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ABSTRACT

Evidence accumulates suggesting a complex interplay between neurodegenerative processes and
serotonergic neurotransmission. We have previously reported an overexpression of serotonin 5-
HT,a receptors (5-HIaR) following intra-hippocampal injections of amyloid-beta 1-4@48)

fibrils in rats. This serotonergic reactivity paralleled results from clinical positron emission
tomography studies witH9F]MPPF revealing an overexpression of 5:x in the hippocampus

of patients with mild cognitive impairment. Sinc@40 and A42 isoforms are found in amyloid
plagues, we tested in this study the hypothesis of a peptide- and region-specifigR5-HT
reactivity by injecting them, separately, into the hippocampus or striatum of PRISMPPFin

vitro autoradiography revealed thag40 fibrils, but not 42, were triggering an overexpression

of 5-HT;aR in the hippocampus and striatum of rat brains after 7 days. Immuno-histochemical
approaches targeting neuronal precursor cells, mature neurons and astrocytes show&@ that A
fibrils caused more pathophysiological damages thaaO0Afibrils. The mechanisms of 40
fibrils-induced 5-HTEAR expression remains unknown but hypotheses including neurogenesis,
glial expression and axonal sprouting are discussed.

Highlights.
* Neurodegenerative processes have effects on serotonergic neurotransmission
» APA4O0 fibrils, but not 842, can trigger an overexpression of 5:H in rat brain
» APA42 fibrils are more neurotoxic tharBA0in vivo

» APA42 fibrils decrease neurogenesis in the hippocampus

Keywords.
Alzheimer’s disease, amyloid-beta peptides, serotonin, f:HEeptors, positron emission
tomography.



INTRODUCTION

Alzheimer’s disease (AD) is a very complex neuropsychiatric disease where memory becomes
progressively dysfunctional resulting in amnesia and dementia. It is the most common cause of
dementia worldwide. Neuropathological hallmarks of AD include extracellular deposition of
amyloid-beta (4) protein as senile plaques, the gradual intraneuronal accumulation of
neurofibrillary tangles formed as a result of abnormal hyperphosphorylation of cytoskeletal tau
protein, massive neuronal death (Selkoe, 2001) and relevant neurochemical alterations (Querfurth
and LaFerla, 2010). However, most of these pathological studies have been cross-sectional and
cannot determine how these key events are temporally related to each other.

Dysfunction of the cholinergic system is usually considered as the most prominent
neurotransmitter abnormality but cognitive, behavioural and neuropsychiatric symptoms have
been linked to changes in other neurotransmitter systems like the serotonergic (5-HT) one (Assal
and Cummings, 2002, Ramirez et al., 2014). Seveos mortem studies support the
involvement of the serotonin system in AD (Meltzer et al., 1998, Rodriguez et al., 2012).
Reductions of 5-HT neurons localised in the nucleus raphe dorsalis have been found in AD
patient brain samples (Aletrino et al., 1992, Halliday et al., 1992, Zweig et al., 1988).
Accordingly, declines in serotonin concentrations (Reinikainen et al., 1990) as well as serotonin
reuptake sites (Chen et al., 1996, Cross, 1990, D'Amato et al., 1987) have been observed in target
areas of 5-HT projections including the temporal cortex, hippocampus and striatum. A substantial
number ofpost mortem studies have also reported reductions in levels of &lrficeptors and 5-

HTe receptors (Cross et al., 1986, Lai et al., 2005, Lorke et al., 2006, Reynolds et al., 1984) in the
temporal, prefrontal and frontal cortex of AD patients.

5-HT,a receptors (5-HTaR) are particularly relevant to AD because they are highly
expressed in the human hippocampus (Palacios et al., 1990), an important component of the
medial temporal lobe memory system, and are known to be involved in the regulation of memory
processes (Ogren et al., 2008). The hippocampus is one of the earliest brain regions to be affected
by AD neuropathology (Braak et al., 1993). When looking at 5sRTexpression in the medial
temporal lobe of ADpost mortem brains, decreased levels (Becker et al., 2014, Bowen et al.,
1989) or unchanged density (Becker et al., 2014, Cross et al., 1986, Lai et al., 2003) have been

reported. These apparently conflicting results may have arisen from the different techniques and



“markers” used (radiotracers, antibodies), the various stages of the disease (Braak et al., 1993) as
well as the particular subregions of the medial temporal lobe assessed.

Interestingly, clinical imaging studies usingvivo positron emission tomography (PET)
with a selective 5-HIAR antagonist, fluoro 2’-methoxypheny-@’-pyridinyl)-p-*2F-fluoro-
benzamidoethylpiperazine ‘{F]MPPF) (Aznavour and Zimmer, 2007, Cheng, 2004) have
focused on the status of these receptors in the hippocampus of AD patients at different stages of
the disease. While a majority of these studies have shown a decrease gfRSddnsity in
patients with advanced AD (Kepe et al., 2006, Lanctot et al., 2007), others have reported an
increase in the case of patients at pre-dementia stages of AD (Truchot et al., 2008, Truchot et al.,
2007). This observation was in accordance with functional magnetic resonance imaging evidence
for hyperactivity in the hippocampus before or during the onset of cognitive defects in mild
cognitive impairment (Stargardt et al., 2015). One hypothesis to account for these observations is
that 5-HT1AR up-regulation may intervene at early stages of AD and may constitute a potential
sensitive tool as imaging biomarker of AD as well as an early therapeutic target (Ramirez et al.,
2014, Santarelli et al., 2003). Whether the enhanced afH&xpression during pre-symptomatic
stages of AD provides protection against the earliest disease processes or is a pathogenic
contribution to AD remains to be determined.

In line with proposals of a 5-HIR involvement in cognitive processing, particularly
during AD (Bowen et al., 1994), 5-HAR antagonists have been developed with the therapeutic
aim of enhancing cognitive capacity, though no positive results have been yet reported in clinical
trials (Schechter et al., 2005). A study reported the potential beneficial effects ofaB-HT
agonists in treating non-cognitive symptoms observed in patients with dementia (Sato et al.,
2007). Converging preclinical and clinical results are still awaited to confirm the therapeutic
promise of 5-HTAR targeting in AD (Ramirez et al., 2014, Rodriguez et al., 2012).

In a previous preclinical study, we have explored the temporal sequences of changes in
hippocampal 5-HT transmission in a rat model of AD with amyloid-beta 1-$dQAfibrils
deposition in the dentate gyrus (DG) of dorsal hippocampus (Verdurand et al., 2011). We
demonstrated a specific, transient 5:kH over-expression that resembled the reactivity
observed in the prodromal phase of AD patients (MCI or mild cognitive impairment) (Truchot et
al., 2008, Truchot et al., 2007) associated with a substantial loss of granular glutamatergic

neurons.



However, although the 0 peptide is consistently found in the senile plaques of AD
post mortem patients’ brain, it is usually co-localized with th@4® peptide (Klein et al., 1999)
which has consistently demonstrated high neurotoxic effects in neuronal cultures (Dahlgren et al.,
2002) and when injected in rodents brains (Klein et al., 1999). In this context, our study was
designed i) to compare the early effects di4B or A342 fibrils deposition on 5-HRkR
expression across two brain regions where prominent amyloid deposition can be observed in pre-
symptomatic AD, the hippocampus and the striatum, and ii) to explore the cellular events that
operate early after (A depositions. To that aim, brain sections were immunostained with a
neuron-specific nuclear protein (NeuN), a pan-neuronal marker, double-cortin (DCX) a marker
transiently expressed by newly generated neurons, and Glial Fibrillary Acidic Protein (GFAP), a

protein marker for astrogliosis.

2. MATERIALSAND METHODS

2.1. Preparation of the amyloid-beta (Ap) fibrils

Methods for preparation and aggregation of the peptides were derived from previous studies
(Bagheri et al., 2011, Verdurand et al., 2011, Wu et al., 2007). Human recombinant amyloid-beta
peptides 1-40 (B40) (Sigma-Aldrich, France) were dissolved in Tris-Buffered Saline
supplemented with HCI (TBS-HCI) (Sigma-Aldrich; 138 mM NaCl, 2.7 mM KCI, pH adjusted to
7.5) at a concentration of 100 uM and aliquots of 100 pL were kept at -80°C. Human
recombinant amyloi@- peptides 1-42 (B42) (Bachem, Switzerland) were dissolved in TBS-HCI
supplemented with NM¥DH at a concentration of 100 uM and aliquots of 20 uL were stored at -
80°C. Aggregation of peptides consisted in placing aliquots at 37°C under agitation (250 rpm;
Thermo-Shaker, PHMT, GrantBio) for at least 2 days.

2.2. Transmission Electronic Microscopy (TEM)

TEM was used to detect the presence of fibrils. 3 pL of fibril sample were absorbed on 200 mesh
nickel grids coated with formvar-C for 2 min at room temperature (RT). A torn edged of
hardened, ashless filter paper was applied at the edge of the grid to absorb the remaining liquid.
Then, 3 pL of 3% uranyl acetate in distilled de-ionized water was added to the grid for 1 min,

excess was wicked away and the grid allowed to air dry before examination using a transmission



electron microscope (Jeol JEM 1400, Tokyo, Japan) operating at 80 kV equipped with a numeric
camera (GATAN Orius 600, Evry, France). The images were processed by Digital Micrograph
(Figure 1).

2.3. Animals

Seventy-one adult male Sprague-Dawley rats (8-9 weeks old) weighing 250-350g were used
(Charles River Laboratories, L'Abresle, France). The animals were kept at a constant temperature
of 22 £ 2°C on a 12-12 h light-dark cycle with lights on at 9 am. All animal experiments were
performed in accordance with the European guidelines (2010/63/UE) and subsequent national
decree (2013-118) for care of laboratory animals, and were approved by the Animal Use Ethics
Committee of the University of Lyon (C2EA — 42; Comité d'éthique en Expérimentation

Animale Neurosciences Lyon; celyne.lyon@inserm.fr).

24. Intracerebral injectionsof Ap fibrilsin rats
Rats were anaesthetized with isoflurane inhalation in air (4% isoflurane in 1 L/min air) and then
transferred to a stereotaxic apparatus (Stoelting, USA) equipped with a mask delivering
isoflurane at 1.5-2.5% in air flow set at 0.5-0.6 L/min for the duration of the experiment. The
eyes were coated with a lubricating eye ointment. Body temperature was maintained by a heating
pad (CMA/microdialysis 150) set at 37°C and monitored rectally. A pulse oximeter (NONIN
Medical, USA) was used to measure heart rate (350 = 50 beats/min), respiratory rate (45 = 15
cycles/min) and oxygen saturation (>90%). Because of the invasive nature of the surgery
performed (brain stereotaxic injections), pain was controlled by the potent opioid analgesic
buprenorphine (Buprecare®, Axience) injected subcutaneously (s.c.) at a dose of 0.05 mg/kg, 20
min before any surgical act was performed.

Animals were stereotaxically injected with pre-aggregated amyloid peptides (0.5 nmol in
5 pL per injection site), according to the stereotaxic atlas of the rat brain (Paxinos and Watson,
2007). Incision was performed on the scalp of the rats in order to visualise the bregma anatomical
point (intersection of coronal and sagittal sutureg)d@ and A42 were unilaterally injected in
the dentate gyrus of dorsal hippocampus (vehicle in the contralateral hemisphere, n = 36) at the
following stereotaxic coordinates relative to bregma: AP = -3.2 mm; ML = £1.2 mm; DV = -3.6

mm. In a separate cohort of rats (n = 35B48 and A42 were unilaterally injected in the



striatum (vehicle in the contralateral hemisphere) at the following coordinates relative to bregma:
AP =0.1 mm; ML = £3.3 mm; DV = -4.2 mm.

APB40, AB42 fibrils and vehicle solutions (5 pL each) were slowly infused at a constant
rate of 1 uL/min by a home-made system consisting of Hamilton syringes (1702 SN, NHBIO,
France) installed in injection pumps (World Precision Instruments, UK), connected via a tubing
(Fine Bore Polythene Tubing, Portex, Smith Medical Intl, UK) to Hamilton needles of 30 Gauge
diameter (RN, NH BIO, France). The needles were left in place for 2 min and then slowly
withdrawn. After injections, the scalp was sutured, an antiseptic (povidone-iodine) and local
analgesic (lidocaine) applied, and the rats were allowed to recover from anaesthesia. A 7 days

post-injection delay was observed before euthanasia and subsequent studies.

2.5. In vitro [*®F]M PPF autor adiogr aphy experiments and data analysis

Following a 7 days post-injection period (n=6 for each group of rats), rats were deeply
anaesthetized with isoflurane in the inducing chamber (4% isoflurane in 1L/min air flow) and
rapidly euthanized by decapitation. Brains were dissected and frozen in 2-methylbutane with dry
ice (-30°C). Twenty um-thick sections were cut across the injected regions of interest (dorsal
hippocampus and striatum), thaw-mounted on slides (Superfrost®, Roth, France) and allowed to
air-dry for 30 min before storage at -80°C until usevitro autoradiography experiments were
performed with ¥F]MPPF, a specific 5-HkR PET radiotracer (Le Bars et al., 1998). On the
day of f®FJMPPF radiosynthesis, the slides were allowed to thaw to room temperature (30-60
min) and the sections were incubated at room temperature for 20 min in Tris-buffered saline
(TBS) supplemented with HCI (TBS-HCI buffer) (138 mM NaCl, 2.7 mM KCI, pH adjusted to
7.5) containing a 5-HkR saturating concentration of¥f][MPPF ¢& 3 nM, > 3 times Kd).
Adjacent sections were incubated in the same medium supplemented with 10 uM of WAY-
100635 (5-HTaAR antagonist, Sigma-Aldrich, France) to estimate the non-specific binding. After
20 min of incubation, the slides were washed for 90 sec in cold TBS-HCI buffer, rinsed for 90 sec
in cold distilled water, dried under cool air and exposed to sensitive imaging plates (BAS-IP MS
2025, Fujifilm) for 60 min. The distribution of radioactivity was then visualized with a Bio-
imaging analyser system (BAS-5000, Fujifilm) and analysed using the Multigauge software

(Fujifilm). Regions of interest were manually drawn in the targeted injection sites (24 sections



per animal), namely the dentate gyrus of the dorsal hippocampus and the striatum, with the help
of a stereotaxic atlas of the rat brain (Paxinos and Watson, 2007).

Semi-quantitative 'FFJMPPF binding values were expressed in psi#mfphoto-
stimulated luminescence per surface unit). Non-specif]NIPPF binding values (measured
from adjacent slices) were subtracted to toff]MPPF binding ones to obtain the specific 5-
HT1aR regional density. Specifi¢cdF]JMPPF binding means were calculated as percentage of
change (% change) between th@-iAjected and the contralateral vehicle-injected regions (mean

value for the 6 vehicle injections was set to 100%).

2.6. Quantitative real-time PCR (qRT-PCR) experiments and data analysis

Following a 7 days post-injection period (n=6 for each group of rats), rats were deeply
anaesthetized with isoflurane in the inducing chamber (4% isoflurane in 1L/min air flow) and
rapidly euthanized by decapitation. The dorsal hippocampus and striatum regions were manually
dissected on ice and stored at -80°C before use. RNA was isolated on silica-based columns,
DNase | digested and eluted with water, using RNeasy Mini Kit following the manufacturer’s
instructions (Qiagen, France). Total RNA was quantified using DO 260 nm on a NanoDrop 1000
spectrophotometer (ThermoScientific, Baltimore, MA, USA) and quality was assessed with the
Agilent 2100 Bioanalyser (Agilent Technologies, Palo Alto,CA, USA). RNA (750ng) was
reverse transcribed using the iScript Reverse Transcription Supermix (Bio-Rad, Hercules, CA,
USA). The expression of conventionally used house-keeping genes including Ywhae, RPL4,
GAPDH proved to be stable between assays. Quantitative real-time PCR (qRT-PCR) was
performed with the Fast SYBR Green Master Mix and the Applied Biosystems 7900HT Fast Real
—Time PCR system (Appied Biosystems, Foster city, California USA). The experimental protocol
consisted of an initial polymerase activation at 95 °C, for 20 min followed by an amplification
program for 40 cycles keeping the annealing and extension primer temperature at 62 °C for
20min. Melting-curve analysis was then performed to verify the amplification of a single product.
All primers were designed using NCBI Primer-BLAST and selected to generate amplicons with a
length of 100—-200 bp. The primer sequences used in this study were as followed (5" AAG-AAG-
AGC-CTG-AAC-CGA-CA 3 (forward) and 5 CAG-AGG-AAG-GTG-CTC-TTT-GG 3
(reverse) for 5-HJaR). Standard curves were generated for each primer set to calculate the

efficiency of each set. Only primer sets with an efficiency of 1.85 to 2.1 were used for gPCR. The



relativemRNA levels for each assay were computed froniHeycle threshold) valuesbtained

for the target gene. gPCR experiments were repeated at least three times using independent
RNA/cDNA preparations. Data was pooled and analysed using RQ manager v1.2 and dataAssist
v1.0 (Applied Biosystems). For each injection, RQ value (relative quantitation (RQ) or fold

change) was normalized to the mean value of the vehicle injections in the corresponding region.

2.7. Thioflavine S histological staining

Thioflavine S (Sigma-Aldrich, France) staining was performed to confirm the presence of
aggregated amyloid material at the site of injection. Brain sections were rinsed twice in PBS for
10 min, incubated in thioflavine S 0.0025% for 8 min, then 1 min in ethanol 80%, 1 min in
ethanol 50% and 10 min in PBS before mounting in aqueous mounting medium with DAPI
(Vectashield Hardset Mounting Medium with DAPI, Vector Labs, Eurobio, France). The induced
fluorescence was observed using an imaging microscope (Axioplan-2, Zeiss; Oberkochen,
Germany). The filter used was FITC (ex 470 £ 20 nm, em >515 nm). Images were captured using

a digital camera interfaced with image-analysis computer (Axiovision 3.0 software, Zeiss).

2.8. Immunohistochemical staining (NeuN, GFAP, DCX) and quantification

For immunohistochemistry, rats (hippocampus: n=7 fp4Aand n=6 for f42; striatum: n=5

for Ap40 and n=6 for f40) were deeply anaesthetized with pentobarbital (50 mg/kg i.p.) and
perfused transcardially with paraformaldehyde (4%) in PBS. The brains were post-fixed
overnight, cryoprotected with 30% sucrose for 48h at 4°C, frozen in 2-methylbutane
supplemented with dry ice to reach -30°C, and stored at -20°C. Free-floating coronal sections (30
pm thick) were processed using a standard avidin-biotin-peroxydase method as previously
described (Verdurand et al., 2011). Briefly, one-in-six series of free-floating tissue sections were
taken for each rat and incubated overnight at room temperature with primary specific antibodies
directed against GFAP (rabbit antibody, Dako, Carpinteria, CA; 1/10000 dilution), DCX
(polyclonal goat antibody IgG, Santa Cruz Biotechnology, CA; 1/2000) and NeuN (monoclonal
mouse antibody 1gG, Millipore; 1/10000 dilution). Bound antibodies were visualized using
biotinylated secondary antibody (for GFAP: biotinylated goat anti-rabbit antibody; Vector
Laboratories Inc., Burlingame, CA; 1/1000 dilution; for DCX: biotinylated horse anti-goat
antibody, 1/1000 dilution; for NeuN: biotinylated horse anti-mouse antibody, 1/1000 dilution).



Quantification strategy for DCX, NeuN and GFAP staining in the dorsal dentate gyrus

Bright field images of sectioned material were viewed with a Zeiss Axioskop 2 microscope
equipped with an X/Y sensitive stage and a video camera connected to a computerized image
analysis system (Mercator, Explora Nova, France). The planes of the analyzed sections were
standardized according to the atlas of Paxinos and Watson (1998). The quantification for DCX
and NeuN staining was carried out in 8 sections starting from the appearance of the dorsal dentate
gyrus. These sections were in intervals of one-in-6 series of sections, therefore 150 um apart.

For evaluation of the P40 or A342-induced lesions in the dentate gyrus 8 sections, the
NeuN staining area in the supragranular and infragranular blades of the dorsal dentate gyrus was
delineated at low magnification (x 2.5 objective). The total NeuN staining area in the dentate
gyrus was calculated using Mercator software. As an index of lesion severity, the reduction of
NeuN positive area in the dentate gyrus (ipsilateral to amyloid peptide injection) was calculated
as a percentage of the PBS injected contralateral side.

DCX-labeled cells were counted manually by an observer blind to the experimental
groups under a x 20 objective. The number of DCX cells in the dentate gyrus was summed on
each side and change induced by the amyloid fibrils (ipsilateral to amyloid peptide injection) was
calculated as a percentage of the PBS injected contralateral side.

Astrocyte reactivity (astrogliosis) around the injection site was evaluated with a semi-
guantitative method. Under a x 5 objective, contra vs ipsilateral GFAP staining were visually
evaluated on each (hippocampal and striatal) injection sites and scored by a blind observer as
follows: 0, sparse reactivity; 1, strong reactivity on a localized, small area; 2, strong reactivity on
a large area. Scores were summed across each hemisphere to yield a semi-quantitative measure of

glial reactivity for each injection.

Quantification strategy for NeuN and GFAP staining in the striatum

In the striatum, a different quantitative approach was undertaken with delineation of NeuN lesion
volume as opposed to the evaluation of remaining NeuN staining for the dentate gyrus. This
method was better adapted to the weak NeuN staining in the striatum compared to that of the
hippocampus, where manual counting would be poorly reliable. Tissue sections were analyzed

under a x 5 objective and areas devoid of staining were manually outlined across the injection site



in the striatum (typically 4-8 sections with 150 pum inter-section distance) by an observer blind to
the experimental groups. Areas were interpolated to yield a total volume of neuronal loss
expressed in min

Astrocyte reactivity (astrogliosis) around the injection site was visually evaluated as in the

hippocampus (score 0-2 on each hemisphere).

2.9. Statistical analysis

All statistical analysis were conducted in GraphPad Prism 5, with a p value <0.05 considered
statistically significant. For autoradiography, gRT-PCR, DCX and NeuN data, differences
between ipsilateral (Brinjected) and contralateral (vehicle-injected) hemispheres were analysed
for statistical significance by paired, one-tailed Student’s t-test. Wilcoxon matched-pairs signed

rank test (non-parametric, paired) was used for comparison of GFAP scores.

3.RESULTS

3.1. Transmission Electron Microscopy (TEM)

AP aggregates observed by TEM with uranyle acetate negative staining clearly demonstrated the
presence of fibrils for both (M0 and A42 peptides (Figure 1). Structures of 5-10 nm width
typical of AB fibrils could be seen, linear and unbranching (Nilsson, 2004). However, a different
overall aspect was observed betwedi@® and A42. Indeed, B40 fibrils appeared wider and
laterally associated. B2 fibrils appeared thinner and few grown in parallel. Whid®fibrils

were longer and ramified,42 were shorter and well separated.

3.2. Thioflavine S
Thioflavine S staining of amyloid fibrils, combined with DAPI staining of cell nuclei, confirmed
the presence of aggregated material in the dentate gyrus of dorsal hippocampus as well as in the

striatum, on the site of X0 and 442 fibrils injections (Figure 2).

3.3. Ap40, but not Ap42 fibrils, increase 5-HT ;4R binding in the dentate gyrus and striatum
At 7 days post-injection, 40 fibrils infused in the dentate gyrus of hippocampus (634.0



+ 42.1 psl/mm) triggered a significant increase in specifitf|[ MPPF binding (+40.9%, t(5) =
5.917, p = 0.001) around the injection site in comparison to the vehicle injected contralateral side
(449.7 + 26.1 psl/mA). A significant increase infFJMPPF binding (+20.7%, t(5) = 6.263, p <
0.001) was also observed in the striatum injected witdQAfibrils (38.3 + 1.3 psl/mA) in
comparison to the vehicle injected contralateral side (31.7 + 1.2 pdlffRigure 3).

By contrast, injection of B42 fibrils in the dentate gyrus of dorsal hippocampu4@
1327.0 + 117.7 psl/imm +7.9% vs vehicle injected contralateral side 1230.0 + 125.4 p&)/mm
t(5) = 0.936, p= 0.196) or the striatump@®: 41.5 + 2.1 psl/mf +3.1% vs vehicle injected
contralateral side 40.2 + 2.4 psl/fira(5) = 0.841, p = 0.219) did not affe¢tf]JMPPF binding
(Figure 3).

3.4. Ap42fibrils decrease 5-HT ;4 MRNA expression in the hippocampus
We then analysed the expression of 5:KHMRNA in the dorsal hippocampus and striatum. At 7
days post-injection, B40 fibrils infused in the dentate gyrus of hippocampus (1.3 £ 0.1 relative
guantitation (RQ)) did not trigger any significant change in 3 HARNA expression (-0.7%,
t(5) = 0.080, p = 0.470) in comparison to the vehicle injected contralateral side (1.3 £ 0.2 RQ).
No significant change in 5-HE mRNA expression (+95.5%, t(5) = 1.210, p = 0.141) could be
observed in the striatum injected witlB40 fibrils (1.7 £ 1.3 RQ) in comparison to the vehicle
injected contralateral side (0.9 £ 0.4 RQ) (Figure 4).

However, after injection of p42 fibrils in the dentate gyrus of dorsal hippocampus (1.0 £
0.3 RQ), a significant decrease in 5-WHTNRNA expression (-22.9%, t(5) = 2.164, p= 0.041)
could be observed in comparison to the vehicle injected contralateral side (1.3 = 0.23R®). A
injected in the striatum (2.6 + 1.9 RQ) did not have any significant effect on; 5HRNA
expression (+159.8%, t(5) = 1.900, p = 0.058) in comparison to the vehicle injected contralateral
side (0.9 + 0.4 RQ) but showed a decreased trend in ;3-HIRNA expression, an effect

opposite to that observed in the hippocampus (Figure 4).

3.5. Ap4z2 fibrils are more neurotoxic than Ap40 fibrilsin vivo
3.5.1. Dorsal hippocampus
To specifically examine neuronal loss in the dentate gyrus, NeuN immunohistochemistry and

regional brain analysis was performed. Injections pAd@and A42 fibrils in the dorsal dentate



gyrus revealed a clear loss of granular cell in the dentate gyrus that was more markeg##ith A
fibrils (Figure 5). Evaluation of the percentage loss of neurons in the dentate gyrus suggested the
higher neurotoxicity of f42, since the mean loss of NeuN staining was not significantly
different after A40 fibrils injection but tended to decrease (-20.2%) affet2Afibrils injection
(surface of NeuN staining in vehicle injected rats 204192 + 26498varh62908 + 31197 um

when A342 fibrils were injected, t(4) = 1.108, p = 0.165) (Figure 5).

In order to determine if these two peptides have a differential effect on newly born
granular cells, a regional analysis of DCX-expressing cells was performed. As expected, DCX-
positive cells in the hippocampus were confined to the sub-granular zone, immediately adjacent
to both the supra-granular and infra-granular blades of the dentate gyrus. DCX-immunoreactivity
extended from the perikarya to the developing dendritic arbors in the molecular layer (Figure 5).
Quantification of DCX positive neurons in the dentate gyrus revealed no significant changes
(+2.6%, t(6) = 0.323, p = 0.379) in thg40-injected hemisphere (1321 + 133 DCX+ cells/DG)
in comparison to the vehicle-injected contralateral side (1287 + 149 DCX+ cells/DG).
Interestingly, when P42 fibrils were injected (1149 + 127 DCX+ cells/DG), a significant
decrease in DCX positive cells (-24.7%, t(4) = 6.824, p = 0.001) was observed in comparison to
the vehicle injected hemisphere (1526 + 88 DCX+ cells/DG).

Astrogliosis, revealed by GFAP immunostaining, was apparent and more important in the
dentate gyrus injected withpa42 fibrils than in 440 injected hemispheres and finally mildly
apparent in the vehicle-injected contralateral sides (mechanical damages) (Figure 5). However,
scores analysis of the astroglial reaction does not indicate a clear differential eff@dtOchrd
APB42. Indeed, astroglial reaction triggered b§4A8 (median score [min;max] = 7[2;16]) was not
significantly different (p = 0.500) from the scores obtained in the vehicle injected hemispheres
(median score = 9[4;13]). Similarly forp42 (median score = 14[6;20]), there was no significant
reaction (p = 0.170) in comparison to the vehicle-injected hemispheres (median score =
10[1;15]), despite a clear trend toward higher scores.

Altogether, these results indicate thgi4R& fibrils injections in the dentate gyrus have a
more pronounced neurotoxic effect on mature and newly born neurons of the granular cell layer
than A340 fibrils.

3.5.2. Striatum



Because of the size of the striatum and the weak labeling of NeuN-expressing cells in this brain
structure, extension of neuronal loss through NeuN staining was analyzed differently. Delineation
of NeuN lesion volume as opposed to the evaluation of remaining NeuN staining for the dentate
gyrus was performed (Figure 6). In the striatum, a non-significant trend in increase in lesion
volume (+55.1%, t(5) = 1.828, p = 0.071) was observed aftdO Aibrils injections (0.0664 +
0.0133 mn) in comparison to vehicle injected hemispheres (0.0428 + 0.007f). mm
Additionally, a significant increase (+212.7%, t(5) = 2.985, p = 0.015) in lesion size was
observed after p42 fibrils injections (0.1817 + 0.0459 nimin comparison to the vehicle
injected contralateral hemisphere (0.0582 + 0.0957)mm

DCX-immunoreactive cells were observed in the rostral migratory stream, where neuronal
precursors migrate from the sub-ventricular zone of the lateral ventricles towards the olfactory
bulb. No specific DCX labelling was apparent in the striatum parenchyma and at the site of
injection thus no quantification was performed in this brain area (Figure 6).

For astrogliosis evaluation in the striatump4@ fibrils (median score [min; max] =
15[10;17]) did not trigger any significant astroglial reaction (p = 0.500) in comparison to the
vehicle injected hemisphere (median score = 14[11;22]). However, 7 days A#2rfifarils
injection (median score = 14[11;16]), a significant increase (p = 0.029) in GFAP staining was
observed in comparison to the vehicle injected contralateral side (median score = 10.5[6;13]).

As observed in the dentate gyrug34R fibrils are more neurotoxic in the striatum than
AB40 fibrils.

4. DISCUSSION

Our study demonstrated thaf340 and A42 fibrils injections in the brain trigger different
cellular events, at least early after their deposition. In particular, we demonstrated34Bat A
fibrils injections were capable of triggering an up-regulation of 5 RTbinding in the rat
hippocampus and striatum while342 fibrils were not. Apart from a differential regulation of 5-
HT1aR binding, the present study also identified more pathophysiological damage [M@r A
fibrils injection than A40. Notably, this was evidenced by a trend or a significant loss of mature
neuron in the hippocampus and striatum respectively, a strong reactive astrogliosis as well a

significant decrease in newly born granular cells in the dentate gyrus.



Our study first confirmed previous results showing thgd@injected in the hippocampus
can trigger 5-HTaR reactivity 7 days after their injection (Verdurand et al., 2011). As mentioned
previously, this observation parallels tinevivo [**F]MPPF PET results obtained in patients with
mild cognitive impairment (MCI) showing an increased 5:kR density potentially reflecting
compensatory mechanisms trying to fighi-Wnduced neurotoxicity that is then overwhelmed at
late/advanced AD stages (Kepe et al., 2006, Mizukami et al., 2011, Truchot et al., 2008, Truchot
et al., 2007). Interestingly, our study demonstrated a similar effect in the striatum, a region with
very low basal 5-HJaR expression (Palacios et al., 1990) and no intrinsic synthesis of this
receptor in basal conditions (Pompeiano et al., 1992). A remarkably high striatal retention of
[*'C]PIB, an amyloid radioligand, has been observed in familial AD cases known for their early
onset and rapid progression of the disease (Klunk et al., 2007, Koivunen et al., 2008, Villemagne
et al., 2009). B deposition in the striatum of sporadic AD cases has also been demonstrated to be
correlated to B levels in cortical regions (Ishibashi et al., 2014). Moreomerivo amyloid
imaging of the striatum has recently been suggested to be a useful predictor of Braak neuro-
fibrillary tangles (NFT) stage and the presence or absence of dementia and clinicopathological
AD (Beach et al., 2012). The striatum is thus not completely devoid of implication in AD.
However, to our knowledge, an enhanced 5-HT reactivity (5:RTbinding or {’F]MPPF
binding) has never been investigated and observed in the striatum of AD patients.

Another relevant finding in our study is tha40 fibrils, but not 842, have the potential
to trigger a rapid 5-HiAR reactivity i.e. 7 days after their intracerebral injections. This effect
was, at first, unexpected given that4® are usually described in the literature as having severe
neurotoxic effects in animal models of AD (Klein et al., 1999, Zheng et al., 2013) as welhas in
vitro models (Pike et al., 1993). One could expect that the more neurotoxic peptide form will be
the one being the more pathophysiologically “active” when injeictst/o. Indeed, in our animal
model, immunostaining of specific markers confirmed th@2fibrils are more neurotoxic than
APB40 ones. R42 fibrils triggered significant lesion (NeuN immunoreactivity) and astroglial
reaction (GFAP immunoreactivity) in the striatum as well as a significant decrease in
hippocampal DCX-expressing cells, a good indication of decreased neurogenesis (Couillard-
Despres et al., 2005). Therefore during the progress of AD patholdid? Abrils may
contribute to neuronal loss not only through toxicity toward mature neurons but also through a

decrease in neurogenesis. Despite these severe pathophysiological conseqiéaddsjladid



not have any significant consequences on 5xR1binding when injected in the hippocampus or
striatum. And A40 fibrils injections, despite having less significant pathophysiologiocal
consequences, were capable of triggering this bR Dverexpression.

In the search of an explanation for the up-regulation of 5xRbinding following A340
fibrils injections, but not observed aftepf42, we examined the expression of the corresponding
mMRNA. Our data showed that the increase in 3ARTbinding observed in the hippocampus and
striatum following A340 fibrils injections was not accompanied by a concomitant increase in
MRNA expression as observed with qRT-PCR. Conversely, the changes i BARNA levels
observed in the hippocampus and striatum affet2Afibrils injection were not converted in 5-
HT1aR binding changes.

Aside from technical explanations such as differences in sensitivity and anatomical
resolution of gRT-PCR and receptor autoradiography, several hypotheses can be put forward to
explain the discrepancies between 5:KR mRNA expression and 5-HAR binding. Although it
is generally accepted that 30 to 85% of the variation in protein levels can be attributed to
variation in mRNA expression, there is still 15 to 70% of the variation that is explained by post-
transcriptional and post-translational regulation and by measurements errors (de Sousa Abreu et
al., 2009, Maier et al., 2009, Payne, 2015, Vogel and Marcotte, 2012). It is thus possible that
unchanged 5-Hix mMRNA levels and enhanced 5-KHT protein levels that we observed
correspond to an enhanced translation of pre-existing &-HTRNA with no change in
transcription. Pathologically elevated Aevels triggers a multitude of cellular events including,
not only cell death, but also structural and functional changes at the synaptic level and intense
astrogliosis (Mucke and Selkoe, 2012). Although still under debate, it has been postulated that
astroglial cells may express 5-kkR (Hirst et al., 1998, Kia et al., 1996, Patel and Zhou, 2005,
Whitaker-Azmitia et al., 1993). In our animal model, an astroglial reaction (although not
significant) could be observed on the site g#48 fibrils injections thus prompting us to
hypothesize that astrocytes were potentially holding these over-expressedRa-Hibwever,
the fact that 842 fibrils triggered a significant astroglial reaction in the striatum without a
parallel 5-HAR overexpression argues against the expression ofisgRHdn these cell types. It
is unknown whether neural progenitor cells can actually express; fRHaut, in our animal
model, the hypothesis of 5-HAR expressed by newly generated neurons afftOAfibrils

injections can be excluded as neurogenesis revealed to be unchanged (hippocampus) or inexistent



(striatum). Finally, experimental evidence has clearly demonstrated a large sprouting of 5-HT
fibres in the hippocampus of mice models of AD (Noristani et al., 2010) or following neurotoxic
lesions, a phenomenon likely to occur in our experimental conditions sp#® frils injected

in the striatum enhanced 5-HT neurotransmission (Verdurand et al., 2011). In basal conditions, 5-
HT.aR are essentially addressed to the membrane of soma and dendrites of 5-HT and non-5-HT
neurons but not found on the membrane of pre-terminal axons (Pompeiano et al., 1992, Riad et
al., 2000). It is however not known if, under pathological conditions, J/RI€Tan be expressed

in 5-HT nerve terminals and, through their potential expression on sprouting fibres, could have
contributed to the observed 5-FHAR binding increase. How these different “partners” contribute

to AB-induced 5-HTAR regulation is an important issue to be addressed in the future, considering
the importance of these early changes in the development of AD, the potential therapeutic

window as well as diagnosis tool they represent.

5. CONCLUSION

In this study, we have demonstrated that 7 days after their stereotaxic injections in rat brains,
AP40 fibrils, but not 42, were capable of triggering an overexpression of 5RTn the
hippocampus and striatum. In order to investigate the origin of this;RRHdverexpression and

the differences obtained with the two fibrils forms, immuno-histochemical approaches allowed us
to better characterize the cellular events occurring at the sites of péthafnd 442 injections.

We observed that M2 fibrils caused more pathophysiological damages tha#40Awvhen
injectedin vivo. These two aspects, 5-HhR overexpression with low neuronal loss, re-inforce

the value of this simple, non-transgenic animal model as a prodromal model of AD. The
mechanisms underlying &40 fibrils induced 5-HTaR expression remains unknown but the
hypothesis of neuronal “sprouting” deserve further attention. Finally, this study gives new
argument in favour of the differential dosage @8 and A42 peptides in humapost-mortem

brain tissue for the stratification and association between molecular changes in AD and their

clinical expressions.



ACKNOWLEDGMENTS

Dr Mathieu Verdurand was supported by a Young Researcher Grant from the Fondation Plan
Alzheimer (Paris). Elisabeth Errazuriz-Cerda is acknowledged for her assistance in Transmission
Electronic Microscopy acquisition and interpretation (Centre d’Imagerie Quantitative Lyon-Est).
Catherine Rey of the ProfileXpert-LMCT platform of Lyon University is acknowledged for the
gRT-PCR experiments. This work was performed within the framework of the LABEX PRIMES
(ANR-11-LABX-0063) of Université de Lyon, within the program "Investissements d'Avenir"
(ANR-11-IDEX-0007) operated by the French National Research Agency (ANR) and thanks to a
research grant with Fondation Caisse d’Epargne Rhone-Alpes.



FIGURE LEGENDS

Figure 1. Representative transmission electronic microscopy (TEM) images obtainedpaiath A
(left) and A342 (right) pre-aggregated solutions. Uranyle acetate 3% was used for negative
staining. Fibrils are clearly visible for both peptides with structures of 5-10 nm wi@d0 A
fibrils appear wider, parallel and long.p#2 fibrils appear thinner and shorter. Scale bars

represent 100 nm in both images.

Figure 2. Schematic representations of the intracerebral stereotaxic injections in the rat dentate
gyrus of dorsal hippocampus or the striatum. Representations were extracted from the stereotaxic
atlas of the rat brain (Paxinos and Watson, 2007). Thioflavine S (green) and DAPI (blue)
fluorescence staining images are also represented below for both the hippocampus and the
striatum. Thioflavine S fluorescence highlights the site of aggregdiedjéctions and is clearly

visible in the granular cell layer of the dentate gyrus and in the striatum.

Figure 3. [**F]MPPFin vitro autoradiographic images and scatter plots (expresset-HedPPF

binding percentage of change relative to the vehicle injected site) obtained in the dentate gyrus of
dorsal hippocampus and striatum o8 Ajected rat brains. Manually drawn regions of interest

are shown in red for both the dentate gyrus and the striatBd0 Wjected animals showed a
significant 5-HTAR overexpression represented by increas8g]NIPPF binding level (red

arrows) in comparison to the vehicle injected contralateral side.

Figure 4. Quantitative real-time PCR (qRT-PCR) scatter plots results of 2-RiRNA relative
expression (expressed as percentage of change relative to the vehicle injected site) in both the
hippocampus and striatum aftep40 or AB42 fibrils injections. A significant decrease in 54T

MRNA expression was observed in the hippocampus 7 days #&rfibarils injections.

Figure 5. Immuno-histological microscopic images (NeuN, DCX, GFAP) and corresponding
scatter plots results of quantifications obtained in the hippocampus of velfidie,ahd A42

injected hemispheres at 7 days post-injection. NeuN staining showed a slight decrease in the
granular cell layer of the dentate gyrus aftgi4@ and a strong decrease aftgp42 fibrils

injections (although not significant). Red dashed arrows represent the extent of NeuN staining



disappearance in the granular cell layer of the dentate gyrus. DCX staining revealed no overall
changes in the 40 injected hemispheres. However, a discontinuation in DCX positive cells in
the granular cell layer of 42 injected hippocampus was visible. Quantification of DCX staining
(number of DCX+ cells in dentate gyrus expressed as percentage of change relative to vehicle
injections) revealed a significant decrease in neurogenesis 7 days [@ffilvils injections
(magnified images are provided). A slight increase in GFAP staining in the dentate gyrus of
AP40 injected animals was observed (red arrows) while an intense GFAP staining could be
observed in the P42 injected hemispheres. GFAP staining semi-quantitative score (based on
visual observation) could not pick-up any significant changes in the astroglial reaction 7 days
after AB40 or AB42 fibrils injections in comparison to the vehicle injected hemispheres. Scale

bars represent 200 pm.

Figure 6. Immuno-histological microscopic images (NeuN, DCX, GFAP) and corresponding
scatter plots results of quantifications obtained in the striatum of vehi@i#) Aand 442
injected hemispheres at 7 days post-injection. NeuN staining revealed the ext@nindtided
neurotoxicity. A slight lesion could be observed in the striatum aff&0fand a stronger one

after AB42 fibrils injections. Red dashed delineations represent the extent of the neurotoxic lesion
in the striatum. Quantification of NeuN lesion size (expressed in percentage of change relative to
vehicle injections) corroborated the visual impression with a significant increase in lesion after
AP42 injections. DCX staining was present in the known neurogenic sub-ventricular zone (white
arrows). However, no specific DCX positive cells were observed in the striatum whéiaik

were injected, thus no quantification was performed. A slight increase in GFAP staining in the
striatum of A340 injected animals was observed (red arrows) while a more intense GFAP
staining could be observed in thg4® injected hemispheres. GFAP staining semi-quantitative
score (based on visual observation) revealed a significant increase in astroglial staining 7 days
after AB42 fibrils injections in comparison to the vehicle injected hemispheres. Scale bars

represent 200 pum.
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Highlights.
* Neurodegenerative processes have effects on serotonergic neurotransmission
* AP40fibrils, but not AB42, can trigger an overexpression of 5-HT;aR inrat brain
» AP42fibrils are more neurotoxic than AB40 in vivo

» AP42 fibrils decrease neurogenesis in the hippocampus



