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Abstract

Several studies suggest that women have a higher risk to develop Alzheimer’s disease (AD) than men. In particular,
the number of pregnancies was shown to be a risk factor for AD and women with several pregnancies on average
had an earlier onset of the disease, thus making childbearing a risk factor. However, the impact of being pregnant
on AR plaque pathology and adult neurogenesis still remains elusive. Postmortem analysis revealed that pregnant

environmental enrichment.

Environmental enrichment

5xFAD transgenic mice had significantly more AR plaques in the hippocampus from G10 onwards and that the
number of Ki67 and DCX positive cells dramatically decreased during the postpartum period. Furthermore,

5 months old 5xFAD transgenic mice that also nursed their offsprings for 4 weeks had a similar A plaque load
than merely pregnant mice, indicating that pregnancy alone is sufficient to elevate AR plaque levels. Interestingly,
housing in an enriched environment reduced the AR plaque load and vivified neurogenesis. Our results suggest
that pregnancy alters AR plaque deposition in 5xFAD transgenic mice and diminishes the generation of newborn
neurons. We conclude that pregnancy alone is sufficient to induce this phenotype that can be reversed upon
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Introduction

Alzheimer’s disease (AD) is the most common type of
dementia that is characterized by a decline in memory.
The majority of AD cases are sporadic [9] and the great-
est non-genetic risk factors for the development of AD
are age and gender. The incidence of the disease is
higher in women than in men, which was previously
attributed to the higher longevity of women versus men.
Several epidemiological studies suggest however that
there may be other factors contributing to the disease
beyond longevity. In particular, women with multiple
pregnancies had an earlier onset of AD [6, 7, 31] and
nulliparous women had significantly less age related
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cognitive decline [25], while the number of children had
no effect on the risk of developing AD [31]. Together,
these studies indicate reproductive experience being a
risk factor for AD, but the underlying mechanism for
this higher risk of AD in women is still largely unknown.

In agreement with those aforementioned studies,
gender-dependent elevated AP plaque formation has
been observed in several APP transgenic mouse models.
Female APP transgenic mice that exhibit massive
cerebral amyloid deposition while aging developed more
AP pathology with an earlier onset than their male siblings
[1, 5, 14, 35, 39]. Additionally, fertility experience of those
female APP transgenic mice altered AP plaque pathology,
resulting in even higher Ap plaque numbers and larger
plaque sizes when compared to non-breeders [8]. Further-
more, these neuropathological changes were associated
with spatial memory impairment and the down-regulation
of synaptophysin levels in APP transgenic breeders.
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Adult neurogenesis is a lifelong process in the healthy
adult mammalian brain, where functional neurons are
generated from adult neural stem cells and adult neural
precursor cells. Emerging evidence has indicated that al-
tered neurogenesis in the adult hippocampus represents
a critical event in the course of AD and that cognitive
deficits, learning difficulties and memory loss in AD
patients may be due to impaired adult neurogenesis
[10, 15, 20, 21]. Intriguingly, environmental enrich-
ment and voluntary exercise were shown to increase
the number of newborn granule cells in the dentate
gyrus [18, 19, 26, 37, 38] and to reduce AP plaque
formation in APP transgenic mice [16, 22]. Despite the
immense interest in the therapeutic potential of envir-
onmental enrichment during pregnancy, the impact on
the mother however still remains elusive since most
studies focus on the offspring [3, 13].

Therefore, we aimed to investigate neuropathological
changes such as AP plaque load and adult neurogenesis
during the course of pregnancy at different gestation
days. Our results demonstrate that pregnant 5xFAD
transgenic mice had a significantly higher Ap plaque
load in different brain regions such as hippocampus,
cortex and the olfactory bulb. Interestingly, 5 month old
5xFAD transgenic mice that also nursed their offspring
for 4 weeks had an AP plaque load similar to merely
pregnant mice, indicating that pregnancy alone is suffi-
cient to elevate AP plaque levels. Furthermore, neurogen-
esis was dramatically decreased in both groups during the
postpartum period compared to 5xFAD mice. Exposure of
pregnant 5XFAD mice to an enriched environment
reduced AP deposits and stimulated the generation of
newborn neurons, thus underlining the beneficial effects
of exercise and enrichment during pregnancy.

Material and methods
Animals
We used heterozygous 5xFAD transgenic mice co-expressing
human APP KO7ONMEZIL  (Sw)+I716V  (E)+V717100) o1 4
PSIMI6L 126V ynder the control of the neuron-specific
Thy-1 promoter [27]. We backcrossed 5xFAD mice
with C57BL/6 mice to generate heterozygous 5xFAD
mice and non-transgenic littermates on the same
genetic background. Only female mice were used in
the present study. Animals were group-housed under
specific pathogen-free conditions. Mice were kept
under a 12-h light, 12-h dark cycle with food and
water ad libitum. All animal experiments were carried
out in accordance with the policies of the state of
Baden-Wirttemberg under license number X14/02A
and X17/01A.

Female mice were mated at the age of 12 weeks. The
matings were initiated in the afternoon and the mice
were separated after a positive plug check on the

Page 2 of 13

following morning. The day of vaginal plaque formation
was estimated as gestation day 1 (G1). In order to
analyze female mice at different stages of pregnancy,
they were sacrificed on G5, G10 and G18. Non- preg-
nant 5xFAD female mice of the same age and from the
same litters were used as control groups. To study the
lactation period, female mice were mated at the age of
12 weeks and were divided into three groups. One group
delivered and lactated the offspring for 4 weeks. One
group was separated from their litter directly after the
delivery and the third group was not pregnant and did
not lactate. All mice were analyzed at postpartum day 20
(P20). To study how multiple pregnancies might affect
Ap pathology, 10 months old female mice were analyzed.
Two groups of female mice, nulliparous and multiparous
(4 times pregnant and lactating) were used.

Environmental enrichment

5xFAD female mice were mated at the age of 12 weeks.
One group of mice was housed in standard cages and
another group of mice in an enriched environment until
G18 or P20. The environmental enrichment consisted of
larger cages (40 x 60 cm) that contained 1 running wheel,
tunnel systems, small plastic houses and extra nesting ma-
terial. The animals had free access to the running wheel.
Mice were housed in groups of 5. All mice were sacrificed
at the end of the experiment at G18 or P20.

Histology

Mice were deeply anesthetized with a mixture of
ketamine (300 mg per kg) and xylazine (20 mg per kg)
before they were transcardially perfused with 20 ml of
ice-cold PBS followed by 20 ml of ice-cold 4% parafor-
maldehyde in PBS. Brains were isolated and postfixed in
4% PFA for 24 h, followed by incubation in 30% sucrose
(in PBS, pH 7.5) for a further 48 h. Frozen brains were
cut into 25 um thick coronal sections on a sliding micro-
tome (SM2000R, Leica Biosystems, Wetzlar, Germany)
and collected in PBS. Immunohistochemistry was per-
formed on free floating sections using the following
antibodies diluted in PBS containing 5% normal goat
serum and 0.5% Triton X-100: anti-Ap 3552 (rabbit
polyclonal antibody specific for Ap 1-40 [40] (kindly pro-
vided by E. Kremmer, Ludwig Maximilians University,
Munich, Germany); diluted 1:3000), anti-doublecortin
(rabbit, DCX; 1:5000, abcam, ab18723), anti-Ki67 (rabbit,
1:500, abcam, ab15580). Appropriate secondary antibodies
conjugated to Alexa 488 or 555 (1:1500) were used.
Dense-core plaques were stained with Thiazinred (Sigma,
T3272). Staining was done according to standard proto-
cols. In brief, sections were washed 3 times in PBS and
incubated in Thiazinred (2 uM solution in PBS) for 5 min
at RT followed by 3 x 5 min washes with PBS.
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Assessment of AP and cell analysis

Fluorescence images of brain slices were taken using a
Zeiss fluorescent microscope (Axio Imager M2M). For
analysis every tenth brain section of one hemisphere was
used. The total AP load was determined by counting the
APB-positive stained plaques using the imaging software
Image] (National Institutes of Health freeware). Ten
sections per animal were analyzed for the hippocampus
and cortex and 8 sections per animal for the olfactory
bulb, in total 4—6 animals per group were investigated.
AP plaque load is presented in % and normalized to the
non-pregnant control group (set to 100%).

The cell number was quantified by counting the
number of positively labeled cells in the animal’s whole
dentate gyrus. Four to six animals per group and 10
sections per animal were analyzed. Cell counting was
done in the dentate gyrus and its area was measured
with the Image] software. The area of the gyrus was
defined according to the mouse brain atlas [29]. Cell
numbers are presented as the quantity of positively
labeled cells per mm?. All analyses were conducted in a
blinded manner.

Western blot analysis

Total protein from hippocampus was extracted in RIPA
buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM
EDTA, 10% Glycerin, 1% Triton X-100, 10 mM Na,O,P,,
Protease Inhibitor). Protein concentration was determined
by Pierce BCA Protein Assay Kit (ThermoFisher). Samples
were separated by 4—12% NuPAGE Bis-tris mini gels using
NuPAGE LDS sample buffer, NuPAGE sample reducing
agent and NuPAGE MES SDS running buffer (Invitrogen).
Proteins were transferred on PVDF membranes (Biorad)
and visualized using Clarity Western ECL Substrate
(Biorad). Antibodies against APP and CTFs (rabbit poly-
clonal antibody against the APP C-terminus, 6687,
1:1000) [34], anti-Ap (mouse, 1:3000, Covance, 6E10),
anti-insulin degrading enzyme (anti-IDE) (rabbit, 1:5000,
abcam, ab109538), anti-neprilysin 1:2500 (rabbit, 1:2500,
abcam, ab79423) and anti-B-actin-HRP (mouse, 1:5000,
abcam, ab20272) were used.

ELISA

For the measurement of estrogen and progesterone
levels, blood samples were taken from the ventricle be-
fore the perfusion of the mice at G5, G10 or G18. Blood
was centrifuged immediately for 10 min at 1800 g. The
supernatant was frozen at — 20 °C until analysis. Serum
samples were prepared and analyzed by Mouse/Rat
Estradiol ELISA kit (Calbiotech, catalog no. ES180S-100)
or Progesterone ELISA Kit (Enzo, Enzo Life Science)
according to the manufacturer’s protocols. Samples were
measured in duplicates and the ELISA was conducted in
two to three independent experiments.

Page 3 of 13

For the quantification of APB40 and 42 species in the
soluble and insoluble hippocampal extracts, hippocampal
tissue was homogenized (10% w/v) in PBS + protease in-
hibitor and sequentially extracted with PBS (soluble frac-
tion), PBS + 0.1% TritonX100 (membrane bound fraction)
and finally with 8 M guanidine hydrochloride solution.
Protein concentration in each fraction was measured with
Bradford reagent (Roth) and ELISA was performed using
Human Ap42 ultrasensitive ELISA kit (Life Technologies,
catalog no. KHB3544) and Human AB40 ELISA kit (Life
Technologies, catalog no. KHB3481), according to the
manufacturer’s protocol.

Statistical analysis

GraphPad Prism 6 (GraphPad Software, Inc) was used
for statistical analysis. All data sets were tested for
normality with the D’Agostino-Pearson omnibus K2
normality test with a significance level set to P = 0.05
before carrying out the appropriate parametric or nonpara-
metric statistical comparison test. The Mann-Whitney test
or Kruskal-Weallis test followed by Dunn’s posthoc test were
applied. Reported values are means + S.D. Significance level
a was set to 0.05. *P < 0.05; **P < 0.01; ***P < 0.001.

Results

Pregnancy-related alteration of Ap plaque pathology in
female 5xFAD mice

To investigate if pregnancy induces pathological alter-
ations, we first determined the AP plaque load in 5xFAD
transgenic female mice at different stages of pregnancy/
gestation days and compared them to their age-machted
non-pregnant littermates. 5xFAD transgenic mice were
mated at the age of 12 weeks and were analyzed on
gestation day 5, 10 and 18 (G5, 10, 18) (Fig. 1la). At G5,
there was no difference between the A plaque load of preg-
nant mice and non-pregnant littermates (Fig. 1b and c).
While the total number of AP plaques was already in-
creased in pregnant mice at G10, particularly in the
subiculum, the number of thiazin red positive compact
AP plaques did not differ (Fig. 1d and e). At G18, both,
the number of total and of compact AP plaques sig-
nificantly increased in pregnant 5xFAD mice when
compared to controls (non-breeders) at the same age
(Fig. 1f and g). In accordance with this higher plaque
load in pregnant 5xFAD mice, we found that soluble
and insoluble levels of AP40 and AP42 were increased
but did not reach statistical significance in pregnant
mice at G18 (Fig. 1h and i). To further determine if
multiple pregnancies augment this effect, we next ana-
lyzed 40 weeks old female 5xFAD mice that had been
pregnant 4 times (multiparous) and compared them
with nulliparous mice of the same age (Fig. 2a). Al-
though many plaques were detected in the hippocampi
of nulliparous and multiparous 5xFAD transgenic mice
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Fig. 1 (See legend on next page.)
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(See figure on previous page.)

Fig. 1 AB plaque load increases during pregnancy from gestation day 5 to gestation day 18 in 5xFAD female mice. a Schematic overview of the
experimental setup. Twelve weeks old 5xFAD female mice were breed and either sacrificed at gestation day 5 (G5), G10 or G18. b Fluorescence
microscopy of AB (red) and DAPI (blue). Shown are representative images of hippocampi from female 5xFAD mice not pregnant or pregnant at
G5. ¢ Quantification of AR plagque load (left) and compact AR plaque load (right) of not pregnant and pregnant 5xFAD mice at G5 showed no
differences between the groups. d Fluorescence microscopy of AR (red) and DAPI (blue). Shown are representative images of hippocampi from
female 5xFAD mice not pregnant or pregnant at G10. e AB plaque load (left) is significantly increased in pregnant 5xFAD female mice compared
to not pregnant mice at G10. Mann-Whitney test, *P = 0.03. f Fluorescence microscopy of AB (red) and DAPI (blue). Shown are representative
images of hippocampi from female 5xFAD mice not pregnant or pregnant at G18. g The number of AR plaques exhibited significant increase in
pregnant 5xFAD mice compared to not pregnant 5xFAD mice at G18. Mann-Whitney test, *P = 0.03. h Sandwich immunoassay for AB40 soluble
and insoluble fractions of hippocampal brain extracts from non-pregnant and pregnant female 5xFAD mice at G18 (n = 3). i Sandwich
immunoassay for AR42 soluble and insoluble fractions of hippocampal brain extracts from non-pregnant and pregnant female 5xFAD mice at

G18 (n = 3). Data are presented as mean = S.D. Each symbol represents data from one mouse, with four to five mice per group. Scale bar
represents 500 um. G = gestation day
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Fig. 2 Unaltered AB plaque load in 10 months old nulliparous and multiparous 5xFAD female mice. a Schematic overview of the experimental
setup. Twelve weeks old 5xFAD female mice were bred and sacrificed at the age of 10 months. Females had either no litter or 4 litters. b
Fluorescence microscopy of AB (red) and DAPI (blue). Shown are representative images of hippocampi from nulliparous and multiparous female
5xFAD mice. ¢ Quantification of AR plaque load (left) and compact AB plaque load (right) of nulliparous and multiparous 5xFAD mice showed no

differences between the groups. Data are presented as mean + S.D. Each symbol represents data from one mouse, with five mice per group.
Scale bar represents 500 um. L = litter
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(Fig. 2b), AP plaque load did not differ between both
groups (Fig. 2c) most likely due to an AP overload.

In order to elucidate whether higher Ap plaque load
and A levels in pregnant mice (G18) (Fig. 3a) result
from either increased AP production or decreased AP
degradation, we performed Western blot analyses.
While full length APP levels were similar, there was a
strong increase in monomeric Ap and APP C-terminal
fragments (in particular CTF-f) in pregnant mice, in-
dicating that pregnancy affects the processing of APP
and augments Af production (Fig. 3b).

Next, we collected blood samples to determine serum
estrogen and progesterone levels of non-pregnant and
pregnant 5xFAD female mice at GO, G5, G10 and G18.
ELISA measurements revealed significant increases in
estrogen levels both in pregnant WT and 5xFAD
female mice from G5 onwards (Fig. 3c). Serum proges-
terone levels were enhanced at G10 in pregnant WT
and 5xFAD mice. At G18, pregnant WT mice exhibited
significantly higher progesterone levels when com-
pared to non-pregnant littermates. Moreover, preg-
nant 5XFAD mice showed dramatically increased
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progesterone levels that even exceeded those of preg-
nant WT mice at G18 (Fig. 3d).

To rule out any effect of pregnancy on the clear-
ance or degradation of AP, we determined the protein
levels of the enzymes involved in AP degradation,
neprilysin and IDE, which revealed mixed results.
While neprilysin levels were not affected by preg-
nancy, we found increased IDE levels as measured by
Western blotting in the hippocampus of pregnant
mice (Fig. 3e), probably due to higher progesterone
levels (Fig. 3d) that were shown to significantly in-
crease IDE in vivo in rats [17].

Together, these data suggest that pregnancy modulates
AP plaque load by increasing the generation of Ap.

Pregnancy and lactation impair AP plaque load in several
brain regions of 5xFAD mice

In search of a more detailed approach towards the re-
lationship between pregnancy, motherhood and AP
deposition, we tested the hypothesis that lactation it-
self might have an effect on AP pathology. Therefore,
we mated 12 weeks old 5xFAD mice and subdivided
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Fig. 3 APP processing is altered in pregnant 5xFAD mice during pregnancy. a Schematic overview of the experimental setup. Twelve weeks old
5xFAD female mice were bred and sacrificed at gestation day 18. b Immunoblot analysis of hippocampal brain homogenates from pregnant and
non-pregnant 5xFAD mice at G18. Immunoblots were probed with antibodies that recognize human full length APP, CTF-3 and CTFa (6687) and
AR (6E10). B-Actin was used as loading control. Pregnant 5xFAD mice showed higher levels of CTF-3 and AB while APP levels were unaltered. c
Serum estrogen levels of 5xFAD and WT female mice were measured by ELISA at GO, G5, G10 and G18. Estrogen levels increased during
pregnancy in 5xFAD and WT mice (***P < 0.0001, ***P < 0.0001; ***P < 0.0001). d Serum progesterone levels of female 5xFAD and WT mice were
measured by ELISA at GO, G5, G10 and G18. Progesterone levels increased significantly during pregnancy in 5xFAD and WT mice (*P = 0.03;

***P < 0.0001; ***P < 0.0001). e Levels of IDE and neprilysin were detected by western blotting in pregnant and non-pregnant 5xFAD mice. 3
Actin was used as loading control. Data are presented as mean + S.D. Three mice per group were used.
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the females after birth into the following 3 groups: a)
non-pregnant, b) pregnant but non-lactating and c)
pregnant and lactating. All mice were analyzed 4 weeks
after delivery at postpartum day 20 (P20) (Fig. 4a). Ap
immunohistochemistry revealed a significantly higher
Ap plaque load in pregnant and lactating female mice
compared to non-pregnant mice. Female mice that deliv-
ered but were separated from their litter directly after
birth had enhanced hippocampal AB plaque numbers
compared to non-pregnant ones but did not differ from
the lactating group (Fig. 4b and c). To confirm these
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observations in other brain regions, AP plaques were ana-
lyzed in the cortex and olfactory bulb of the same 5xFAD
mice by immunohistochemistry (Fig. 4d and f). In accord-
ance with the results obtained in the hippocampus, the
total and compact AP plaque load was significantly en-
hanced in pregnant and lactating female 5xFAD mice at
P20 (Fig. 4e), albeit not reaching significance for the total
AP plaque load in the olfactory bulb (Fig. 4g). In summary,
we conclude from these results that pregnancy alone is
sufficient to induce this phenotype as lactation has no
influence on this pathology.

~
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Fig. 4 Pregnancy and not lactation increases AR plaque pathology in different brain regions of 5xFAD female mice. a Schematic overview of the
experimental setup. Twelve weeks old 5xFAD female mice were mated and sacrificed at the age of 5 months (postpartum day 20 (P20)) after the
pregnancy and lactation period. One group of mice was separated from the litter directly after the delivery and analyzed 4 weeks later at P20.

b Fluorescence microscopy of AB (red) and DAPI (blue). Shown are representative images of hippocampi from female 5xFAD mice either
non-pregnant, pregnant but not lactating or pregnant and lactating at P20. ¢ Quantification of AP plaque load exhibited significant increases in
pregnant and lactating 5xFAD mice. Kruskal-Wallis test followed by Dunn’s multiple comparison test, *P = 0.03, *P = 0.03. d Fluorescence
microscopy of AB (red) and DAPI (blue). Shown are representative images of the cortex from female 5xFAD mice either non pregnant, pregnant
but not lactating or pregnant and lactating at P20. e Quantification of AR plaque load in the cortex exhibited significant increases in pregnant
and lactating 5xFAD mice compared to nulliparous 5xFAD female mice. Kruskal-Wallis test followed by Dunn’s multiple comparison test, *p = 0.04,
*p =0.03. f Fluorescence microscopy of AR (red) and DAPI (blue). Shown are representative images of the olfactory bulb from female 5xFAD mice
either non-pregnant, pregnant but not lactating or pregnant and lactating at P20. g Analysis of the number of compact AB plaques in the
olfactory bulb exhibited significant increases in pregnant and lactating 5xFAD mice compared to nulliparous 5xFAD female mice. Kruskal-Wallis
test followed by Dunn’s multiple comparison test, P = 0.056, *P = 0.02. Data are presented as mean + S.D. Each symbol represents data from one
mouse, with four to seven mice per group. Scale bar represents 500 um. P = postpartum day
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Adult hippocampal neurogenesis and cell proliferation
are decreased during pregnancy and lactation period in
5xFAD mice

We determined proliferation and neurogenesis in 5xFAD
transgenic and WT mice at P20 and compared them to
their non-pregnant littermates to study the effect of
pregnancy, lactation and AP plaque pathology on
cells. While the number of doublecortin (DCX) posi-
tive cells dramatically declined during pregnancy in
WT and 5xFAD mice, the number of DCX positive
neuroblasts and immature neurons did not differ be-
tween pregnant/non-lactating and pregnant/lactating
5xFAD females at P20 (Fig. 5a and b), corroborating
the aforementioned effect of pregnancy alone. Like-
wise, the number of Ki67 positive proliferating cells
in pregnant WT and 5xFAD mice was significantly
decreased (Fig. 5¢ and d).
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Exposure to environmental enrichment and voluntary
running during pregnancy circumvents A plaque
pathology and vivifies neurogenesis

Inspired by studies that report beneficial effects on the
AP plaque burden in APP transgenic mice [22] upon
exposure to an environmental enrichment (EE) and
voluntary running, we exposed pregnant 5xFAD mice to
EE during 18 days, based on a published protocol [3],
and compared them with pregnant 5xFAD mice housed
in standard cages (SH) (Fig. 6a). First, we focused on the
question if exposure of the mice to an enriched environ-
ment influences their estrogen and progesterone levels.
Indeed, progesterone levels of pregnant 5xFAD mice
housed in EE dropped significantly to levels that were
comparable to WT pregnant mice housed in SH, while
estrogen levels remained unaffected (Fig. 6b). Intri-
guingly, hippocampal and cortical AB plaque pathology
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Fig. 5 Decreased adult neurogenesis in pregnant and lactating WT and 5xFAD female mice at P20. a Fluorescence microscopy of DCX
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(green) and DAPI (blue). Shown are representative images of the dentate gyrus from 5xFAD female mice sacrificed at the postpartum day
20 (P20). Inserts show higher magnifications. b Quantification of DCX positive cells displayed significant reductions in pregnant and
lactating WT and 5xFAD female mice at P20. Mann-Whitney test, **P =0.0015, Kruskal-Wallis test followed by Dunn’s multiple comparison
test, **P =0.0089, *P =0.012. ¢ Quantification of Ki67 positive cells exhibited significant reductions in pregnant and lactating WT and
5xFAD female mice at P20. Mann-Whitney test, **P =0.0047, Kruskal-Wallis test followed by Dunn’s multiple comparison test, *P =0.02.

d Fluorescence microscopy of Ki67 (green) and DAPI (blue). Shown are representative images of the dentate gyrus from 5xFAD female
mice sacrificed at P20. White arrows indicate the presence of Ki67 positive cells. Inserts show higher magnifications. Scale bar represents
100 um in the overview and 20 um in the inserts. Data are presented as mean + S.D. Each symbol represents data from one mouse,
with five to seven mice per group. P = postpartum day, DCX = doublecortin
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Fig. 6 Environmental enrichment prevents increase in AR plaque pathology during pregnancy in 5xFAD mice. a Schematic overview of the
experimental setup. Twelve weeks old 5xFAD female mice were mated and either housed in standard housing (SH) or in environmental
enrichment (EE) until they were sacrificed at gestation day 18 (G18). b Serum estrogen and progesterone levels of pregnant 5xFAD and WT
female mice exposed to EE or SH were measured by ELISA at G18. Estrogen levels did not differ between EE and SH housed female mice.

images of hippocampi from pregnant female 5xFAD mice housed in SH or EE and non-pregnant housed in SH. d Quantification of AR plaque
load (left) and compact AR plaque load (right) of pregnant 5xFAD mice housed in SH or EE displayed significant decreases in the number of AR
plaques after housing in EE. Kruskal-Wallis test followed by Dunn’s multiple comparison test, *P = 0.027, *P = 0.0178, *P = 0.0364. e Fluorescence
microscopy of AR (red) and DAPI (blue). Shown are representative images of the cortex from pregnant female 5xFAD mice housed in SH or EE
and non-pregnant mice housed in SH. f Quantification of AR plaque load i
decreases in mice housed in EE. Kruskal-Wallis test followed by Dunn's multiple comparison test, *P = 0.040, *P =0.012, *P =0.033, *P =0.014.

g Fluorescence microscopy of DCX (green) and DAPI (blue). Shown are representative images of the dentate gyrus from pregnant 5xFAD female
mice housed in SH or EE sacrificed at G18. h Quantification of DCX positive cells in pregnant 5xFAD mice showed significant increases in mice
housed in EE. Mann-Whitney test, *P = 0.03. i Fluorescence microscopy of Ki67 (green) and DAPI (blue). Shown are representative images of the
dentate gyrus from pregnant female 5xFAD mice housed in SH or EE. j Analysis of Ki67 positive cells in pregnant 5xFAD mice revealed significant
increases in mice housed in EE. Mann-Whitney test, *P = 0.02. Inserts show higher magnifications. White arrows indicate Ki67 positive cells. Scale bar
represents 500 um in (c and ) and 100 um in (g and i) and 20 um in the insert. Data are presented as mean + S.D. Each symbol represents data from
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was significantly decreased in pregnant 5XxFAD mice
housed in EE compared to pregnant mice housed in SH
and even reached an AP plaque load similar to the
non-pregnant control group housed in SH (Fig. 6¢ — f).
Since earlier studies reported beneficial effects on adult
hippocampal neurogenesis upon exposure to an environ-
mental enrichment (EE) [18, 19] and voluntary run-
ning [37, 38], we focused on the question whether EE

could be beneficial for pregnant 5xFAD mice as well, by
stimulating cell proliferation and adult neurogenesis. Con-
sistent with the literature [18], pregnant 5xFAD mice housed
under SH conditions had significantly less DCX labeled cells
compared to mice housed in EE (Fig. 6g and h). Moreover,
by quantifying Ki67 positive cells, it was clearly evident that
pregnant mice housed in EE had significantly more prolifer-
ation compared to their counterparts in SH (Fig. 6i and j).
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Given the positive effects of EE during pregnancy, we
then tested whether the increased AP plaque burden dur-
ing pregnancy and lactation could be reduced or even
halted by exposure to an EE. Therefore, 5xFAD mice were
mated at the age of 12 weeks and exposed directly to EE
from G1 onwards until the end of the weaning period
(P20) (Fig. 7a). Indeed, quantitative analysis of AB plaque
numbers displayed a reduced hippocampal plaque burden
in lactating mice housed in EE compared to mice housed
in SH that even were comparable to those of the
non-pregnant control group housed in SH (Fig. 7b and c).
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Similar results were obtained by examining Af plaques in
the cortex (Fig. 7d and e), suggesting an overall beneficial
effect of EE on A plaque pathology.

Finally, we studied the influence of EE on cell prolifer-
ation and adult neurogenesis in pregnant and lactating
5xFAD mice. Consistent with our previous findings,
housing 5xFAD female mice during pregnancy and the
lactation period (P20) in EE resulted in a significantly
enhanced number of DCX and Ki67 labeled cells com-
pared to mice housed in SH (Fig. 7f — i), thus clearly
indicating the beneficial effect of EE during pregnancy.
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Fig. 7 Environmental enrichment during pregnancy and lactation rescues AR plague pathology in 5xFAD mice. a Schematic overview of the
experimental setup. Twelve weeks old 5xFAD female mice were mated and either housed in standard housing (SH) or in environmental
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Fluorescence microscopy of AR (red) and DAPI (blue). Shown are

representative images of hippocampi from pregnant/lactating female 5xFAD mice housed in SH or EE and non-pregnant females housed in SH. ¢
Quantification of AR plaque load (left) and compact AB plague load (right) of pregnant/lactating 5xFAD mice housed in SH or EE displayed
significant decreases in the number of AR plaques after housing in EE. Kruskal-Wallis test followed by Dunn'’s multiple comparison test, *P = 0.039,
*P =0.03. d Fluorescence microscopy of AR (red) and DAPI (blue). Shown are representative images of the cortex from pregnant/lactating female
5xFAD mice at P20 housed in SH or EE and non-pregnant females housed in SH. e Quantification of AP plaque load in the cortex of pregnant/
lactating 5xFAD mice at P20 exhibited significant decreases in mice housed in EE. Kruskal-Wallis test followed by Dunn’s multiple comparison test,
*P =0.024, *P =0.017. f Fluorescence microscopy of DCX (green) and DAPI (blue). Shown are representative images of the dentate gyrus from
pregnant 5xFAD female mice housed in SH or EE sacrificed at P20. g Quantification of DCX positive cells in pregnant/lactating 5xFAD mice
showed significant increases in mice housed in EE. Mann-Whitney test, *P = 0.015. h Fluorescence microscopy of Ki67 (green) and DAPI (blue).
Shown are representative images of the dentate gyrus from pregnant female 5xFAD mice housed in SH or EE. i Analysis of Ki67 positive cells in
pregnant/lactating 5xFAD mice revealed significant increases in mice housed in EE. Mann-Whitney test, *P = 0.015. Inserts show higher
magnifications. White arrows indicate Ki67 positive cells. Scale bar represents 500 um in (b and d) and 100 um in (f and h) and 20 um in the
insert. Data are presented as mean + S.D. Each symbol represents data from one mouse, with four to six mice per group. SH = standard housing,
EE = environmental enrichment, DCX = doublecortin, P = postpartum day
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Discussion
Age and gender are the greatest non-genetic risk factors
for developing sporadic AD. There are indications that
reproductive experiences are the cause for an earlier on-
set of AD in women. However, only few studies have in-
vestigated the underlying mechanism for the higher risk
of AD in women [6, 7, 31, 33]. Furthermore, the impact
of pregnancy on AP plaque pathology and adult neuro-
genesis still remains elusive. To this end, we analyzed
pregnant 5xFAD transgenic mice at different gestation
days by immunohistochemical stainings and determined
the AP plaque load as well as proliferation and neuro-
genesis. Indeed we found that pregnancy alters A
plaque pathology in female 5xFAD mice and reduces cell
proliferation and the generation of newborn neurons in
the hippocampus. Considering that female 5xFAD trans-
genic mice that also nursed their offspring for 4 weeks
had a similar AP plaque load and Ki67- and DCX cell
counts as merely pregnant mice, we conclude that preg-
nancy alone is sufficient to exacerbate this pathology.
Epidemiological studies reported that women with
multiple pregnancies have an earlier onset of AD and
that nulliparous women show less age-related cognitive
decline [6, 7, 25, 31]. Our data do not support this view
since we could not detect any difference in AB plaque
load between nulliparous and multiparous 5xFAD female
mice, suggesting no higher risk for multiparous female
mice. However, we can’t exclude the possibility that a
significant difference would have been detectable in a
slower AP aggregation mouse model such as APP23 or
Tg2576 with an overall lower AB plaque burden at that
age. Future studies will need to address this question. In
further support of a mechanistic link between preg-
nancy, motherhood and an increased risk for the devel-
opment of AD, it is observed that nulliparous women
have higher estrogen levels later in life compared to
women with reproductive experiences [2, 23]. Neverthe-
less, it is still under debate if estrogens could also have
protective functions and eventually delay the onset of
AD [11, 24, 28]. However, most findings in human
studies should be taken cautiously because they contain
insufficient information on the usage of birth control
pills, especially in nulliparous women. While our results
demonstrate a substantial increase in AB plaque forma-
tion during the course of pregnancy in 5xFAD trans-
genic mice compared to non-pregnant littermates, they
also suggest that progesterone rather than estrogen
levels might account for this result since estrogen levels
were similar in pregnant WT and 5xFAD transgenic
mice. The question whether estrogen levels change dur-
ing aging in 5xFAD transgenic mice still remains open.
This could give additional interesting hints specifically in
comparison to the situation in humans. Recent work in
rats has demonstrated that pregnancy-related hormones
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might also play a role in A clearance by influencing Ap
clearance factors such as IDE [17]. In agreement with the
proposed relationship between levels of pregnancy-related
hormones and IDE [17], we indeed found higher IDE
levels in pregnant than in non-pregnant 5xFAD mice that
also had high progesterone levels. It still remains an open
question why pregnant 5xFAD mice had increased AP
levels despite elevated IDE levels that most likely were not
able to execute its AP-degrading function. In contrast,
neprilysin levels were not altered. Together, these experi-
ments suggest that both, IDE and neprilysin did not affect
the clearance of Af in a way that could account for the in-
creased plaque density in pregnant mice. Instead, the high
amount of CTF-f in pregnant mice might rather indicate
that the observed increase in amyloid plaque density was
primarily due to alterations in APP processing and Afp
production.

Given that lactation might also affect pathology, we
further included non-lactating and lactating 5xFAD mice
in our study, in order to determine if lactation could
enlarge pathological changes during the postpartum
period. In agreement with other studies we were able to
confirm that breeders display higher numbers of AP
plaques compared to non-breeders [8]. Importantly, this
finding was applicable to other brain regions, such as
the cortex and the olfactory bulb. Interestingly, there
was no difference in AP plaque pathology between
5xFAD mice that nursed their offspring and those sepa-
rated from the offspring directly after birth. Therefore we
concluded that pregnancy alone is sufficient to induce this
phenotype.

Reproductive experience, pregnancy and lactation in-
fluence physiological and endocrinological systems in
women [4, 30, 32, 36]. Reproductive hormones that are
produced during pregnancy and the postpartum period
are known to alter neurogenesis and dendritic morph-
ology [30, 32]. Cognitive deficits after reproductive expe-
riences have been reported in human as well as in
mouse studies [8, 12], although with inconclusive and
contradictory results. While Cui et al [8] were able to
show that WT breeders outperformed non-breeders in
spatial working and memory they found the opposite in
APP transgenic mice. Several studies provided evidence
for the involvement of hippocampal neurogenesis in
learning and memory and for its alteration under disease
conditions such as AD and during reproductive experi-
ences [10, 15, 20, 21]. To establish whether adult hippo-
campal neurogenesis is altered during the course of
pregnancy and in the postpartum period, we carried out a
detailed analysis and quantified Ki67 and DCX-positive
cells. Indeed, adult hippocampal neurogenesis and cell
proliferation were significantly diminished in 5 month old
pregnant and lactating 5xFAD mice, suggesting that in the
course of pregnancy the generation and maturation of
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newborn neurons is disturbed. Again, the lactation
period alone had no influence on cell proliferation and
adult neurogenesis. In summary, our data is in support
of several human studies claiming that pregnancy is a
risk factor for AD.

Previous work has demonstrated that voluntary
running and EE can have beneficial effects on AP
plaque formation and adult hippocampal neurogen-
esis [16, 18, 19, 22, 26, 37, 38, 41]. While there is no
data published regarding the impact of voluntary
running and EE on pregnant and lactating mothers,
it has been reported that running during pregnancy
reduces the AP plaque burden in transgenic offspring
[13]. Inspired by a study that reports high running
activity of pregnant mice until gestation day 10 [3],
we exposed pregnant mice to an EE and investigated
AP plaque pathology and adult neurogenesis during
pregnancy and in the postpartum period. Intriguingly,
maternal voluntary running and exercise prevented
the pregnancy related increase in AB plaque path-
ology and stimulated cell proliferation as well as the
generation of newborn neurons during the course of
pregnancy. This beneficial effect of EE during the
course of pregnancy was even more pronounced after
the lactation period at P20, suggesting stronger effects
with longterm EE. It remains to be seen if housing the
pregnant mice in EE provides protection early on e.g.
already at G10. Future experiments will have to test
whether maternal voluntary running and exercise have
long lasting effects on AP plaque pathology and adult
neurogenesis as suggested by others [3] and whether ma-
ternal activity might lead to changes in hormone levels,
such as estrogens or progesterone.

Conclusion

In conclusion, the present study demonstrates that A
plaque formation, cell proliferation and adult neurogenesis
are dynamic processes, which can be influenced by repro-
ductive activity on the one hand and physical exercise on
the other hand. Together, our findings are unique and
underscore the vulnerability of female brains during preg-
nancy and the effectiveness of EE as a non-pharmacological
approach to counteract this happening.
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