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Since cholinergic dysfunction has been implicated in Alzheimer’s disease (AD), the
effects of AB plaques on nicotinic acetylcholine receptors (nAChRs) a432* subtype
were studied using the transgenic 5xFAD mouse model of AD. Using the PET radio-
tracer [*®F]nifene for a482* nAChRs, in vitro autoradiography and in vivo PET/CT
studies in 5XFAD mice were carried out and compared with wild-type (C57BL/6) mice.
Ratios of ['8F]nifene binding in brain regions versus cerebellum (CB) in 5xFAD mice
brains were for thalamus (TH) = 17, hippocampus-subiculum = 7, frontal cortex (FC)
= 5.5, and striatum = 4.7. [**°1]IBETA and immunohistochemistry (IHC) in 5xFAD
brain slices confirmed Ag plaques. Nicotine and acetylcholine displaced [*®F]nifene
in 5xFAD mice (ICsy nicotine = 31-73 nM; ACh = 38-83 nM) and C57BL/6 (ICsq
nicotine = 16-18 nM; ACh = 34-55 nM). Average [*®F]nifene SUVR (CB as refer-
ence) in 5XFAD mice was significantly higher in FC = 3.04 compared to C57BL/6 mice
FC = 1.92 (p = .001), whereas TH difference between 5xFAD mice (SUVR = 2.58)
and C57BL/6 mice (SUVR = 2.38) was not significant. Nicotine-induced dissociation
half life (t,,) of [*®FInifene for TH were 37 min for 5xFAD mice and 26 min for
C57BL/6 mice. Dissociation half life for FC in C57BL/6 mice was 77 min , while no dis-
sociation of [18F]nifene occurred in the medial prefrontal cortex (mFC) of 5xFAD mice.
Coregistration of [*8F]nifene PET with MR suggested that the mPFC, and anterior cin-
gulate (AC) regions exhibited high uptake in 5XFAD mice compared to C57BL/6 mice.
Ex vivo [*F]nifene and in vitro [*?°I]IBETA AB plaque autoradiography after in vivo
PET/CT scan of 5xFAD mouse brain were moderately correlated (r? = 0.68). In
conclusion, 5xFAD mice showed increased non-displaceable [*®F]nifene binding in
mPFC.

KEYWORDS
[18F]Nifene, [1251]IBETA, [18F]FEPPA, PET/CT, 5xFAD transgenic mice, Alzheimer’s disease

Synapse. 2023;1-20.

wileyonlinelibrary.com/journal/syn © 2023 Wiley Periodicals LLC.

1

85UBD 17 SUOWWOD aA81D) 8|gedl|dde auy Ag peusenob afe s e YO ‘8snh Jo sajni 1oy Akeiqi]auljuQ 8|1\ UO (SUORIPUOD-pUe-SWLB)/W0D" A3 | IM AReiq 1 Bul|uo//SdNY) SUORIPUOD pue swe | 8y 88S *[€202/20/cz] uo Ariqigauluo A8 Buin| - eluI0}IRD JO AISPAIUN AQ G922z UAS/Z00T OT/I0p/wod A8 1M AReiq 1 puljuo//:sdny woJj papeojumoq ‘0 ‘96£2860T


mailto:j.mukherjee@uci.edu
https://wileyonlinelibrary.com/journal/syn
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsyn.22265&domain=pdf&date_stamp=2023-02-23

Z_I_Wl LEY s v N A P s E LIANG ET AL.

1 | INTRODUCTION

Alzheimer’s disease (AD) in humans involves several distinct pathologies and includes accumulation of extracellular insoluble -amyloid plaques
(AB plaques), intercellular hyperphosphorylated tau protein resulting in neurofibrillary tangles (NFT), inflammation, progressive atrophy, synapse
loss, and cell death in neurons (Braak et al., 2011). Memory and cognition deficits occur concurrently with the cell loss in mild cognitive impairment
(MCI), and these eventually degrade into dementia in AD. There is an immediate need for understanding the neurobiological basis of the various
pathologies found in AD in order to develop suitable treatment strategies (Desmarais & Gauthier, 2010; Salloway et al., 2014; Samra et al., 2018).

Cholinergic pathway deficits in AD have been associated with cognitive impairment. The a432* nicotinic acetylcholine receptor (nAChR, a432*
includes subtypes a232, «3[82, and a432) is involved in cognitive functions such as attention, learning, and memory. Deficiency in cholinergic innerva-
tion in the cerebral cortex and hippocampus was observed (Coyle et al., 1983; Marutle et al., 1999), and a42* nAChRs constitute a major subtype
lost in postmortem AD brains (Nordberg, 1994; Okada et al., 2013; Sultzer et al., 2022). Treatment with acetylcholinergic inhibitors (AChEI) has
been found to slow the decline in AD (Zuin et al., 2022). Direct interactions of A with nAChRs may also contribute to AD pathology (Lombardo &
Maskos, 2015). Thus, there is a need to examine the potential in vivo role of AS plaques on a432* nAChR.

Transgenic mice models allow the study of specific pathology such as Ag plaques in AD (Webster et al., 2014). Positron emission tomography
(PET) imaging studies, including the metabolic probe ([18F]FDG), have been used in different transgenic models of AD in an effort to understand bio-
chemical abnormalities (Coleman et al.,2017; Jullienne et al., 2022; Luo et al., 2012). The Swedish mutation of amyloid precursor protein (APP) in the
transgenic Tg2576 mice causing deposition of AB in the brains has been well described (Kawarabayashi et al., 2001). In contrast, the 5xFAD trans-
genic mice overexpress mutant human APP with the Swedish (K670N, M671L), Florida (1716V), and London (V7171) familial AD (FAD) mutations
and human presenilin 1 (PS1) harboring two FAD mutations, M146L and L286V (Oakley et al., 2006). The 5xFAD mice generate AB-42 almost exclu-
sively, rapidly accumulating massive cerebral levels of AB-42, followed by accumulation of AS plaques. At the age of 18 months, the mice develop
extensive AB deposits and serve as good models of advanced human AD (Forner et al., 2021; Oblak et al., 2021). PET imaging studies in the 5xFAD
transgenic mice have been carried out using various PET probes including A8 plaque imaging [*8F]florbetaben (Boulter et al., 2021; Jullienne et al.,
2022). Our recent findings using brain slices in vitro autoradiography and in vivo PET confirmed AS plaque accumulation in 5XFAD mice using the
imaging agent [124/125]|BETA (Nguyen et al., 2022). Human AD brain slices were also successfully labeled with [124/125|]IBETA suggesting similarity
of binding sites in the 5XxFAD mice and human Ag plaques (Nguyen et al., 2022). Thus, 5XFAD mice would be a good transgenic mouse model to study
the effects of AB plaques on a42* nAChR.

Several efforts using PET imaging of a432* nAChR in human AD have been made (Sabri et al., 2018; Sultzer et al., 2017). A reduction of a4/32*
nAChR was observed in certain brain regions, which was consistent with postmortem finding in AD brains (Colloby et al., 2010; Mitsis et al., 2009).
Using [18F]nifene for imaging a432* nAChR, we have found a reduction in postmortem human AD subjects compared to controls (Mukherjee et al.,
2021). Biological properties of [18F]nifene reported in rodents (Bieszczad et al., 2012; Campoy et al., 2021; Kant et al., 2011), monkeys (Hillmer
et al., 2011; Pichika et al., 2006), and humans (Mukherjee et al., 2018) suggest suitability of [18F]nifene to study transgenic 5xFAD model for
understanding the role of AB plaques on the a452* nAChR in human AD.

Regional brain distribution of high AB plaque accumulation, determined using fluorescence imaging and anti-AS immunohistochemistry have
been reported (Forner et al., 2021; Oblak et al., 2021). Radioligand autoradiography in the 5xFAD brains confirms Aj plaques in cortex, including
anterior cingulate, frontal cortex, hippocampus, lateral septal nuclei, and thalamic brain regions (Nguyen et al., 2022). Normal mouse brain distri-
bution of [18F]nifene binding includes cortex, including anterior cingulate, frontal cortex, thalamus, subiculum (with low levels in the hippocampus,
mostly in the dentate gyrus), and striatum with very low levels in the cerebellum (Campoy et al., 2021) Thus, there are several overlapping mouse
brain regions where Af plaques and a432* nAChRs are localized.

Figure 1A shows elements of the cholinergic neuron with potential interaction of the neurotransmitter acetylcholine (Ach), nicotine, and
[*8F]nifene at the receptor site as well as acetylcholinesterase (AChE)-catalyzed hydrolysis of ACh to choline. Figure 1B shows the accumulation
of AB plaques in overlapping brain regions which are likely to interrupt binding of ACh, interact with a452* nAChRs, affect presynaptic choline, or
block this neurotransmission. Inhibitors (AChEI) for AChE have been used to stop AChE from hydrolyzing ACh in attempts to increase the amount of
ACh to improve cholinergic deficit in AD (Easwaramoorthy et al., 2007). However, use of AChEI in the treatment of AD has been hampered because
of their poor efficacy (Marucci et al., 2021). The 5xFAD mice expressing AB plaques are an excellent model to examine potential alterations in a432*
nAChRs using in vivo PET/CT studies. They provide ages that resemble pre-AD AS pathology, early AD pathology, and late-stage AD pathology
(Forner et al., 2021; Oblak et al., 2021). Because of the small size of the mouse brain, in vivo PET/CT imaging is more reliable for larger regions
such as thalamus, cortex, and cerebellum. Other smaller brain regions with Ag plaques and [18F]nifene binding will require a careful in vivo-ex vivo
imaging paradigm, as reported before (Bieszczad et al., 2012).

In order to assess the in vivo effects of AB plaque pathology on a432* nAChRs, we report in vivo PET/CT studies of [18F]nifene in 12- to 18-
month-old 5xFAD mice, which have been shown to express Ag plaques resembling advanced human AD. Studies include (1) in vitro binding studies
in C57BL/6 and 5xFAD mice; (2) nicotine and acetylcholine competition in vitro; (3) in vivo PET/CT imaging studies in C57BL/6 and 5xFAD mice;
(4) nicotine challenge in C57BL/6 and 5xFAD mice using [18F]nifene PET/CT imaging studies; (5) A8 plagues immunohistochemical staining and
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FIGURE 1 Schematic of a432* nAChRs in 5xFAD AD mice: (A) Schematic showing synaptic junction of a452* nAChR in normal mouse. (B) In
5xFAD transgenic mouse, AS plaques and microglia present in the synapses which may interact and/or interrupt [18F]nifene, acetylcholine, and
nicotine binding. AChE, acetylcholinesterase; AChEI, acetylcholinesterase inhibitors; AD, Alzheimer’s disease; Ch, choline; nAChR, nicotinic
acetylcholine receptor.

autoradiography using [1251]IBETA (Nguyen et al., 2022) and correlation with [18F]nifene binding; (6) evaluation of [8F]FEPPA in vitro binding to
translocator protein (TSPO; Vignal et al., 2018), a microglia biomarker in 5xFAD brain slices.

2 | MATERIALS AND METHODS
2.1 | General methods

All chemicals and solvents were purchased from Aldrich Chemicals Inc. and Fisher Scientific Inc. Deionized water was acquired from Millipore Milli-
Q Water Purification System. Fluorine-18 fluoride in oxygen-18 enriched water was purchased from PETNET, Inc. lodine-125 was purchased from
American Radiolabeled Chemicals, Inc. Fluorine-18 and iodine-125 radioactivity were counted in a Capintec CRC-15R dose calibrator, while low
level counting was carried out in a Capintec Caprac-R well-counter. All solvents used were provided by Fisher Scientific. Gilson high-performance
liquid chromatography (HPLC) was used for the semi-preparative reverse-phase column chromatography with UV detector set at dual wavelengths
of 254 and 280 nm as well as a radioactivity detector. A semi-preparative HPLC column 100 x 250 mm 10 micron Econosil C18 reverse-phase was
used. Analytical thin-layer chromatography (TLC) was used to monitor reactions (Baker-flex, Phillipsburg, NJ, USA). RadioTLC were scanned on an
AR-2000 imaging scanner (Eckart & Ziegler, Berlin, Germany). Electrospray mass spectra were obtained from a Model 7250 mass spectrometer
(Micromass LCT). Proton NMR spectra were recorded on a Bruker OM EGA 500-MHz spectrometer. Mice brain slices were prepared at 10-40 um
thick using the Leica 1850 cryotome. In vitro or ex vivo labeled brain sections were exposed to phosphor films (Perkin Elmer Multisensitive, Medium
MS) and read using the Cyclone Phosphor Imaging System (Packard Instruments). Analysis of in vitro or ex vivo autoradiographs was done using the

Optiquant acquisition and analysis software.

2.2 | Animals

All animal studies were approved by the Institutional Animal Health Care and Use Committee of University of California-Irvine. Transgenic 5xFAD
mice (B6SJL-Tg(APPSwFILon, PSEN1*M146L*L286V)6799Vas/Mmjax) were obtained from Jackson Laboratory (MMRRC stock#34840) and in-
house resources, female (n = 14) and male (n = 6), weight range = 20-30 g, and age range of 12-18 months. Control mice (C57BL/6), female (n
= 6) and male (n = 6), weight range = 30-46 g, and age range of 12-18 months from Jackson Laboratory, were used. Mice were housed under
controlled temperatures of 22 + 1°C, in a 12-h light-dark cycle, at 6:00 a.m., with water and food chow ad libitum. All animals recovered from the
isoflurane anesthesia required for the PET/CT imaging procedures. None of the mice exhibited any signs of hind limb paralysis as was observed with
the Hualpha-Syn (A53T) Parkinson’s disease mouse model of a-synucleinopathy (Mondal et al., 2021).

85U8017 SUOWILIOD 8AIIeID) 3|cedljdde ays Aq peuenob afe ssjoiie YO ‘8sn JO Sa|ni Joj Areiq18UIIUO 8|1 UO (SUORIPUOD-pUe-SLLIBY/LICO" A3 1M AR 1B [UO//SANY) SUORIPUOD PUe SWB | 8U 885 *[€202/20/c2] UO A%eiqiTauliuo A8|IM ‘Buin| - eluiojifeD JO AisieAlun Aq 5922z UAS/Z00T OT/I0P/Wo0" A3 1M Ake.d 1 puljuo//Sdny Wwouy pepeo|umoq ‘0 ‘96£Z860T



4_|_Wl LEY SYNAPSE LIANG T AL.

2.3 | Radiopharmaceuticals
2.3.1 | ['8F]Nifene

The radiosynthesis of [18F]nifene was performed using nucleophilic displacement of the nitro group in N-BOC-nitronifene precursor (prepared in-
house, Pichika et al., 2006) by [18F]fluoride in an automated synthesizer followed by deprotection using previously described procedures (Campoy
et al,, 2021; Pichika et al., 2006). The final formulation of [18F]nifene was carried out using sterile saline (0.9% NaCl injection, United States Phar-
macopeia) in a dose vial for use in the PET studies. Radiochemical purity of [18F]Nifene was >98%, and chemical purity was found to be >95% with
ameasured molar activity >70 GBg/umol (>2 Ci/umol) at the end of synthesis.

232 | [*1]IBETA

[125]]IBETA is a new radiotracer for imaging A8 plaques (Nguyen et al., 2022; Ono et al., 2013). [125]]IBETA and [124|]IBETA exhibited selective
binding to both 5xFAD and human AD brain Ag plaques and were displaced with known A plaques binding agents, flotaza and TAZA (Kaur et al.,
2021; Pan et al., 2016). The radiosynthesis of [125[]IBETA was performed using sodium [12°|]iodide under electrophilic destannylation reaction
conditions (Nguyen et al., 2022). The final formulation of [12°|]IBETA was in alcohol. Radiochemical purity of [12°1]IBETA was >95% with a measured
molar activity >500 GBg/umol (>13 Ci/umol).

2.3.3 | ['8F]FEPPA

The single-step radiosynthesis of [F]FEPPA was performed using nucleophilic displacement of the tosylate precursor (N-acetyl-N-(2-
tosylethoxybenzyl)-2-phenoxy-5-pyridinamine, from ABX, Inc.) by [18F]fluoride using reported methods (Vignal et al., 2018). [18F]JFEPPA was
purified by reverse-phase HPLC, and the final formulation of [8F]FEPPA was carried out using 10% alcohol in sterile saline (0.9% NaCl injection,
United States Pharmacopeia) in a dose vial for use in the in vitro studies. Radiochemical purity of [28F]JFEPPA was >95%, and chemical purity was

found to be >95% with a measured molar activity >70 GBg/umol (>2 Ci/umol) at the end of synthesis.

2.4 | In vitro mice brain [18F]Nifene studies

Mice (5xFAD and controls) were decapitated, and the brain was rapidly removed and stored at -80°C. Horizontal sections (10 um thick) containing
the cortex, striatum, thalamus, hippocampus, subiculum, and cerebellum were prepared using LEICA CM 1850 cryotome at —20°C and stored at
—80°C until use. For binding studies, slides were thawed for approximately 15 min at ambient temperature and were subsequently pre-incubated
for 10 min at ambient temperature in buffer (120 mmol/L Tris HCI containing 5 mmol/L NaCl, 5 mmol/L KCl, 2.5 mmol/L CaCl,, 1 mmol/L MgCl,, pH
7.4). The preincubation buffer was then discarded. Subsequently, the slices were treated with incubation buffer containing [8 F]nifene (148 kBg/mL)
at 20-22°C for 60 min. Nonspecific binding was measured in the presence of 300 umol of nicotine. After incubation, slides were washed twice (2
min each) with ice-cold incubation buffer, followed by a quick rinse in cold (0-5°C) deionized water. The dried slides were apposed to phosphor
screens and read by the Cyclone Phosphor Imaging System (Packard Instruments Co.). The amount of bound [18F]nifene in the autoradiograms was
evaluated in various brain regions (as digital lights units [DLU]/mm?2) using the OptiQuant acquisition and analysis program (Packard Instruments
Co.) as previously reported (Campoy et al., 2021).

The effect of nicotine in vitro binding of [18F]nifene in 5XFAD and control mice was evaluated. Competitive binding assay with different con-
centrations of nicotine (1 nM to 10 uM) was carried out using horizontal brain slices under the conditions described above. Changes in [18F]nifene
binding were evaluated in various regions in the brain sections of 5XxFAD and control mice. Effect of acetylcholine was evaluated in mice brain sec-
tions in the presence of 200 uM physostigmine as previously reported in rat brain slices (Easwaramoorthy et al., 2007). Competitive binding assay
with different concentrations of acetylcholine (1 nM to 10 uM) was carried out using the conditions described above. Effects of acetylcholine on
[*8F]nifene binding were evaluated in the autoradiograms in various regions in the brain sections of 5xFAD and control mice. Data were analyzed
using the following procedure: (1) the nonspecific binding of [18F]nifene was subtracted for all samples; (2) the specific binding was normalized to
100% (no competitive ligand), and (3) the binding isotherms were fit to the Hill equation (KELL BioSoft software [v 6], Cambridge, U.K.) to provide
inhibitor concentration (ICsq), which is the inflection point of the isotherm where 50% of the [ F]nifene binding to nicotinic receptor was displaced

by nicotine or acetylcholine.
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2.5 | ['231]IBETA 5xFAD mice brain in vitro autoradiography for Ag plaques

In order to assess AS plaque load in the 5XFAD mice brain slices, in vitro studies using [1251]IBETA were carried out using our previously described
procedures for imaging AB plaques in human postmortem brains (Nguyen et al., 2022). Mice brain slices, 5xFAD, and control mice (10 um thick)
treated with [1251]IBETA in 40% ethanol phosphate buffered saline (PBS) buffer pH 7.4 (60 mL; 1.5 kBg/mL) were incubated at 25°C for 1.25 h.
Nonspecific binding was measured in the presence of flotaza (Kaur et al., 2021). The slices were then washed with cold PBS buffer, 90% ethanolic
PBS buffer twice, PBS buffer, and cold water (Nguyen et al., 2022). The brain sections were air dried, exposed overnight on a phosphor film, and then
read on the Cyclone Storage Phosphor System. The amount of bound [*2>1]IBETA in the autoradiograms was evaluated in various brain regions (as
DLU/mm?2) using the OptiQuant acquisition and analysis program (Packard Instruments Co.). Binding of [12°1]IBETA was compared with [18F]nifene

and anti-AB immunostained adjacent 5xFAD brain slices.

2.6 | PET/CT imaging 5xFAD mice [18F]Nifene

The Inveon PET and MM CT scanners were placed in the “docked mode” for combined PET/CT experiments. PET data were reconstructed as 128
x 128 x 159 matrices with a transaxial pixel of 0.776 mm and slice thickness of 0.796 mm using an OSEM3D algorithm (two OSEM iterations, 18
MAP iterations (Constantinescu & Mukherjee, 2009). PET images were corrected for random coincidences, attenuation, and scatter. All images
were calibrated in units of Bq/cm? by scanning a Ge-68 cylinder (6 cm diameter) with known activity and reconstructing the acquired image with
parameters identical to those of [18F]nifene images. The CT images were spatially transformed to match the reconstructed PET images. The CT
projections were acquired with the detector-source assembly rotating over 360° and 720 rotation steps. A projection bin factor of 2 was used in
order to increase the signal-to-noise ratio in the images. The CT images were reconstructed using cone-beam reconstruction with a Shepp filter
with cutoff at Nyquist frequency and a binning factor of 2 resulting in an image matrix of 512 x 512 x 1008 and a voxel size of 0.052 mm.

Male and female transgenic 5xFAD mice and control C57BL/6 mice male and female were used in the study. All mice were fasted for approx-
imately 18 h prior to the imaging study. The fasting minimizes fluctuating blood sugar levels, which may cause variations in receptor studies. In
addition, fasting minimizes artifacts in the PET/CT imaging due to contents in the gastrointestinal tracts. No undue stress was observed in the mice
due to fasting. All mice were injected [18F]Nifene intraperitoneally in normal saline (7.4 + 0.7 MBq in 0.05-0.1 mL sterile saline) under 2% isoflurane

(St. Joseph, MO, USA). For static scans, mice were awake after [18F]nifene injections and free to move in their cages.

2.6.1 | Dynamic scans

Injected mice were placed in the supine position in a mouse holder and anesthetized with 2% isoflurane for whole-body PET/CT imaging. Dynamic
PET scans were acquired for 2 h after [18F]nifene injections (Constantinescu et al., 2013). Before the PET scan, the scanner bed was moved to the CT
for a 7.5-min-long CT scan, which was used for attenuation correction and anatomical delineation of PET images. The Inveon multimodality scanner
was used for all combined PET/CT experiments.

2.6.2 | Static scans

Injected mice were placed in the supine position in a mouse holder and anesthetized with 2% isoflurane for whole-body PET/CT imaging. A 30 min-
long PET scan was acquired 40 min after [18F]nifene injections preceded by a 7.5-min-long CT scan before the PET scan for attenuation correction

and anatomical delineation of PET images. The Inveon multimodality scanner was used for all combined PET/CT experiments.

2.7 | In Vivo nicotine effects 5xFAD mice [18F]Nifene PET/CT

To assess effects of nicotine treatment in vivo, 5xFAD and control mice were used. All mice were fasted for at least 18 h prior to the imaging study.
All mice were injected [18F]nifene (PETNET intraperitoneally in normal saline (7.4 + 0.7 MBq in 0.05-0.1 mL sterile saline) under 2% isoflurane (St.
Joseph). They were placed in the supine position in a mouse holder and anesthetized with 2% isoflurane for whole-body PET/CT imaging. Note that
30-min long dynamic PET scans were acquired after [18F]nifene injections, followed by a 7.5-min-long CT scan after the PET scan for attenuation
correction and anatomical delineation of PET images. Nicotine (1 mg/kg, nicotine bitartrate salt in sterile saline, 0.1 mL, intraperitoneal [IP]) was

administered to the mice while in the scanner bed and a second 30-min dynamic PET scan post-nicotine injection was acquired. Mice were then
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awaken after [18F]nifene injections and free to move in their cages for 2 h. The Inveon multimodality scanner was used for all combined PET/CT

experiments.

2.8 | 5xFAD Mice [18F]Nifene ex vivo autoradiography

After [18F]nifene in vivo PET/CT experiments in control and 5xFAD mice, select mice were killed and the brain was excised. The brains containing
[*8F]nifene were rapidly frozen at —80°C for approximately 10 min, followed by 10 min in the Leica cryotome at —20°C. Sagittal brain sections (10-
40 um thick) containing thalamus, subiculum, cortex, striatum, hippocampus, and cerebellum were cut using the Leica cryotome. The sections were
rapidly air dried and subsequently apposed to phosphor films overnight. Films were read using the Cyclone Phosphor Imaging System. Regions-of-
interest were drawn and analyzed on brain regions rich in a482* nicotinic receptors using OptiQuant software and binding of ['8F]nifene measured
in DLU/mmZ,

In order to assess A plaque load in the 5XFAD mice sagittal brain slices after [18F]nifene PET experiments, in vitro studies using [12°1]IBETA were
carried out on adjacent slices of the ex vivo brain. Ex vivo mice brain slices (10-40 um thick) after 24 h fluorine-18 decay treated with [1251IBETA
in 40% ethanol PBS buffer at pH 7.4 (60 mL; 1.5 kBg/mL) were incubated at 25°C for 1.25 h. Nonspecific binding was measured in the presence of
10 uM flotaza. The slices were then washed with cold PBS buffer (5 min), 90% ethanolic PBS buffer twice (5 min each), PBS buffer (5 min), and cold
water (2 min). The brain sections were air dried, exposed for 1 week on a phosphor film, and then read on the Cyclone Storage Phosphor System.
The amount of bound [12°1]IBETA in the autoradiograms was evaluated in various brain regions (as DLU/mm?2) using the OptiQuant acquisition and
analysis program (Packard Instruments Co.). Select sections after fluorine-18 decay were also anti-Ag immunostained. Binding of [18F]nifene was

compared with [125[]IBETA and anti-Ag immunostained adjacent 5xFAD brain slices of the same mouse.

2.9 | ['8F]FEPPA autoradiography in 5xFAD mice

In vitro autoradiography was carried out using [18F]JFEPPA, which is known to bind to TSPO as a biomarker for microglia. Brain slices (10 um thick)
from 5xFAD mice and control mice were used for the study. Brain slices were preincubated in 0.1 M Tris buffer at pH 7.4 for 15 min at room tem-
perature. The slices were then treated with [28F]FEPPA (Tris buffer 60 mL, 148 kBq/mL) and incubated for 1 h at 25°C. Nonspecific binding was
measured in the presence of PK-11195 at concentration of 10 uM. The slices were then washed with cold Tris buffer twice (5 min each), followed by
cold water (2 min). The brain sections were air dried, exposed overnight on a phosphor film, and then read on the Cyclone Storage Phosphor System.
The amount of bound [18F]FEPPA in the autoradiograms was evaluated in various brain regions (as DLU/mm?2) using the OptiQuant acquisition and
analysis program (Packard Instruments Co.).

2.10 | Immunohistochemistry

Immunohistochemical (IHC) staining of all brain sections was carried out by University of California-Irvine, Pathology services using Ventana Bench-
mark Ultra protocols. To determine the localization of A3 accumulation in the subject brains, neighboring mouse brain slices (10 um thick) from in
vitro and ex vivo experiments were immunostained with anti-AS Biolegend 803015 (Biolegend, CA, USA), which is reactive to amino acid residue
1-16 of AB. Immunostained sections were scanned using the Ventana Roche instrumentation, and the images were analyzed using QuPath software
(Bankhead et al., 2017; Dunn et al., 2016; Mukherjee et al., 2022). Using QuPath, A plaque annotations were drawn on IHC images. Qupath was
then used to train a machine learning classifier for Ag plaque for the entire slice. Measurements of the area of Ag plaque per um? were obtained for
various brain regions within a given slice. These measurements corresponded to the presence of A3 plaque load. Similarly, regions of interest drawn
on autoradiographs of [12°1]IBETA using Optiquant of image intensity in DLU/mm? of brain regions were obtained and correlated with A8 plaque
load obtained from IHC.

2.11 | Image analysis

All in vivo images were analyzed using the Inveon Research Workplace (IRW) software (Siemens Medical Solutions, Knoxville, TN, USA) and the
PMOD software (PMOD Technologies, Zurich, Switzerland). Whole-body PET/CT images were analyzed using the IRW software for [18F]nifene
uptake and any other CT anomalies in the whole-body images. For brain quantitative analysis, brain images were analyzed using both IRW and
PMOD. Using PMOD, PET images were coregistered to a mouse brain MRI template (Campoy et al., 2021; Coleman et al., 2017; Mondal et al.,

2021; Ma et al., 2008). The magnitude of [18F]nifene was expressed as standard uptake value (SUV), which was computed as the average [18F]nifene
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FIGURE 2 Invitro[!8F]nifene in 5xFAD AD mice brain: (A) Anti-AgB immunostain of 10 um brain slice of 5XxFAD mouse confirming the presence
of AB plaques. (B) Total [18F]nifene binding in brain slices of 5XFAD mouse showing high levels in thalamus (TH) and other extrathalmic regions with
little binding in the cerebellum (CB). (C and D) Close-up view of FC immunostain and [18F]nifene in 5XFAD mouse. (E and F) Close-up view of
HP-SUB immunostain and [*8F]nifene in 5xFAD mouse. (G) [18F]Nifene binding in brain slice of 5xFAD mouse in the presence of 0.1 uM nicotine.
(H) [8F]Nifene binding in brain slice of 5xFAD mouse in the presence of 10 uM nicotine where most of the [18F]nifene is displaced (>95%); inset
shows scan of brain slice. (1) Nicotine concentration effects on the specific binding of [18F]nifene in 5XFAD and control mice brain slices in TH, FC
and SUB. ACC, anterior cingulate cortex; FC, frontal cortex; HP, hippocampus; HP-SUB, hippocampus-subiculum ; ST, striatum; SUB, subiculum;
TH, thalamus.

activity in each volume of interest (in kBg/mL) divided by the injected dose (in MBq) times the body weight of each animal (in kg). Using cerebellum
SUV as the reference region, SUVR was calculated to compare different groups of mice. The SUV and SUVR values were then statistically analyzed

using students t-test, and 5xFAD mice were compared with control mice.

3 | RESULTS
3.1 | In vitro [18F]Nifene studies

Brain slices from 5xFAD mice exhibited significant amounts of AS plaques as seen in the IHC stained section in Figure 2A. Distribution of AS plaques
was consistent with reported findings in this mouse model, with hippocampus and cortical areas showing high levels while the thalamus exhibited
significant levels of plaques (Frost et al., 2020; Yin et al., 2022). Adjacent brain slices show [18F]nifene binding in the expected regions of thalamus
and frontal cortex including anterior cingulate regions, subiculum, and striatum with very little binding in the cerebellum (Figure 2B). Ratios of
[*8F]nifene binding in brain regions versus cerebellum (CB) in 5XxFAD mice were for thalamus (TH) = 17, hippocampus-subiculum (HP-SUB) = 7,
frontal cortex (FC) = 5.5, and striatum (ST) = 4.7. This was similar to control mouse brain slices [18F]nifene binding in all brain regions as previously
reported (Campoy et al., 2021). Close-up views of frontal cortex with anterior cingulate region (Figure 2C,D) and hippocampus with subiculum
regions (Figure 2E,F) show the presence of significant amounts of AB plaques. These regions exhibited high levels of [18F]nifene binding, except
hippocampus which is known to contain fewer a432* receptors except in the dentate gyrus.
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TABLE 1 Competition with [18F]Nifene binding at nicotinic «432* receptors

Drug Control mice brain slice? 5xFAD mice brain slice? Rat brain
Frontal
Frontal cortex (hnM) Thalamus (nM) cortex (nM)  Thalamus (nM) Thalamus? (nM) Homogenate® (nM)
Nicotine 18+3 16 +4 73+10 31+5 23.8 4.60
Acetylcholine 55+7 34+7 38+6 83+12 - 51.6

aBinding assay done autoradiographically with [18F]nifene in brain slices.
bBinding assay with [*H]cytisine in rat brain homogenates using reported methods (Easwaramoorthy et al., 2007).

In vitro binding of [18F]nifene in both the 5xFAD and control mice was displaced by nicotine in a dose-dependent manner. [*F]Nifene bind-
ing was reduced in the presence of 100 nM nicotine (Figure 2G) and >95% with 10 uM nicotine (Figure 2H) in the 5xFAD mice. Displacement
curves of [18F]nifene induced by nicotine in 5XxFAD and control mice brain regions show >95% displacement at 10 uM nicotine in all brain regions.
Affinities of nicotine for 5xFAD brain regions were somewhat weaker compared to control mice (Table 1). For frontal cortex of C57BL/6 mice, nico-
tine had an IC55 = 18 nM + 3 and for 5xFAD mice the ICsg = 73 + 10 nM (p < .05). In the case for thalamus nicotine affinities were 16 + 4 nM
for C57BL/6 and 31 + 5 nM for 5xFAD mice (p < .05). Affinity of nicotine for [18F]nifene displacement in the thalamus of C57BL/6 mice brain slices
was approximately similar to our previously reported results in normal rat brain slices (Easwaramoorthy et al., 2007).

3.2 | Acetylcholine effects

Acetylcholine was used to study the displacement of [18F]nifene in control mice and 5xFAD mice brain slices in vitro. Because ACh is rapidly
hydrolyzed by AChE present in the brain slices, physostigmine, the AChEI drug, was used to prevent hydrolysis of ACh to choline by AChE, simi-
lar to our previous work in rat brain slices (Easwaramoorthy et al., 2007). Using [18F]nifene, competition with ACh (1 nM to 10 M) in the presence
of 200 uM physostigmine was carried out in vitro in brain slices of control and 5xFAD mice. The amount of bound [18F]nifene was assessed by
autoradiography studies using 10-um thick horizontal sections containing the thalamus, subiculum, cortex, striatum, hippocampus, and cerebellum.
Figure 3A shows the binding of [18F]nifene in a control brain slice. A significant reduction in the binding of [18F]nifene was observed as seen in
Figure 3B with 1 uM ACh. Similarly, ACh was able to displace [18F]nifene binding in all regions of the brain slice as seen in Figure 3D versus total
binding in Figure 3C in the 5xFAD brain slice. Figure 3E shows [18F]nifene binding in two brain regions, frontal cortex and thalamus being displaced
by increasing amounts of ACh. Affinity of acetylcholine in frontal cortex of C57BL/6 mice was ICsq = 55 + 10 nM and for 5XxFAD mice IC5q = 38 +
6 nM (p <.05). Acetylcholine affinities in thalamus were 34 + 7 nM for C57BL/6 mice and 83 + 12 nM for 5xFAD mice (p <.05).

3.3 | Invitro [12°1]IBETA studies

The Ag plaque imaging agent, [12°1]IBETA, in the 5XFAD mice showed extensive binding in several brain regions (Figure 4A). TH, lateral septal nuclei
(LSN), hippocampus (HP), SUB and FC regions showed high levels of [125|]IBETA binding. Cerebellum (CER) had low levels of [12°1]IBETA nonspecific
binding and would be suitable as a reference region for imaging studies. Ratio of brain regions versus cerebellum were very high (TH/CER > 15;
LSN/CER > 13; HP/CER > 11; FC/CER > 7; SUB/CER > 6). Levels in the striatum (ST) were low (ST/CER > 2). Adjacent brain slices IHC stained
revealed high AB plaque levels in these brain regions (Figure 4B). A good correlation of binding of [1251]IBETA with AB plague load was observed in
the mice. Thalamus was an outlier, where greater amount of [12°]IBETA was measured compared to the measured AS plaque load (Figure 4AB).
[18F]Nifene binding in the 5XFAD mice brains correlated well with [12°1]IBETA in most of the brain regions suggesting overlapping locations of
AB plaques and a42* receptors. Hippocampus and LSN have significant AB plaque load (Figure 4B) and exhibit high levels of [12°1]IBETA binding
(Figure 4A). However, [18F]nifene has lower levels of binding in the hippocampus and LSN. On the other hand, significant [8F]nifene binding in the
nearby subiculum in mice is observed (Figure 2B,F). Therefore, hippocampus and LSN were outliers in the [12°1]IBETA -[18F]nifene correlation plot

(Figure 4C). But other regions (thalamus, frontal cortex, subiculum, and cerebellum) correlated well.

3.4 | Dynamic ['8F]Nifene PET/CT

Rapid uptake of [18F]nifene was observed in brain regions of the C57BL/6 mouse brain, similar to our previous findings with the BALB/c mice (Cam-
poy et al., 2021). Images at 60 min postinjection (Figure 5A) show high levels of [18F]nifene in the thalamus, followed by extrathalamic regions
including the frontal cortex. Harderian glands exhibited high nonspecific activity as previously reported in other mice species (Campoy et al., 2021).
Time-activity curve in Figure 5B shows a progressive increase in [18F]nifene uptake in the thalamus, frontal cortex and cerebellum, plateauing at
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FIGURE 3 Acetylcholine effects on [18F]nifene: (A) Total binding of [18F]nifene in control mouse brain 10 um thick slice. (B) Acetylcholine (1
uM) displaces [18F]nifene binding in control mouse brain slice. (C) [8F]Nifene binding in brain 10 um thick slice of 5xFAD mouse. (D) Acetylcholine
(1 uM) displaces [18F]nifene in brain slice of 5XFAD mouse (inset shows scan of brain slice). (E) Acetylcholine concentration effects in 5xFAD and
control mice brain slices in vitro. CB, cerebellum; FC, frontal cortex; HP, hippocampus; ST, striatum; SUB, subiculum; TH, thalamus.

approximately 60 min postinjection and remaining steady with some clearance after 90 min. Thalamic regions exhibited the highest retention as it
has a maximum amount of a432* receptors, followed by the frontal cortex, with cerebellum as a reference region (Figure 5B). Ratio plot of thalamus
and frontal cortex versus cerebellum shows a relatively flat profile after 30 min postinjection, with TH/CER = 2.3 and FC/CER = 1.7 at 117 min
postinjection (Figure 5C).

Greater uptake of [18F]nifene was observed in brain regions of the 5xFAD mouse brain. Images at 60 min postinjection (Figure 5D) show high
levels of [18F]nifene in the thalamus, followed by extrathalamic regions including the frontal cortex. Harderian glands exhibited similar high non-
specific activity as seen in the control mice. Time-activity curve in Figure 5E shows a relatively more rapid increase in [18F]nifene uptake in the
thalamus, frontal cortex and cerebellum, peaking at approximately 40 min postinjection followed by some clearance after 60 min. Thalamic regions
exhibited the highest retention as it has a maximum amount of «4/32* receptors followed by the frontal cortex, with cerebellum as a reference region
(Figure 5F). Ratio plot of thalamus was relatively flat, whereas the frontal cortex versus cerebellum exhibited a gradual increase in the ratio over
time, with TH/CER = 2.5 and FC/CER = 2.10 at 117 min postinjection (Figure 5F). The FC/CER ratio was >20% in the 5xFAD mouse compared to
control C57BL/6 mice.

3.5 | Static 5xFAD mice [18F]Nifene PET/CT

Groups of control C57BL/6 mice (n = 8) and 5xFAD mice (n = 8) underwent [*8F]nifene PET/CT scans after IP injection and an uptake period of 30

min outside the scanner as described in Section 2.6. In the control mice, the distribution of [18F]nifene was as expected with thalamus showing high
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FIGURE 4 Invitro[12°I]IBETA for AS plaques in 5xFAD Mice: (A) [12°1]IBETA binding to AS plaques in 10 um brain slice of 5xFAD transgenic
mice. (B) Adjacent slices immunostained with anti-AB showing corresponding location of AB plaques. (C) Correlation plot of [125]]IBETA and
[*8F]nifene (from Figure 2B) showing agreement in most regions except the hippocampus (HP) and lateral septal nuclei (LSN). CB, cerebellum; CER,
cerebellum; FC, frontal cortex; HP, hippocampus; LSN, lateral septal nuclei; ST, striatum; SUB, subiculum; TH, thalamus.

levels, followed by frontal cortex and other extrathalamic regions (Figure 6A). Distribution in the 5xFAD mice was distinctly different. Frontal cortex
exhibited higher levels of [18F]nifene binding (Figure 6B). The amount of [18F]nifene binding was similar or greater than the levels in the thalamus.
Figure 6C shows SUVR (cerebellum as reference) comparisons in the thalamus and frontal cortex [ 18 F]nifene of the control group and 5xFAD group.
Average [18F]nifene SUVR in the FC of 5xFAD mice were significnatly higher than C57BL/6 mice (5xFAD mice FC = 3.04 and C57BL/6 mice FC =
1.92;p = .001). Thalamus differences between 5xFAD mice (SUVR = 2.58) and C57BL/6 mice (SUVR = 2.38) were not significant. Frontal cortex
5xFAD mice SUVR was 159% higher than the control group. As shown in Figure 5E,F, frontal cortex exhibited greater retention in the 5XxFAD mice

compared to the control animals resulting in the higher frontal cortex [8F]nifene in the 5XFAD transgenic mice.

3.6 | [18F]Nifene PET-MR correlation

For anatomical localization of [*8F]nifene in the 5xFAD, the PET images of the brain of the control mice (Figure 7A) and the 5xFAD mouse
(Figure 7B) were coregistered with the mouse brain template using PMOD. The high uptake in the bilateral regions outside of the brain corre-
sponded to the regions outside the brain in the eyes and harderian glands. Uptake of other PET radiotracers have also been previously observed
in these regions. Within the brain, in the control mice, high-binding region of [18F]nifene corresponded to thalamus in the MRI, followed by lower
levels of binding in the frontal cortex. Cerebellum had the least levels of binding similar to our previous findings with other mice species (Campoy
et al,, 2021; Zhang et al., 2022). The regional brain distribution of [18F]nifene in the 5xFAD mice was different from the control brain. The major
difference was the high uptake in the frontal cortical regions, whereas the thalamus was similar to the control mice as shown in Figure 7A,B
[18F]nifene PET-MRI coregistered images. In Figure 7C-E, horizontal brain slices of [18F]nifene PET and MRI are shown at three different sagittal
planes (superior to inferior). The high levels of [18F]nifene localization in the 5XxFAD mice appeared to be in the medial prefrontal cortex (mPFC)
and anterior cingulate cortex (ACC) regions based on the coregistered MRI images in Figure 7C-E. This higher [18F]nifene region aligns with
reported anatomical location of mPFC (Kamigaki, 2019; Premachandran et al., 2020) and ACC (van Heukelum et al., 2020) in the mouse brain.
Other extrathalamic brain regions such as hippocampus, subiculum, colliculi, and others were observed, but not quantitatively analyzed in this
work. This will require additional in vivo-ex vivo [18F]nifene imaging paradigm, as reported before in rat behavior studies (Bieszczad et al.,
2012).
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FIGURE 5 Invivo['8F]nifene in 5xFAD AD mice brain: (A) PET/CT of intraperitoneal (IP) [18F]nifene (11 MBq in 50 uL saline) administered in
control mouse (C57BL/6, male 42 g). Coronal, transaxial, and sagittal images of control mouse head at 60 min after injection showing [18F]nifene in
the brain. (B) Time-activity curve of thalamus, frontal cortex, and cerebellum in control mouse brain. (C) Ratio of thalamus and frontal cortex to
cerebellum of time-activity curve in control mouse. (D) PET/CT of [18F]nifene (6.25 MBq in 50 uL saline, IP) administered in AD mouse (5xFAD,
male 30 g). Coronal, transaxial, and sagittal images of 5XFAD female mouse head at 60 min after injection showing [18F]nifene in the brain. (E)
Time-activity curve of thalamus, frontal cortex, and cerebellum in 5xFAD female mouse brain. (F) Ratio of thalamus and frontal cortex to
cerebellum of time-activity curve in 5xFAD female mouse. CB, cerebellum; FC, frontal cortex; HG, harderian gland; SUV, standard uptake value;
TH, thalamus.

3.7 | Nicotine challenge 5xFAD AD Mice [18F]Nifene studies

Nicotine administration was carried out in the [18F]nifene PET/CT studies of the control mice to ascertain in vivo displacement of [18F]nifene.
Figure 8A shows orthogonal brain slices of [18F]nifene in the C57BL/6 mouse prior to injection of nicotine. Expected [18F]nifene binding was seen
in the thalamus and extrathalamic regions including the frontal cortex. Subsequent to nicotine administration (IP, 1 mg/kg), [18F]nifene binding was
displaced from all brain regions (Figure 8B). Time-activity curves in Figure 8C show increasing uptake of [18F]nifene in the thalamus and frontal
cortex, while cerebellum started to clear after an initial uptake period prior to injection of nicotine. Nicotine induced a rapid displacement of
[*8F]nifene from both thalamus and frontal cortex of C57BL/6 mice, with off-rates (Figure 8D) greater for thalamus (koff = 0.027 min~1; disso-
ciation half life (t1/, = 0.693/koff), t1/» = 26 min) and frontal cortex (koff = 0.009 min~1; t;, = 77 min). Cerebellum had a koff = 0.007 min=1 (t1, =
99 min), reflective predominantly of the nonspecific clearance (k2) of [*8F]nifene. The displaceability of [18F]nifene from all brain regions of normal
mice is consistent with our recent findings (Zhang et al., 2022). The measured nicotine-induced thalamus off-rate of [18F]nifene was similar to that
previously reported for the rat thalamus computed using specific binding (koff = 0.06 min=1, t;,, = 12 min; Kant et al., 2011).

Nicotine administration was carried out in the [18F]nifene PET/CT studies of the 5xFAD mice to ascertain in vivo displacement of [*8F]nifene.
Figure 9A shows orthogonal brain slices of [18F]nifene in the 5xFAD mouse prior to injection of nicotine. Expected [18F]nifene binding was seen in
the thalamus and extrathalamic regions including the greater frontal cortex binding compared to control mice. Subsequent to nicotine administra-
tion (IP, 1 mg/kg), [18Fnifene binding was displaced from brain regions except the frontal cortex (Figure 9B). Time-activity curves in Figure 9C show
increasing uptake of [18F]nifene in the thalamus and frontal cortex, while cerebellum started to clear after an initial uptake period prior to injection
of nicotine. Nicotine induced a rapid displacement of [*8F]nifene from the thalamus, with off-rates (Figure 9D) for thalamus (koff = 0.019 min~1; ti/o
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FIGURE 6 5xFAD mice [*8F]nifene PET/CT: (A) [18F]Nifene in control group mice (male, 36 g, 2.1 MBq, intraperitoneal [IP]) showing binding in
TH, FC, and low binding in CB with [18F]nifene greater in TH compared to FC. (B) [18F]Nifene in 5xFAD group mice (male, 20 g, 2.85 MBq, IP)
showing binding in TH, FC, and low binding in CB with [18F]nifene greater in TH lower or similar compared to FC. (C) Bar graph comparing averages
of control (n = 6) and 5xFAD (n = 6) in TH and FC SUVR (CB as reference). Differences in [1F]nifene TH binding between the two groups were not
significant, but the [28F]nifene FC in 5XFAD was higher and very significant (p =.001) when compared to controls. CB, cerebellum; FC, frontal
cortex; HG, harderian gland; TH, thalamus.

FIGURE 7 PET-MR of [18F]nifene 5xFAD mice: (A) Coregistered [18F]nifene PET-MR control mouse C57BL/é, sagittal and coronal brain
sections. (B) Coregistered [18F]nifene PET-MR mouse 5xFAD, sagittal and coronal brain sections. (C-E) Three superior to inferior planes of
coregistered [18F]nifene PET-MR 5xFAD mouse with cross hairs placed on the medial prefrontal cortex/anterior cingulate in sagittal and transaxial
brain sections. AC, anterior cingulate; CB, cerebellum; HG, harderian gland; mPFC, medial prefrontal cortex; TH, thalamus.
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FIGURE 8 Nicotine effects on [18F]nifene in C57BL/6 mice: (A) PET/CT of [18F]nifene (7.4 MBq, intraperitoneal [IP]) in control C57BL/6 mouse
male (46 g) showing coronal, transaxial, and sagittal images at 30 min before nicotine administration. (B) Coronal, transaxial, and sagittal images at
30 min after nicotine (1 mg/kg, IP). (C) Time-activity curve of thalamus, frontal cortex, and cerebellum showing nicotine intervention (arrow). (D)
Dissociation rate (In X/Xg) plot for thalamus (k¢ = 0.027 min~1), frontal cortex (k¢ = 0.009 min—1), and cerebellum (ko = 0.007 min~1).
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FIGURE 9 Nicotine effects on [18F]nifene in 5xFAD mice: (A) PET/CT of [18F]nifene (5 MBgq, intraperitoneal [IP]) in 5XxFAD mouse female (20 g)
showing coronal, transaxial, and sagittal images at 30 min before nicotine administration. (B) Coronal, transaxial, and sagittal images 30 min after
nicotine (1 mg/kg, IP). (C) Time-activity curve of thalamus, frontal cortex, and cerebellum showing nicotine intervention (arrow). (D) Dissociation
rate (In X/Xp) plot for thalamus (kos = 0.035 min~1) and cerebellum (ko¢ = 0.006 min~1). Frontal cortex shows no dissociation in the 5xFAD mouse
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FIGURE 10 Exvivo ['8F]Nifene and [12%1]IBETA in 5xFAD mice: (A) Sagittal in vivo PET/CT [*8F]nifene image in 5xFAD mouse brain at
approximately 70 min post-injection (male 26 g; 7.4 MBq intraperitoneal [IP]). (B) Ex vivo [18F]nifene autoradiograph (10 um thick slice) of same
mouse after PET/CT experiment. (C) In vitro autoradiograph of adjacent brain slice of same mouse (after fluorine-18 decay) labeled with
[1251]IBETA for A8 amyloid plaques. (D) In vitro immunostain of adjacent brain slice (after fluorine-18 decay) labeled with anti-Ag for Ag amyloid
plaques. (E) Correlation of [12°1]IBETA labeled AB plaques with [18F]nifene binding (r2 = 0.68). The outlier, nPFC was not used in the correlation.
AC, anterior cingulate; BS, brain stem; BSHS, brain stem hot spot; CB, cerebellum; COL, colliculi; HP, hippocampus; mPFC, frontal cortex; PC,
piriform cortex; TH, thalamus.

= 37 min). Frontal cortex [18F]nifene was not displaceable by nicotine, although cerebellum had a koff = 0.006 min—1 (t1/2 = 116 min) in the 5xFAD
mice, suggestive of nonspecific clearance of [18F]nifene similar to the C57BL/6 mice. In addition, the measured nicotine-induced thalamus off-rate
of [18F]nifene for the 5XFAD mice was slower than the C57BL/6 mice. The non-displaceability of frontal cortex [18F]nifene was also evident from

the retention of [18F]nifene in the frontal cortex in the time-activity curve (Figure 9C), while thalamus activity continued to decrease.

3.8 | Ex vivo ['8F]Nifene—[12°I]IBETA comparison in 5xFAD mice

After the [18F]nifene PET/CT scan of the 5XxFAD mouse (Figure 10A, sagittal brain slice showing [18F]nifene bound to the thalamus, frontal cortex,
and other brain regions), the 5XFAD mouse was killed, 80 min postinjection of [18F]nifene and the brain was excised immediately. The brain was
rapidly frozen and sagittal brain sections were obtained. Figure 10B shows a sagittal brain section showing [18F]nifene bound to the thalamus,
frontal cortex, and other brain regions. Binding of [18F]nifene in the ex vivo brain slice (Figure 10B) from the same mouse followed the general
pattern on in vivo binding (Figure 10A). Thalamus was clearly the high-binding region. The “hot spot” in the frontal cortex was evident in both the in
vivo PET scan and the ex vivo autoradiograph. Smaller regions such the subiculum was seen in the ex vivo image but were not clearly visualized in
the in vivo scans. As expected, cerebellum had the least amount of activity both in vivo and ex vivo.

After the radioactive decay of [18F]nifene from the stored (—80°C) sagittal brain slices, select slices were evaluated for the presence of A
plaques by anti-Ag amyloid IHC (Figure 10D) and by [12°1]IBETA autoradiography (Figure 10C). Figure 10C shows in vitro binding of [12°1]IBETAinan
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FIGURE 11 Invitro [*8F]JFEPPA in 5xFAD mice: (A) Control brain slice 10 um scan showing various regions. (B) [*8F]FEPPA binding in the 10
um brain slice of control mice. (C) 5xFAD brain slice 10 um scan showing various regions. (D) [*8F]FEPPA binding in 10 um brain slice of 5xFAD
transgenic mice. (E) Comparison of [18 FJFEPPA binding between control and 5xFAD mice. Significantly higher binding of [8F]FEPPA was seen in
FC and HP-SUB. AC, anterior cingulate; CB, cerebellum; FC, frontal cortex; HP, hippocampus; SUB, subiculum; WM and WM2, white matter.

adjacent brain slice of the same 5xFAD mouse with high levels in the thalamus, hippocampus, cortical regions, brain stem, and colliculi. Cerebellum
levels were close to background levels. [18F]Nifene and [125]IBETA levels in the different regions were correlated (r2 = 0.68) as shown in Figure 10E.
Because of the high levels of [18F]nifene in the mPFC, it is seen as an outlier in Figure 10E.

3.9 | In vitro [18F]FEPPA studies

The TSPO imaging agent, [*8F]FEPPA, in the mice showed extensive binding in several brain regions (Figure 11B,D). Regions of the white matter
(WM and WM2) in both the C57BL/6 and 5xFAD mice slices were high. This is consistent with the binding properties of [28F]FEPPA in mice as well
as other species (Vignal et al., 2018). Two brain regions where the 5xFAD mice showed significantly higher levels of [18F]FEPPA binding compared
to the C57BL/6 mice were FC and HP-SUB. The higher [18F]FEPPA binding in these two regions is consistent with reports of other TSPO PET
radiotracers in these regions (Mirzaei et al., 2016; Rejc et al., 2022). Ratio of brain regions versus CB for the C57BL/6 mice brains was FC/CB = 0.50,
ACC/CB = 0.60, and HP-SUB/CB = 0.71, suggesting that CB had more nonspecific binding (Figure 11E).

In the case of 5XFAD mice brain slices, ratio of brain regions versus CB was FC/CB = 1.38, ACC/CB = 0.92, and HP-SUB/CB = 2.24, suggesting
significantly increased TSPO levels and microglia in the 5xFAD mice (Figure 11E). Binding of [18F]FEPPA in these regions overlapped with both
[*8F]nifene and [12°1]IBETA binding in the 5xFAD mice brains.

4 | DISCUSSION

The 5xFAD mice expressing Af plaques were found to be an excellent model to examine potential alterations in a482* nAChRs. The presence of A8
plaques in these mice were confirmed in these mice using [12%/125]IBETA and anti-Ag IHC (Nguyen et al., 2022) and ['8F]flotaza (Kaur et al., 2021)
and were consistent with the findings of [18F]florbetaben (Boulter et al., 2021). In vitro binding of [12°]IBETA and [1241]IBETA in transgenic 5xFAD
mouse model for AS plaques was high in the frontal cortex, anterior cingulate, thalamus, and hippocampus, which were regions of high Ag accumula-
tion, with very little binding in the cerebellum (ratio of brain regions to cerebellum was >5). This in vitro binding of [12>1]IBETA and [1241]IBETA was
also observed in postmortem human AD brains gray matter containing AB plaques compared to WM (Nguyen et al., 2022). Anti-AS immunostaining
strongly correlated with [124/125]]IBETA regional binding in both 5XFAD mouse and postmortem AD human brains. These observations suggested
the similarity of the binding sites in the 5XFAD mice and human AD brain. Preliminary PET/CT studies of [12*1]IBETA in the 5xFAD mouse model
showed greater localization of [1241]IBETA in the brain regions with a high concentration of AB plaques (Nguyen et al., 2022). Thus, the 5xFAD mice
provided a good AB plaque model to study effects on the a4/32* nAChRs.

In vitro binding of [18F]nifene in the 5xFAD mice brain sections was similar to the control mice (Campoy et al., 2021). Thalamus exhibited the
highest levels, followed by anterior cingulate cortex, frontal cortex, subiculum, and striatum, and the least levels were in the cerebellum. These
brain regions exhibited abundant AB plaques except for striatum and cerebellum. [18F]Nifene binding was low in the hippocampus of 5xFAD mice,
a region known to contain high Ag plaque load. The low hippocampus binding in 5xFAD mice is similar to findings in the control mice hippocampus
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(Campoy et al., 2021). Nicotine, due to its high affinity to a482* receptors (Mukherjee et al., 2018), displaced [*8F]nifene in brain slices in vitro. A

total of 10 uM nicotine was able to displace [1F]nifene from all brain regions in the 5xFAD mice including thalamus, anterior cingulate cortex, and
subiculum (Figure 2H). Displacement of [*8F]nifene in the 5XFAD mice regions may reflect the slightly weaker affinity of nicotine in the 5xFAD mice
and the effect of AS plaque and/or microglia related pathology.

Acetylcholine was able to displace [*8F]nifene from both control mice and 5xFAD brain slices. Since ACh is rapidly hydrolyzed by AChE present in
the brain slices, treatment with physostigmine, a AChEI, was necessary, as previously reported in our rat brain studies (Easwaramoorthy et al., 2007).
[18F]Nifene was displaced by ACh from control mice and 5xFAD mice horizontal sections containing the thalamus, subiculum, cortex, striatum, hip-
pocampus, and cerebellum (Figure 3A-D). All regions showing [*8F]nifene binding were decreased in the presence of Ach, as shown in Figure 3.
Studies have been carried out to understand the association of A3 plaques and nicotinic receptors (Wu et al., 2004), altered acetylcholinesterase
(AChE) glycosylation in AD pathology in Tg2576 mice (Fodero et al., 2002), AChE acting as a nucleating factor (Rees et al., 2003), and cortical
cholinergic neurodegenerative changes occurring before the deposition of AB-containing neuritic plaques (German et al., 2003).

Regional in vivo brain uptake of [18F]nifene in thalamic and extrathalamic regions in the 5xFAD mice was similar to the C57BL/6 mice
(Figure 5A,D). Thalamus showed the highest levels, followed by frontal cortex and the least in the cerebellum as seen in the time-activity curves
(Figure 5B,E). Ratio plots of the two regions versus cerebellum showed plateauing at approximately 2.2 for the thalamus and 1.6 for frontal cortex
in the C57BL/6 mice, which is consistent with our previous observations (Campoy et al., 2021). Ratio of thalamus to cortex at the end of the scan
was 1.3-1.5 in C57BL/6 mice. In the case of the 5xFAD mice, ratio plots of the two regions versus cerebellum showed plateauing in the thalamus
at approximately 2.2, but frontal cortex continued to rise, suggesting nonreversible binding of [18F]nifene. Ratio of thalamus to cortex at the end of
the scan was 1.1 in the 5xFAD mice. This [18F]nifene binding in the frontal cortex in the 5XFAD mice was a significant deviation from observations
in the control C57BL/6 mice and our previously reported control BALB mice (Campoy et al., 2021).

For comparing [18F]nifene binding in groups of C57BL/6 and 5xFAD mice, after the CT scan, a static PET scan between approximately 40-70 min
post intraperitoneal administration of [18F]nifene was acquired. Control C57BL/6 mice showed normal distribution in the thalamus and frontal cor-
tex (Figure 6A,C) with average SUVR of 2.38 for thalamus and 1.92 for frontal cortex. In the case of 5xFAD, frontal cortex showed significantly higher
SUVR (3.04) compared to the control C57BL/6 mice (Figure 6B,C). Further detailed analysis of [18F]nifene bound to the C57BL/6 and 5xFAD mouse
brain was carried out by using coregistration of [18F]nifene PET with mouse brain MR template (Figure 7). Thalamic and extrathalamic regions were
confirmed using the PET-MR coregistered images, including the extracranial localization in the vicinity of the harderian glands in both C57BL/6 and
5xFAD mice (Figure 7A,B). Evaluation across the different planes (Figure 7C,D) of the 5xFAD brain suggests very focused [18F]nifene localization in
the anterior cingulate cortex and medial prefrontal cortex, brain regions critical for executive control (Kamigaki, 2019; Premachandran et al., 2020;
Van Heukelum et al., 2020).

Inthe PET study shown in Figure 8, nicotine was able to displace [18F]nifene bound to the thalamus and frontal cortex in the C57BL/6 mice, which
was consistent with our previous findings in mice, rats and monkeys (Hillmer et al., 2011; Kant et al., 2011; Zhang et al., 2022). In the case of the
5xFAD mice, thalamic [18F]nifene binding was displaced, but the frontal cortex binding was nondisplaceable with the nicotine dose used (Figure 9).
The dissociation half life (off-rate) of [18F]nifene from the thalamus in the 5XxFAD mice was slower compared to the C57BL/6 mice thalamus. The
inability to displace [18F]nifene from the frontal cortex in 5xFAD mice compared to the C57BL/6 mice was striking. This can be seen in Figure 9,
where both thalamus and cerebellum continue to decrease, while frontal cortex has a gradual increase in binding.

Inorder to further understand the mPFC binding of [18 F]nifene, ex vivo studies were carried out on the 5xFAD mice after the PET/CT scan. Ex vivo
autoradiography of the 5xFAD brain after the in vivo PET/CT scan confirmed the high [18F]nifene binding in the AC/mPFC (Figure 10B), consistent
with what was observed in the in vivo PET/CT (Figure 10A). Adjacent ex vivo brain slices after fluorine-18 decay were labeled with [125|]IBETA and
the presence of A plaques in the various regions was confirmed (Figure 10C). Correlation of [1251]IBETA binding to AB plaques with [18F]nifene
binding appeared strong except for hippocampus and anterior cingulate. Adjacent slices with anti-A8 immunostains correlated with [12°1]IBETA
(Figure 10E-G). Thalamic AB plaques are reportedly formed at later ages and have been reported to be structurally different from the frontal cortex
AB plaques, which are formed early in AD (Aggleton et al., 2016; Wengenack et al., 2011). Could this difference in the nature of Ag plaque between
the thalamus and frontal cortex attribute to the difference in nicotine effects on [18F]nifene in the two brain regions?

Since microglia play a very significant role in the 5xFAD mice (Forner et al., 2021), a preliminary in vitro autoradiographic study was carried out
to evaluate in brain slices comparing the 5xFAD with C57BL/6 mice (Figure 11). Consistent with previous reports, [18FJFEPPA showed increased
binding in the frontal cortex and hippocampus-subiculum regions in the 5xFAD mice. Anterior cingulate or medial prefrontal cortex did not show
any particularly high concentration compared to the frontal cortex. It is likely that the increased [18F]nifene binding in the FC/AC/mPFC may be due
to both the presence of AS plaques and microglia.

But the irreversibility of [18F]nifene binding in the FC/AC/mPFC remains unresolved. This unusual binding of [18F]nifene is unlikely due to poten-
tial microbleeds (Cacciottolo et al., 2021; Koveri et al., 2015; Shih et al., 2018). Our results (data not shown) with sodium [18F]fluoride to assess
any blood brain barrier (BBB) disruption did not show any brain uptake. Brain metastasis with BBB disruption has been imaged using sodium
[*8F]fluoride (Gori et al., 2015). Similarly, our results (data not shown) with [18F]JFDG and other reported findings of [18F]FDG in the 5xFAD mice
have not reported any unusual frontal cortex increases (Franke et al., 2020; Macdonald et al., 2014), thus potentially ruling out BBB disruption. Stud-

ies on rats with ischemia exhibited increased binding of [18F]2-FA85380, another nAChR PET imaging agent in the cortical regions (Martin et al.,
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2015). Overexpression of a4f2* receptors was observed in microglia/macrophages and astrocytes. Although 5xFAD mice have not been shown to
experience ischemia, the presence of abundant microglia in the 5xFAD mice is well known (Forner et al., 2021) including our findings of increased
[18F]FEPPA in the 5xFAD mice. Perhaps our findings suggest that the molecular nature of in vivo [18F]nifene binding in the FC/AC/mPFC of 5xFAD
mice is different compared to the C57BL/6 mice. Since PFC is innervated with nicotinic receptors (Koukouli et al., 2016), altered or dysfunctional
nicotinic receptors in the mPFC are likely to adversely affect cholinergic functions in the 5xFAD mice resulting in impaired cognitive processes.

5 | CONCLUSION

The 5xFAD transgenic mice provided a useful model to study the effects of AB plaques and microglia on a432* nAChRs. A major finding is the high,
non-displaceable binding of [18F]nifene in the FC/mPFC/ACC. Does the increased [18F]nifene binding in FC/mPFC/ACC in the 5xFAD mice suggest a
compensatory mechanism against A pathology? The irreversibility and inability of nicotine to displace in vivo [18F]nifene raise several possibilities:
(1) An interaction of AB oligomers, fibrils, or plaques with the a432* receptor alters pharmacological properties of the receptor and affects the
binding of [18F]nifene and nicotine. (2) The ability of [18F]nifene to bind and an inability of nicotine to displace receptor bound [18F]nifene in the
5xFAD mice suggest additional interactions of [18F]nifene at the receptor site or an alternate site, such as the microglia, rendering it irreversible. (3)
If acetylcholine is similarly affected like [18F]nifene, does it render the receptor hyperactive or desensitized and nonfunctional? (4) Does this have

implications on AChEI, which are used to elevate acetylcholine levels in AD subjects?
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