Neuroinflammation Appears Early on PET Imaging and Then
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Neuroinflammation has been associated with various neurologic
diseases, including Alzheimer disease (AD). In AD, the translocator
protein 18 kDa (TSPO) is overexpressed in the activated microglia
that surround the B-amyloid plaques. In the current longitudinal study
using a mouse model of AD, we evaluated the association between
B-amyloid deposition and neuroinflammation in AD. Methods: To
monitor the longitudinal changes in B-amyloid deposition and neuro-
inflammation, we used in vivo PET imaging and ex vivo autoradiog-
raphy with Pittsburgh compound B (''C-PIB) and a TSPO tracer,
flutriciclamide ('8F-GE-180), in the APP23 mouse model of AD. We
also applied immunohistochemistry to study B-amyloid and activated
microglia in the mouse brain tissue. Results: From 17 to 26 mo of
age, the mice showed robust increased binding of 'C-PIB with aging
in the frontal cortex, parietotemporal cortex, hippocampus, and thal-
amus whereas the increase in 8F-GE-180 binding with aging
was minimal in areas of early amyloidosis such as the frontal cortex
and hippocampus. A clear positive correlation between B-amyloid
deposition and neuroinflammation was detected with 'C-PIB and
18F-GE-180 only in the parietotemporal cortex and thalamus. Con-
clusion: The neuroinflammation increase detected with '8F-GE-180 is
less than the increase in amyloidosis detected with 1'C-PIB. Further-
more, binding of '8F-GE-180 plateaus at an earlier stage of patho-
genesis whereas amyloidosis continues to increase. We suggest that
TSPO can be a good marker for early pathogenesis detection but not
for tracking long-term disease progression.
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Many of the pathologic hallmarks of Alzheimer disease (AD),
such as B-amyloid deposition, neuroinflammation, and changes in
different neurotransmitter systems and glucose metabolism, can be
investigated noninvasively using PET. PET allows both investiga-
tion of the pathologic processes and diagnosis and evaluation of the
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efficacy of AD treatments (/,2). Pittsburgh compound B (!'C-PIB),
the most used amyloid radioligand in PET studies of AD, enables
the in vivo detection of AB-deposits in the human brain (3-5) and in
some animal models (6-10).

Neuroinflammation caused by microglial activation has been
suggested as an important factor affecting cognitive decline in AD
(11) and as a pathologic event. Pathologic triggers activate micro-
glia, which migrate to the injury site, initiating an innate immune
response. The microglial activation increases expression of the
mitochondrial 18-kDa translocator protein (TSPO), which has
been the main target for in vivo PET imaging ligands for neuro-
inflammation with various radiotracers, including ''C-PK-11195,
1C-PBR28, ''C-AC5216, '8F-PBR06, '8F-DPA-714, and '3F-GE-
180 (12-17).

I8F-GE-180 (flutriciclamide) is a novel high-affinity fluorinated
TSPO-binding radiotracer (/8). In recent studies, '®F-GE-180
showed higher binding affinity than "C-PK-11195 in a rat model
of stroke (/9) and in acute neuroinflammation (20,21). This tracer
also has been used to study microglial activation in an animal
model of multiple sclerosis (22) and in the APPswe-PS1dE9 and
PS2APP mouse models of AD (/7,23). Furthermore, the first ki-
netic analysis in the human brain in healthy subjects has been
performed (24).

In this study, we assessed the association of 3-amyloid deposi-
tion and neuroinflammation in a longitudinal study using ''C-PIB
and '8F-GE-180 in the APP23 mouse model of AD.

MATERIALS AND METHODS

Tracer Synthesis

1C-PIB and '8F-GE-180 were synthesized at the Radiopharmaceu-
tical Chemistry Laboratory of Turku PET Centre. For ''C-PIB, desmethyl-
PIB was labeled with ''C-methy] triflate, produced from 'C-CO,. ''C-PIB
was formulated for injection in propylene glycol/ethanol/0.1 M phosphate
buffer (2:1:14, v:v:v). The radiochemical purity exceeded 95% in all
syntheses (n = 25).

I8F-GE-180 was synthesized according to a previously published
method (25). The molar activity of '8F-GE-180 was 2.0 * 0.5 TBg/pmol
at the end of synthesis (n = 13). Radiochemical purity was at least 98%.

Animals

All animal experiments were approved by the Regional State
Administrative Agency for Southern Finland (ESAV1/4499/04.10.07/
2016 and ESAV1/3899/04.10.07/2013). APP23 mice (n = 36; 30 female
and 6 male) (Novartis Inc.) express human APP751swe driven by the
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neuron-specific mouse Thy-1.2 gene fragment as a promoter. AB-
immunoreactive plaques develop progressively in the neocortex and
hippocampus and are associated with dystrophic neurites and gliosis
(26,27). All animals were group-housed under standard conditions
(temperature, 21°C = 3°C; humidity, 55% = 15%; lights on from
6:00 aM. until 6:00 pM.) and had ad libitum soy-free chow (RM3 (E)
soya-free, 801710; Special Diet Services) and tap water.

In Vivo Binding of 1'C-PIB and '8F-GE-180

The in vivo pilot study was performed with 6 transgenic and 6 wild-
type (WT) 26-mo-old mice. Both groups were studied using ''C-PIB
and '8F-GE-180.

The in vivo longitudinal study from 17 to 23 mo of age started with
5 transgenic and 6 WT mice. Both groups were studied using !'C-PIB
and '8F-GE-180. These mice were imaged at 17, 20, and 23 mo of age.

The mice were anesthetized with a 2.5% isoflurane—oxygen mixture
30 min before injection and then were injected intravenously with
either ''C-PIB (injected dose, 10.05 * 0.87 MBq) or '8F-GE-180
(injected dose, 10 = 0.65 MBq) for scanning by an Inveon multi-
modality PET/CT scanner (Siemens Medical Solutions). A few drops
of Oftagel (2.5 mg/g; Santen) were applied to the eyes of the animals
to prevent eye dryness. The scanner has a 12.7-cm axial field of view
and a 10-cm transaxial field of view, generating images from 159
transaxial slices. The mice were scanned for 10 min with CT for
attenuation correction and anatomic reference, and immediately after-
ward the tracer was injected and a 60-min dynamic PET scan was
started (51 frames: 30 x 10s, 15 x 60s, 4 x 300, and 2 X 600 s).

Analysis of PET Data

Image registration and analysis were performed using Inveon
Research Workplace, version 3.0 (Siemens Medical Solutions). The
dynamic PET images were coregistered with the CT images using the
first 12 frames of the PET scan (2 min), and automatic rigid

registration was applied. Registration was always assessed and
manually corrected if needed. Afterward, the PET/CT images were
manually coregistered with an averaged mouse MRI template, and
standardized volumes of interest were placed in the frontal cortex
(FC), parietotemporal cortex (PTC), cerebellum, hippocampus, and
thalamus using the template as an anatomic reference (28). Different
brain region volume-of-interest—to—cerebellum ratios were calculated
for the late washout phase (50-60 min). Also, SUVs were calculated
for the cerebellum to study changes over time in order to validate its
use as a reference region (Supplemental Fig. 1; supplemental mate-
rials are available at http://jnm.snmjournals.org).

Ex Vivo Binding of 1'C-PIB- and '8F-GE-180-Derived
Radioactivity in Mouse Brain

For the ex vivo studies with ''C-PIB, 6 WT and 6 transgenic 26-mo-
old mice were used (injected dose, 10.3 = 1.0 MBq); for the ex vivo
studies with '8F-GE-180, 4 WT and 6 transgenic 26-mo-old mice were
used (injected dose, 10 = 0.9 MBq). The mice lay on a heating pad and
were kept under 2.5% isoflurane—oxygen anesthesia during the study.

The mice were sacrificed with cardiac puncture under deep
anesthesia 10 min after ''C-PIB injection or 60 min after '8F-GE-
180 injection. The whole intact brain was dissected and weighed,
and the radioactivity in the brain was measured in the y-counter
(Wizard?® 3”; PerkinElmer). The brain was then quickly frozen in
isopentane (2-methylbutane; Sigma-Aldrich) on dry ice. Ten to sixteen
coronal sections (20 wm thick) per studied area from each brain were
obtained using a cryomicrotome (Leica CM3050S) and collected on a
glass slide (Superfrost Ultra Plus; Thermo Fisher). The slides were
exposed to an image plate (Fuji BAS Imaging Plate TR2025; Fuji
Photo Film Co., Ltd.) for about 2 half-lives of the radioisotope in
question.

After the exposure, the imaging plates were scanned using a BAS-
5000 reader (Fuji) with a resolution of 25 pwm, and the saved images on
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FIGURE 1.

(A) In vivo PET images of ''C-PIB in 26-mo-old transgenic (TG) and WT APP23 mice. (B-E) Ratios of FC (B), PTC (C), hippocampus

(HIPPO) (D), and thalamus (THA) (E) to cerebellum (CB) from 17 to 26 mo of age. Dotted line separates data of pilot study from data of longitudinal

study (n = 32). *P < 0.05. *P < 0.01. **P < 0.001.
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the computer were analyzed with AIDA Image Analyzer 4.5 software
(version 4.5; Raytest). The regions of interest were manually drawn on
the FC, PTC, striatum, thalamus, and cerebellum following a Franklin
and Paxinos mouse brain atlas. The regions of interest were analyzed as
photostimulated intensity per square millimeter and presented as ratios
to cerebellum.

Immunohistochemical Staining

The B-amyloid deposits were visualized using an antibody for AB49-
peptide (Anti-B-amyloid 1-40, rabbit polyclonal antibody; Millipore).
Ionized calcium-binding adaptor molecule 1 (Ibal), an inflammation
marker, is a microglia- and macrophage-specific calcium-binding
protein. Ibal was visualized with a specific Ibal antibody (Wako
Ltd.).

The fresh-frozen brain slides were thawed and fixed in 4%
paraformaldehyde in phosphate-buffered saline, and the sections
were incubated 10 min with 99% formic acid for the AB4o-staining.
They then were incubated for 30 min with the blocking agent and
subsequently for 48 h with the primary antibody (dilution of 1:400).
After a wash with 1 X phosphate-buffered saline + 0.3% Triton
X-100, the slides were incubated for 1 h with the secondary anti-
body (biotin-goat anti-rabbit IgG [Invitrogen]; dilution of 1:400).
An avidin-biotin complex kit (Vectastain Elite ABC-HRP Kit; Vector
Laboratories) was used to effectively visualize the biotinylated anti-
bodies in the stained tissues. The tissues were incubated with the
avidin-biotin complex mix for 30 min followed by washing twice
with 1x phosphate-buffered saline plus 0.3% Triton X-100 and once
with only 1x phosphate-buffered saline. Finally, the brain sections
were stained with SigmaFast 3,3'-diaminobenzidine tablets (Sigma-
Aldrich) to develop a brownish color that is resistant to alcohol. The
slides were afterward dehydrated in an alcohol series, dipped in xy-
lene, and mounted with distrene plasticizer xylene (DPX Mountant
for histology; Sigma). Images of the stained slides were taken with a
Panoramic 250 slide scanner (3DHISTECH).

Data Analysis and Statistics

The results are reported as average = SD when n was at least 3.
All statistical analyses were calculated using Prism programs
(version 5.01; GraphPad Software). Differences in ''C-PIB and
18F-GE-180 binding between APP23 transgenic and WT animals
were analyzed using the nonparametric Mann—Whitney U test because
of the small sample size. Correlation between ''C-PIB and !'8F-GE-
180 binding was tested using the Pearson correlation coefficient. Dif-
ferences were considered statistically significant if the P value was
less than 0.05.

RESULTS

In Vivo 1C-PIB and '8F-GE-180 Imaging

The study was initiated as a pilot using 26-mo-old mice. Because
significant differences were detected in these animals, a longitudinal
study starting at 17 mo and continuing until 23 mo was initiated,
and these results were combined with the pilot results. ''C-PIB and
I8F-GE-180 showed a good brain penetration in the in vivo studies
as observed in time-activity curves (Supplemental Fig. 2).

In vivo ''C-PIB binding was clearly observed in cortical areas
of transgenic mice (Fig. 1A). Ratios of FC, PTC, hippocampus,
and thalamus to cerebellum in WT and transgenic mice at 17, 20,
23, and 26 mo were calculated. At 17 mo, the FC-to-cerebellum
(P < 0.01), PTC-to-cerebellum (P < 0.05), and hippocampus-to-
cerebellum (P < 0.05) ratios were already significantly higher in
transgenic than in WT mice. These ratios increased signifi-
cantly in transgenic mice until 26 mo, compared with WT mice
(P < 0.001). The thalamus-to-cerebellum ratios were higher in
transgenic than in WT mice only at 26 mo of age (P < 0.001)
(Figs. 1B-1E).

In vivo '8F-GE-180 PET binding was clearly observed in cortical
areas of transgenic mice (Fig. 2A). At 17 mo, the FC-to-cerebellum
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FIGURE 2.

(A) In vivo PET images of '8F-GE-180 in 26-mo-old transgenic (TG) and WT APP23 mice. (B-E) Ratios of FC (B), PTC (C), hippocampus

(HIPPO) (D), and thalamus (THA) (E) to cerebellum (CB) from 17 to 26 mo of age. Dotted line separates data of pilot study from data of longitudinal

study (n = 30). *P < 0.05. **P < 0.01. ***P < 0.001.
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(THA) (D) to cerebellum (CB) between ''C-PIB and 8F-GE-180 in transgenic APP23 mice from 17

to 26 mo of age, calculated with Pearson correlation (n = 17).

(P < 0.05) and PTC-to-cerebellum (P < 0.05) ratios were already
significantly higher in transgenic than in WT mice. These ratios
increased significantly in transgenic mice until age 26 mo, com-
pared with WT mice (P < 0.001). The hippocampus-to-cerebellum
ratios were higher in transgenic than in WT mice starting at age
20 mo (P < 0.01), whereas the thalamus-to-cerebellum ratios were
higher in transgenic than in WT mice only at age 26 mo (P <
0.05) (Figs. 2B-2E).

The correlation between ''C-PIB and '8F-GE-180 for the FC-
to-cerebellum, PTC-to-cerebellum, hippocampus-to-cerebellum,
and thalamus-to-cerebellum ratios in transgenic mice, combining
all the studied time points, was subsequently calculated. Significant
correlations were found between ''C-PIB and 'SF-GE-180 bind-
ing for the PTC-to-cerebellum (Pearson r = 0.7475, P = 0.0006)
and thalamus-to-cerebellum (Pearson r = 0.6446, P = 0.0052)

Autoradiographic images
old WT and transgenic ''C-PIB-injected
mice and immunohistochemical staining
of AB4 in the same transgenic mouse
showed the colocalization of ''C-PIB bind-
ing and AB4o-deposition in cortical areas,
hippocampus, and thalamus. Neither specific !'C-PIB bind-
ing nor AB4o-deposition could be detected in the cerebellum (Fig.
4A). FC-to-cerebellum (P < 0.001), PTC-to-cerebellum (P < 0.001),
hippocampus-to-cerebellum (P < 0.001), and thalamus-to-cerebellum
(P < 0.01) ratios were higher in transgenic than in WT mice
(Fig. 4B).

Ex Vivo '8F-GE-180 Binding and Immunohistochemistry
Autoradiographic images of 26-mo-old WT and trans-
genic 18F-GE-180-injected mice and immunohistochemis-
try staining of Ibal in the same transgenic mice showed
colocalization of '8F-GE-180 binding and Ibal expression in
cortical areas, hippocampus, and thalamus (Fig. 5A). FC-to-
cerebellum, PTC-to-cerebellum, hippocampus-to-cerebellum
(P < 0.01), and thalamus-to-cerebellum (P < 0.05) ratios

TABLE 1
Ratio and Percentage Increase from 17 to 20, 23, and 26 Months in APP23 Transgenic Mice
11C-PIB 18F-GE-180

Site 17-20 mo 17-23 mo 17-26 mo 17-20 mo 17-23 mo 17-26 mo
FC/CB 0.64 (52%) 1.03 (84%) 1.72 (140%) 0.00 (0%) 0.01 (1%) 0.02 (2%)
PTC/CB 0.56 (50%) 0.83 (75%) 1.13 (102%) 0.06 (8%) 0.08 (10%) 0.11 (14%)
HIPPO/CB 0.33 (30%) 0.70 (65%) 1.07 (100%) 0.03 (3%) 0.04 (4%) 0.01 (1%)
THA/CB 0.16 (17%) 0.24 (25%) 0.77 (82%) 0.03 (4%) 0.10 (14%) 0.16 (23%)

CB = cerebellum; HIPPO = hippocampus; THA = thalamus.
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FIGURE 4.

were significantly higher in transgenic than in WT mice
(Fig. 5B).

The increased ''C-PIB and '8F-GE-180 uptake in 26-mo-old
transgenic versus WT mice in vivo and ex vivo was also compared
(Supplemental Table 1). The in vivo and ex vivo results were
similar for the cortical areas, whereas some variation was found
in hippocampus and thalamus uptake between in vivo and ex vivo
studies.

DISCUSSION

Although the findings from preclinical imaging studies cannot be
directly extrapolated to humans, they are valuable when evaluating
novel tracers and transgenic animal models and performing
preclinical drug efficacy studies. Small-animal PET imaging of
B-amyloid with ""C-PIB has proved difficult, with major differ-
ences among AD animal models. The differences in the quantity
and type of -amyloid plaques has been suggested to be a key
factor in ''C-PIB binding in different animal models of AD, as
shown by Snellman et al. (/0), with APP23 mice having very high
HC-PIB binding compared with the very low ''C-PIB binding
observed in Tg2576 and APPswe-PS1dE9 (APP/PS1) animals de-
spite a similar total plaque load. For this reason, we decided to use
the APP23 mouse model for this study.

(A) Representative ex vivo autoradiography images of 1'C-PIB binding in 26-mo-old
transgenic (TG) and WT APP23 mice together with AB4o-immunostaining (A). (B) Ratios of FC,
PTC, hippocampus (HIPPO), and thalamus (THA) to cerebellum (CB). **P < 0.01. ***P < 0.001.

poor correlation; whereas the ''C-PIB
binding ratios increased significantly over
the time of the study in FC and hippocam-
pus, a similar increase was not observed
with '8F-GE-180, as shown in Table 1.
These results indicate a plateau of !8F-
GE-180 binding in the FC and hippocampus, regions where the
3-amyloid deposition starts in this mouse model, whereas in the
PTC and thalamus, '8F-GE-180 binding continued to increase,
matching the delayed (-amyloid deposition in these areas (29).
Previously, Maeda et al. found a good correlation between the
binding of an older TSPO tracer ('C-AC5216) and increased
age in the hippocampus of APP23 mice, but no correlation be-
tween the binding potentials of ''C-AC5216 and ''C-PIB in the
same brain region (/4). The difference with our study could be
explained by the lack of a detectable TSPO increase with !'C-
AC5216 at very early stages of the disease (12—15 mo) and by the
higher affinity of the 3F-GE-180 used in the current study than of
HC-AC5216. A recent clinical study with AD patients showed a
clear '8F-DPA-714 binding in ''C-PIB—positive prodromal pa-
tients, without a further increase of the '8F-DPA-714 binding in
AD-demented patients (30). This outcome is in accordance with
our current results showing no increase in '8F-GE-180 binding in
the FC and hippocampus.

11C-PIB and '8F-GE-180 Binding
In the current study, the ''C-PIB binding ratios in the APP23
transgenic mice reached a value of between 2 and 3 at the older
age groups in the cortical areas, in accordance with previous
studies with the same mouse model (6). In similar studies using
18F-AV-45 in APP/PS1 and APP/PS1-21
mice, however, the maximum ratio was

Iba-1 B

approximately 1.1 (37,32), making the ra-
tio increase in APP23 mice 20-30 times
higher. These 3 mouse models have a sim-
ilar amount of 3-amyloid deposition in
old age, but the types of plaque differ.
The broad range of -amyloid detection
in the APP23 mouse with ''C-PIB makes
this combination of model and tracer a
good choice for testing antiamyloid

18F.GE-180

S R Q,“G “{\ "c’ therapies.

Increased microglial activation has also
been reported in postmortem brain samples
of AD patients, although the role of micro-

FIGURE 5.
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(A) Representative ex vivo brain autoradiography images of '8F-GE-180 binding in
26-mo-old transgenic (TG) and WT APP23 mice together with Iba1 immunostaining. (B) Ratios of
FC, PTC, hippocampus (HIPPO), and thalamus (THA) to cerebellum (CB). *P < 0.05. **P < 0.01.

glia in AD is still controversial (33,34). In
the APP23 animal model, previous studies
have been performed with older TSPO
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radiotracers, showing increased binding in the cortical regions
(14,35). In the APP/PS1 model, increased neuroinflammation
has been observed in 16- to 19-mo-old mice with ''C-PK-11195
(36) whereas neuroinflammation was not detected in younger (13- to
15-mo-old) mice with ''C-PK-11195 (12). Studies with ''C-PBR28
have shown inflammation in the brains of 6-mo-old 5XFAD
mice (13).

In addition to the '8F-GE-180, used in this study, several '8F-
labeled TSPO tracers, such as '8F-PBR06 and '8F-DPA-714, have
been used to detect neuroinflammation in different animal models
of B-amyloid deposition. In vivo studies using '8F-PBRO6 differ-
entiated 15- to 16-mo-old APP™S mice from age-matched WT
mice (I5) whereas longitudinal studies with !'8F-DPA-714 in
APP/PS1 and APP/PS1-21 mouse models have shown increased
TSPO tracer binding compared with WT littermates at different
ages (16,32). Furthermore, recent studies have used '3F-GE-180
to detect neuroinflammation in APP/PS1 and PS2APP mice
(17,23).

Cerebellum as a Reference Region for Analysis

In our study, we used the cerebellum as the reference region for
in vivo and ex vivo analyses of ''C-PIB and '8F-GE-180 binding.
Use of the cerebellum as the reference region is well established for
1C-PIB, but the choice is more controversial for analyzing the
binding of TSPO tracers. Our use of the cerebellum as the reference
region for '8F-GE-180 was based on our PET imaging data showing
no differences in '8F-GE-180 SUVs in the cerebellum between
transgenic and WT mice at any age (Supplemental Fig. 1).

It has been previously demonstrated that use of a pseudorefer-
ence region for TSPO tracer binding analyses increases the
sensitivity of the PET analysis if no differences are found in the
SUVs in the reference area (37). In 2 recent animal imaging stud-
ies, use of the cerebellum as a reference region decreased intra-
group variability (16,38).

CONCLUSION

The neuroinflammation increase detected in the APP23 model
using the TSPO radiotracer '8F-GE-180 was relatively modest
compared with the increase in 3-amyloid detected with ''C-PIB.
Furthermore, the signal increase of '8F-GE-180 plateaued at an
earlier stage of pathogenesis, whereas the amyloidosis continued
to increase. Given these findings, we suggest that TSPO-binding
radiotracers are good tools for early pathogenesis detection in AD
but might not be so suitable for long-term monitoring of disease
progression.
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