imental animals, late WT ages were not studied.

The TACs, SUVs and ROI/HYP autoradiography ratios varywith age in
TG animals (Figs. 2, 3 and 5), these together with the correlations car-
ried out between tracer uptake and age (Supplementary Fig. 1) provide
an idea of how neuroinflammation progresses with plaque formation in
this particular model of disease.

In contrast to previously reported data obtained with [18F]DPA-714
[14], it was found that uptake of the tracer in the CB varies with age. Al-
though this variation does not present a statistically significant increase
between adjacent age-groups, linear regression analysis (Supplemen-
tary Fig. 1) demonstrates that there is a significant increase over a
20 mo perspective. Hence, if the cerebellum would be used as a refer-
ence region, it would skew the resulting data. Due to the faster washout
of [18F]F-DPA compared to [18F]DPA-714 [11], [18F]F-DPA can better dif-
ferentiate specific uptake in the CB and how it varieswith age. Immuno-
histochemical staining for Iba1 (Fig. 4) demonstrated that the HYP is
clear of pathology and hence can provide suitable reference region.
5). The ROI to hypothalamus (HYP) ratios presented are for the A) Frontal cortex (FC),



Fig. 6. In vivo (A and C) and ex vivo brain autoradiography (B and D) scans of 15 mo TG (A and B) and 15mo TG pre-treated with PK11195 (C and D). The animals in images A and Cwere
administered with 7.2 and 7.5 MBq of [18F]F-DPA respectively, while under isoflurane anaesthesia. The PET images are summed over 20–40 min after injection.

Fig. 7. Results of the blocking study; A) Cortical TACs of 15moTG (n=3; solid) and 15mo
TGpre-treatedwith PK11195 (n=3;dashed) and B) Ex vivobrain autoradiography region
of interest (ROI)/Hypothalamus ratios for the Frontal cortex (FC), Hippocampus (HIPP),
Cerebellum (CB) and Lateral ventricles (LV) showing decreased uptake in the brains of
animals pretreated with PK11195. LV/HYP ratios are plotted on the right y-axis due to
the markedly higher uptake in the LV resulting from high numbers of mitochondria in
choroid plexus epithelials. 15 mo TG (solid) and 15 mo TG blocked (open). +p b 0.05,
++p b 0.01, +++p b 0.001.
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Due to the proximity of the HYP to the pituitary gland, the high uptake
of radioactivity in the pituitary gland (Figs. 4 and 6A) and resulting spill-
over of signal, the HYP cannot be used as a reference region to calculate
ratios for in vivo data. The higher resolution of autoradiography allows
the reference region to be selected with greater precision and avoids
the high signal spill-over from the pituitary (Fig. 4).

The first significant difference between the in vivo SUVs20–40 of
age-matched TG and WT animals is seen only at 9 mo and it is not
possible to determine any significant difference for earlier age
groups (Fig. 3), this may be due to the relatively low n. However
the ROI/HYP ratios (Fig. 5) calculated from the ex vivo autoradio-
graphs demonstrate that there is already a significant difference in
the uptake of [18F]F-DPA in the FC in age-matched healthy and dis-
eased animals as young as 4.5 mo. The latter finding is in accordance
with the description of this particular model in previous literature
[16]. This difference between imaging methodologies arises from
the higher sensitivity and spatial resolution of autoradiography com-
pared to PET. However despite this difference the results showed a
good positive correlation between in vivo PET and ex vivo autoradi-
ography data for TG animals.

The APP/PS1-21 model has previously been studied using [18F]DPA-
714 and [18F]FDG [14]. In this previous study the results obtained with
[18F]DPA-714 were presented as VOI/CB ratios, and showed significant
differences in the cortex already at 6 mo, but significant differences
HIPP only became apparent at later ages.

The consistently high uptake of [18F]F-DPA in the LV (Fig. 5C) is due
to the many functions of the choroid plexus (CP). The CP is responsible
for the production of cerebrospinal fluid (CSF) and hence, there is much
active transport of compounds across the CP in and out of the CSF. This
active transport naturally requires energy that is provided by the vast
amounts of mitochondria present in the CP epithelial cells [26]. These
same mitochondria are responsible for the high accumulation of [18F]
F-DPA.



Fig. 8. Ex vivo biodistribution of radioactivity in TG mice presented as %ID/g tissue at 5 (n= 3), 15 (n = 3), 30 (n = 3) and 60 (n= 19) min after tracer injection. WAT=white adipose
tissue, SI = small intestine, LI = large intestine.
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Despite their differences, both of the imaging methodologies show
that the trend of increasing [18F]F-DPA uptake in TG animals only con-
tinues until 12–15 mo. In every case, there is a decrease between the
15 and 19 mo TG age points, which may result from an age-related de-
crease in the activation of microglia, changes in brain perfusion, the
build-up of amyloid plaques to such an extent that there is decrease in
the proportion of tissue that can undergo neuroinflammation or a com-
bination of these factors. This reflects the previous findings [14,24] that
TSPO expression does not continue to increase in very old animals de-
spite a continuing increase in amyloidosis.

Previously, the ability of PK11195 to block [18F]F-DPAwas studied in a
rat model of ischemic stroke with high levels of inflammation [12], the
data presented herein further expands on this by studying the blocking
effect in a transgenic model of disease with a chronic low level of
inflammation, the APP/PS1-21 mice. Pretreatment with PK11195 results
in saturation of the TSPO receptors, blocking them for [18F]F-DPA
Fig. 9. RadioTLC chromatograms of A) Plasma and B) Brain homogenate carried out at 5, 15, 30 a
unchanged tracer, Rf values: 0.60 and 0.65, can be seen in the plasma, but no radiometabolites co
(Rf = 0.80) included for reference.
occupancy. The in vivoPET and ex vivo autoradiography images (Fig. 6) re-
veal that there is an absence of specific binding in the brains of 15 mo TG
mice that were pre-treated with PK11195 (Fig. 6 C and D) when com-
pared to the non-pretreated 15 mo TG mice (Fig. 6 A and B).

The derived cortical TACs (Fig. 7A) further show that both the initial
peak aswell as subsequent binding of [18F]F-DPA in the brains of the an-
imals pre-treated with PK11195 are lower than for the 15mo TG group.
The autoradiography ROI/HYP ratios (Fig. 7B) confirm that the blocking
results in a significantly decreased tracer-uptake in all the brain regions
studied. The ROI/HYP uptake ratios of around 1 for the different brain
regions prove that the blocking is successful and that there is a homoge-
neous distribution of the [18F]F-DPA in the brain. In the case of the LVs,
while most of the specific uptake has been blocked by the PK11195, due
to the vast amounts of TSPO present in the ventricles the blocking here
is not complete and the LV/HYP uptake ratios for the pre-treated ani-
mals are still N1.
nd 60min after tracer administration. Two radiometaboliteswhich aremore polar than the
uld be observed in the brain at any time point. Chromatogramof unmetabolised 18F-F-DPA
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In the ex vivo biodistribution (Fig. 8), the highest uptake of radioac-
tivity can be seen in TSPO-rich organs such as the adrenals, lungs and
kidneys. This, together with the lack of any accumulation of radioactiv-
ity in the bone, is in line with previously reported findings [12]. The ac-
cumulation of radioactivity with time in the intestine shows that the
tracer and 18F-containing metabolites are excreted mainly through the
hepatobiliary tract. The lack of accumulation of activity in the bone sug-
gests that metabolism of the tracer does not occur by defluorination, i.e.
cleavage of the radioactive label, forming the fluoride that would be
taken up in the bone and cause an accumulation of radioactivity.

The TLC analysis of radiometabolites in plasma and brain homoge-
nates is the first instance of such a study being performed in mice. The
results of these TLC radiometabolite analyses of plasma are in agreement
with previously reported [18F]F-DPA-radiometabolite data from rats [11]
. Two radiometabolites which are more polar than the unchanged tracer
are clearly visible. Identification of thesemetabolites was not performed.
In contrast to previously reported results in rats, neither of these
radiometabolites are observed in the brain at any time point. Previously,
in rats, a small amount of radioactivity (6.2 ± 0.2%) can be attributed to
compounds other than unchanged [18F]F-DPA at 60 min after tracer in-
jection. Since N99% of the radioactivity in the mouse brain can be attrib-
uted to the unchanged [18F]F-DPA, we can conclude that in mice, the
radiometabolites poorly cross the blood-brain barrier into the brain
and that the metabolism of [18F]F-DPA in the brain is slow enough to
not interfere with the in vivo and ex vivo imaging.

The [18F]F-DPA tracer, synthesised by the previously described elec-
trophilic labelling procedure [11], was obtained with Ams, yields and
radiochemical purity in accordance with the previously reported data.
The Am of the [18F]F-DPA obtained was only around 13-fold lower
than that achieved by the previously reported nucleophilic method
[12]. Due to the high abundance of the TSPO target, we believed that
the relatively low Am would not present any significant obstacles with
regards to imaging using [18F]F-DPA produced by the electrophilic
route. This hypothesis was proven by the data presented herein, as a
higher uptake of [18F]F-DPA can be clearly seen in the brains of TG ani-
mals compared to their age-matched WT counterparts, at 4.5 mo by
ex vivo autoradiography but later at 9 mo by in vivo imaging. Further-
more, this labelling position has only recently become accessible by a
nucleophilic route [12,27] and hence work on the preclinical compari-
son of [18F]F-DPA produced by electrophilic and nucleophilic methods
has been initiated [27].

5. Conclusions

The study presented herein sheds further light on both the use of
[18F]F-DPA for the imaging of neuroinflammation as well as the APP/
PS1-21 mouse model used, since the age-related change in neuroin-
flammation has not been previously studied in this model of AD using
[18F]F-DPA.

This study corroborates previously reported data, such as the
biodistribution of [18F]F-DPA, showing the highest accumulation in
TSPO-rich organs inmice, and the blocking of specific [18F]F-DPAuptake
by pretreatment with PK11195 [12]. Furthermore, the electrophilic
labelling methodology employed allows the facile and synthetically
robust introduction of the fluorine-18 label directly on the aromatic
ring, a position that has been shown to offer a relatively high degree
of metabolic stability with respect to cleavage of the radioactive label
[11]. This increased metabolic stability has also been further demon-
strated in this study since no radio-metabolites were observed in the
brain at any of the time points studied.

In this study itwas shown that the Am of thefinal [18F]F-DPA product
is sufficient for the successful and accurate imaging of neuroinflamma-
tion in this model of AD. Specifically, neuroinflammation and the pa-
thology responsible for it can be detected by ex vivo autoradiography
imaging already at 4.5 mo in this particular model of AD. The hypothal-
amus can be used as a reference region for ex vivo data. However due to
the high accumulation of radioactivity in the pituitary gland which re-
sults in spill-over of signal, the hypothalamus cannot be used as a refer-
ence region for in vivo data. Furthermore, due to the lower sensitivity
and worse spatial resolution of in vivo PET, compared to ex vivo autora-
diography, the difference between WT and TG animals can only be de-
tected in older ages in vivo.
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