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Abstract 73 

Mouse models of Alzheimer’s disease (AD) are valuable but do not fully recapitulate 74 

human AD pathology, such as spontaneous Tau fibril accumulation and neuronal loss, 75 

necessitating the development of new AD models. The transgenic (TG) TgF344-AD rat has been 76 

reported to develop age-dependent AD features including neuronal loss and neurofibrillary tangles, 77 

despite only expressing APP and PSEN1 mutations, suggesting an improved modelling of AD 78 

hallmarks. Alterations in neuronal networks as well as learning performance and cognition tasks 79 

have been reported in this model, but none have combined a longitudinal, multimodal approach 80 

across multiple centres, which mimics the approaches commonly taken in clinical studies. We 81 

therefore aimed to further characterise the progression of AD-like pathology and cognition in the 82 

TgF344-AD rat from young-adults (6 months (m)) to mid- (12 m) and advanced-stage (18 m, 25 83 

m) of the disease. 84 

Methods. TgF344-AD rats and wild-type (WT) littermates were imaged at 6 m, 12 m and 85 

18 m with [18F]DPA-714 (TSPO, neuroinflammation), [18F]Florbetaben (Aβ) and [18F]ASEM (α7-86 

nicotinic acetylcholine receptor) and with magnetic resonance spectroscopy (MRS) and with (S)-87 

[18F]THK5117 (Tau) at 15 and 25 m. Behaviour tests were also performed at 6 m, 12 m and 18 m. 88 

Immunohistochemistry (CD11b, GFAP, Aβ, NeuN, NeuroChrom) and Tau (S)-[18F]THK5117 89 

autoradiography, immunohistochemistry and Western blot were also performed. 90 

Results. [18F]DPA-714 positron emission tomography (PET) showed an increase in 91 

neuroinflammation in TG vs wildtype animals from 12 m in the hippocampus (+11%), and at the 92 

advanced-stage AD in the hippocampus (+12%), the thalamus (+11%) and frontal cortex (+14%). 93 

This finding coincided with strong increases in brain microgliosis (CD11b) and astrogliosis 94 

(GFAP) at these time-points as assessed by immunohistochemistry. In vivo [18F]ASEM PET 95 

revealed an age-dependent increase uptake in the striatum and pallidum/nucleus basalis of Meynert 96 

in WT only, similar to that observed with this tracer in humans, resulting in TG being significantly 97 

lower than WT by 18 m. In vivo [18F]Florbetaben PET scanning detected Aβ accumulation at 18 98 

m, and (S)-[18F]THK5117 PET revealed subsequent Tau accumulation at 25m in hippocampal and 99 

cortical regions. Aβ plaques were low but detectable by immunohistochemistry from 6 m, 100 

increasing further at 12 and 18 m with Tau-positive neurons adjacent to Aβ plaques at 18 m. 101 

NeuroChrom (a pan neuronal marker) immunohistochemistry revealed a loss of neuronal staining 102 
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at the Aβ plaques locations, while NeuN labelling revealed an age-dependent decrease in 103 

hippocampal neuron number in both genotypes. Behavioural assessment using the novel object 104 

recognition task revealed that both WT & TgF344-AD animals discriminated the novel from 105 

familiar object at 3 m and 6 m of age. However, low levels of exploration observed in both 106 

genotypes at later time-points resulted in neither genotype successfully completing the task. 107 

Deficits in social interaction were only observed at 3 m in the TgF344-AD animals. By in vivo 108 

MRS, we showed a decrease in neuronal marker N-acetyl-aspartate in the hippocampus at 18 m (-109 

18% vs age-matched WT, and -31% vs 6 m TG) and increased Taurine in the cortex of TG (+35% 110 

vs age-matched WT, and +55% vs 6 m TG). 111 

Conclusions. This multi-centre multi-modal study demonstrates, for the first time, 112 

alterations in brain metabolites, cholinergic receptors and neuroinflammation in vivo in this model, 113 

validated by robust ex vivo approaches. Our data confirm that, unlike mouse models, the TgF344-114 

AD express Tau pathology that can be detected via PET, albeit later than by ex vivo techniques, 115 

and is a useful model to assess and longitudinally monitor early neurotransmission dysfunction 116 

and neuroinflammation in AD. 117 

Key words: Alzheimer’s disease, animal models, positron emission tomography, magnetic 118 

resonance spectroscopy, neuroinflammation. 119 

Abbreviations: Alzheimer’s disease (AD), amyloid-beta plaque (Aβ), cerebral amyloid 120 

angiopathy (CAA), positron emission tomography (PET), amyloid precursor protein (APP), 121 

presenilin 1 (PS1), neurofibrillary tangle (NFTs), transgenic (TG), magnetic resonance 122 

spectroscopy (MRS), α7 nicotinic acetylcholine receptor (α7-nAchR), N-acetyl-aspartate (NAA), 123 

choline-containing-compounds (tCho), wild-type (WT) 124 
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Introduction 126 

Alzheimer’s disease (AD) is a major global health problem, affecting approximately 50 127 

million people worldwide [1]. Yet, our understanding of the mechanisms leading to progressive 128 

neurodegeneration and dysfunction in AD remains incomplete. Clinical AD pathology is 129 

characterised by progressive amyloid-beta plaque (Aβ) deposition, neurofibrillary tangle (NFT) 130 

formation due to Tau protein aggregation and neuronal loss. However it has become clear that AD 131 

is a complex and multi-faceted disease involving not only Aβ and Tau pathology but also chronic 132 

activation of microglia and astrocytes [2, 3], metabolic dysfunction [4], and altered cholinergic 133 

activity [5]. Moreover, it is hypothesised that pathological alterations may begin many years before 134 

AD symptoms become apparent making early diagnosis and disease management challenging. 135 

Therefore, a better understanding of the pathophysiology underlying AD manifestation and 136 

progression is urgently needed to improve diagnosis and treatment of this devastating disorder. 137 

Preclinical investigations using animal models are an essential part of the arsenal of tools 138 

to probe specific disease mechanisms and test the efficacy of therapeutic and diagnostic strategies 139 

within a living organism. Genetically modified mouse models are commonly used in AD research, 140 

allowing the investigation and confirmation of pathology induced by human familial AD mutations 141 

associated with amyloid precursor protein (APP) and presenilin 1 or 2 (PS1/PS2). These mouse 142 

models develop AD-like amyloid pathology such as age-dependent increases in Aβ plaque 143 

deposition, soluble and insoluble Aβ40/Aβ42 levels, and cerebral amyloid angiopathy (CAA) [6]. 144 

Although all these transgenes-induced AD models are modelling the familial rather than the 145 

sporadic AD, until models of spontaneous AD exist, these models are beneficial in gaining a better 146 

understanding of amyloidogenic pathways and other disease processes. However, most of these 147 

models do not develop neuronal loss or NFTs without the integration of a Tau transgene. While 148 

some amyloid models have been reported to express increased hyperphosphorylated Tau, Tau 149 

aggregates similar to NFTs are not observed [7, 8]. This lack of concordance with the clinical 150 

situation may be in part responsible for the low success in translatability of AD therapies. Hence, 151 

there has been a drive for improved animal models, which encompass the multiple pathological 152 

features observed in clinical AD. Consequently, transgenic AD rat models have been developed, 153 

with rats having the additional advantage over mice of a larger brain size for in vivo imaging and 154 

improved possibility for behavioural testing [9]. Early genetic rat models were unsuccessful in 155 
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precipitating extracellular amyloid plaques [10]; later attempts yielded better results but most 156 

developed only A plaques (for review see Do Carmo and Cuello, 2013 [11]). However, a more 157 

recent model, the TgF344-AD rat, described by Cohen et al. [12], demonstrated an age-dependent 158 

progressive amyloid pathology including plaque deposition, CAA, inter-neuronal and soluble 159 

amyloid in regions associated with and at levels comparable to that observed in clinical AD. 160 

Moreover, NFT-like Tau pathology as well as neuronal loss and neuroinflammation were also 161 

reported, overall providing a better representation of AD-like pathology. In their study Cohen et 162 

al. characterised the model at 6, 16 and 26 months (m) of age. Increased Aβ40 was reported as early 163 

as 6 m with cognitive deficits by 15m and NFT deposition by 16 m. Finally, increased microglial 164 

and astrocyte activation were detected ex vivo as early as 6 m of age. Since then, various deficits 165 

and dysfunctions have been reported at different ages in these rats including alterations in 166 

hippocampal and cortical neurotransmission [13-16], neurovascular dysfunction [17], behavioural 167 

deficits [18-21], functional connectivity alterations [22-24] and blood-brain barrier alterations 168 

[25]. Hence this model seems to be a good candidate, yet some important parameters have not 169 

been investigated and questions remain as to whether this is a useful model to investigate 170 

longitudinal in vivo markers of AD. 171 

Here we take an in vivo multi-modal approach to characterise AD development and 172 

progression in TgF344-AD and wildtype (WT) rats from early to more advanced stages of the 173 

disease (6 to 25m), including non-invasive longitudinal imaging, ex vivo immunohistochemical 174 

analysis and cognitive assessments. Specifically, and for the first time, [18F]DPA-714, [18F]ASEM, 175 

[18F]Florbetaben ([18F]AV-1) and (S)-[18F]THK5117 PET imaging were performed to assess 176 

neuroinflammation, the acetylcholine system, Aβ plaque deposition and Tau aggregates 177 

respectively. Additionally, magnetic resonance spectroscopy (MRS) was performed to assess 178 

metabolite alterations associated with neuronal dysfunction and inflammation. Altogether, those 179 

in vivo measurements, combined with ex vivo immunohistochemical assessments are providing 180 

novel and wide-ranging information about the neuropathological characteristics and utility of this 181 

model. 182 

Materials and Methods 183 

Animals  184 
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Two male and two female WT Fischer and TgF344-AD rats with the APPswe and PS1Δe9 185 

mutations were purchased from the laboratory of Prof T. Town (University of Southern California) 186 

and were set up as breeding pairs, housed in the Biological Services Unit at the University of 187 

Manchester. Genotyping was outsourced to Transnetyx®. All animals were housed in groups of 188 

2-4 per cage with individual ventilation, environmental enrichment, constant access to food and 189 

water and a 12:12 hour cycle of light and dark. 190 

In vivo experiments were conducted across three centres: University of Manchester (UK), 191 

University of Tours (France) and University of Turku (Finland) and animals were housed and fed 192 

in the same conditions as in Manchester. All experiments carried out at the University of 193 

Manchester were performed in accordance with the Animal Scientific Procedures Act 1986, 194 

following internal ethical review. Breeding pairs from this colony were sent to the University of 195 

Tours and University of Turku where rats were bred for investigation of amyloid 196 

([18F]Florbetaben), α7-nAchR ([18F]ASEM) and Tau ((S)-[18F]THK5117 ). In Tours, animals were 197 

treated in accordance with the European Community Council Directive 2010/63/EU for laboratory 198 

animal care and the experimental protocol was validated by the Regional Ethical Committee 199 

(Authorization n°4795.03). Genotyping was outsourced to Charles River GEMS (France). In 200 

Turku all animal experiments were approved by the Regional State Administrative Agency for 201 

Southern Finland (ESAVI/3899/04.10.07/2013 and ESAVI/4499/04.10.07/2016), and animal care 202 

complied with the principles of the laboratory animal care and with the guidelines of the 203 

International Council of Laboratory Animal Science. 204 

Details of numbers of animals for each experiment are provided below and in Tables S1-205 

S4. Survival curves and mortality/exclusions are shown for the University of Manchester cohort 206 

in Table S4 and Figure S1. 207 

Study Design 208 

Animals bred at the University of Manchester underwent behavioural testing, MRS, 209 

[18F]DPA-714 PET, and immunohistochemistry studies. N number per group were based on power 210 

analysis of our own or previously published data with α = 0.05 and β = 0.95 [12, 21, 26-30]. 211 

Various parameters including moderate increases in neuroinflammation, Aβ and Tau have been 212 

reported in the Tg-F344-AD rat via immunohistochemistry at 6, 16 and 26 m [12]. Thus, 213 

[18F]DPA-714 PET was performed at 6 m, 12 m and 18 m to non-invasively assess longitudinal 214 
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alterations in neuroinflammation in WT and TG rats from early to advanced disease. Similarly, 215 

these time-points were used for MRS imaging and behavioural assessment. In particular, the 12 m 216 

time-point was chosen because we wanted to address the progression in the critical prodromal 217 

stage of the disease and from Cohen et al. [12] it seemed clear that AD-like pathology was already 218 

quite advanced by 16 m of age. Brain tissue was harvested in a subset of rats at each time-point 219 

(Table S1) for ex vivo analysis i) between 5m 3 weeks and 7m 2 weeks (referred to as the 6 m 220 

time-point; WT: 208 ± 24 days, n = 5 (mean ± SD); TG: 203 ± 21 days, n = 8), ii) between 11m 3 221 

weeks and 13 m 2 weeks (12 m time-point; WT: 391 ± 23 days, n = 5; TG: 389 ± 16 days, n = 6) 222 

and iii) between 18 m 2 weeks and 19m 3 weeks (18 m time-points; end-point for animals from 223 

the longitudinal study and few additional animals; WT: 585 ± 11 days, n = 13; TG: 591 ± 14 days, 224 

n = 11) (See Tables S1 and S2 for full details). There was a minimum gap of one week between 225 

anaesthetising animals for imaging and conducting behavioural tests. Imaging experiments were 226 

carried out during the light phase of day. Behavioural assessments begun at the end of the dark 227 

phase (4-7 AM) as the rats were more active and exploratory behaviour was increased at this time. 228 

WT and TG males (n = 8 per group) bred at the University of Tours were enrolled in 229 

[18F]Florbetaben and [18F]ASEM PET studies at 6, 12 and 18 m (for more details see Table S3). 230 

Tau pathology was assessed in 3 WT and 4 (one animal died at 24 months of age) TG 231 

females bred at the University of Turku using (S)-[18F]THK5117 PET at 15 and 25m and ex vivo 232 

autoradiography at 25m. Tau studies were conducted at later time-points owing to previous 233 

findings indicating NFT-like Tau deposition in these rats from a mid-disease state (i.e., 16 m) [12]. 234 

At 15m (457 ± 9 days) rat weights were WT 295 ± 5g and TG 302 ± 28g. At 25m (748 ± 11 days) 235 

rat weights were WT 339 ± 37g and TG 340 ± 6g. 236 

PET Acquisition and Analysis 237 

[18F]DPA-714 PET 238 

To assess in vivo neuroinflammatory status [18F]DPA-714 PET was performed in WT and 239 

TG rats at 6, 12 and 18 m. [18F]DPA-714 was synthesized as previously described [31]. Animals 240 

underwent anaesthesia (1.5-2.5% isoflurane in a 30%/70% 02/NO2 mixture at 1.2 l/min), tail vein 241 

cannulation, [18F]DPA-714 injection (33.1 ± 6.8 MBq) and 60 min dynamic PET/CT imaging. 242 

Imaging was carried out on a Siemens Inveon® PET/CT scanner and image reconstruction was 243 
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performed as previously described [26, 27] (see Suppl. Material for more details). Skeletal and 244 

brain regions were defined manually in the CT images using Brainvisa and Anatomist software 245 

(http://brainvisa.info) to register PET-CT images with a MRI template; ROIs were quantified in 246 

Brainvisa by applying a rat MRI template adapted from Schwarz and colleagues [32]. Co-247 

registration with a MRI atlas seem appropriate as Anckaerts et al. [22] did not report any age-248 

dependent genotype-specific cortical atrophy or ventricular enlargement in the TG groups. ROIs 249 

included: entorhinal cortex, cingulate cortex, frontoparietal motor and somatosensory cortex, 250 

frontal cortex, temporal cortex, hippocampus, thalamus, hypothalamus and striatum. For the PET 251 

quantification the summed frames from 20 to 60 (Figure S3A) min were used to calculate the 252 

uptake values normalised to cerebellum (NUVCb). The cerebellum was chosen as it is routinely 253 

used (clinically and preclinically) as a pseudo-reference region for TSPO-PET quantification in 254 

Alzheimer’s disease populations [26, 29, 33-36]. 255 

[18F]Florbetaben and [18F]ASEM PET 256 

 [18F]florbetaben and [18F]ASEM PET were performed to assess respectively amyloid 257 

burden and α7 nicotinic acetylcholine receptor (α7-nAchR) density in WT and TG rats at 6, 12 and 258 

18 m (see Table S3). [18F]Florbetaben [37] and [18F]ASEM [30] were synthesized as described 259 

previously. Anaesthetised animals (1.5-2% isoflurane in 1.5-2 L/min of O2) were scanned over 51 260 

min for [18F]Florbetaben and 61 min for [18F]ASEM on a superArgus PET/CT system (Sedecal, 261 

Spain) according to Sérrière et al. [29] (for more details see Suppl. Material). Before PET 262 

acquisition, a 5 min CT scan was acquired for attenuation correction. Animals received a bolus 263 

injection of 37 MBq/350 g body weight of [18F]Florbetaben or [18F]ASEM in a saline solution via 264 

the tail vein. Images were analysed using PMOD (3.403, PMOD Technologies, Zurich, 265 

Switzerland). Partial volume effect correction was applied on all PET images which were co-266 

registered to the Schiffer rat brain MRI template for regions of interest (ROI) analysis. Normalised 267 

uptake values (NUV) were calculated using the brainstem as reference region for [18F]Florbetaben 268 

(last 3 frames, 43-51 min acquisition, Figure S3B) [38] and cerebellum for [18F]ASEM [39] (last 269 

6 frames, 49-61 min acquisition, Figure S3C). 270 

(S)-[18F]THK5117 PET and autoradiography 271 
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To assess Tau deposition, (S)-[18F]THK5117 PET was performed in WT and TG rats at 15 272 

and 25m. (S)-[18F]THK5117 was synthesized as previously described [40]. Prior to PET 273 

acquisition, a CT scan was acquired for attenuation correction. The rats were anesthetised with 274 

2.5% isoflurane in a 30%/70% O2/NO2 mixture at 400-500 mL/min and then injected with a bolus 275 

injection of (S)-[18F]THK5117 (23.7 ± 3.0 MBq) and 60 min dynamic scans were acquired using 276 

a Siemens Inveon® PET/CT scanner and reconstructed with OSEM-3D. PET images were pre-277 

processed and co-registered to the Schiffer rat brain MRI template for ROI analysis (for more 278 

details see Suppl. Material). Following the final in vivo scan, the brains were quickly removed and 279 

frozen in isopentane (2-methylbutane; Sigma-Aldrich) on dry ice to perform ex vivo 280 

autoradiography studies. Coronal sections (20 μm) were obtained using a cryomicrotome (Leica 281 

CM3050S) and collected on a glass slide (Superfrost Ultra Plus; Thermo Fisher). The slides were 282 

exposed to an image plate (Fuji BAS Imaging Plate TR2025; Fuji Photo Film Co., Ltd.) for 4 283 

hours. 284 

For the PET quantification the summed frames from 30 to 40 min were used (Figure S3D); 285 

PET and autoradiography data are expressed as standard uptake values normalised to striatum 286 

(NUVstr). ROIs included: temporal-auditory, piriform, frontal, frontoparietal and cingulate 287 

cortices, hippocampus, thalamus, pons, cerebellum, hypothalamus and striatum. PET and 288 

autoradiography quantification were performed as previously described [41].  289 

Magnetic Resonance Spectroscopy Acquisition and Analysis 290 

To assess metabolite profile, single voxel MRS was performed in the full hippocampus (2 291 

× 9 × 3 mm3), right hippocampus (2 × 4.5 × 3 mm3), thalamus (2.5 × 8 × 3 mm3), hypothalamus 292 

(2 × 3 × 3 mm3) and cortex (1.2 × 3 × 3 mm3) in TG and WT rats at 6, 12 and 18 m of age (for 293 

localisation of the voxel for each brain region, see Figure S2). Isoflurane (2-3%) in oxygen 294 

(2L/min) was used to anesthetise and maintain rats. MRI and MRS were performed and analysed 295 

as previously described [26, 42] (see Suppl. Material for more details). Respiratory rate (65-80 296 

breaths per min) and temperature (36.5-37°C) were monitored and maintained throughout by 297 

altering respectively the anaesthesia and hot air supply. Metabolites are expressed as amplitude of 298 

institutional units relative to water. 299 

Immunohistochemistry 300 
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For full details of Immunohistochemistry protocols, please see Suppl. Material. For all 301 

immunohistochemical analysis, the observers were blinded to the genotype and age-group of the 302 

animals, having only access to the animal number given at birth to each animal until all images 303 

were captured and analysed. However, it must be noted that the presence of Aβ plaques and 304 

associated microglial activation and astrogliosis were obvious when looking at the brain sections 305 

under a microscope. Number of animals used for each quantitative immunohistochemistry can be 306 

found in Table S5. 307 

Immunofluorescence for GFAP & CD11b, NeuN, Neurochrom and amyloid 308 

Animals were culled and brain were processed and cut as described previously [26, 27] 309 

(see Suppl. Material for more details). 310 

Immunohistochemistry was carried out on TG and WT 20µm thick frozen brain sections 311 

(n = 5-9 per group, see Table S5) to visualise CD11b (microglial marker), GFAP (astrocytic 312 

marker), NeuN and Neurochrom (neuronal markers), and 6E10 (Aβ marker) as previously 313 

described [26] (for more details see Suppl. Material).  314 

Three to five images from 2-4 brain sections spanning between 1 and 2.86 mm lateral of 315 

Bregma were collected for each brain structure (hippocampus, thalamus and cortex) per animal. 316 

Image were collected on an Olympus BX51 upright microscope using 10×/0.30 or 20×/0.50 317 

UPlanFLN objectives and captured using a Retiga 6000 Color camera through QCapture Pro 7 318 

Software (QImaging Inc.). Specific band pass filter sets were used to prevent bleed through from 319 

one channel to the next. 320 

6E10 slides were scanned using a 3D Histec Pannoramic250 slide scanner and 1-4 321 

snapshots per brain area of interest were taken using 3D Histec CaseViewer software. All 322 

snapshots were analysed using Fiji [43] (for full details see Suppl. Material). 323 

Chromogenic NeuN immunohistochemistry and analysis 324 

Sagittal sections were stained with rabbit anti-NeuN and Vector DAB HRP substrate (For 325 

full details of protocol see Suppl. Material). 326 

Amyloid Thioflavin-S staining and Tau immunohistochemistry 327 
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Because our attempt to perform immunohistochemistry for Tau using snap-frozen brain 328 

sections failed, we looked for PFA-perfused-fixed brains from one of our partners of the INMiND 329 

consortium. Perfused-fixed brains from 18 m old animals were a generous gift from Dr Guadalupe 330 

Soria (IDIBAPS, Barcelona, Spain) and were used for Phospho-Tau immunohistochemistry and 331 

amyloid Thioflavin-S staining. PFA-perfused-fixed brains were cryoprotected in 30% sucrose, 332 

sectioned into 30 µm thick sagittal sections using a Leica frozen microtome and stored as free-333 

floating brain sections at 4ºC in PBS/0.3% azide. Phospho-Tau and Thioflavin-S co-staining: 334 

sections were permeabilised by incubating with 0.3% Triton-X 100/PBS then endogenous 335 

peroxidase was quenched in 0.5% H2O2 for 30 min, and blocked in 2.5% normal horse serum (MP-336 

7422, Vector Laboratory) followed by incubation with AT8, CP13 or PHF-1 primary antibody 337 

overnight at 4°C. Secondary Anti-Mouse IgG (MP-7422, Vector Laboratory) was applied for 30 338 

min, followed by peroxidase substrate solution (SK-4105, Vector Laboratory) until desirable stain 339 

intensity developed. Sections were then incubated in 1% Thioflavin-S (T1892, SIGMA) solution 340 

for 7 min and washed with 70% Ethanol, before mounting with Fluoromount-G medium (Southern 341 

Biotech). 342 

The entire hippocampus was imaged in each section using an EVOS FL Auto microscope 343 

(Life Technologies) with a  ×20 objective, by area defined serial scanning (n = 3 per genotype). 344 

The image was processed using EVOS FL Auto Cell Imaging System and Adobe Photoshop CS6. 345 

Tau Western blot analysis 346 

Approximately 100 mg of cortex tissue was homogenised in 1 mL cold RIPA buffer as 347 

described previously [44]. The protein sample for Tau expression analysis was extracted from 348 

cortical tissue homogenate then lysed in Tau Dye. Lysed protein was boiled for 5 min at 95°C. 349 

Next, Western blotting was performed using the SDS-PAGE gel and nitrocellulose membrane, 350 

with 50 µg protein loaded for each sample. CP13, PHF-1, DA9 and HSPA9 primary antibodies 351 

were used (for more details see Table S6). Protein bands were visualized using enhanced 352 

chemiluminescence. Imaging was performed using the BIO-RAD ChemiDoc MP imaging system 353 

and protein expression bands were analysed by Image Lab software (BIO-RAD) (for more details 354 

see Suppl. Material). 355 

Behaviour  356 



14 
 

The background strain (Fischer 344) used to generate the TgF344-AD has been reported to 357 

be highly anxious and proved to be so in our hands (avoidance, agitated when handled, vocalising, 358 

biting) [45, 46]. We thus ensured that animals were extensively handled prior to behavioural 359 

testing (see details in Suppl. Material). 360 

Novel Object Recognition Test 361 

To assess short-term non-associative working memory, a novel object recognition (NOR) 362 

test was carried out in WT (n = 9-10) and TG (n = 9-11; see Table S1 for details) rats at 3, 6, 12 363 

and 18 m as previously described [47]. In brief, NOR tests were performed in 3% light, and 364 

involved acquisition, delay and retention phases of 3 min each. Time spent exploring the novel 365 

and familiar objects in the retention phase was used to quantify the discrimination index (DI) for 366 

each animal, defined as the novel minus the familiar time divided by the total time, giving values 367 

ranging from -1 to +1. Animals were excluded from analysis if side bias was displayed in the 368 

acquisition phase ( > 60% time on one side) or if they did not demonstrate exploratory behaviour 369 

towards any objects in the retention phase ( < 2s cut-off; 3 m: 2 TG; 6 m: 2 WT and 1 TG; 12 m: 370 

2 WT and 3 TG; and 18 m: 3 WT and 1 TG were excluded). 371 

Social Interaction Test 372 

A social interaction test was used to assess anxiety-like behaviour [48] in the WT (n = 9) 373 

and TG rats (n = 9-10; see Table S1 for details) at 9, 12, 15 and 18 m. This test was carried out in 374 

45% light. All rats were age and weight matched to avoid/minimise dominance and fighting 375 

behaviour. In brief, a test rat and an unfamiliar wildtype conspecific rat were placed in an arena 376 

for 10 min with an inanimate object (e.g. metal can or plastic bottle) in the centre. Time spent 377 

sniffing, following, and avoiding the conspecific animal as well as exploring the central object 378 

were quantified and data expressed as a discrimination index (see above). Arenas were cleaned 379 

with 70% ethanol in between trials. 380 

 381 

Statistical analysis 382 
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The data were statistically analysed using GraphPad® Prism™ (v8.4, GraphPad Software, 383 

Inc., San Diego, California USA). 384 

Shapiro-Wilk normality test was carried out for raw exploration times to assess side bias 385 

and, depending on the normality of the distribution, either t-tests or Wilcoxon tests were used. 386 

Survival rate of the University of Manchester cohort was analysed using a Log-rank Mantel-Cox 387 

test. Mixed model effects analysis was used to assess alterations in DI in the NOR test. T-tests 388 

were used to investigate time spent exploring familiar and novel objects as well as social 389 

interaction behaviours in WT and TG animals at individual time-points. One-way ANOVA was 390 

used to assess levels of exploration over time in each group. 391 

Mixed model effects analysis was used to assess the effect of genotype and age (as repeated 392 

factor) and possible interaction on MRS metabolites levels and [18F]DPA-714 and (S)-393 

[18F]THK5117 PET NUV values in WT and TG. [18F]ASEM PET NUV were analysed using 2-394 

way ANOVA to assess the effect of genotype and age (as repeated factor) and possible interaction. 395 

Normality of the CD11b, GFAP, NeuN and Aβ immunohistochemistry quantitative data 396 

was analysed using d'Agostino and Pearson test and if significant, outliers were removed. Only 397 

GFAP in the temporal/posterior cingulate cortex and CD11b and GFAP in the thalamus did not 398 

pass the normality test and outliers were removed (see Table S5). Immunohistochemistry 399 

quantitative data were analysed using 2 way-ANOVA (genotype and age). 400 

If a significant effect and/or interaction were found with the mixed model effects analysis 401 

or ANOVA, a post-hoc Sidak test was performed to determine group differences. 402 

Autoradiographic data for (S)-[18F]THK5117 comparing WT and TG at 25m of age were 403 

analysed with Welsh’s t-tests. For all statistical analyses, the significance level was p < 0.05. 404 

Data availability 405 

The datasets generated during and/or analysed during the current study are available upon 406 

reasonable request. Request should be addressed to the corresponding author and data will be made 407 

available by the institution where the experiments took place. 408 

Results 409 

Animals 410 
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The study of the University of Manchester cohort revealed that the TgF344-AD strain can 411 

easily be aged up to 18-19m but that, upon reaching this age, the rate of spontaneous illnesses or 412 

deaths start to increase due to spontaneous stroke, intracerebral or subarachnoid haemorrhage or 413 

tumours (Figure S1 and Tables S1 and S4). The survival rate was not however significantly 414 

associated with genotype (p = 0.2748, Log-rank Mantel-Cox test; Figure S1). There was no 415 

statistical difference in body weights between the 2 cohorts of male rats (Tours and Manchester) 416 

presented in Table S2 and S3 (data not shown). 417 

Neuroinflammation and reactive gliosis detected by [18F]DPA-714 PET and 418 

immunohistochemistry are increased in the hippocampus, cortex and thalamus of aged 419 

Tg-F344-AD rats. 420 

[18F]DPA-714 PET was performed to non-invasively assess longitudinal alterations in 421 

neuroinflammation in WT and TG rats at 6 m, 12 m and 18 m (Figure 1). Data are presented as 422 

NUVCB as the uptake in cerebellum was not affected by genotype (Figure S4A). Both genotype 423 

and age significantly affected uptake in the hippocampus (genotype p = 0.001, age p < 0.001), 424 

frontal cortex (genotype p = 0.010, age p < 0.001), thalamus (genotype; p = 0.002, age; p < 0.001) 425 

and retrosplenial/cingulate cortices (genotype p = 0.007, age p = 0.002). In the hippocampus, 426 

elevated uptake was observed in TG vs WT rats at 12 m (+11 ± 8% p = 0.045) and 18 m (+12 ± 427 

5% p = 0.001) (Figure 1B). Additionally, increased uptake with age was seen in TG rats from 12 428 

m (vs 6 m +13 ± 10% p = 0.008, 18 m vs 6 m +21 ± 7% p < 0.001, 18 m vs 12 m +8 ± 9% p = 429 

0.042) but only at 18 m in WT (vs 6 m +16 ± 7% p < 0.001 and vs 12 m +7 ± 5% p = 0.001) 430 

indicating that hippocampal inflammation associated with normal aging is exacerbated in TG rats 431 

(Figure 1B). Similarly, [18F]DPA-714 uptake was significantly increased in TG when compared 432 

to WT rats at 18 m in the frontal cortex (+14 ± 7% p = 0.002), thalamus (+11 ± 7% p = 0.020) and 433 

retrosplenial/cingulate cortices (+7 ± 5% p = 0.024). 18F]DPA-714 signal was also increased with 434 

age in the retrosplenial/cingulate cortices (+13 ± 9% 18 m vs 6 m, p = 0.003) in the TG group only 435 

(Figure 1B). Moreover, [18F]DPA-714 uptake was only affected by genotype in the entorhinal and 436 

frontoparietal motor cortices (p = 0.042 and p = 0.046 respectively, Figure S4B). 437 

Additionally, an effect of age was also observed in both WT and TG in some of these 438 

regions. [18F]DPA-714 uptake was increased with age in the frontal cortex (WT 18 m vs 6 m: +12 439 

± 7% p = 0.003, TG 18 m vs 6 m: +17 ± 12% p = 0.003) and thalamus (WT 12 m vs 6 m: +18 ± 440 
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15%, p = 0.009, WT 18 m vs 6 m: +30 ± 16%, p = 0.001; TG 18 m vs 6 m: +24 ± 8% p < 0.001, 441 

TG 18 m vs 12 m: +19 ± 14% p = 0.005) (Figure 1B), indicating that these region are also affected 442 

by normal aging. 443 

In contrast, in temporal-auditory cortex, frontoparietal somatosensory cortex and striatum, 444 

a significant effect of age only was detected (p = 0.042, p < 0.001, p < 0.001 respectively) (Figure 445 

S4C). However, in the temporal-auditory cortex, this effect of age was most likely driven by the 446 

TG data with a trend for genotype effect (p = 0.0599) and a significant difference between WT 447 

and TG at 18 m (Figure S4C). In the striatum, an age effect was seen in both WT and TG with a 448 

significant increase in neuroinflammation at 12 m (+10-12%) and 18 m (+15-18%) (Figure S4C). 449 

In the hypothalamus, a significant interaction age × genotype (p = 0.01) was observed with a 450 

transient increase in [18F]DPA-714 uptake in TG only observed at 12 m (+26 ± 18% vs 6 m, p = 451 

0.007 and +24 ± 21% vs 18 m p = 0.049) and returning to baseline at 18 m (Figure S4D) 452 

Activated microglial and astrogliosis were quantified by CD11b and GFAP 453 

immunohistochemistry labelling density at 6, 12 and 18 m (Figure 2). Quantification of images 454 

revealed both age and genotype dependent increases in CD11b-positive cells in hippocampus 455 

(genotype p < 0.001, age p = 0.002, genotype × age interaction p = 0.006), frontal cortex (genotype 456 

p < 0.001, age p < 0.003, genotype × age interaction p = 0.007), temporal cortex (genotype p < 457 

0.001, age p = 0.004, genotype × age interaction p = 0.005) and thalamus (genotype p < 0.001, age 458 

p = 0.003). Markedly elevated CD11b staining (%stained area) was observed in TG rats vs WT in 459 

the temporal/cingulate cortices at 12 m and 18 m (+564 ± 28% and +383 ± 33% respectively, both 460 

p < 0.001, Figure 2), and at 18 m in the hippocampus (+723 ± 44% p < 0.001), frontal cortex (+435 461 

± 54% p < 0.001) and thalamus (+115 ± 30% p = 0.001) (Figure S5). Consistent with these results, 462 

increases in CD11b staining with age was also observed in TG rats in these regions which was not 463 

evident in the WT rats (Figure 2, Figure S5). 464 

Astrogliosis (GFAP+) was found to be elevated in temporal/posterior cingulate (TG vs 465 

WT: 6 m: +99 ± 18%, p = 0.013; 12 m: +84 ± 27% p = 0.007; 18 m: +89 ± 38%, p = 0.004; Figure 466 

2) and frontal cortex (TG vs WT 12 m: +109 ± 25% and 18 m: +98 ± 38% p < 0.001 for both, 467 

Figure S5). In the thalamus, astrogliosis was increased in TG vs WT at 6 m (+158 ± 21%, p = 468 

0.001) but decreased with age to reach similar levels as in WT (6 m vs 12 m: -44 ± 42%, p = 0.008, 469 

and 6 m vs 18 m: -39 ± 32%, p = 0.007, respectively, Figure S5). In the hippocampus, there was a 470 
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significant effect of genotype (p = 0.008) and a significant decrease with age at 18 m vs. 6 m in 471 

both WT (-47 ± 33%, p = 0.036) and TG (-36 ± 24%, p = 0.014, Figure S5). 472 

[18F]ASEM PET imaging indicates reduced subcortical α7-nAChR density in TgF344-AD 473 

rats 474 

Serial [18F]ASEM PET imaging was performed to assess α7-nAChR density as a marker 475 

of cholinergic function with disease progression in TG compared to WT rats. Explorations of α7-476 

nAChRs has not previously been investigated in this model, thus [18F]ASEM PET was also 477 

performed at 6 m, 12 m and 18 m (Figure 3A). Significant changes in [18F]ASEM signal were 478 

observed in the pallidum/nucleus basalis of Meynert (NBM), with a significant effect of genotype 479 

(p = 0.028) and an age × genotype interaction (p = 0.017). Increased [18F]ASEM uptake was 480 

observed in this brain region with age in WT rats (12 m vs 6 m: +25 ± 33%, p = 0.031; 18 m vs 6 481 

m: +27 ± 30%, p = 0.015), which did not occur in TG, resulting in the TG being significantly lower 482 

than the WT at 12 m (-15 ± 11% , p = 0.038) and 18 m (-15 ± 8%, p = 0.038) (Figure 3B). A 483 

similar effect was detected in the striatum (age effect p = 0.019) driven by a significant increase 484 

in tracer uptake only in WT animals (12 vs 6 m: +22 ± 32%, p = 0.049; 18 m vs 6 m: +25 ± 29%, 485 

p = 0.012) (Figure 3C). There was a more modest increase with age in thalamus (age effect, p = 486 

0.047; post-hoc 18 m vs 6 m: +10 ± 12% p = 0.045) (Figure S6A). In contrast, no significant 487 

differences were observed in cortex (Figure S6B) or hippocampus (Figure S6C-D). 488 

Amyloid deposition detected by [18F]Florbetaben PET and immunohistochemistry is 489 

increased in hippocampus and cortex of TgF344-AD rats. 490 

[18F]Florbetaben ([18F]AV-1) PET was conducted to assess levels of amyloid pathology in 491 

both genotypes at 6 m, 12 m and 18 m (Figure 4A-B). Analysis revealed a significant genotype 492 

effect in the cortex (p = 0.001) and genotype × age interaction in the dorsal hippocampus (p = 493 

0.028), which resulted in increased uptake in TG compared to WT rats at 18 m in both regions 494 

(+15 ± 7% p = 0.012 and +12 ± 7% p = 0.020 respectively) (Figure 4A-B). Increased tracer uptake 495 

was also observed at 18 m vs. 6 m in TG dorsal hippocampus (+13 ± 12% p = 0.005). Progressive 496 

amyloid burden was confirmed via 6E10 immunohistochemistry (Figure 4C-D). No changes were 497 

observed in striatum and cerebellum, which are known to be less affected by Aβ pathology (Figure 498 
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S7). Quantification of 6E10 immunofluorescence revealed a significant increase in amyloid 499 

plaques number from 6 m in cingulate cortex (+533 ± 47% at 12 m and +813 ± 43% at 18 m vs 6 500 

m p < 0.001; +44 ± 28% at 18 m vs 12 m p = 0.039), hippocampus (+364 ± 26% at 12 m and +446 501 

± 27% at 18 m vs 6 m p < 0.001), and later in thalamus (+321 ± 16% and +109 ± 35% at 18 m vs 502 

6 m and 12 m, p < 0.001 and p = 0.003 respectively) (Figure 4C). Notably, the number of plaques 503 

in the thalamus was about 10 times lower than in cortex and hippocampus at all ages (Figure 3C). 504 

In addition to progressive amyloid deposition, increased plaque size (µm2) was also seen with age 505 

in cingulate cortex (+68 ± 16% at 12 m and +49 ± 20% at 18 m vs 6 m, p < 0.001 and p = 0.002 506 

respectively), but not hippocampus or thalamus (Figure 4D). 507 

(S)-[18F]THK5117 PET and autoradiography detect increased Tau pathology, 508 

immunohistochemistry reveals that it is localized around amyloid plaques in TgF344-AD 509 

rats 510 

(S)-[18F]THK5117 PET was performed to detect Tau deposition at 15m and 25m (Figure 511 

5A). Longitudinal analysis revealed a significant effect of genotype and/or age on tracer uptake in 512 

temporal-auditory cortex (genotype p < 0.001, age p = 0.020, age × genotype interaction p = 513 

0.012), frontal cortex (genotype p = 0.012, age p = 0.001), piriform cortex (genotype p < 0.001) 514 

and hippocampus (genotype p = 0.003), resulting in increased signal in TG vs WT rats in these 515 

regions (temporal-auditory cortex 15m: +11 ± 3%, p = 0.006, 25m: +24 ± 3%, p < 0.001; 516 

hippocampus 25m: +13 ± 3%, p = 0.019; piriform cortex 15m: 17 ± 4%, p < 0.001, 25m: 15 ± 2%, 517 

p < 0.001, Fig, 5A; frontal cortex, 15m: +9 ± 2%, p = 0.003 Figure S8A). Increased uptake was 518 

observed with age only in cingulate cortices (p = 0.016) and frontoparietal cortex (p = 0.009). No 519 

significant difference was observed in the thalamus (Fig 5A), pons, cerebellum or hypothalamus 520 

via PET. 521 

High resolution in ex vivo autoradiography of the animals previously scanned with (S)-522 

[18F]THK5117 at 25m confirmed increased signal in TG rats in cortical areas: frontal:+39 ± 3%, 523 

p = 0.007; frontoparietal: +24 ± 5%, p = 0.008; temporal: +48 ± 10%, p = 0.014) and hippocampal 524 

(+79 ± 12%, p = 0.023) regions (Figure 5B). A moderate increase was also observed in the 525 

thalamus (+17 ± 4%, p = 0.012); however, in line with the in vivo PET results, no significant 526 

difference was detected in the cerebellum (Figure 5B). 527 
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As gold-standard experiments to confirm (S)-[18F]THK5117 PET and autoradiography 528 

experiments, we performed immunohistochemistry using phospho-Tau AT8 (Figure 5C), CP13 529 

and PHF-1 (Figure S8B-C) anti-Tau antibodies and confirmed the presence of endogenous Tau 530 

hyperphosphorylated in various positions (AT8: Ser202+Thr205; CP13: Ser202; PHF-1: 531 

Ser396+Ser404) in hippocampus of TG but not WT rats at 18 m. Moreover, Tau pathology 532 

appeared to be localized around Thioflavine-S positive amyloid plaques in this model. Western 533 

blots of hippocampus and whole-cortex homogenates were not sensitive enough to detect a 534 

significant increase in Tau phosphorylation in TG rats (Figure S9); this is consistent with the 535 

phosphorylated Tau detected being restricted to the periphery of Aβ plaques by 536 

immunohistochemistry (Figure 5C, Figure S8) which will be diluted when working on homogenate 537 

of whole brain structures such as hippocampus or cortex. 538 

Neuronal loss in TgF344-AD rats is limited to regions occupied by Aβ plaques 539 

Despite extensive attempts to detect neuronal loss using NeuN immunohistochemistry by 540 

fluorescence or chromogenic methods, we only detected age-related neuronal loss in hippocampus 541 

(CA1), cingulate posterior and temporal cortices (Figure 6A-B, Figure S10) and thalamus (Figure 542 

S10A). We found no significant effect of genotype. However, we noticed an increase in 543 

autofluorescence in the cell body of the neurons with age, it is therefore possible that this transient 544 

increase in the number of NeuN+ cells might be a false positive, this motivated the use of the 545 

chromogenic method to avoid this issue for further investigations.  546 

The chromogenic method revealed only a non-significant trend of decrease in neuronal 547 

count in CA3 in TG at 18 m (-14% ± 12, p = 0.298) (Figure S11). Neutral red Nissl labelling of 548 

dentate gyrus, CA1 and CA3 produced similar results (data not shown). 549 

Using the pan-neuronal marker Neurochrom, we were however able to observe clear loss 550 

of neuronal staining in the space occupied by or even surrounding Aβ plaques (Figure 6C, Figure 551 

S10B), demonstrating a direct but very localised impact of Aβ plaques on neurons. Normal 552 

Neurochrom staining is characterised by a homogenous staining of the grey matter in which blood 553 

vessels (bv in Figure 6C) and lack of staining due to plaques appear darker (white arrows in Figure 554 

6C). 555 
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Absence of significant cognitive decline in TG rats may be masked by reduced locomotor 556 

activity in the Fischer strain 557 

Longitudinal NOR revealed a significantly longer exploration of the novel over the familiar 558 

object in the retention phase of the task in both WT and TG animals at both 3 and 6 m of age 559 

(Figure 7A), however neither WT nor TG animals demonstrated any preference for the novel 560 

object at 12 or 18 m of age (Figure 7A). Analysis of discrimination index (DI) over time did not 561 

reveal any significant differences between groups (genotype p = 0.093, age p = 0.283, interaction 562 

age × genotype p = 0.986, Figure 7B). Total exploration times in the retention phase of the NOR 563 

test was significantly reduced in both WT (12 vs 3 m: -14 ± 62% p < 0.0001; 12 vs 6 m: -63 ± 63% 564 

p = 0.006; 18 vs 3 m: -68 ± 56 % p = 0.0002; 18 vs. 6 m: - 60 ± 57% p = 0.0117) and TG rats (6 565 

vs 3 m: -37 ± 41% p = 0.0267; 12 vs 3 m: -67 ± 34 % p = 0.0002; 18 vs 3 m: -86 ± 47% p < 0.0001; 566 

18 vs. 6 m: -77 ± 56 % p = 0.026) with age (Figure 7C). Similar results were found for total 567 

exploration time in the acquisition phase (Figure S12B). No significant differences were identified 568 

between the exploration of the left and right objects in the acquisition phase with either group at 569 

any age indicating no side bias (Figure S12C). In general, this reduced locomotor activity limits 570 

the interaction with objects in the NOR and may be masking any cognitive deficits between 571 

genotypes. 572 

Following our own observations in the NOR at 3 and 6 m, we decided to investigate social 573 

interaction at 9, 12, 15 and 18 m by investigating sniffing behaviour of a conspecific WT animal, 574 

as well as quantifying the time of exploration of a central object. A reduction was observed in 575 

sniffing behaviour at 9m (Figure 7D) with TG rats spending less time sniffing and interacting with 576 

conspecific animals compared to WT (p = 0.001). However, there was no effect at other time 577 

points. No significant differences were seen in exploration of the central object between WT and 578 

TG rats at any time-point (9m p = 0.087; 12 m p = 0.905; 15m p = 0.498; 18 m p = 0.203) (Figure 579 

S12D).  580 

AD-like pathology and normal aging affect regional brain metabolite profiles assessed by 581 

MRS. 582 

MRS was performed in WT and TG rats at 6, 12 and 18 m to assess metabolite profiles in 583 

the hippocampus (bilateral and right side), thalamus, hypothalamus and cortex (example spectra 584 
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in Figure 8A). An effect of age (p < 0.001) and an age × genotype interaction (p = 0.037) were 585 

observed with N-acetyl-aspartate (NAA) in the bilateral hippocampus, resulting in significantly 586 

reduced NAA levels in 18 m TG vs age-matched WT (-18 ± 14%, p = 0.042) and vs 6 m TG rats 587 

(-31 ± 15%, p = 0.017) (Figure 8B). We did not observe alterations in NAA in other regions 588 

displaying high levels of Aβ plaques in this rat model such as the cortical voxel.  589 

The total of choline-containing compounds (tCho) in hypothalamus was affected at both 590 

age (p < 0.001) and genotype (p = 0.047), with a modest but significant reduction in WT rats at 12 591 

m only (vs 6 m: -12 ± 6%, p = 0.017). Similarly, tCho levels in right hippocampus were affected 592 

by age and genotype (interaction p = 0.002), with reduced tCho levels seen in TG vs WT rats at 6 593 

m (-11%, p < 0.001) and with age only in WT animals (12 m vs 6 m: -13 ± 9%, p = 0.040; 18 m 594 

vs 6 m: -16 ± 8%, p = 0.006, Figure 8B). In contrast, cortical Taurine levels increased in the cortex 595 

(age p < 0.001, interaction p = 0.047 and a trend for genotype p = 0.058), leading to significant 596 

increases with age in TG rats (18 m vs 6 m: +55 ± 22%, p = 0.007; 18 m vs. 12 m: +37 ± 16%, p 597 

= 0.012) and in TG when compared to WT rats at 18 m (+35 ± 14%, p = 0.002). 598 

Additionally, some metabolites were affected by age alone in the thalamus (NAA p < 599 

0.001; tCho p = 0.003; glutamate p = 0.012), cortex (glutamate p < 0.001), full hippocampus 600 

(Taurine p = 0.031) and hypothalamus (Taurine p < 0.001). However, some changes were driven 601 

by the TG data (Thalamus: 12 vs. 6 m: NAA -16% p = 0.006; tCho -13 ± 9% p = 0.032; Cortex 12 602 

m and 18 m vs 6 m: Glutamate +45 ± 20% p < 0.001 and +39 ± 22% p = 0.019, respectively) 603 

(Figure 8C). Myo-inositol levels were not significantly altered at any time-point. 604 

Discussion 605 

Through the use of a multi-modal approach carried out independently in various labs, we 606 

demonstrate here that a comprehensive range of parameters, from cognition to brain pathological 607 

features, are altered in the TgF344-AD rat model. We report for the first time, longitudinally and 608 

in vivo, alterations of neuroinflammation, the α7 nicotinic receptor, amyloid burden, Tau pathology 609 

and brain metabolites using PET and MRS techniques in the TgF344-AD model of AD. It must 610 

however be noted that most ex vivo observations obtained here are similar to those seen in mouse 611 

models of AD. Hence the AD rat presents a model that is similar in most aspects to the transgenic 612 

mouse models but with the undoubted advantage of having a larger brain that allows application 613 

of a wide range of in vivo imaging techniques which are far less applicable to or less sensitive in 614 
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mice. It must be noted however that the larger rat brain does not completely circumvent potential 615 

limitations of in vivo imaging such as partial volume effect, which may hamper quantification of 616 

PET signal in all species including humans especially when measuring small brain structures 617 

and/or subtle changes. Ultimately, in vivo imaging presents the advantages of being non-invasive, 618 

allowing longitudinal studies to explore various molecular targets in a same animal and is fully 619 

translational while ex vivo read-outs are the complementary, more sensitive, absolute gold 620 

standards in term of pathophysiology. 621 

Our findings support the use of imaging in such a rat model to monitor disease progression 622 

in vivo and investigate new therapies more sensitively than can be achieved with behavioural tests, 623 

which are harder to measure and may appear only at later stages. The changes we have observed 624 

in the TG rat model are also in good agreement with clinical observations, further supporting the 625 

use of this model to investigate AD. 626 

Neuroinflammation 627 

Evidence suggests that neuroinflammation has an integral role to play in AD development 628 

with reports of increased neuroinflammation early in clinical AD and MCI as well as in pre-clinical 629 

models [33, 49, 50]. Cohen et al. [12] detected a moderate increase in neuroinflammation using 630 

immunohistochemistry as early as 6 m in the TgF344-AD rat model. Hence, we wanted to 631 

investigate if we could detect these in vivo using [18F]DPA-714 PET. Here, we observed increased 632 

[18F]DPA-714 uptake in the hippocampus (12 m) and cortical areas and thalamus (18 m) of TG 633 

rats compared to WT rats. These results are in agreement with numerous previous TSPO PET 634 

study in mouse models of AD [26, 29, 51-56] and also the majority of clinical studies [33, 57-59] 635 

which reported similar (+10-30%) significant increase in TSPO tracer uptake mostly in regions 636 

affected by AD pathology (e.g. hippocampus, frontal and cingulate cortices). Interestingly, 637 

increased [18F]DPA-714 binding was also seen with age in WT animals, suggesting increased 638 

inflammation occurs with normal aging. This is in line with findings of increased 639 

neuroinflammation with normal aging [60-62] as notably assessed by TSPO PET in in WT animals 640 

(+4-20%) [63, 64] as well as healthy subjects (+4.7~10% per decade) [65, 66]. Similarly, ex vivo 641 

analysis by immunohistochemistry demonstrated an early (6 m) modest presence of activated 642 

microglia/macrophages, increasing sharply by 12 m and even further at 18 m in the hippocampus 643 

and cortical areas in TG. Increases in [18F]DPA-714 uptake was matched by increase in CD11b 644 
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staining in most ROIs, except for the hippocampus at 12 m in which there was a trend to increase 645 

in CD11b (p = 0.098) and the temporal cortex in which the [18F]DPA-714 uptake was not 646 

significantly altered at 12 m. Various reasons such as difference in sensitivity of the methods 647 

and/or statistical variability are likely to have caused such discrepancies. Interestingly, and in 648 

agreement with our PET results, microglial activation was also found to be elevated in thalamus 649 

at 18 m, although more modestly than in the hippocampus and cortices, and in relation with the 650 

much lower amyloidosis ( × 10 less in thalamus than hippocampus/cortices). Astrogliosis was also 651 

increased in TG vs WT but conversely to microgliosis, astrogliosis was elevated in TG at all ages 652 

and as early as 6 m but tended to decrease with age in both TG and WT. 653 

These results are altogether in agreement with our PET results and numerous previous 654 

reports showing increasing microglial activation with AD burden and age in various rodent models 655 

including the TgF344-AD rats [12, 26, 29, 63, 67-73]. Similarly, the decrease in astrocyte staining 656 

with age and/or progression of AD pathology observed here is consistent with previous reports 657 

that have demonstrated a complex regulation of astrocytes with age and disease with astrogliosis 658 

in disease combined with a decrease in astrocyte numbers and function with age [74-78]. 659 

Amyloid pathology 660 

Here we report the first longitudinal investigation of amyloid-PET in the TgF344-AD 661 

model. Using in vivo [18F]Florbetaben PET, we detected a significant cortical and hippocampal 662 

amyloid deposition in TG compared to WT rats at 18 m (+12-15%) of age, similar to those detected 663 

in mice (+12~25%) at 18-20m of age [29, 63, 79, 80] but lower than those reported in clinical 664 

studies (+25~100%) [57, 81, 82]. In support of this, immunohistochemical analysis revealed 665 

significant progressive amyloid deposition in cortical and hippocampal regions of TG rats starting 666 

from a sparse but significant amyloid deposition at 6 m progressing towards a heavy amyloid load 667 

at 12 m and 18 m of age. Our immunohistochemical results are in agreement with the initial report 668 

in this model [12]. However, amyloid PET was not able to detect significant increases at 12 m in 669 

vivo, likely due to i) the limitations in resolution of small animal PET imaging, ii) the poor signal 670 

to noise ratio of amyloid tracers which are notoriously lipophilic and iii) 12 m being a relatively 671 

young age for the rats. In this regard, and compared to clinical amyloid PET scans, it must be 672 

considered that 6 m and 12 m are relatively young ages in rats which have a life-expectancy that 673 

can reach about 30m depending on the strain [83], although the TgF344-AD rats have been aged 674 
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only up to 25m here (Turku) and up to 26 m in the literature [12]; so one may consider that these 675 

rats were imaged proportionally at younger than AD or MCI patients would. 676 

Tau pathology 677 

The TgF344-AD rat was reported by Cohen et al. [12] to be the first rodent model to exhibit 678 

spontaneous NFT-like hyperphosphorylated Tau accumulation similar to that seen clinically. Here 679 

we use (S)-[18F]THK5117 to investigate longitudinally the Tau burden in vivo. We observed 680 

significant increase in (S)-[18F]THK5117 uptake in cortical and hippocampal regions TG rats when 681 

compared to age-matched WT rats mostly at 25m of age. Ex vivo autoradiography supported these 682 

findings and revealed markedly elevated binding in regions known to be affected in AD including 683 

the frontal cortex, hippocampus and thalamus. These results are somehow in contradiction with 684 

the Tau biochemistry analysis performed by Cohen et al. [12] which demonstrated increased Tau 685 

level earlier, at 6 and 16 m, but no further increase at 26 m, however this is most likely due to the 686 

methodological approaches being very different (in vivo or ex vivo isotopic methods vs Western 687 

blots). However, our immunohistochemical analysis identified Tau hyperphosphorylation in the 688 

hippocampus at 18 m in agreement with previous studies [12, 28]. Our immunohistochemical 689 

analysis also revealed that hyperphosphorylated Tau was found only in dystrophic neurites around 690 

the amyloid plaques in the TG rats. This is in agreement with the potential seeding of Tau 691 

pathology by Aβ [84] and observations by Cohen et al. [12] and also Morrone et al. [19] who 692 

reported that 80-85% of PHF1+ neurons were located near Aβ plaques. This observation is 693 

however in contrast to Tau burden reported also in non-plaque regions of the cortex and 694 

hippocampus [12, 28]. Those differences between studies may potentially be related to differences 695 

in the methods used and/or ages studied here and in other studies. The differences between the 696 

results of in vivo Tau PET and immunohistochemistry are likely to be explained by the lower 697 

sensitivity of PET and by the previously reported off-target binding of (S)-[18F]THK5117 [85, 86]. 698 

Such off-target binding, notably to monoamine oxidases, has been a major problem to most first-699 

generation Tau tracers [87, 88]. The results presented here clearly confirms that off-target binding 700 

of Tau tracers may hamper detection of Tauopathy, and although second generation of Tau tracers 701 

have shown negligible monoamine oxidase binding [88, 89], binding to other molecules such as 702 

neuromelanin and melanin still present a challenge to development of a Tau-specific PET tracer 703 

[87, 90, 91]. It is generally accepted that hyperphosphorylated Tau or NFT are absent or extremely 704 
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difficult to detect in the mouse models with identical transgenes, although in some models, modest 705 

levels of hyperphosphorylated Tau have been reported [92]. Some PET studies using other tracers 706 

have successfully imaged Tau accumulation in transgenic Tau mouse model, and it is possible that 707 

using one of the new Tau PET tracers may show in vivo tau accumulation in the TgF344-AD rats 708 

at earlier time-points. Conversely, the levels of Tau deposition in this model have now been 709 

consistently reported by us and others [12, 19, 28], suggesting that this rat model reproduces this 710 

essential feature of AD. Moreover, the 3R to 4R Tau ratio in rats is similar to humans, but different 711 

to mice. Similarly to this model, the APP × PS1 rat model generated by Flood et al. [93] displayed 712 

dense fibrillar Aβ plaques with phosphorylated Tau in close proximity. Conversely, in the McGill-713 

R-Thy1-APP model generated by Leon et al. [94], no neuronal loss or NFT-like Tau pathology 714 

were reported despite displaying amyloid pathology, cognitive deficits, and increased 715 

neuroinflammation. 716 

Neurodegeneration 717 

Here, and despite using 2 different methods of immunostaining for NeuN, we were not able 718 

to detect a significant decrease in numbers of neurons between WT and TG, contrary to the initial 719 

report on the TgF344-AD rats [12]. We however detected a significant decrease in NeuN 720 

percentage-stained area with age in both WT and TG in hippocampus, posterior cingulate/temporal 721 

cortices and thalamus at 18 m of age, which may have contributed to the lack of differences 722 

between WT and TG at this age. Since the publication of the initial characterisation of the TgF344-723 

AD strain, reports regarding neuronal loss/neurodegeneration have produced mixed results. Leplus 724 

et al. [95] detected loss of neurons in the gyrus dentatus and the cortex but not in CA1 using 18 m 725 

old animals, whereas Voorhees et al. [96] reported neuronal loss in the hippocampus and not in 726 

the cortex at 24m of age. Voorhees et al. [96] noted that NeuN staining could produce false 727 

negative following the phagocytosis of neuronal debris by microglia and had to rely on cresyl-728 

violet staining. Our results are however in line with those independently produced by our 729 

collaborators Anckaerts et al. [22] who did not detect any significant loss of neurons by NeuN 730 

immunostaining in female TgF344-AD at 10 and 20m of age. We however confirmed using 731 

Neurochrom staining that amyloid plaques create a void of viable neurons around them (Figure 6C 732 

and Figure S9B). This, in itself, is likely to disturb neuronal functions and connectivity. This 733 

hypothesis of very localised neuronal disruption fits well with our MRS findings showing 734 
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decreased levels of NAA in the hippocampus, the presence of hyperphosphorylated-Tau positive 735 

neurons around the A plaques shown here and the previously reported decrease in connectivity 736 

by rsfMRI [22, 23, 97]. Subtle localised neuronal alterations are also in agreement with other 737 

reports showing a decrease in glutamic acid decarboxylase positive neurons in CA1 [13], and in 738 

norepinephrine transporter and dopamine β-hydroxylase positive fibres in the hippocampus and 739 

gyrus dentatus respectively, without gross neuronal loss in the locus coeruleus [28]. In line with 740 

these changes in specific neurotransmission systems, we here demonstrate that there is significant 741 

age-dependent increase in α7-nAChR in the striatum and pallidum/NBM in WT, which does not 742 

occur in TG. It is noteworthy that our imaging study of α7-nAChR performed for the first time 743 

longitudinally in rodents is consistent with a human PET study that revealed an increased uptake 744 

of [18F]ASEM according to age in various brain regions including the striatum [98]. This apparent 745 

adaptation to aging, not occurring in TG, leads to a significantly lower level of α7-nAChR in TG 746 

at 18 m in the pallidum/NBM, which, if it had been taken in isolation, may have been considered 747 

as a decrease in TG rats. One may also consider that the changes attributed here to the 748 

pallidum/NBM may actually reflect changes occurring more specifically in the NBM (substantia 749 

innominata) principal efferent cholinergic structure in the rat brain and which was included in this 750 

larger ROI because the size of the NBM alone is beyond the resolution of PET and because of its 751 

close proximity with the globus pallidus [99]. It is particularly relevant to consider this in light of 752 

previous reports showing alterations of cholinergic receptor density in the striatum and thalamus 753 

which have been reported in AD [100-104]. 754 

We thus brought here new evidence of the involvement of the cholinergic system during 755 

aging and their dysfunction in AD, hence further supporting its interests as therapeutic target in 756 

AD. In particular, the involvement of α7-nAChR in this context may suggest this family of 757 

receptors as a potential target in AD [105-107]. Overall, this strongly supports the need for 758 

longitudinal in vivo multimodality investigations of the cholinergic system in animal models, as 759 

well as clinical settings to fully understand the changes in both ACh and its receptors in AD. In 760 

particular, the measurement of ACh levels in the basal forebrain in animal models and should be 761 

considered in future investigations. 762 

Behaviour 763 
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Cognitive deficits in the TgF344-AD model have been previously reported from 6 m in the 764 

Barnes maze and at 13 m [19] and 24m using NOR [12]. Here, we assessed NOR at the earlier 765 

time-points of 3 m, 6 m, 12 m and 18 m. At both 3 and 6 m, we did not observe significantly 766 

reduced performance in these rats suggesting there is no cognitive decline in TG compared to WT 767 

rats at these ages. However, we did observe reduced locomotor activity in both WT and TG rats 768 

from 12 m, which reduced their ability to perform the task. We observed deficits in social 769 

interaction at 9m of age with no changes at other time points. These results suggest that i) 770 

subsequent time-points between 18 m and 24m and ii) more refined tests, such as Morris water 771 

maze (MWM) and reversed-MWM [28] or delayed non-matching-to-sample task [23, 97], might 772 

be better suited to investigate the TgF344-AD rats. However, even with more sophisticated tests 773 

the cognitive deficits observed in TgF344-AD when compared to WT at various ages remain 774 

modest [23, 28, 97] requiring a thorough analysis of all parameters recorded [21] in order to 775 

observe significant differences. Reduced locomotor activity has previously been reported in 776 

Fischer male rats compared to other strains [46, 108] and could affect the ability of the rats to 777 

perform the NOR test. The fact that the same rats were monitored longitudinally at various age in 778 

the same environment may also explained a certain lack of motivation to perform the tests, 779 

although rats were exposed to totally new objects in the NOR tests and new conspecific animals 780 

for the social interaction test at each time-points. Altogether, our results are nevertheless in line 781 

with previous reports showing low motor activity [109], and anxious–depressive-like behaviour in 782 

the TgF344-AD [110]. The previously reported anxiety of the Fischer-344 strain [45, 46, 111] 783 

coupled with reduced locomotion in both WT and TG animals experienced here suggests that back-784 

crossing transgenic rats generated on a Fischer-344 background in another strain such as Wistar or 785 

Lister-hooded should be considered when behavioural parameters are particularly important read-786 

outs. 787 

Metabolite alterations 788 

MRS permits the non-invasive detection of biochemical changes in vivo, allowing potential 789 

identification of changes in regional brain metabolites prior to anatomical or disease manifestation. 790 

We here report the first MRS investigation of the TgF344-AD rats. We notably observed 791 

alterations in hippocampal NAA and tCho, and cortical Taurine levels between genotypes with 792 

age. Interestingly, decreased hippocampal NAA levels were observed in TG but not in WT rats 793 
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with age. NAA has long been considered as a marker of neuronal density [112], though it may 794 

better be described as a marker of neuronal function [112-115]. Therefore, decreased NAA levels 795 

are indicative of neuronal/brain dysfunction, hence our results suggest that hippocampal neuronal 796 

dysfunction occurred with age and worsened in the presence of AD-like pathology in TgF344-AD 797 

rats. This is consistent with multiple reports of decreased hippocampal NAA levels in AD and 798 

MCI patients [116-123], and in mouse models of AD [124-127] including our recent study using 799 

a mouse model [26] with the same mutations as the TgF344-AD rat [26]. Similar changes in NAA 800 

were also observed in the other TG rat model of AD McGill-R-Thy1-APP at 3 m or 9m of age 801 

[128, 129]. 802 

In the hippocampus, tCho decreased with age in WT but not in TG; TG animals had 803 

however significantly lower level of tCho than WT at 6 m suggesting an early alteration of tCho 804 

in TG with no further changes with age. Decreased tCho levels have also been reported in AD 805 

patients [117] but results are inconsistent with others reporting no significant changes [120]. In 806 

animal models of AD, levels of choline compounds were also decreased at 3 or 9m of age in 807 

McGill-R-Thy1-APP rats [128, 129]. Conversely, Esteras et al. [130] and Forster et al. [131] found 808 

increased levels of tCho in AβPP/PS1 and TASTPM mice respectively, whereas we did not find 809 

any significant change in APPswe × PS19 mice [26]. Free choline is needed for the production of 810 

the neurotransmitter acetylcholine [132], so a decrease in tCho level may suggest reduced choline 811 

availability for acetylcholine synthesis. However, since free choline is only a minor component of 812 

the tCho peak ( < 10% [133]), this interpretation has to remain speculative. 813 

Myo-inositol has been suggested to be a glial specific marker and that increasing levels 814 

may be indicative of microglial activation or gliosis [116]. In this context, one could hypothesize 815 

an increase in myo-inositol in the TgF344-AD rat similarly to the transient (12 m) increase in myo-816 

inositol reported in McGill-R-Thy1-APP rats [129]. However, despite increased 817 

neuroinflammation and amyloid pathology demonstrated in this model by this study and 818 

previously [12], no significant differences in myo-inositol levels were identified at any time-point. 819 

Again, previous findings using other models produced different results, we did not observe any 820 

change in myo-inositol in APPswe × PS19 mice [26] whereas Forster et al. [131] found a robust 821 

increase in myo-inositol levels in the more aggressive TASTPM mouse model. However, the 822 

notion that myo-inositol is a glial marker is based on a single published report by Leibfritz and 823 

Brand [134] and a link with gliosis has never been further solidified. Furthermore, recent studies 824 
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have questioned the association between myo-inositol and neuroinflammation while a correlation 825 

with amyloid burden has been reported [116]. 826 

On the other hand, we did see increased Taurine in TG rats. Taurine is an essential amino-827 

acid known to have numerous functions such as osmoregulatory, neurotrophic and neuroprotective 828 

roles and excess or deficiency of Taurine levels leads to several diseases [135-138]. Taurine has 829 

also previously been shown to protect against excitotoxicity induced by amyloid [139], therefore 830 

the increase we observed in the cortex of TG rats at 18 m may be a compensatory protective 831 

mechanism to counter the amyloid-induced damages. In the hippocampus and hypothalamus, the 832 

increase in Taurine levels was driven by age suggesting a potential compensation to also counter 833 

aging processes. Our results are in line with increases in Taurine reported at 9 and 12 m of age in 834 

McGill-R-Thy1-APP rats [129] but have not been recapitulated in mouse models [26, 131]. 835 

Multiple regional metabolite alterations were identified with aging alone. This is in 836 

accordance with previous reports in both preclinical models [26, 129] and humans [140, 141], and 837 

highlights the need to better characterize the effects of normal aging to enable accurate measure 838 

of AD-specific alterations. Moreover, while MRS seems to be a valid tool to assess metabolite 839 

levels in vivo, the complexity of the analysis, differences in quantification methods (such as 840 

normalisation to water, total metabolites or creatine) as well as difficulties related to the size of 841 

the mouse brain when compared with rats and even more so between rodents and human may 842 

explain some of the discrepancies observed between studies. This highlights the need for further 843 

investigations combining in vivo MRS and PET with various ex vivo techniques such as mass-844 

spectrometry to measure small metabolites and further understand their role in AD pathology. 845 

Conclusions 846 

Altogether our results provide an extensive review of the AD-like pathology and phenotype 847 

of the TgF344-AD rats model from early to advanced stage of the disease which is important to 848 

characterise for understanding disease progression and for testing new treatments. Our results 849 

show here, for the first time, interesting characteristics in term of altered metabolites by MRS, 850 

alongside quantification of α7-nAChR, Tau, Aβ and neuroinflammation by in vivo PET imaging 851 

confirmed by ex vivo analysis. Hence, providing a full, multi-modal characterisation of this model 852 

from early age (6 and 12 m) up to a more advance stage (18 m). The overall results of this study 853 

are summarised in Table 1. This study was made possible only through extensive collaboration 854 
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between many labs. We would like to note however that a true multi-centre study, implying 855 

repeating similar experiments in different institutions, would be needed to investigate variability 856 

of data collection within each technique and provide added robustness to the results. Although it 857 

must be acknowledged that such study would significantly increase the financial cost as well as 858 

the  ethical  cost  in  term of  number  of  animals  used. Such characterization is essential before 859 

further studies, which are both time-consuming and expensive, could be reasonably undertaken 860 

using this model. The data provided here support the potential of this model to investigate 861 

mechanisms of AD pathology and new therapeutics with the significant advantage of the rat larger 862 

brain, which allows more precise quantifications in in vivo longitudinal imaging studies, when 863 

compared to mice. 864 
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Figures 1300 

 1301 

Figure 1: (A) Representative averaged 20-60 min [18F]DPA-714 PET-CT images co-registered 1302 

with the MR template. ROIs for the retrosplenial & cingulate cortices (RCgCx), thalamus (Thal) 1303 

and hippocampus (Hipp) are shown in the top left (6 m, WT) image. The frontal cortex is not 1304 

shown on the PET-CT images as this region is more rostral. (B) [18F]DPA-714 uptake 1305 
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quantification in various regions of the brain in WT (green circle symbols) and TgF344-AD (red 1306 

square symbols) rats at 6, 12 and 18 months (m) of age. Data are expressed as mean ± SD of 1307 

uptake values normalised to cerebellum. * and  indicate significant differences vs the 6 and 12 1308 

m old animals respectively and # indicates significant difference between WT and TG for rats of 1309 

same age. *,  or # indicates p < 0.05, **//## p < 0.01 and ***//### p < 0.001. PET data 1310 

were analysed using a mixed model (age as repeated factor and genotype) and a Sidak post-hoc 1311 

test. 1312 
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Figure 2: Representative micrographs of microglial (CD11b, top panel) and astrocytes (GFAP, 1315 

bottom panel) in the temporal/posterior cingulate cortices of WT and TG rats at 6, 12 and 18 1316 

months (m) of age. Quantification of the immunofluorescence expressed as percentage of area 1317 

stained. * and  indicate significant differences vs the 6 and 12 m animals respectively and # 1318 

indicates significant difference between WT and TG for rats of same age. *,  or # indicates p < 1319 

0.05, **//## p < 0.01 and ***//### p < 0.001. Data were analysed using 2-way ANOVA 1320 

(age as repeated factor and genotype) and a Sidak post-hoc test. Scale bars represent 200µm. 1321 
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Figure 3: (A) Representative sum images (49-61 min) of [18F]-ASEM (α7 nicotinic receptor) 1324 

PET-MR in the brain of WT and TgF344-AD rats at 6, 12 and 18 months (m) of age 1325 

(pallidum/nucleus basalis of Meynert (NBM), striatum are respectively indicated with white, 1326 

yellow * on the top right (WT 18 m) PET image). Quantification of the [18F]-ASEM uptake in 1327 

pallidum/NBM (B) and striatum (C) of WT (green circle symbols) and TgF344-AD (red square 1328 

symbols) rats. (B, C) Data are expressed as mean ± SD of uptake values (sum image 20-60 min) 1329 

normalised to cerebellum. * and  indicate significant differences vs the 6 and 12 m old animals 1330 

respectively and # indicates significant difference between WT and TG within age groups. *,  1331 

or # indicates p < 0.05. PET data were analysed using a 2-way ANOVA (age as repeated factor 1332 

and genotype) and a Sidak post-hoc test. 1333 
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Figure 4: PET quantification (A) of [18F]Florbetaben uptake normalised to brain stem in the 1336 

cortex and dorsal hippocampus of WT (green circle) and TG (red squares) rats and (B) 1337 

representative PET-MR sum images (43-51 min) of [18F] Florbetaben brain uptake at 6, 12 and 1338 

18 months of age (In top left image, c and h denotes the position of the cortex and hippocampus 1339 

respectively). (C) Quantification of the β-amyloid immunohistochemistry (6E10) in the cingulate 1340 

cortex, hippocampus and thalamus of TG rats 6, 12 and 18 months (m) of age. NOTE there are 1341 

two (D) on figure. (D) Representative images of the β-amyloid immunohistochemistry (6E10) in 1342 

the hippocampus of TG rats (scale bars represent 500µm). Data are expressed as mean ± SD. * 1343 

and  indicate significant differences vs the 6and 12 mold animals respectively and # indicates 1344 

significant difference between WT and TG. *,  or # indicates p < 0.05, **//## p < 0.01 and 1345 

***//### p < 0.001. PET data were analysed using a mixed model, immunohistochemistry 1346 

data were analysed using a 2-way ANOVA with age as repeated factor and genotype in both 1347 

analysis and a Sidak post-hoc test. 1348 
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 1350 

Figure 5: Tauopathy in the TgF344-AD rats as detected by in vivo by PET imaging (A), 1351 

autoradiography (B) and immunohistochemistry (C). (A) PET data revealed an increase in 1352 

[18F]THK5117 uptake in TG rats, mostly in hippocampal and cortical areas. (B) Ex vivo 1353 

autoradiography revealed greater differences in Tau signal than PET in most cortical areas, the 1354 

hippocampus, and a modest but significant increase in the thalamus. (C) Immunohistochemistry 1355 

using AT8 anti-Tau antibody in 18 month (m) old TG rats revealed that Tau deposition (arrows) 1356 

occurred only around amyloid plaques. PET and autoradiography data are expressed as mean ± 1357 

SD. * and # indicate significant difference between 15 and 25m old animals and between WT 1358 

and TG, respectively. * or # indicates p < 0.05, **/## p < 0.01 and ***/### p < 0.001. PET data 1359 

were analysed using a 2-way ANOVA (genotype and age) and a Sidak post-hoc test. 1360 

Autoradiography data were analysed using a Welch’s t-test. (C) Scale bars represent 200µm (top 1361 

row) and 20µm (bottom row). 1362 
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Figure 6: (A) Representative micrographs of NeuN staining in WT and TG rats at 6, 12 and 18 1365 

months (m) of age in the hippocampus CA1 (top panel) and temporal-cingulate posterior cortices 1366 

(bottom panel) and (B) their respective quantification expressed as percentage stained area and 1367 

number of NeuN positive in cells/mm². There was no significant difference in NeuN staining 1368 

between WT and TG and only a significant decrease due to age. Data are expressed as mean ± 1369 

SD. * and  indicate significant differences vs the 6 and 12 m old animals respectively. * or  1370 

indicates p < 0.05, **/ p < 0.01. Data were analysed using 2-way ANOVA (age as repeated 1371 

factor and genotype) and a Sidak post-hoc test. (C) Representative micrographs of 1372 

immunohistochemistry for pan-neuronal Neurochrom and β-amyloid in the hippocampus of TG 1373 

rats at 6, 12 and 18 months (m) of age highlighting a clear loss of neuronal staining where β-1374 

amyloid plaques are present. Normal Neurochrom staining is characterised by a homogenous 1375 

staining of the grey matter (bv = space occupied by blood vessels, negative for Neurochrom). 1376 

Last panel on the right shows higher magnification of dotted line box of 18 m group with DAPI 1377 

stain for the merged images. Yellow dotted lines highlight the loss of Neurochrom staining at the 1378 

location of Aβ plaques. (A & C) Scale bars represent 200µm. 1379 
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 1381 

Figure 7: (A) Wildtype (WT) and transgenic (TG) rats displayed increased exploration of the 1382 

novel object in the NOR retention phase at 3 and 6 months (m) but were unable to discriminate 1383 

objects at 12 and 18 m of age (t-tests). Analysis of discrimination index (DI) over time did not 1384 

reveal any significant differences between groups (genotype p = 0.093, age p = 0.283, 2-way 1385 

ANOVA mixed model repeated measure) (B). Total exploration times in the retention phase of 1386 

the NOR test revealed significantly reduced active exploration of both WT and TG rats with age 1387 

(1-way ANOVA) (C). TG rats spent decreased time sniffing con-specific animals than WT rats 1388 

in the social interaction test, with a significant reduction observed at 9m (t-tests). Data are 1389 
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expressed as mean ± SEM. + indicates significant difference vs. 3 m and * indicates significant 1390 

difference vs. 6 m. +/* p < 0.05, **p < 0.01, +++/*** p < 0.001 and ++++/**** p < 0.0001. 1391 
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 1393 

Figure 8: AD-like pathology and normal aging affect regional brain metabolite profiles. (A) 1394 

Example MRS spectra obtained from the hippocampus of Wildtype (WT) and transgenic (TG) 1395 

rats at 6 months (m) of age. The multiple peaks of metabolites of interest are labelled as: 1: N-1396 

Acetyl-aspartate, 2: Glutamate, 3: total Creatine (creatine + phosphocreatine), 4: tCholine, 5: 1397 

Taurine, 6: myo-inositol. (B) Metabolites affected by age and genotype/age  ×  genotype 1398 

interaction. (C) Metabolites affected by age alone. * and  indicate significant differences vs the 1399 

6and 12 m old animals respectively and # indicates significant difference between WT and TG. 1400 

*,  or # indicates p < 0.05, **//## p < 0.01 and ***//### p < 0.001. The concentration 1401 

of metabolites presented are expressed in institutional units which relate to mMol/kg tissue wet 1402 

weight, assuming a water content of 0.78 mL/g in rodent brain. MRS data were analysed using a 1403 

mixed model (age as repeated factor and genotype) and a Sidak post-hoc test. Results are shown 1404 
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as mean ± SD. Note: brain region names in figure are written differently for some panels e.g. 1405 

hipp. & hippocampus, Hypothal. & hypothalamus. 1406 

 1407 
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Table 1: Summary of the study findings 1408 

 1409 

Read‐out 3 m 6 m 9 m 12 m 15 m 18 m 25 m

Neuroinfl.

TSPO PET Hippocampus Hipp., Thal. & Cx.

microgliosis Temporal Cx Hipp., Thal. & Cx.

Astrogliosis Thal. & Temp. Cx Front. & Temp. Cx Front. & Temp. Cx

α7‐nAChR by [18F]ASEM PET Pallidum/NBM Pallidum/NBM

β‐amyloid
Aβ PET Hippocampus

6E10 IHC Hipp. & Cx. Hipp., Thal. & Cx.

P‐Tau

S‐[18F]THK5117 PET Cortices Hipp. & Cx.

Autoradiog. Hipp., Thal. & Cx.

CP13/AT8 + Aβ 
ThioF‐S

Hippocampus

Neuronal 
loss

NeuN

NeuroChrom Hipp., Thal. & Cx. Hipp., Thal. & Cx.

Behaviour
tests

NOR

Soc. Interact.

MRS*

N‐Acetyl Aspartate Hippocampus

Taurine Cortex

tCholine Hippocampus

Max. Moderate NS / Not Detectable Moderate Max.

Not determined
Decreased in TG vs WT Increased in TG vs WT
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The age in months (m) at which each parameter (in rows) was assessed is indicated in columns. Changes found at these time-points: a 1410 

grey shading indicate that there was no assessment of the parameter shown in the corresponding row, a white shading indicates that 1411 

the parameter was assessed but no significant change were found, a blue or red shading indicate respectively a significant 1412 

decrease/lower values or increase/higher values in the TG vs age-matched WT. Brain areas where the significant changes were 1413 

detected are indicated in each cell (abbreviations: α7-nAChR = α7 nicotinergic acetyl-choline receptor; Autoradiog. = 1414 

autoradiography; ThioF-S = thioflavine-S; NOR = novel object recognition test; Soc. Interact. = social interaction behavioural test; 1415 

Thal. = thalamus; Hipp. = Hippocampus; Temporal Cx. = temporal cortex; Front. Cx = frontal cortex; Cx. = all neorcortical areas). * 1416 

For MRS, the regions of interest correspond to the voxel shown Figure S2. 1417 



 



 

Figure S3: Time-activity curves (TAC) for [18F]DPA-714 (A), [18F]Florbetaben (B), 
[18F]ASEM (C) and [18F]THK-5117 (D) in the hippocampus of 18 months old WT and TG 
rats. The red and green shaded areas illustrate the time-frame of the scan used to 
calculate the average standard uptake values (SUV) and NUV for each tracer shown as 
individual value in Figures 1, 3, 4, 5 and S3, S5-S7 for each group. Data are shown as 
mean ± SD of the SUV. 
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A SUV mean in the reference 
region: Cerebellum

B Regions affected by genotype only

C Regions affected by age only D Interaction age × genotype

Figure S4: [18F]DPA-714 uptake quantification 
in various regions of the brain in WT (green 
circle symbols) and TgF344-AD (red square 
symbols) rats at 6, 12 and 18 m. (A) Standard 
Uptake Value (SUV) of [18F]DPA-714 in the 
cerebellum, each individual values from the 
cerebellum were used to normalised the other 
brain regions (NUVCb); only an effect of age was 
detected in the cerebellum in both WT and TG 
at 18 m. (B) In the frontoparietal motor, cortex 
only an effect of genotype was detected at 18m. 
(C) In the frontoparietal somatosensory and 
temporal cortices and the striatum, only an 
effect of age was detected. (D) in the 
hypothalamus, there was no main effect of age 
or genotype but an interaction age × genotype 
was detected. The post-hoc test revealed only 
difference between ages in TG. Data are 
expressed as mean ± SD. * and  indicate 
significant differences vs the 6 months and 12 
months old animals respectively and # indicates 
significant difference between WT and TG. *, 
or # indicates p<0.05, **//## p < 0.01 and 
***//### p < 0.001. PET data were analysed 
using a mixed model (age as repeated factor 
and genotype) and a Sidak post-hoc test.

N
U

V
C

b
 [

1
8 F

]D
P

A
-7

14

6 m 12 m 18 m
0.25

0.50

0.75

1.00

1.25

Frontoparietal Motor Cortex

#

N
U

V
C

b
 [

1
8 F

]D
P

A
-7

14



 

Figure S5: (A) Quantification of the microglia (CD11b, top row) and astrocytes (GFAP, 
bottom row) immunofluorescence expressed as percentage of area stained in frontal 
cortex, hippocampus and thalamus. * and  indicate significant differences vs the 6 
months and 12 months old animals respectively and # indicates significant difference 
between WT and TG. Data expressed as mean ± SD. *,  or # indicates p < 0.05, 
**//## p < 0.01 and ***//### p < 0.001. Data were analysed using 2 way ANOVA 
(age and genotype) and a Sidak post-hoc test. (B) Representative images of CD11b 
(red) and GFAP (green) co-staining in 18m old WT and TG rats in frontal cortex, 
hippocampus and thalamus (left to right).  



 

Figure S6: [18F]-ASEM (α7 nicotinic receptor) uptake in the thalamus (A), cortex (B) 
and hippocampus (C & D) of WT (green circle symbols) and TgF344-AD (red square 
symbols) rats at 6, 12 and 18 months of age. Data are expressed as mean ± SD of 
uptake values (49-61 min) normalised to cerebellum. No significant differences were 
observed in these brain regions. PET data were analysed using a 2-way ANOVA (age 
as repeated factor and genotype) and a Sidak post-hoc test. 
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Figure S7: PET quantification of [18F]Florbetaben uptake (PET sum images 49-61 min) 
in (A) the region of reference (brainstem) and (B) representative PET-MR images of 
[18F]Florbetaben uptake (SUV). (C) PET quantification of [18F]Florbetaben uptake in the 
striatum and cerebellum, 2 regions unaffected by AD-like pathology, normalised to 
brainstem (NUVBStem) in WT (green circle) and TG (red squares) rats of at 6, 12 and 18 
months of age. Data are expressed as mean ± SD. PET data were analysed using a 
mixed model with age as repeated factor and genotype and a Sidak post-hoc test. No 
significant changes were detected. 

  



 

Figure S8: Tauopathy in the TgF344-AD rats as detected by in vivo by PET imaging (A 
& B) and immunohistochemistry (C & D). In (A), data are shown as SUV. In these ROI, 



SUV data revealed only modest changes in [18F]THK-5117 SUV driven by age without 
any differences between WT and TG. Expressing the data as NUVStr (SUV normalised 
to the striatum as reference region as devoid of AD pathology) revealed genotype 
differences (B). Immunohistochemistry using CP13 (C) and PHF-1 (D) anti-Tau 
antibodies revealed that Tau deposition occurred mostly around amyloid plaques in the 
TG rats. PET data are expressed as mean ± SD of the Standard Uptake Values (SUV in 
A) and Standard Uptake Values normalised to striatum (NUVstr in B). * and # indicate 
significant difference between 15 and 25m old animals and between WT and TG 
respectively. */# and **/## indicate p < 0.05 and p < 0.01 respectively. PET data were 
analysed using a 2 way ANOVA (genotype and age) and a Sidak post-hoc test. (C & D) 
Scale bars represent 200µm. 
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Figure S9: (A) representative image of a Tau 
protein Western blot with different antibodies. 
(B) Analysis of Tau protein Western blot on 
brain extract from 18 months old WT (n=6) and 
TG (n=5) rats. Data expressed as mean ± SD.
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Figure S10: (A) quantification of NeuN staining by immunofluorescence expressed as 
percentage stained area and number of NeuN positive (in cells/mm²). Data are 
expressed as mean ± SD. (B) Representative micrographs of immunohistochemistry for 
pan-neuronal neurochrom (green) and β-amyloid (red) in the temporal/cingulate 



posterior cortices of TG rats 18 months of age showing, as in the hippocampus, a clear 
loss of neuronal staining where β-amyloid plaques are present. (WM= white matter, 
Neurochrom negative). * indicates a significant difference with 6 months of age. Data 
were analysed using 2-way ANOVA (age as repeated factor and genotype) and a Sidak 
post-hoc test. 

  



 

Figure S11: Representative micrographs of NeuN chromogenic immunohistochemistry 
of the hippocampus in WT and TG rats at 6, 12 and 18 months of age (top panel) and 
results of the manual neuronal count in the CA3 region and the striatum (as control, 
pathology free area; bottom panel). There was a trend of decrease with age in CA3 but 
not striatum. No significant differences were found between WT and TG. Data 
expressed as mean ± SD. Data were analysed using 2-way ANOVA (age and 



genotype). Scale bars are 500µm for low magnification images and 100µm for high 
magnification images. 

  



 

Figure S12: (A) Illustration of the Novel Object Recognition test set-up and (B) and time 
exploring the two identical objects in the acquisition phase in WT and TG rats at 3, 6, 12 
and 18 m of age. (C) Illustration of the social interaction test set-up and (D) time spent 
exploring a central object. Data are shown as mean ± SEM. 
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Supplementary materials and methods 1 

Behaviour: animal handling 2 

Because both WT and TG were found to be extremely anxious, handling was carried out every 3 

day for a minimum of 3 days prior to behavioural testing and restricted to a single handler (3 weeks of 4 

handling was given for the first two time-points and was reduced to 3 days by 12 months of age). 5 

Animals were initially habituated to the test arena with littermates for 30 minutes the day prior to the 3 6 

and 6 month tests. This became unnecessary as they were tested more frequently in the same arena. All 7 

tests were recorded without the tester in the room to allow for natural behaviour and arenas were cleaned 8 

with 70% ethanol between trials to remove any scents left by the previous rats which may alter their 9 

behaviour. 10 

PET imaging 11 

 [18F]Florbetaben and [18F]ASEM 12 

[18F]Florbetaben scans were rebinned into 28 frames: 1 frame of 1 minute before injection of 13 

the tracer, then 4 frames of 10 s, 4 × 20 s, 4 × 60 s, 14 × 180 s and 1 × 120 s. The last 3 frames (43-51 14 

min acquisition) were extracted for analysis 15 

[18F]ASEM scans were rebinned into 33 frames: 1 frame of 1 minute before injection of the 16 

tracer, then 4 frames of 10 s, 4 × 20 s, 4 × 60 s, 14 × 180 s and 6 × 120 s. The last 6 frames (49-61 min 17 

acquisition) were extracted for analysis. 18 

Each image was corrected for randoms, scatter and attenuation, and reconstructed using a 2D 19 

OSEM (16 subsets, 2 iterations) algorithm (GE Healthcare, France) into voxels of 0.3875 × 0.3875 × 20 

0.775mm3. Images were analysed using PMOD (3.403, PMOD Technologies, Zurich, Switzerland, 21 

www.pmod.com). Partial volume effect correction was applied on all PET images which were co-22 

registered to the Schiffer rat brain MRI template [1]. 23 

(S)-[18F]THK5117 24 

The radiochemical yield of (S)-[18F]THK5117 was 15 ± 8%, molar activity was > 700 25 

MBq/µmol, radiochemical purity > 98%, and shelf-life 6 hours. 26 

The following data acquisition protocol was used: a CT scan was performed immediately prior 27 

to the PET scan for each animal to acquire attenuation correction factors. The time coincidence window 28 

was set to 3.432 ns and levels of energy discrimination to 350 keV and 650 keV. List mode data from 29 

emission scans were histogrammed into 49 dynamic frames (30 x 10s, 15 x 60s, and 4 x 300s) and 30 

emission sinograms were normalised, corrected for attenuation, scattering and radioactivity decay and 31 

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=externObjLink&_locator=url&_cdi=271208&_issn=09698051&_origin=article&_zone=art_page&_plusSign=%2B&_targetURL=http%253A%252F%252Fwww.pmod.com
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reconstructed using OSEM3D (16 subsets, 4 iterations) into 128 × 128 × 159 images with 0.776 × 0.776 32 

× 0.796 mm3 voxel size. Body temperature was maintained through the use of a heating pad. 33 

The PET/CT images were pre-processed in Matlab R2017a (The MathWorks, Natick, 34 

Massachusetts, United States) with an in-house semi-automated pipeline for preclinical images that uses 35 

SPM12 (Wellcome Department of Cognitive Neurology, London, UK) pre-processing functionalities 36 

and analysis routines. Subjects were spatially normalized through a two-step registration (a rigid 37 

followed by an affine transformation) of each subject’s brain CT to a template CT that was previously 38 

constructed as an average of several subjects and was aligned with an atlas T2-weighted MRI template. 39 

The combination of transformations was then applied to the PET images, which were also re-sampled 40 

to a voxel size of 0.2 x 0.2 x 0.2 mm (trilinear interpolation), matching the anatomical atlas dimensions. 41 

Region of interest analysis was performed on each subject by averaging the signal inside a slightly 42 

modified version of Schiffer rat brain atlas [1]. 43 

[18F]DPA-714 44 

[18F]DPA-714 was injected intravenously as a 30s bolus (tracer & flush) in the tail vein through 45 

the use of injection pumps (syringe pump, Cole-Palmer, ref. WZ-74905-02) at the start of the PET 46 

acquisition. Animals were scanned on a Siemens Inveon® small animal PET-CT as described 47 

previously [2, 3]. The following data acquisition protocol was used: a CT scan was performed 48 

immediately prior to the PET scan for each animal to acquire attenuation correction factors. The time 49 

coincidence window was set to 3.432 ns and levels of energy discrimination to 350 keV and 650 keV. 50 

List mode data from emission scans were histogrammed into 16 dynamic frames (5 × 1 min; 5 × 2 mins; 51 

3 × 5 mins and 3 × 10 mins) and emission sinograms were normalised, corrected for attenuation, 52 

scattering and radioactivity decay and reconstructed using OSEM3D (16 subsets, 4 iterations) into 128 53 

× 128 × 159 images with 0.776 × 0.776 × 0.796 mm3 voxel size. Respiration and temperature were 54 

monitored throughout the scans using a pressure sensitive pad and rectal probe (BioVet, m2m imaging 55 

corp, USA). Body temperature was maintained through the use of a heating and fan module controlled 56 

by the rectal probe via the interface of the BioVet system. 57 

Magnetic Resonance Spectroscopy Acquisition and Analysis 58 

Structural MRI (Fast Low Angle SHot: 9 slices, 2 averages, 0.5 mm inter-slice distance) and 59 

MRS were carried out using a 7 Tesla horizontal-bore magnet (Agilent Technologies, Oxford Industrial 60 

Park, Yarnton, Oxford, UK) interfaced to a Bruker AVANCE III spectrometer (Bruker Spectrospin, 61 

Coventry, UK). In brief, FASTMAP [4] was used to shim a 10 mm3 region encompassing the planned 62 

voxels. The water linewidth at full-height half-maximum (LW) was estimated and if below 20Hz, the 63 

water-suppressed acquisition was run. Re-shimming was performed twice if LW > 20Hz. The NAA 64 

LW was measured in all the spectra to act as a quality metric. These data are reported in Table S6. The 65 
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VAPOR method was used for water suppression [5] and a PRESS (Point REsolved SpectroScopy) [6] 66 

sequence (repetition time 2500 ms, echo-time 20 ms) was carried out. For large ROIs (hippocampus 67 

and thalamus), 128 averages were acquired and for smaller ROIs (right hippocampus, hypothalamus 68 

and cortex) 512 averages were acquired for sufficient signal-to-noise. Spectra were quantified in the 69 

time domain using the QUEST routine [7]in jMRUI [8] as previously described [2]. A metabolite basis-70 

set was simulated using NMRScope. Metabolites in the basis-set included NAA (N-acetylaspartate), 71 

glutamate, myo-inositol, total-creatine (creatine and phosphocreatine), taurine, tCho (choline, 72 

phosphorylcholine, glycerophosphorylcholine), glutamine, γ-aminobutyric acid (GABA), and scyllo-73 

inositol. Peaks at 0.9, 1.3 ppm were included to model macro-molecules and a peak at 3.75 ppm was 74 

added to account for α-amino acid protons that have been previously observed in brain MRS of rodents 75 

and are not accounted for by glutamate and glutamine [9]. 76 

Immunohistochemistry 77 

Animals were culled by isoflurane overdose confirmed by cervical dislocation. The brains were 78 

collected, snap frozen using isopentane on dry ice and stored at -80°C. Twenty-five sets (slides) of 4 79 

sagittal brain sections (20µm thick) were taken on SuperFrost Plus glass slides using a cryostat (Leica 80 

CM3050s, Leica Biosystems Nussloch GmbH, Germany) from 1, 1.62, 2.24 and 2.86 mm lateral of 81 

Bregma and stored at -80°C. 82 

Immunofluorescence for GFAP & CD11b, NeuN, Neurochrom and β-amyloid (6E10) 83 

Sections were allowed to defrost and dry at room temperature (10~20min) and then fixed with 84 

4% paraformaldehyde for 10 min before being washed (6 × 5min) in phosphate buffered saline (PBS) 85 

and incubated for 30 min in 2% normal donkey serum and 0.1% Triton X-100 in PBS to permeabilise 86 

and block non-specific binding. Primary antibody incubation was carried out overnight at 4°C with one 87 

of the following primary antibodies in 2% normal donkey serum and 0.1% Triton X-100 in PBS: mouse 88 

anti-rat CD11b (AbD Serotec (MCA275G) 1:1000); rabbit anti-rat GFAP (DAKO (Z0334) 1:1000); 89 

mouse anti-human 6E10 amyloid (BioLegend (803001) 1:1000); rabbit anti-rat NeuN (Abcam 90 

(ab177487), 1:500); rabbit anti-rat Neurochrom (Millipore (ABN2300) 1:100). Following incubation in 91 

primary antibody, PBS washes were repeated (3 × 10min) and incubated with one of the following 92 

secondary antibodies (Molecular Probes, Invitrogen) was carried out: Alexa Fluor 594nm Donkey anti-93 

mouse IgG 1:500 (for CD11b and 6E10); Alexa Fluor 594nm Donkey anti-rabbit IgG 1:500 (for NeuN); 94 

Alexa Fluor 488nm Donkey anti-rat IgG 1:500 (for GFAP and Neurochrom). Double staining was 95 

carried out for CD11b+GFAP and 6E10+neurochrom. 96 

Image analysis was performed using Fiji [10]. For amyloid quantification the following steps 97 

were used: original snapshot were duplicated in 8bit, a mask with radius = 100 and mask = 0.60, 98 

blackbackground = True was set, and converted to an 8-bit mask, fill holes and erode was then applied, 99 
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images were calibrated in µm and particles were analysed with the following settings: size = 750-25000 100 

µm, circularity = 0.22-0.90 and “clear summarize add”. For NeuN analysis the following parameters 101 

were used: snapshots were converted in 8-bit images and calibrated in µm and duplicated, an Unsharp 102 

Mask filter (radius = 100 and mask = 0.60) and an Otsu threshold were applied, followed by a binary 103 

watershed filter, Analyse Particles was then used (particle size in pixels 25-5000, circularity 0.25-1.00). 104 

For GFAP and CD11b, images were calibrated in µm and, for the hippocampus cropped if necessary to 105 

remove the corpus callosum and potential part of the cortex taken in the snapshot, images were then 106 

converted to 8bit and thresholded visually to remove background or staining artefact to keep only cells 107 

visible, the total staining area and percentage stained area were then measured. 108 

Chromogenic NeuN immunohistochemistry and analysis 109 

Sagittal sections were washed 3 × 5 minutes with PBS between stages and agitated on a shaker 110 

plate throughout incubation. Sections were incubated in a 0.1M citrate 6.0pH antigen retrieval buffer 111 

for 20 minutes at 80°C in a water bath. Sections were then washed followed by blocking and 112 

permeabilising in 5% normal goat serum and 0.05% Triton X-100 in PBS for one hour at room 113 

temperature. After blocking, rabbit anti-NeuN (AB177487, Abcam) was added to blocking solution 114 

(1:500) and incubated overnight at room temperature. The next day, sections were washed then 115 

incubated in Vector anti-rabbit IgG (1:1000 blocking solution) for 1 hour, then agitated with Avidin-116 

Biotin (both 1:500 in PBS) solution for 30 minutes. Finally, the sections were developed using a Vector 117 

DAB HRP substrate kit for 10 minutes. 118 

Images of full slides were taken using a 3D Histec Pannoramic 250 slide scanner. NeuN 119 

analysis was conducted using 3D Histec CaseViewer software. To consistently count NeuN+ neurons 120 

while minimising false positive labelling such as from cellular debris, manual cell counts were 121 

conducted in 303 × 455µm regions of interest in hippocampus and striatum [11]. 122 

Cell counts per region of interest, per slice, per animal were taken along the medio-lateral axis 123 

through hippocampus and striatum. To ensure between group comparisons were fair and consistent, we 124 

stained every other section with neutral red to label Nissl bodies. These sections were used to allocate 125 

sections to their distance from the mid-sagittal plane, with reference to the Paxinos and Watson rat brain 126 

atlas [12]. Sections were coded as being from 1 to 5mm lateral based on the anatomical shape of the 127 

hippocampus and striatum. Due to anatomical variation along this axis, only sections from 2mm to 4mm 128 

lateral of the mid-sagittal plane were included in statistical analyses. The mean number of NeuN+ 129 

neurons per region of interest per animal was calculated and summary group statistics and factorial 130 

analyses conducted on these data. A total of 40,538 NeuN+ neurons were manually counted (n rats per 131 

group: WT 6 m: 3, TG 6 m: 7, WT 12 m: 5, TG 12 m: 6, WT 18 m: 7, TG 18 m: 5). 132 

Tau Western blot analysis 133 
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Approximately 100mg of cortex tissue was homogenised in 1ml cold RIPA buffer as previously 134 

described Salih et al. (2012) [13], [1% (v/v) Triton X-100, 1% (w/v) sodium deoxycholate, 0.1% (w/v) 135 

SDS, 0.15 M NaCl, 20 mM Tris HCl (pH 7.4), 2 mM EDTA (pH 8.0), 50 mM sodium fluoride, 40 mM 136 

β-glycerophosphate, 1 mM EGTA (pH 8.0), 1 mM EGTA (pH 8.0), 2 mM sodium orthovanadate; and 137 

(adding just before use), 1 mM PMSF (in 100% ethanol), one Protease inhibitor tablet (11 836 153 001; 138 

Roche), Sigma phosphatase inhibitor cocktail 2 (× 100 dilution), Sigma phosphatase inhibitor cocktail 139 

3 (× 100 dilution) by using a Sonicator (Branson sonifier, 450). Next, homogenates were centrifuged at 140 

13,000 RPM for 10 min at 4ºC, supernatant protein concentration was measured using a Bradford assay 141 

and samples stored at -80°C. 142 

Samples, mixed with dye, were boiled in 95ºC, 10 min (Tau samples) or 2 min (ordinary 143 

samples) before storage at -20ºC. 144 

The SDS-PAGE gel, composed by 4% stacking gel and 10-15% resolving gel, was poured into 145 

Novex 1.5mm gel casting trays (Invitrogen). 50µg protein of each sample was loaded. The stated 146 

amount of protein of each sample was normalized to a final volume of 15 µl by cold 1 × loading dye. 147 

Samples were run at 100V and 130V through the stacking gels and resolving gels, respectively. Then, 148 

proteins were transferred to nitrocellulose membrane (0.45 µM, BIO-RAD) at 30V, room temperature 149 

overnight. Membranes were blocked in 5% fat-free milk in 0.1%Tween-20 in TBS (TBST) for 1 hour 150 

and incubated with primary antibody (see details in Table S7) for 2 h at room temperature, signals were 151 

visualized by secondary antibody incubation (1:10,000) in blocking buffer followed by Clarity™ 152 

Western ECL Blotting Substrates (BIO-RAD) development. Imaging was performed using the BIO-153 

RAD ChemiDoc MP imaging system. The western blot images were analysed by Image Lab software 154 

(BIO-RAD). 155 

  156 
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Supplementary information 157 

Table S1: University of Manchester cohort. Animals used in the study. 158 

 Age (months) Dead/Excluded 

for ex vivo TOTAL 6 m 12 m 18 m 

WT 

In vivo 

imaging & 

behaviour* 

10 9** 3 10 

Ex vivo only 5 5 4 4 18 

TG 

In vivo 

imaging & 

behaviour* 

11 10 9** 4# 11 

Ex vivo only 8 6 2 2 18 

GRAND TOTAL: 57 
* Animals used for in vivo imaging and behaviour were monitored longitudinally, i.e. animals were kept for 18-159 
19 months. ** Animals used for the in vivo longitudinal study were used for ex vivo analysis for the 18-19 160 
months time-point.  1 animal died before the 18 months time-point, 2 were excluded after post-mortem 161 
examination at 18 months. # 1 animal died before the 12 months time-point, 1 animal died before the 18 months 162 
time-point, 2 were excluded after post-mortem examination at 18 months. Criteria for exclusion: presence at 163 
post-mortem examination of stroke, subarachnoid haemorrhage, intracerebral haemorrhage or tumours; please 164 
see Table S4 for more details. 165 

Table S2: Age of the WT and TG rats (in days) and average weight (in grams) of rats when scanned 166 

with [18F]DPA-714 at each time-points (University of Manchester cohort). Data are expressed as 167 

mean±SD. N numbers are indicated in brackets. 168 

 6 months 12 months 18 months 

WT (10) TG (11) WT (9) TG (10) WT (9) TG (9) 

Age (days) 191±4 189±10 369±11 363±10 557±8 558±13 

Average weight 391±19g 423±22g 464±24g 493±20g 480±27g 478±31g 

Table S3: Age of the WT and TG rats (in days) and average weight (in grams) when scanned with 169 

[18F]Florbetaben and [18F]ASEM at each time-points (University of Tours cohort). Data are expressed 170 

as mean±SD (n = 8 per group). 171 

 6 months 12 months 18 months 

WT TG WT TG WT TG 

Age 

(days) 

[18F]florbetaben 194±2 198±5 369±16 361±12 540±17 537±5 

[18F]ASEM 191±27 197±21 374±15 371±15 527±14 536±9 

Average weight 414±9g 407±9g 472±12g 478±8g 460±14g 471±12g 

  172 
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Table S4: causes of mortality or exclusions in the University of Manchester cohort. 173 

 

Overnight death, 

no identifiable 

cause 

SAH ICH Stroke 

Tumours (lungs & 

liver) & hypertrophic 

spleen 

WT 1 (392) 2 (541, 605) 0 2 (513, 590) 2 (589, 605) 

TG 1 (179) 0 2 (538, 539) 0 3 (357, 540, 605) 

Age of death (in days) are indicated in brackets; ages in bold indicate animals that died or were culled due to 174 
illness before reaching the planned time-point; other animals were excluded and their cause of exclusion was 175 
identified at the planned time-points of euthanasia.  Indicates animals that were used for imaging and behaviour 176 
and died before reaching the end point of the study or were excluded at post-mortem examination at 18-19 177 
months. SAH: subarachnoid haemorrhage. ICH: intracerebral haemorrhage. 178 

Table S5: number of animals used for each immunohistochemistry quantitative measures. 179 

 6 months 12 months 18 months 

Antigen WT TG WT TG WT TG 

CD11b 4 5 5 5 8 9** 

GFAP 4* 5 5 5 8 9 

NeuN (fluo.) 5 6 5 5 5 5 

NeuN (chromog.) 3 7 5 6 7 5 

Aβ (6E10) ND 6 ND 7 ND 6 

* One WT 6 m was identified as an outlier and excluded for the GFAP quantification in the 180 

temporal/posterior cingulate cortex and thalamus. ** One TG 18 m was identified as an outlier and 181 

excluded from the CD11b quantification in the thalamus. ND: no Aβ detected in WT rats, not 182 

quantified. 183 

Table S6: NAA linewidth (mean±SD) for each brain region. 184 

Brain Region NAA LW 

All regions 16.2±6.5 

Full hippocampus 19.0±8.7 

Right hippocampus 18.3±5.3 

Thalamus 16.1±6.1 

Hypothalamus 13.6±5.0 

Cortex 14.2±4.7 

  185 
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Table S7: Antibodies used for Tau immunohistochemistry and Western blot analysis.  186 

Antibody Company Species Concentration  Blocking solution 

PHF-1 
Gift from Prof. 

Peter Davies 

Mouse 

monoclonal 

1:1000 (WB); 

1:600 (IHC) 

5% powdered milk in TBS (with 

0.02% Azide, for WB); 2.5% 

Normal Horse Serum in PBS 

(IHC) 

CP13 
Gift from Prof. 

Peter Davies 

Mouse 

monoclonal 

1:1000 (WB); 

1:600 (IHC) 

5% powdered milk in TBS (with 

0.02% Azide, for WB); 2.5% 

Normal Horse Serum in PBS 

(IHC) 

DA9 
Gift from Prof. 

Peter Davies 

Mouse 

monoclonal 
1:5000 (WB) 

5% powdered milk in TBS (with 

0.02% Azide, for WB) 

HSPA9 
Thermofisher, 

MA1-094 

Mouse 

monoclonal 
1:1000 (WB) 

5% BSA in TBS (with 0.02% 

Azide, for WB) 

β-Actin 
Abcam, 

ab8227 

Rabbit 

Polyclonal 
1:20000 (WB) 

5% BSA in TBS (with 0.02% 

Azide, for WB)  

AT8 
Thermofisher, 

MN1020 

Mouse 

monoclonal 
1:600 (IHC) 

2.5% Normal Horse Serum in 

PBS (IHC) 
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