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Abstract

In Alzheimer’s disease (AD), the hippocampus israbgerized by abundant deposition of amyloid
peptides (8) and neuroinflammation. Adult hippocampal neuragesn (AHN) is a form of
plasticity that contributes to cognition and can ib#uenced by either or both pathology and
neuroinflammation. Their interaction has been stddbefore in rapidly progressing transgenic
mouse models with strong overexpression of APPaarfds1. So far, however, changes in AHN
and neuroinflammation remain poorly characterizedlower progressing models at advanced age,
which approach more closely sporadic AD. Here, waly@ed 10- to 26-month-old APP.V717I
mice for possible correlations betweefy pathology, microglia and AHN.

The age-related increase in amyloid pathology easely paralleled by microglial CD68
upregulation, which was largely absent in age-netohildtype (WT) littermates. Notably, aging
reduced the AHN marker doublecortin, but not cairef to a similar extent in WT and APP.V7171
mice between 10 and 26 months. This demonstrade#\thN is influenced by advanced age in the

APP.V7171 mouse model, but not by And microglial activation.
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1. Introduction

Age is the major risk factor for cognitive declia@d for neurodegenerative disorders
including Alzheimer’s disease (AD) (Jagust, 2018né&e et al., 2013; Small et al., 2002). The
hippocampus in particular is implicated in cognitiand undergoes functional and volumetric
changes during aging (Bobinski et al., 2000; Hara.e2012; Pereira et al., 2014; Raz et al., 2004
Small et al., 2002; West et al., 1994, 2004) araffiscted early in AD (Barnes et al., 1997; Bizon
et al., 2009; Devanand et al., 2007; Frick etl®95; Small et al., 2004; Stoub et al., 2010). éwe
this brain region displays extensive neurodegermgrand functional deficits, both in AD patients
and mouse models (Breyhan et al., 2009; Bobinskl.eR000; Dodart et al., 2000; Fotenos et al.,
2005; Jack et al., 1999; Schmitz et al., 2004; ISt&tal., 2010).

Different forms of neuronal as well as synaptiagticity contribute to hippocampal
functions. Adult hippocampal neurogenesis (AHNbhis generation of new neurons in the dentate
gyrus (DG) and represents a unique form of strattptasticity, implicated in cognition and
memory (Deng et al., 2010; Eriksson et al., 1998n@n et al., 2014). AHN decreases with age in
both rodents (Cameron and McKay, 1999; Heine et28l04; Kuhn et al., 1996) and humans
(Goritz and Frisén, 2012; Knoth et al., 2010; Maraget al., 2007; Spalding et al., 2013). It
furthermore responds to acute pathological indikes ischemia and epilepsy (Kuhn et al., 2001,
Mattiesen et al., 2009; Parent et al., 2002; Shetttgl., 2012; Taupin, 2006), as well as to more
chronic, slower developing pathologies like Parkiris disease and AD (Curtis et al., 2003; De
Lucia et al., 2016; Boekhoorn et al., 2006).

Alterations in AHN have been postulated to conttébto hippocampal dysfunction and/or
disease progression (Maruszak et al., 2014; Mu &e32011; De Lucia et al.,, 2016; Gomez-
Nicola et al., 2014; Richetin et al., 2015). Howew®nsiderable variation with respect to AHN in
AD is reported in clinical studies, including inesed, decreased or unchanged AHN and this
variance in outcome seems to depend on the dis¢age, the patient age and the examined AHN
markers (Boekhoorn et al., 2006; Briley et al., 0Ekonomou et al., 2014; Jin et al., 2004; Li et
al., 2008; Perry et al., 2012).

More controlled, pre-clinical studies have indemhtthat AHN diminishes when pA
pathology becomes apparent (Demars et al., 2010pZam et al., 2006; Haughey et al., 2002a;
2002b; Kuhn et al., 2007; Krezymon et al., 2013cdssen et al., 2015; Marlatt and Lucassen,
2010; Mirochnic et al., 2009; Rodriguez et al., 0Werret et al., 2007), although conversely
exceptions are reported as well (Donovan et aD62®laughey et al., 2002b; Krezymon et al.,
2013; Mirochnic et al., 2009; Unger et al., 201&r\ét et al., 2007; Yu et al., 2009). It must be
noted that all these findings relied on transgenice that strongly overexpress (combinations of)
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human amyloid precursor protein (APP) and presedil{fPS1) mutant transgenes, resulting in high
to very high levels of B early in life. These high A levels cause a rapid development of the
pathology, a wanted characteristic for drug-dewalept, which however deviates from the

progression of the neuropathology in humans. Mageown these earlier studies, the transgenic
mice were often studied at relatively young agespfactical reasons. Considering that AD is the
most typical age-related neurodegenerative disptderpre-clinical mouse model APP.V7171 that

exhibits a slow progression of amyloid neuropatgglmight be a source of novel insights in the
relation between AHN and amyloid pathology.

Related to humans, mice over 18 months of age earohsidered old-age, whereas mice
between 6- and 12-month-old can be considered &eluitkey et al., 2007). APP.V717] mice first
develop amyloid plaques in the entorhinal corteouad 10 months of age. Soon after this, the
plaques appear in the subiculum and other hippoabhsyb-regions of APP.V7171 mice, where it
further develops to more extensive pathologicatleby 15 to 18 months of age (Dewachter et al.,
2000a; 2000b; Heneka et al., 2005; Moechars et299; Tanghe et al., 2010).

Besides amyloid-induced alterations in AHN, nenflammatory responses can modulate
AHN as well and in particular microglia are thoudbtbe instrumental (De Lucia et al., 2016;
Ekdahl et al., 2009; Gebara et al., 2013; Sierral.et2010; 2014; Solano Fonseca et al., 2016;
Varnum et al., 2015; Olmos-Alonso et al., 2016g-Blinical and clinical studies have revealed an
association between brain aging and enhanced infigory signaling by microglia (Cribbs et al.,
2012; Deng et al., 2006; Henry et al., 2009; Hotireaal., 2015; Sheng et al., 1998; Sierra et al.,
2007; von Bernhardi et al., 2011). The inflammatmrgponse of microglia to amyloid pathology
(Cribbs et al., 2012; Holtman et al., 2015; Henekal., 2015a; 2015b; Marlatt et al., 2014) might
hamper neurogenesis and hippocampal plasticityri@dos et al., 2006; Biscaro et al., 2012;
Chapman et al., 2012; Chugh et al., 2013; von Baedilet al., 2015). It is therefore of interest to
consider if and how age and AD-related changesiaraglia in concert with emerging amyloid
pathology may affect AHN.

Here we characterized both cell-associated amysidell as amyloid plaque pathology in
APP.V7171 mice at age 10, 14, 19 and 26 monthssauled whether AHN was altered relative to
the age-related changes in neuropathology and gliat@activation.
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2. Methods
2.1 Mice

A total of 25 male mice were analyzed in this gtut¥4 APP.V7171 heterozygous mice
(Moechars et al., 1999) and 11 wildtype mice (WAl),of the FVB/n genetic background. As
described before in detail, the APP.V7171 mice piadboth 840 and A42 peptides in the brain
and develop dense-cored plaques that contain plyg42 and are Congo Red and Thioflavin S-
positive (Dewachter et al., 2000b; Moechars et18199; Van Dorpe et al., 2000). In contrast to
highly overexpressing and rapidly progressing moosglels, the APP.V717]1 mouse model is
characterized by a long pre-plaque stage and teepliaques do not emerge until £12 months of
age (Dewachter et al., 2000b; Moechars et al., 1988ghe et al., 2010). Thereby the model more
closely resembles the slow, age-related developofearhyloid pathology in human AD patients.

Mice were subdivided in 4 age groups with différstages of amyloid pathology: 10 £1
months (WT n=1, APP.V7171 n=4), 14 £1 months (WBnAPP.V717I n=2), 19 +1 months (WT
n=1, APP.V7171 n=6) and 26 £1 months (WT n=6, APPLY1 n=2) of age. Mice of 10-14 months
represented the early pathological stages withfet amyloid plaques, while mice aged 19-26
months displayed widespread amyloid pathology. rAilte were housed with no more than 4
littermates per cage, and all experiments werelezhimut in accordance with the EU Directive

2010/63/EU on animal welfare for scientific purpese

2.2 Tissue collection

Brains were processed as described previouslyifdaret al., 2015). Briefly, mice were
anaesthetized by intraperitoneal injection of 129kg pentobarbital before transcardial perfusion
with 0.9% saline, followed by 4% paraformaldehyB&A4\) in 0.1M phosphate buffer (PB, pH 7.4).
The brains were removed and post-fixed in 4% PFA.iM PB overnight at 4°C and stored in
0.1M PB containing 0.01% sodium azide at 4°C.

Prior to sectioning, brains were kept overnight 30% sucrose in 0.1M PB for
cryoprotection at 4°C, subsequently frozen andircdtO um thick coronal sections with a sliding
microtome. Sections were divided over 8 seriesltaio an even representation of each brain
region per series and collected in an antifreehgtisa of 20% glycerol, 30% ethylene glycol and
50% 0.05M phosphate buffered saline (PBS) and dtaire20°C until further use.

2.3 Immunohistochemistry
Immunohistochemistry (IHC) was performed to deiean(l) amyloid load, (lI) CD68

expressing microglia, the marker present in lysa®and endosomes of monocytes. IHC for (lll)
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AHN was based on the number of cells expressingoldcartin (DCX) as a marker of the
differentiation of neuroprogenitor cells to postiatic immature neurons (Couillard-Després et al.,
2005), and on the number of cells expressing ¢aine{CR) as a marker for more mature post-
mitotic immature neurons, in addition to DCX (Braed al., 2003). Parallel series of brain sections
were used for all stainings. Amyloid load in APPIVT mice was assessed by IHC using an
antibody directed against the N-terminal of the kol peptide (rabbit polyclonal anti{fiN],
#18584, IBL Japan, Gumma, Japan; Marlatt et all3R0IHC for CD68 marked microglial
lysosomal activation (rat anti-mouse CD68 clone HA-MCA1957, Serotec, Kidlington, UK;
Hoeijmakers et al.,, 2016). AHN was determined byClfbr DCX (goat anti-DCX, sc-8066,
SantaCruz Biotechnology, Santa Cruz, CA, USA; Nekiet al., 2015) and CR (rabbit anti-
calretinin, 7697, Swant, Marly, Switzerland ; Naskiret al., 2015).

Sections for amyloid staining were pre-mountedcoated glass slides (Superfrost Plus,
Menzel, Braunschweig, Germany) with antigen retidyy sequential citrate buffer and formic
acid (FA) pre-treatment as described (Christenseh,€2009; Marlatt et al., 2013). After washing
in 0.05M Tris buffered saline (TBS), and rinsingttwsterile water, the slides were incubated in
0.01M citrate buffer (pH 6.0) using a standard wugave protocol at 95-99°C for 15 min. After
cooling to room temperature (RT), antibody retrlewas continued by 3 min incubation in 88%
FA.

Next, the pre-treated slides for amyloid IHC and fiee-floating sections for CD68, DCX
and CR staining were washed in 0.05M TBS. Subsdiyetides and sections were incubated in
0.3% HO; for 15 min to block endogenous peroxidase actiyn-specific antibody binding was
blocked by 30 min incubation in 1% bovine serumuaiin, 0.1% Triton X-100 in 0.05M TBS
(A, CD68), 2% milk powder in TBS (DCX), 2% normal gesarum, 0.3% Triton X-100 in 0.05M
TBS (CR). Primary antibodies were diluted in blegkimix (1:1000 A, 1:400 CD68, 1:5000 CR)
or in an incubation mix of 0.25% gelatin, 0.1% ®ntX-100, in 0.05M TBS (1:800 DCX), and
incubated for 1 hour at RT followed by overnightubation at 4°C.

Secondary biotinylated antibodies fo Aand CR (goat anti-rabbit IgG 1:500 Vector
Laboratories, Burlingame, CA), for CD68 (donkey iaat IgG 1:500 Vector Laboratories,
Burlingame, CA) and for DCX (donkey anti-goat Ig@&@0 Jackson Laboratories, Bar Harbor,
Maine, USA) were diluted in the same buffers aspghmary antibodies and added to the sections
for 2 hours at RT, followed by 90 min incubationthviavidin-biotin complex (Vectastain elite
ABC peroxidase kit, 1:800 in 0.05M TBS, VectastaBrunschwig Chemie, Amsterdam, the
Netherlands). DCX staining included an additiongnal amplification step for 30 min with
biotinylated tyramide (1:500 in 0.01%&; in 0.01M TBS) followed by a second incubation 6f 9
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min with avidin-biotin complex. Finally, the tissuigvere thoroughly washed in 0.05M Tris buffer
(TB) prior to incubation in 0.5 mg/ml diaminobenizie, 0.01% HO, in 0.05M TB for chromogen
development, followed by washing in 0.05M TB. FflEating sections were mounted on pre-
coated glass slides (Superfrost Plus slides, Me@lader, Braunschweig, Germany) and cover
slipped with Entellan (EMD Millipore, Billerica, MAUSA).

2.4 Image analysis and quantification

Quantification of immunoreactive staining was peried by an observer unaware of the
experimental conditions. The hippocampus was sudhetivover the rostral-caudal axis based on
the pre-determined bregma points, with all sectimosy bregma -1.22 mm to bregma -2.30 mm
representing the rostral/dorsal hippocampus, anseations from bregma -2.70 mm to -3.64 mm
representing the caudal/ventral hippocampus. @dbdhsections with an approximate intersection
distance of 48Qum per animal were chosen for analysis for all fquantifications (amyloid,
CD68, DCX, CR), thereby including 3 sections repregmg the rostral hippocampus and 3 sections

representing the caudal hippocampus.

2.4.1 Amyloid and CD68 immunoreactivity

Amyloid plaque load and CD68 immunoreactivity éréd to as CD68 coverage) were
guantified in the hippocampal sub-regions subicyl@, cornu ammonix (CA) by image analysis
based on standard thresholding method (Hoeijmakeral., 2016; Marlatt et al., 2013). The
respective regions were viewed and recorded wittiga CTR5500 microscope (10x objective for
AP and 20x objective for CD68) using dedicated sofevd.eica MetaMorph AF, version 1.6.0;
Molecular Devices Sunnyvale, CA, USA). Images w@mecessed using publicly available
software (Image J; NIH, Bethesda, Maryland, USA)e Tespective regions were delineated in all
images and converted to 8-bit grayscale picturesixéd threshold was set to include all IHC
positive signal in the delineated regions, allowinsyto determine the relative areas that define
amyloid plague load and CD68 coverage.

Next, we manually counted the number of CD68+scalhd the number of & cells.
CD68+ cells were sampled in the subiculum (280 x 250um area), CA1 (25Qm x 250pum
area) and molecular layer of the DG (158 x 150um area) of the aforementioned selected brain
sections. The CD68+ individual cell surfagen?) was further measured by dividing the CD68+
surface coveragaun?2) in the individual squares by the number of ¢edrcells in this area, as a
proxy for the changes in CD68 expression at theviddal cell level. The number of (A cells is
referred to as cell-associated and intraneuronalladh (Christensen et al., 2009; Jeong et al.,
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2006; LaFerla et al., 2007). In each image, we tifi@h the cells in a 20Q@m x 200um area in the
center of the subiculum, and in a 108 x 400um area covering part of the pyramidal cell layers
of the CA1l and CA3. Quantification of cell-assoedtamyloid in CA1 and CA3 pyramidal cell
layers were combined to represent the cell-assatamnyloid in the CA.

2.4.2 DCX and CR immunoreactive cell numbers

DCX immunoreactive cells (DCX+) and CR immunoreactcells (CR+) were manually
guantified at 20x magnification (Zeiss Axiophot mascope, Microfire camera; Optronics, Goleta,
CA, USA) using dedicated software (Stereo Investigaoftware; MicroBrightField, Magdeburg,
Germany). DCX+ and CR+ cells were counted in the B@nular cell layer (GCL) and
subgranular zone (SGZ). DCX+ cells were furtherssified in three different developmental
stages based on their morphological appearance €®ah al., 2010). The proliferative stage
represents cells with no or very short, plump psses; the intermediate stage refers to cells with
one process approaching or reaching the molecayar; the post-mitotic/immature neuron stage

includes cells with dendritic branching into the IG&hd/or molecular layer (Oomen et al., 2010).

2.4.3 Volume estimation

Estimations of the volumes of GCL, DG and tot@igucampus were based on the Cavalieri
principle (Gundersen and Jensen, 1987, Naninck,e2@16). A surface estimation of the regions
was obtained based on the 6 bilateral hippocangzdions by outlining the contour of the specific
region of interest. The total estimated surface tvas multiplied by the section thickness (40),
by the number of series (8) and by the ratio dditbilal hippocampal sections sampled out of the

total number of hippocampal sections within a seféeout of 9).

2.5 Statistical analysis

Data graphs present means + standard error ohélaa. Statistical outliers were not
present in the data, as test by the freely avalahbline Grubb’s test (Graphpad software, San
Diego, CA, USA). Further statistical analysis wasfprmed with SPSS 22.0 software.
Significance was accepted for p<0.05. Amyloid paigyp in APP.V7171 mice was analyzed by
one-way ANOVA and post-hoc analyses were perforosedg Bonferroni multiple comparison
tests. Data of CD68, DCX+ cell numbers and CR+mathbers in WT and APP.V717] mice were
analyzed using the two-way ANOVA model with gena@ygnd age as independent factors. For
these analyses, the two youngest (10 and 14 maautlasiwo oldest (19 and 26 months) age groups
were combined in order to compare an early pathcdbgtage (10 and 14 months) with more



N

abundant pathology (19 and 26 months). The relgtiogy power prevented the assessment of
age-specific effects within all 4 age groups. Ollenater-parameter relationships were tested using

Pearson’s bivariate correlation analysis.
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3. Results
3.1 APP.V717I expression, but not age, induced hippocampal atrophy

Hippocampal atrophy is one of the hallmarks of & we therefore estimated the volume
of the hippocampus with specific attention for D&&CL. Hippocampal, DG and GCL volumes
were smaller in APP.V7171 compared to age- and genthtched WT mice, independent of age
(fig 1A-C: Hippocampusage F(1,20)=0.282, ns, genotype F(1,20)=7.773, p2Q, interaction
F(1,20)= 1.886, nsDG: age F(1,20)=0.020, ns, genotype F(1,20)=6.278, p2Q, interaction
F(1,20)= 1.522, nsGCL.: age F(1,21)=0.105, ns, genotype F(1,21)=13.708, .08Q, interaction
F(1,21)=0.487, ns

3.2 Amyloid pathology increased with agein APP.V717] mice

Quantification confirmed the age-related progm@ssif amyloid pathology between age 10-
and 26-month-old APP.V7171 mice, which was braigioa specific (fig 2A. Amyloid load was
low 10-14 months of age in all brain regions andgpessed at older age, primarily in the
subiculum (fig 2B F(3,10)=17.704, p<0.001; Bonferroni post-hoc td&t months vs. 19 months
p<0.001, 10 months vs. 26 months p=0.011, 14 morgh49 months p=0.005, 14 months vs. 26
months p=0.04) Amyloid plaque load was further elevated in B@ and CA at 26 months of age
(fig 2C,D; DG: F(3,10)=7.166, p=0.007; Bonferroni post-hoc tedd inonths vs. 26 months
p=0.009, 14 months vs. 26 months p=0.023, 19 morths26 months p=0.018, all other
comparisons nsCA: F(3,10)=7.166, p=0.007; Bonferroni post-hoc teét honths vs. 26 months
p<0.001, 14 months vs. 26 months p<0.001 and 1%msors. 26 months p<0.0P1

Next to amyloid plaque pathology, we quantifiedl-associated amyloid, which was not
present in the DG, and at only low and stable kewelthe CA pyramidal cell layers (fig 2E;
F(3,10)=2.146, p=0.158 In contrast and remarkably, cell-associated aidylvas high in the
subiculum 10- and 14-month-old mice, but becameuced upon further aging (fig 2F;
F(3,10)=6.432, p=0.011; Bonferroni post-hoc test I@onths vs. 26 months p=0.021
Furthermore, in the subiculum, cell-associated ardyivas inversely correlated with amyloid load
(fig 2G; r=-0.667 p=0.01).

3.3 Microglial phagocytic CD68 increased in relation to Ap pathology

The microglial response in WT and APP.V717] miceiny aging was analyzed by IHC for
the phagocytic marker CD68 (fig 3A). This stainstgpwed CD68 immunoreactive cells (fig 3A")
with a small CD68+ soma and a more punctate CD@gtem in their processes in 10-month-old
WT and APP.V7171 mice (arrows), cells with a larggb68+ soma in 26-month-old WT mice

10
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(white arrowheads), and cells with thick CD68+ @sges that cluster together in the subiculum of
26-month-old APP.V7171 mice (black arrowheads).

CD68 coverage increased overall in the subiculurARR.V7171 mice as well as WT mice
with advancing age, although this increase tenddgktprimarily observed in 19- to 26-month-old
APP.V7171 mice (fig 3B;age F(1,20)=5.453, p=0.030, genotype F(1,20)=13.5(=0.002
interaction F(1,20)=3.907, p=0.062 In CA and DG, CD68 coverage was upregulated in
APP.V7171 mice, irrespective of age (fig 3C,D; CAge F(1,18)=0.138, ns, genotype
F(1,18)=7.695, p=0.013, interaction F(1,18)=1.7285 DG: age F(1,18)=0.247, ns, genotype
F(1,18)=10.614, p=0.004, interaction F(1,18)=1.60%).

In addition, we distinguished whether changes D6& coverage resulted from a higher
number of CD68+ cells, or from changes in CD68 egpion at the individual cell level. The
number of CD68+ cells in the subiculum was incrdaseAPP.V717] mice in an age-independent
manner (fig 3E;age F(1,20)=0.000, ns, genotype F(1,20)=19.874, .p8Q, interaction
F(1,20)=0.403, ns CD68 expression at the individual cell level veagnificantly increased in the
19- to 26-month-old APP.V7171 mice, compared toadlier groups (fig 3Fage F(1,20)=5.5336,
p=0.029, genotype F(1,20)=17.152, p<0.001, interawct F(1,20)=4.920, p=0.038Bonferroni
post-hoc testWT 10-14 months vs. APP.V7171 19-26 months p<0.90L, 19-26 months vs.
APP.V7171 19-26 months p<0.001, APP.V717] 10-14 theorvs. APP.V7171 19-26 months
p<0.001). The number of CD68+ cells was increased in tAd @nd DG of APP.V717I, but not
WT mice (data not shown; CAlage F(1,18)=0.003, ns, genotype F(1,18)=16.980, .p8Q,
interaction F(1,18)=0.002, nsDG: age F(1,18)=0.138, ns, genotype F(1,18)=7.034, p46,
interaction F(1,18)=0.002, ns CD68 expression at the individual cell leveltirese regions was
not significantly altered by either age or genotyig 3G, CAl:age F(1,18)=2.002, ns, genotype
F(1,18)=1.672, ns, interaction F(1,18)=1.509,; 3G, data not showrage F(1,18)=1.453, ns,
genotype F(1,18)=0.864, ns, interaction F(1,18)=8L7ng.

We next questioned whether the observed elevatiomicroglial CD68 in APP.V7171 mice
was associated with either or both types of amyloédhology studied in these regions. We
observed that CD68 coverage overall is positivetyrelated with amyloid plaque load in
subiculum, in the DG and in the CA (data not shoBubiculum:r=0.580, p=0.03Q DG: r=0.744,
p=0.004 CA: r=0.639, p=0.019. Interestingly, CD68 expression at the individaell level was
correlated with plaque load in both the subiculurd €A1, but not with plaque load in the DG (fig
3H: subiculum:r=0.597, p=0.004 CA, data not shown=0.647, p=0.017 DG, data not shown:
r=0.089, n9. CD68 cell numbers did not correlate with thegola load in these regions (data not
shown; subiculumr=0.180, ns CA: r=-0.096, ns DG: r=0.079, ng. Interestingly, cell-associated
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amyloid was inversely correlated with both CD68wtlial cell expression and CD68 coverage in
the subiculum (fig 3I; subiculum CD68 coverage:0.718, p=0.004 subiculum CD68 individual
cell expression, data not showr-0.721, p=0.004, but these measures did not correlate in the
CAl (fig 3J; CA CD68 coverage=0.038, ns CA CD68 individual cell expression, data not
shown:r=-0.045, n9y.

3.4 Amyloid pathology in APP.V717] mice does not correlate with neur ogenesis

DCX+ cell numbers (fig 4A,B) and CR+ cell numbéfig 5A,B) were quantified in the
hippocampus of WT and APP.V717] mice as a reprasgrtmeasure of AHN. The DCX+ cells
were classified based on their developmental sfiageéB). The number of DCX+ cells decreased
with age in both WT and APP.V717] mice (fig 4@ge F(1,20)=5.776, p=0.026, genotype
F(1,20)=0.107, ns, interaction F(1,20)=0.027,)n$he decrease was statistically significant ia th
rostral part of the hippocampus, but not in thedehyart (rostralage F(1,20)=8.372, p=0.009,
genotype F(1,20)=0.068, ns, interaction F(1,20)=®B5 ns caudal: F(1,20)=3.592 p=0.073,
genotype F(1,20)=0.607, ns, interaction F(1,20)D7n3.

Further classification of DCX+ cells based on tliEvelopmental stages, revealed that age
specifically reduced the number of DCX+ cells ie thtermediate and immature stages, but not the
DCX+ cells in the proliferative stage (fig 4C; pfetative: age F(1,20)=1.965, ns, genotype
F(1,20)=0.637, ns, interaction F(1,20)=0.116, ; natermediate:age F(1,20)=4.444, p=0.048,
genotype F(1,20)=0.031, ns, interaction F(1,20)=8b0ns immature neuronage F(1,20)=5.744,
p=0.026, genotype F(1,20)=0.090, ns, interactiorl,20)=0.045, ns Numbers of DCX+ cells in
the DG of APP.V717] mice were neither associateth wmyloid plaque load, nor with microglial
CD68 coverage (fig 4D; DCX and plaque lo&d:0.319 ns fig 4E DCX and CD68r=-0.314, n3.

CR+ cells were not altered by the age or genotfpiae mice, although the numbers of
CR+ cells tended to increase in APP.V7171 mice @i@; age F(1,20)=0.23, ns, genotype
F(1,20)=4.31, p=0.051, interaction F(1,20)=1.73,)ndNumbers of CR+ cells in the DG were
neither associated with amyloid plague load in AFRZ7l mice, nor with microglial CD68
coverage in WT and APP.V717I1 mice (fig 5D,E; CR ahahue loadr=-0.168, ns CR and CD68:
r=0.359, n9y.
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4. Discussion

The current study demonstrates that AHN is redigedge, but that this decline is neither
affected by the progressive accumulation of amyfmthology, nor by the paralleled microglial
activation in middle-aged and old APP.V7171 mice.e ¢onfirmed and extended on the
characterization of age-related accumulation of lamdypathology in APP.V7171 mice. Amyloid
pathology progressed slowly, with plaques appeantggt abundantly in the subiculum and a
plaque coverage of approximately 40% in this bramion in mice over 19 months of age. Lower
levels are present in the DG and CA. Particulamlythe subiculum was an inverse correlation
between plaque- and cell-associated amyloid acaftionl with cell-associated amyloid
diminishing from age 10-14 months onwards, whiclts ywaralleled by the increase in amyloid
plaque load in this region. The age-related in@e@asamyloid plaque load in old APP.V7171 mice
was further paralleled by increased microglial CE&®ression. The elevated level of microglial
CD68 coverage in APP.V7171 was accounted for byh ket increase in the number of CD68
expressing microglia, as well as by an upregulatib@D68 expression at the individual cell level,
which correlated with the plaque pathology. Exciptan age-related increase in CD68+ cell
numbers in the subiculum, microglial changes wéseat in age-matched WT mice. Interestingly,
DCX+ new born cells in the DG decreased with adiranage in both WT and APP.V7171 mice,
whereas the more matured CR+ immature neurons wetesignificantly affected by age or
genotype. These results indicate that the redudtioAHN with aging, measured at different
stages, is neither modified by the increased amyh@uropathology nor by the microglial CD68
changes in APP.V717] mice.

4.1 Amyloid pathology correlates with microglial lysosomal activity during aging in
APP.V7171 mice

Amyloid pathology was primarily present in the rforof cell-associated amyloid at 10
months, which diminished with increasing age toegnise to increased extra-cellular amyloid
plaque deposition. Such a pattern and progressiamgloid pathology confirms and extends the
earlier, detailed descriptions of these mice usify antibodies, Congo Red or Thioflavin S
staining (Dewachter et al., 2000a; 2000b; Henela. eP005; Moechars et al., 1999; Tanghe et al.,
2010; Van Dorpe et al., 2000). Cell-associatedntraneuronal A has been observed in AD
patients and in several other mouse models andrisrglly accepted to precede amyloid plaque
pathology (Bayer & Wirths 2011; Christensen et2009; Christensen et al., 2010; Giménez-Llort
et al., 2007; Oddo et al., 2006; Youmans et al1220Nirths et al.,, 2002). In our study, the
subiculum in particular displayed early and abundegll-associated amyloid at middle age,
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converting to amyloid plaques in old APP.V717] micgmilar to the inverse relation of
intracellular and extracellular pAdeposition observed in other AD-related mouse rspde well
as in human AD brain tissue (Oddo et al., 2006).

The shift in the pathological amyloid pattern agmeel most specific for the subiculum,
while the DG and CA were less affected in APP.V7iir¢e. This dynamic shift in pathology is
consistent with the concept that amyloid accumslatainly in the cell-associated, internal pool at
early stages, until amyloid is “trapped” in the rexellular plaque deposits at later stages,
preventing further intracellular accumulation aretedtion (Oddo et al., 2006). However, the still
open gquestion remains why the subiculum is sulij@dhe most early and abundant amyloid-
related pathological changes: what factor(s) detex(s) this regional selectivity? A logical
explanation would be a region-specific difference promotor-driven transgene expression.
Conversely, vascular amyloid deposition is not nadsandant in the subiculum than in other brain
regions in the APP.V7171 model (Van Dorpe et &00@), implying that amyloid deposition in the
subiculum is perhaps regulated by other factors #iaply the level of APP transgene expression.
Aside from this, the observed regional specifiaityleposition might be modulated by altered APP
and A3-peptide intracellular trafficking and/or procegsin neurons projecting to the subiculum, a
major output region of the hippocampal circuit (aezv et al., 2002; Thinakaran & Koo, 2008;
Wirths et al., 2002).

We went on to investigate whether changes in aishypathology throughout life were
associated with alterations in microglia and tla&tivation. Although aging slightly increased the
number of CD68+ cells in the subiculum of WT mitiee progression of the plaque pathology in
APP.V7171 mice was paralleled by a strong upreguiain microglial CD68 expression in all
hippocampal sub-regions. This upregulation was @iy accounted for by elevated CD68
expression at the individual cell level, and toeaskr extent by an increased number of CD68+
cells. This observation is consistent with repanidicating that the gradual buildup of amyloid
pathology triggers a neuroinflammatory responsel, \&ith changes in microglia indicative of a
response to amyloid peptides (Jung et al., 2015eNeet al., 2004; Serrano-Pozo et al., 2013, Zhu
et al., 2014). Previous studies have demonstrdiat the age-related progression of amyloid
pathology in APP.V7171 mice is largely driven by mmpaired clearance of [Apeptides, rather
than increased production (Dewachter et al., 2000hg observed shift from cell-associated
amyloid to extracellular plaques paralleled by @ase in microglial CD68 suggests that microglia
might be involved in this process. Indeed microgka become dysfunctional with increasing age

and/or change their response to amyloid peptideseby affecting amyloid pathology and its
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progression (Daria et al., 2017; Zhao et al., 2(deijmakers et al., 2016; Bates et al., 2009;
Deane et al., 2009; Heneka et al., 2015b).

Activation of microglia in response to accumulgtiAp alters the release of inflammatory
factors as well as their support for neuronal fiomihg, and probably for AHN (Béchade et al.,
2013; Biscaro et al., 2012; De Lucia et al., 20BK&gahl et al., 2009; 2012; Fuster-Matanzo et al.,
2013). This raised the question as to whether llegations in A pathology and the concomitant
responses may have also altered AHN in APP.V71¢émi

4.2 Amyloid pathology does not modulate AHN in old APP.V717] mice

In the DG, DCX+ cells were similarly reduced witdvancing age in both WT and
APP.V7171 mice, with low numbers of immature cgll®sent at age 19-26 months. In the DG,
DCX+ cells were similarly reduced with advancingag both WT and APP.V7171 mice, with low
numbers of immature cells present at age 19-26 Imsoh addition to the DCX+ cells, the CR+
cells in DG were not reduced with age, and evedddrio be increased, in APP.V7171 mice. Very
few cells proliferate in the brain of rodents oldean 10 months (Ben Abdallah et al., 2010;
Ihunwo and Schliebs, 2010; Heine et al., 2004). ddesequentially used DCX as the marker of
choice to study AHN in older mice, because new-hoearons express DCX from 3 to 14 days
after their birth, a relatively long time windowathallows labeling of a relatively large number of
neurogenic cells (Couillard-Després et al., 200&migermann et al., 2003). In addition, we
assessed the CR+ cell numbers to also quantifieastage of neurogenesis, since CR expression
partly overlaps with DCX expression, but is stitepent in 4-week-old cells (Brandt et al., 2003,
Kempermann et al., 2004). Interestingly, both DG¥e CR+ cell numbers failed to correlate with
the amyloid or microglial changes in APP.V717] midéis indicates that neither the young
immature stage nor a later maturational stage @fythung neurons are influenced by the (slow)
emergence of pathology. It is further importantntte that both DCX+ and CR+ cell numbers
reflect subsets of the newborn cell pool. The tfaet we did not find changes in CR+ numbers,
therefore does not fully exclude the possibilitagtthewborn cell survival per se is altered in these
mice. This question should be answered by futweéiss using timed injections with cell birth-date
markers such as BrdU and subsequent co-labelingdaN.

The continued reduction in DCX+ cells from middigeaup to 19-26 months, notably at
ages when amyloid pathology and microgliosis beigamcrease, further indicates that a ‘floor
effect’ does not relate to the DCX reduction in yloeinger age groups. The low power in some of
the aged groups may possibly have prevented thectitet of more subtle effects on AHN in
APP.V7171 mice. As such, caution is required whensadering such (floor) effects. For the same
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reason, the association between pathology and AblNdcnot be addressed within the different
age groups. Despite this limitation, the lack ofimpact of A3 pathology on AHN indicates that,
in contrast to the changes seen in stronger oversging APP and PS1 models (Cotel et al., 2012;
Demars et al., 2010; Hamilton and Holscher, 201&nidchi et al., 2007), AHN does neither
respond to a slower and more gradually progressawglopment of amyloid pathology in ageing
APP.V7171 mice, nor to the concomitant changesicraglia.

To our knowledge, only few other studies have deed effects of APP mutations on
neurogenesis in old age. Tg2576 mice were repootédsually) have more proliferating cells than
non-transgenic mice at 16 months of age, and arglealesence of proliferating or DCX+ cells by
18 months of age (lhunwo & Schliebs, 2010). 18-rharitd APP23 mice showed a reduction in
DCX+ and CR+ cell numbers, but no difference in thevival of newborn (BrdU+/NeuN+)
neurons compared to WT mice (Mirochnic et al., 200%erestingly, PS1 knock-in mice showed a
reduction in DCX+ neurogenic cells at both 6 andridhths of age, which aggravated in APP/PS1
double knock-in mice that develogAeuropathology (Zhang et al., 2007). Mutant APBdkrin
alone did not lead to alterations in two differguiasticity markers or in amyloid deposition,
indicating that PS1 mutations on their own affeetinogenesis, and that APP mutant knock-in
requires a secondary modulating factor like a neatd&®S1 knock-in to inducepAneuropathology
and affect neurogenesis. The overexpression of mh#t&1 thus complicates the interpretation of
Ap effects on AHN, because of its intrinsic role gunonal fate and neurogenesis (Veeraraghavalu
et al., 2013). AHN is indeed affected in bigenicuse lines; DCX+ cells were reduced in 2- to 10-
month-old APP751SL/PS1 and APPswe/PS1dE9 mice (@otal., 2012; Demars et al., 2010;
Hamilton and Holscher, 2012; Taniuchi et al., 20@Wereas increased DCX+ cell numbers were
reported in APPswe/PS1dE9 mice at 10 months of(dgeet al., 2009). The differences in our
findings and what was reported so far in the litge are possibly due to the fact that these AD
mouse models were mostly studied at considerablynger ages, contained strong neuronal
promotors to reach high overexpression of APP a$ ageco-expression of mutant PS1 which
more than doubles the resulting fevels (Borchelt et al., 1997; Gétz et al., 200%.a result, the
rapid progressing of amyloid and associated PSliatextl pathology is often already present
around a such very young age (4 to 6 months). Quesely, these aggressive models differ
considerably from the APP.V7171 mice in which amglplague pathology is not observed until
10-12 months of age. We propose a possible expientdr the currently observed lack of impact
of amyloid pathology on AHN. In mouse models witlrlg and rapid development of amyloid
pathology, the high B levels will impact all cellular processes alreatyconsiderably younger
ages than in our current model. At such young tigelevel of neurogenesis is higher and might be
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more responsive. The neurogenic pool in the maoediyaprogressing AD-models will therefore
be more vulnerable to the pathological changessd kdéferences make neurogenic progression, in
particular in single-APP-mutant models, an intengstopic for future studies. Furthermore, such
studies should also consider the inclusion of (@gfamale mice, given the changing levels of sex-
hormone levels over the lifespan that might impaatrogenesis differentially with age (Duarte-
Guterman et al., 2015; Pawluski et al., 2009). Sdifferential, sex-specific effects are indeed
reported for hippocampal plasticity and pathologmagression in AD mouse models (Rodriguez
et al., 2008; Richetin et al., 2017).

The lack of reduction in DCX+ and CR+ cells in therent APP.V7171 model suggest that
AHN is not affected by the progression of amylo@hmwlogy at these older ages. Modeling of
amyloid pathology based on multiple clinical imagstudies in AD patients suggests it to follow a
sigmoidal build-up over time, starting in a slovdsogressive manner, evolving into the extensive
pathological hallmarks commonly present in the yd@lack et al., 2013). The slow, age-related
accumulation of amyloid in APP.V7171 mice therefdretter resembles the gradual build up in
humans than the more aggressive models, that displaidly developing amyloid pathology
already at younger age. This important age-relatedponent of amyloid pathology in humans,
and the observed lack of impact on AHN in old dgghlights the necessity to study AD-models,
and the consequences of amyloid pathology, in pgirand moderate age-related framework and
context.

In AD-patients, the question remains to what ext®KIN contributes to their clinical
phenotype: is it causally involved in the cognitideficits, or is it a secondary phenomenon or
consequence? The accumulation d¢f peptides in the human brain is accepted to stareral
decades before the onset of any cognitive impaitsnesihen both the level and the potential
involvement of AHN is still substantial (Spaldingat., 2013; Weissleder et al., 2016). AHN might
therefore still be vulnerable in such earlier p&igical stage, although this remains unresolved to
date.

One more interesting option is whether 'boosthktdN at an earlier age will be beneficial,
to e.g. build a cognitive 'reserve' and/or to preyver at least provide some protection, against
neurodegeneration in the elderly (Stern, 2002; 2002 note, physical activity in adult and aged
rodents has potent neurogenic effects and benadgsitive performance (Marlatt et al., 2013;
Ryan & Nolan, 2016; Van Praag et al., 2005). Initmidl to physical activity, enrichment and diet
are part of the life style factors that were shdwibe important in determining the development
and progression of AD (Jack et al., 2013 Rolanaile2016; Scheltens et al., 2016). These factors
all benefit AHN and cognition in rodents (Maruszkal., 2014; Mirochnic et al., 2009; Scarmeas
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et al., 2009; Van Praag et al., 2005). Life-styetbrs that impact AHN may thus be influential in
AD patients (Grande et al., 2014; Kandola et @16 Singh et al., 2014; Sofi et al., 2011; Vivar e
al., 2013), making AHN an interesting substratestiady in relation to cognitive reserve and its

possible role in providing protection against aglted cognitive decline and AD.

4.3 Implications of this study

The current study highlights that, in contrasptevious studies using rapidly progressing
mouse models, the slower accumulation of amylottigdagy and the parallel microglial responses
in APP.V7171 mice did not affect AHN during middége and advanced aging. This data-set
highlights that AHN is vulnerable to the more earigst accumulating excessive levels g§ A

peptides present in young adulthood rather thaged individuals.
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Figuresand figurelegends

Figure 1: Hippocampal volumeisreduced in APP.V717] males
The volume of (A) the entire hippocampus, (B) th® Bnd (C) the GCL is reduced in APP.V717I
mice, irrespective of agAnnotations: #, genotype effect.

Figure 2: Characterization of amyloid pathology in APP.V717] males

(A) Representative image offAmmunoreactive staining in the hippocampus of arithth-old
APP.V7171 mouse and 26-month-old APP.V7171 mousd. Enlarged images of the subiculum,
revealing ample cell-associated amyloid staininghi@ subiculum at 10 months, and abundant
plaque pathology at 26 months. Amyloid plaque loedeases with age in the (B) subiculum, (C)
DG and (D) CA. (E) The pyramidal cell layer of t&& shows relatively little cell-associated
amyloid staining, which remains stable with agi(f§). Cell-associated amyloid is abundant in the
subiculum at 10 months, but decreases significanith aging. (G) In the subiculum, cell-
associated amyloid correlates with plaque pathgldgdicating that cell-associated amyloid
reduces when plague pathology increases in thisme§cale bars: (A) 100@m, (A’) 100um.
Abbreviations:DG, dentate gyrus; CA, cornu ammonis; Sub, submuldnnotations: #, sig. from
10 months; $, sig. from 14 months; %, sig. fromriths.

Figure 3: Microglial CD68 coverage is elevated in APP.V717] males in association with
amyloid pathology

(A) Representative images of CD68 immunoreactianstg in the hippocampus of WT and
APP.V7171 mice at 10 and 26 months of age. (A")dEgéd images of cells in the subiculum. The
arrows point to CD68 immunoreactive cells with aansoma and dotted CD68 pattern in the
processes, that are particularly present in thetd(4-month-old mice. The white arrowheads
point to CD68+ cells observed in the subiculum @6amonth-old WT mouse, with large soma’s
and little visible CD68 immunoreactive processd® black arrowheads point the typical clustered
CD68 immunoreactive cells with thick processeshia subiculum of a 26-month-old APP.V717I
mouse. (B) CD68 coverage in the subiculum is irmedan APP.V7171 mice as well as with aging,
although the age-related increase tends to be prormainent in APP.V7171 mice. (C) In the CA,
(D) as well as the DG, CD68 coverage is increasedBP.V7171 alone. (E) The number of
CD68+ cells is increased in the subiculum of APRL¥7mice. (F) The expression of CD68 in
individual cells in the subiculum is increased i8- 1o 26-month-old APP.V717] mice in
comparison to all three other groups. (G) Themoisignificant difference in the CD68 expression
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at the individual cell level in the CAl. (H) The 6® expression at the individual cell level in the
subiculum is positively correlated with the amoahplaque load in this region. (I) Cell-associated
amyloid is negatively correlated with CD68 coveragethe subiculum, but (J) cell-associated
amyloid in the pyramidal cell layers of the CA stassociated with CD68 coverage in this region.
Scale bars: (A, A’) 10Qum. Abbreviations:DG, dentate gyrus; CA, cornu ammonis; Sub,
subiculum. Annotations: *, age effect; #, genotygiect; &, interaction effect. Post-hoc
annotations: %, sig from WT 10-14 months; @, ssgnffWT 19-26 months; $, sig from APP.V717I
10-14 months.

Figure 4: Hippocampal DCX+ cellsarereduced in aged WT and APP.V717] mice

(A) Representative images of DCX immunoreactivity i0-month-old WT and APP.V7171, as
well as 19-month-old WT and APP.V717] mice. (B) D€E€Xells in the SGZ and GCL can be
discriminated in 3 developmental stages as depiqiedliferative, intermediate and immature
neuron. (C) The absolute DCX+ cell numbers are ceduat 19-26 months. Classification of
DCX+ cells based on the developmental stages shim&seduction to primarily present in cells
during the intermediate and immature neuron stéige.DCX+ cell numbers are not associated
with AB plague pathology in the DGcale bars: (A) 10Qm, (B) 10um. Abbreviations:ML,
molecular layer; GCL, granular cell layer; SGZ sgbanular zone; DCX, doublecortin.
Annotations: *, age effect; %, intermediate staggnsicantly different from 10-14 months; &,
immature neuron stage significantly different frb@+14 months.

Figure5: Neurogenic CR+ cellsin WT and APP.V717I are not affected by aging

(A) Representative images of CR immunoreactivityha hippocampus of 10-month-old WT and
APP.V7171, and 19-month-old WT and APP.V717] miB&ack arrows point to a couple of CR+
cells in the DG. (B) Two example images of CR+<éll the SGZ and GCL. (C) The number of
new-born CR+ cells in the SGZ and GCL of the DGrastsignificantly affected by either age or
genotype, although CR+ cell numbers tended to bee@sed in APP.V7171. CR+ cell counts are
not correlated with (D) plaque pathology in the BGE) CD68 coverage in the DGcale bars:
(A) 1004m, (B) 10um. Abbreviations: CR, calretinin.
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Highlights

* Increased CD68+ microgliosis parallels amyloid pathology in aging APP.V717] mice

* Aging reduced hippocampal neurogenesis in wildtype and APP.V7171 mice

* The reduced neurogenesis is not modulated by amyloid pathology or CD68+ microgliosis



