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Environmental distresses occurring during the sensitive periods of early life may exacerbate the
vulnerability to develop physical and mental diseases in old age. Studies have shown the impact of
prenatal stress (PS) on the endocrine development and reprogramming of hypothalamic-pituitary-
adrenal axis functions in association with cognitive development and susceptibility to neuropsychi-
atric diseases. Long-term exposure to glucocorticoids can damage the brain and intensify the progression
of Alzheimer’s disease (AD)-like neuropathological changes, especially in females. There is, however, less
information as to the link between PS and the risk of developing AD pathology throughout the lifespan.
In the present study, male and female APPN-GF/NL-GF offspring of dams exposed to gestational noise
stress were compared with the control offspring in corticosterone alternations, cognitive and motor
performances, and the onset age and development of amyloid beta (AB) plaques across age. The hy-
peractivity of the hypothalamic-pituitary-adrenal axis, spatial learning, and AB development were sex
Prepulse inhibition specific, showing persistent high levels of stress and further memory loss in females than males, espe-
HP_A axis cially in PS mice. The AP deposition was started earlier, by 2—3 months, and exhibited a heightened
noise progression in PS animals. The PS also created a long-lasting anxiety-like behavior and impairment in
cognitive function and motor coordination. Our results suggested PS as a risk to exacerbate AD-like
neuropathological changes during the lifespan, with higher susceptibility of females. The findings
were discussed in line with the most likely mechanisms for the PS effects, that is, dysregulation of the
neuroendocrine system and the placenta by the PS.
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1. Introduction

Besides extensive experimental animal studies, epidemiological
and mechanistic human research have shown that prenatal
stressors are the most impressive early environmental factors in
offspring development and susceptibility to diseases and mental
health problems in old age (Hoeijmakers et al., 2017; Van den Bergh
et al, 2017). Prenatal stress (PS) or exposure to glucocorticoids
during sensitive periods of development has an organizational
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effect on biological systems (i.e., the central nervous system,
autonomic nervous system, neuroendocrine axis [hypothalamic-
pituitary-adrenal {HPA} axis], cardiovascular, and immune sys-
tems), and systematically pose a potential risk factor for multiple
neuropsychiatric disorders and mental illnesses during the lifespan
(Abbott et al., 2018; Van den Bergh et al., 2017). Evidence for
epigenetic programming of the endocrine system induced by stress
experienced during early gestation indicates that the PS can result
in alterations of DNA-methylation at corticotropin-releasing hor-
mone (CRH) and glucocorticoid receptor (GR) gene promoters.
These epigenetic variations create persistent changes in central
CRH and GR expression related to HPA-axis hyper-responsivity and
may last into adulthood and even continue to the next generation
(Bock et al., 2015; Crudo et al., 2012).

Alzheimer’s disease (AD), the most widespread neurodegener-
ative disease among elderly, accounts for 60%—80% of dementia
cases (Cui and Li, 2013; Marcello et al., 2015). It is characterized by a
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progressive deterioration of cognitive functions and the accumu-
lation of specific neuropathological hallmarks, such as various
extracellular beta amyloid (AB) peptides and neurofibrillary tangles
made up of hyperphosphorylated tau inside of neurons, as well as
neuronal and synaptic loss in the cerebral cortex and hippocampus
(Cui and Li, 2013; Hoeijmakers et al., 2018; Marcello et al., 2015).
Although the complex etiology of the AD is not fully understood,
the effects of lifestyle characteristics, environmental factors, sex,
and dysregulation in epigenetic, nervous system, neuroendocrine,
and immune system mechanisms in the risk of developing AD-like
pathology have been tackled in multiple multidisciplinary studies
(Carroll et al., 2010; Cui and Li, 2013; Hoeijmakers et al., 2018; Jafari
et al,, 2018a,b; Khalsa, 2015; Livingston et al., 2017).

Noise as a common environmental health hazard is more than
just a nuisance (Basner et al., 2014). Among well-known risk factors
related to lifestyle for mental disease and AD, noise stress (Cui and
Li, 2013; Ouis, 2001) is an inherent component of modern life that
has a major contribution in shaping the brain and behavior
(Belnoue et al., 2016; Jafari et al., 2017b; Marcello et al., 2015). Stress
also has been shown to have a causative relationship with various
risk factors for the AD (Khalsa, 2015; Livingston et al., 2017).
Although human evidence supports biological correlates of PS with
deviations in neurodevelopment, neurocognitive function,
neuronal processing, functional and structural brain connectivity in
limbic cortex, and dysregulations in HPA axis and autonomous
nervous system (Van den Bergh et al., 2017; Zijlmans et al., 2015),
current experimental evidence also collectively points to the
negative impacts of stress as a risk factor for precipitating AD-like
neuropathological changes in rodents (Cui and Li, 2013; Marcello
et al., 2015). For instance, the impact of stress during adulthood
on exacerbation of AP accumulation, hyperphosphorylated tau,
neuroinflammation, and cognitive decline (Cuadrado-Tejedor et al.,
2012; Cui et al., 2012; Jafari et al., 2018b), as well as PS-induced sex-
specific alterations of N-methyl-D-aspartate receptor (Fang et al.,
2018) as a key mediator of AP synaptotoxicity, higher levels of
hippocampal brain-derived neurotrophic factor (BDNF) and
increased AP pathology (Fang et al., 2018; Sierksma et al., 2012), and
higher hippocampal plaque load and altered amyloid precursor
protein (APP) processing in the CA3 (Sierksma et al., 2013) all have
been reported.

Although (1) the link between stress experienced in utero and
later deficits in memory, learning ability, social behavior, alterations
in stress regulation, and higher vulnerability to adult diseases has
been indicated in both humans and rodent models (Antonelli et al.,
2017; Neigh et al., 2017; Weinstock, 2017), (2) AB dyshomeostasis
has emerged as the most extensively validated hypothesis associ-
ated with cognitive impairment in AD pathology among diverse
factors contributed to AD pathogenesis (Selkoe and Hardy, 2016),
and (3) dysregulation of the maternal and fetal HPA axes have been
shown as the most likely candidates for the negative effects of PS on
brain development and increased susceptibility to neuropsychiatric
and brain diseases in old age (Charil et al., 2010; Maccari et al.,
2003; Weinstock, 2017), no experimental study has examined
what the link between PS-induced HPA-axis hyperactivity and the
onset and progression of Ap pathology is or how it is modulated by
age and sex during the lifespan. Our study was novel in (1) using a
gestational noise stress paradigm as a lifestyle risk factor for AD
common today (Cui and Li, 2013; Marcello et al., 2015); (2) probing
for the onset and progression of A pathology in cortical, subcor-
tical, and limbic brain areas; (3) applying a set of behavioral tests
sensitive to learning, memory, motor performance, and anxiety-like
behavior; (4) probing for changes in HPA axis responsivity,
behavior, and A pathology in both sexes during the lifespan; and
(5) using a unique AD mouse model (APPN:-CH/NL-G-Fy \which rep-
resents age-dependent changes in the brain and behavior. The

knock-in APPM-CFN-GF mouse is a second-generation mouse

model of AD that was recently developed at the Riken Institute in
Japan (Saito et al., 2014; Sasaguri et al., 2017). It has a modified APP
gene that has humanized AB sequence with 3 mutations (Swedish,
Beyreuther/Iberian, and Arctic) in APPM-¢F. This mouse model
produces a robust age-related spread of AP aggregates and cogni-
tive deficits titrated to endogenous levels of APP with no sign of
tauopathy. The cortical deposition specifically starts after 2 months
and is almost saturated by 7 months. Subcortical amyloidosis is also
shown after 4 months (Jafari et al., 2018b; Saito et al., 2014).
Because APP is not overproduced in human AD, this last point
provides an important improvement over earlier Af-based mouse
models of AD (Sasaguri et al., 2017). Earlier mouse models over-
expressed APP or APP-presenilin 1 (PS1), which led to the accu-
mulation of unusual fragments generated by a-secretase, such as
C-terminal fragment-f. C-terminal fragment-f is more toxic than
AP and does not accumulate in human AD brains (Saito et al., 2016;
Sasaguri et al., 2017). Thus, in this mouse model of AD, we aimed to
determine how PS modulates HPA-axis responsivity, onset, and
progression of AP pathology and also learning, memory, anxiety-
like behavior, and motor coordination during the lifespan.

2. Material and methods
2.1. Animals

The male and female pairs of AD transgenic mice carrying
Swedish (NL), Arctic (G), and Beyreuther/Iberian (F) mutations
(APPNL-G-FINL-G-Fy yyere provided by RIKEN Brain Science Institute,
Japan. Then, a colony of APPN--C-FNL-GF mice was maintained at the
Canadian Center for Behavioural Neuroscience. Thirty-two female
APPNL-G-FINL-GF jce at 8 weeks of age were individually mated with
32 male APPN-C-FNL-GF mice in standard shoe-box cages. For the
recording of the gestational length, a former protocol was followed
(Jafari et al.,, 2017a,d). At the age of 22—23 days, the pups were
weaned from their mothers. All animals were given access to food
and water ad libitum and were maintained on a 12:12-h light:dark
cycle. All testing and training was performed during the light phase
of the cycle at the same time of day. The experimental procedures
were approved by the University of Lethbridge Animal Care Com-
mittee in compliance with the standards set out by the Canadian
Council for Animal Care.

2.2. Experimental design

Pregnant mice were randomly assigned to 2 groups consisting of
one stress group and one control group (CG). We exposed animals
to stress on gestational days (GDs) 12—16 because the cortico-
genesis process occurs from embryonic day 10—17 in mice, and
layers II/III, IV, and V mainly develop during GDs 12-16 (Kolb et al.,
2012, 2013). This timeframe also corresponds to the second
trimester of human pregnancy when substantial neural develop-
ment occurs (Clancy et al.,, 2007).

2.2.1. Noise stress procedure

The noise stress paradigm consisted of an intermittent 3000 Hz
frequency sound of 90 dB for 1 second duration and 15-second
interstimulus interval (Jafari et al., 2017a). On GDs 12, 14, and 16,
the mice (n = 16) in groups of 2 to 3 in their standard cage were
moved to a sound chamber specified for the stress group. A speaker,
which emitted the noise stimulus, was placed inside the cage. The
sound pressure level was monitored daily inside the cage without
an animal (Tektronix RM3000, Digital Phosphor Oscilloscope). The
mice were exposed to the noise stress for 24 hours starting at 8:00
am (Jafari et al., 2018b). We used a 3000 Hz frequency tone because
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(1) it is audible to mice (Heffner and Heffner, 2007) and (2) it is
relatively similar to environmental and traffic noises which are
largely made up of low frequency to midfrequency tones (Chang
et al.,, 2014). We applied an intermittent stimulus intensity to pre-
vent noise-induced hearing loss. Twenty-four hours of rest after
every stress exposure also provides enough time for recovery from
possible temporary threshold shifts (White et al., 1998).

2.2.2. Control group

Pregnant mice (n = 16) on GDs 12, 14, and 16 in groups of 2 to 3
in their standard cage were moved to a sound chamber specified for
the CG. A silent speaker was placed inside the cage. The mice were
left undisturbed for 24 hours starting at 8:00 am. In the CG, no
stress was given.

2.3. Plasma corticosterone assay

Blood was taken from the submandibular vein at 7:30 to 8:30 am
a day before starting behavioral tests at ages 2, 6, and 10 months.
Approximately 0.1 mL of blood was collected in heparin-coated
tubes. The tubes were centrifuged at 6000 rpm at 4 °C for 15 mi-
nutes to collect the plasma. Collected plasma samples were stored
at —80 °C and then analyzed as previously described (Jafari et al.,
2018a,b).

2.4. Behavioral tests

Several behavioral tests were performed across age 2, 6, and
10 months to measure the effect of PS on cognitive and motor per-
formance of the offspring. Tests of prepulse inhibition (PPI) of the
acoustic startle reflex (ASR), novel object recognition (NOR), rotarod
(RR), balance beam test, and the Morris water task (MWT) were
conducted, respectively, in separate days, with an alternating order
of animals by the same examiner in the mornings at 8—11 am (Fig.1).

2.4.1. Prepulse inhibition of the acoustic startle reflex

The PPI of the ASR is one of the well-known experimental para-
digms in the field of neuropsychiatric disorders (Koch, 1999; Li et al.,
2009). The PPI implies a normal reduction of the amplitude of the
startle reflex when a weak prepulse stimulus is presented 30—500
msec before the startling stimulus. Thus, the PPlis used as an index of
sensorimotor gating (Rohleder et al., 2014). Animal studies suggest
that the sensorimotor gating is impaired with the progressing of AD
pathology, and its abnormalities may be linked to cognitive
impairment and cerebral AR neuropathology (Wang et al., 2012).
Stress is also known to modulate the PPI. Impairments in sensori-
motor gating have been reported after stress exposure (Bakshi et al.,
2012; Conti and Printz, 2003; Jafari et al., 2018a,b; Kjaer et al., 2010),
social isolation (Bailoo et al., 2016; Chang et al., 2014), variation in
maternal care (Cromwell and Atchley, 2015), or corticotropin-
releasing factor injection (Bakshi et al., 2012; Conti et al., 2002) in
rodents and also subsequent to performing a stressful task (per-
forming a complex task with time restriction) (De la Casa et al., 2016)
or cortisol injection (Richter et al., 2011) in humans. In our study,
each mouse was placed in a plastic cylinder situated on a plate with a
pressure sensor in an acoustic chamber (PANLAB Harvard Appa-
ratus). Any animal motion was detected by the sensor which
measured its amplitude and stored data on a computer hard drive.
Software generated a sequence of stimulus trials including a startle
stimulus, a prepulse stimulus, and a startle stimulus paired with a
prepulse stimulus in a white background noise of 65 dB. The ASR
stimulus was an 8 kHz tone frequency with 115 dB intensity, 40 ms
duration, and a 1 ms rise/fall time. The prepulse stimulus was also an
8 kHz tone frequency with 80 dB intensity, 20 ms duration, and a
1 ms rise/fall time, which was presented 100 ms before the startle

stimulus. The testing session was started with an acclimation period
lasting 3 minutes. Then the animals received 10 startle-only trials to
habituate their startle responses to a steady state level. Immediately
afterward, forty trials including 10 “no stimulus,” 10 “pulse stim-
ulus,” 10 “prepulse stimulus,” and 10 “prepulse + pulse stimulus”
were presented in a pseudorandom order with 30 seconds of inter-
stimulus interval. The PANLAB system automatically presented the
ASR and PPI (%) in an Excel data spreadsheet. The PPI ratio was
calculated by subtracting the ASR amplitude from the PPl amplitude
divided by the ASR amplitude multiplied 100 (Jafari et al., 2018a,b).

2.4.2. Novel object recognition test

Each mouse was placed in an open-field arena made of white
Plexiglas. In the first trial, the mouse was placed in the arena with 2
identical objects and was allowed to explore the field for 5 minutes.
The animal was removed and placed in a transport box for 3 mi-
nutes, and one of the objects was randomly replaced with a new
object. The mouse was then returned to the arena, and the animal’s
exploration was filmed for 3 minutes. The time spent with each
object (sec) and the ratio of time spent with the old compared with
the new object (calculated by subtracting times spent with old from
the new object divided by the total time spent for exploration) were
measured during the second session. In addition, behavioral mea-
sures including movement time (the time in seconds spent moving
in the arena), movement number (the number of movements after
the animal remained immobile for more than one second), total
distance (the total length of paths traveled by animals, in centi-
meters), and rest time (the time in seconds spent immobile) during
the second session were calculated to determine the locomotor
behavior of the animals (Jafari et al., 2017d).

2.4.3. Elevated plus maze test

The elevated plus maze has been constructed from black Plexiglas.
The maze was housed in an empty room, and a dim light was used
during filming. Each mouse was filmed for 5 minutes and manually
scored for time spent in the open arms (sec), time spent in the closed
arms (sec), number of entries to either the open arms or closed arms,
and the ratio of the number of entries to closed arms versus the open
arms (calculated by subtracting number of entries to closed arms from
the number of entries to open arms divided by the total number of
entries to closed and open arms) (Jafari et al., 20173, 2018a).

2.4.4. Rotarod test

Animals were briefly pretrained on an automated 4-lane RR
treadmill (ENV-575M Mouse, Med Association Inc). For the proto-
col, mice were placed into individual sections of the RR and tested
at 2 constant speeds (8 rpm and 16 rpm) on separate days. Each
animal’s performance score in seconds was recorded when the
mouse was unable to stay on the RR, trips a plate, and stops the
timer. Mice were subjected to 2 trials, with a maximum time of
3 minutes and a 5-minute intertrial test interval. Two trials per
animal were averaged (Jafari et al., 2018a,b).

2.4.5. Balance beam test

The mice were required to traverse an elevated, narrow
aluminum beam (1 cm diameter, 100 cm long, and 50 cm above a
foam pad) to reach an enclosed escape box. Mice were first trained
(3-4 trials) and were tested (3 trials) on the next day. The mean
latency (sec), distance traveled (cm), and number of foot slips across
the 3 testing trials were manually scored (Jafari et al., 2017a, 2018b).

2.4.6. Morris water task

The water task consisted of a pool (153 cm diameter) filled with
water (23 °C—25 °C) up to a level of ~15 cm from the top edge of
the tank. The water was made opaque by nontoxic white tempera
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n= 40 Ms>n=80 per group, per group, per group, per group, per group,
n=40 FS - Stress 8 per sex) 8 per sex) 8 per sex) 8 per sex) 8 per sex)

Fig. 1. Section A demonstrates the time of each procedure across age in APPN-CFIN-GF offspring and section B shows the number of animals per procedure. Blood collection was
performed before running 6 behavioral tests, that is, PPI of the ASR, NOR, EPM, RR, BBT, and MWT, at 2, 6, and 10 months. For probing the onset age, distribution (%), and size (um) of AB
plaques, an identical number of offspring per sex were included at 5 ages 1, 2, 4, 6, and 10 months in each group (n = 160, n per group = 80, n per sex = 40). Abbreviations: AB, amyloid
beta; ASR, acoustic startle reflex; BBT, balance beam test; EPM, elevated plus maze; MWT, Morris water task; NOR, novel object recognition; PP, prepulse inhibition; RR, rotarod.

paint. The pool was located in a room rich with distal cues. During
all hidden platform trials, the platform was submerged ~1.0 cm
under the surface of the water. The tank was divided virtually into 4
quadrants, with starting points at north, west, east, and south.
Animals were trained with 4 trials per day for 8 consecutive days
(Water 2100 software vs. 7, 2008). Each trial began with the mouse
being placed in the pool in a pseudorandom sequence at one of the
4 cardinal compass positions around the perimeter of the pool.
Testing was stopped after the mouse reached the platform or if the
mouse did not find the platform, at the 60-second trial time limit.
Data were recorded using an automated tracking system (HVS
Image, Hampton, U.K.). The swim time (sec), swim speed (m/s), and
swim distance (m) were calculated for analysis. The probe trial was
also carried out on the ninth day, 24 hours after the last acquisition
trial, in which the platform was removed, and each mouse was
allowed to swim freely for 60 seconds. The time spent in the
quadrant where the platform had been located was measured
(Jafari et al., 2017c, 2018Db).

2.5. Quantification of the AS plaque area

2.5.1. Methoxy-X04 injection and brain imaging

Methoxy-X04 is a fluorescent dye that selectively binds to -
pleated sheets found in dense core AP plaques. It has high speci-
ficity in staining AB plaques in postmortem sections of the AD brain
(Hefendehl et al., 2011). The methoxy-X04 solution was prepared by
dissolving the Methoxy into a solution containing 10% dimethyl
sulfoxide, 45% propylene glycol, and 45% sodium phosphate buff-
ered saline (Bisht et al., 2016). Twenty-four hours before perfusion
at ages 1, 2, 4, 6, and 10 months, mice were weighed and given an
intraperitoneal injection of methoxy-X04 at a dose of 10 mg/kg of
body weight. Then they were euthanized via a transcardiac perfu-
sion of 0.9% saline followed by paraformaldehyde. Brains were
removed and postfixed for 24 h in paraformaldehyde. They were
subsequently sliced at 50 pm using a Cryostat, and every second
section was mounted on glass slides. The brain sections were
scanned by NanoZoomer (Hamamatsu Photonics, Japan), and im-
ages were used for quantification of Af plaque areas (PAs) (%) (Saito
et al., 2014). The animals’ endpoints were considered according to
the development of Af pathology in our mouse model of AD (Jafari
et al., 2018b; Saito et al., 2014). The same animals that were used in
the behavioral tests were also used for the histological analyses. The
animals were sacrificed after blood collection and completing all
behavioral tests (Fig. 1) before each endpoint. The experimenter
was blind to the experimental groups.

2.5.2. Brain sections and regions of interests
For each brain, 6 coronal sections (Bregma ~3.20, 2.96,
0.98, —2.06, —3.08, and —5.34 mm) corresponding with a mouse

brain atlas (Paxinos, 2001) were selected for quantifying Ap PAs
(Jafari et al., 2018b; Saito et al., 2014) (Figs. 4 and 5; Fig. S2). In each
brain section, the total Ap PA was computed. Quantification was
also performed for some specific brain regions that studies have
shown to be involved in AD progression, stress handling, or in the
regulation of brain cognitive processes (Charil et al., 2010; Huizink
et al.,, 2004; Jafari et al., 2018b; Kim et al., 2015; Saar et al., 2015).
Each brain section was uploaded in Image] 1.4.3.67 software, and
the AP PA (%) of the region of interest (ROI) was determined via
using required image processing options under Edit, Image, Process,
and Analyze tabs. The ROIs were frontal pole (FP), olfactory area
(OA), isocortex (IC), anterior cingulate area (ACA), nucleus accum-
bens (NA), hippocampal region (HR), posterior parietal area (PPA),
retrosplenial area (RA), entorhinal area, cortical amygdalar area
(CAA), a midbrain (MB), and hindbrain (HB). These 6 coronal sec-
tions were chosen to measure the Af PA as they provided a good
view for differentiating selected ROI's boundaries. The largest pla-
que size (um) was also measured in each brain section.

2.6. Statistical analysis

All statistical analyses were performed using SPSS Statistics 24.0
at a significance level of <0.05. Normally distributed data were
analyzed using the Kolmogorov—Smirnov test. Univariate analysis
of variance was conducted to compare the groups regarding
different parameters of the corticosterone assay, behavioral tests,
and AP plaque measurements. A repeated measures ANOVA was
used for all comparisons across age in each group. The interaction of
age and PS was assessed by conducting two-way ANOVAs in all
measures, that is, corticosterone levels, behavioral tests, and AfB
plaque quantifications. The F values, degrees of freedom, p values,
estimations of the effect size (partial 1), and observed power have
been reported for the statistical analyses. Adjustment for multiple
comparisons of group means in each measurement was performed
with Bonferroni correction.

3. Results

There was a significant difference between the 2 sexes in
corticosterone levels, the MWT, and AP plaque measurements. In
other behavioral tests, no sex effect was observed (p > 0.205). Thus,
the sex analysis only has been reported on the measures in which it
was significant.

3.1. The PS impact on corticosterone levels
The corticosterone level was significantly higher in the PS

groups compared with the CGs over age (2 months: F3124 = 14.161,
p < 0.001; 6 months: F3g4 = 12.943, p < 0.001; 10 months:
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F328 = 7.761, p = 0.004). Females showed higher corticosterone
levels than males across age. The sex effect was significant in the PS
group (2 months: p = 0.019; 6 months: p = 0.037; 10 months: p =
0.041) (Fig. 2A1, Table 1). Fig. 2A2 exhibits the trend of changes in
corticosterone levels across age that was not significant in each

group (Table 2).

3.2. The PS impact on cognitive function and motor coordination

3.2.1. Prepulse inhibition of the acoustic startle reflex

6, and 10 months (2 months: Fy126 = 9.535, p = 0.004; 6 months:
Fi66 = 10.017, p = 0.006; 10 months: Fi30 = 9.316, p = 0.009)
(Fig. 2B4, Table 3). The highest ASR and PPI amplitudes were shown
at 2 and 4 months in both groups, respectively. The age effect was
significant for the 2 groups in all measures (CG: ASR amplitude:
F448 = 5.152, p = 0.001; PPI amplitude: F44g = 23.873, p < 0.001;
ASR latency: F448 = 7.276, p < 0.001; PPI latency: F445 = 11.309, p <
0.001; PS group: ASR amplitude: F443 = 6.387, p < 0.001; PPI
amplitude: F443 = 3.59, p = 0.009; ASR latency: F448 = 6.903, p <
0.001; PPI latency: F445 = 8.02, p < 0.001) (Table 4).

The ASR amplitude (%) was almost identical in the 2 groups over
age (Fig. 2B1). The PS group revealed a significant reduction of the
PPI amplitude at all ages, except one month, compared with the CG
(2 months: Fq126 = 10.695, p = 0.002; 4 months: Fj94 = 10.879,p =
0.002; 6 months: Fy g6 = 8.222, p = 0.007; 10 months: F; 30 = 0.096,
p = 0.005) (Fig. 2B2, Table 3). The ASR latency (ms) increase by age
was almost the same in both groups (Fig. 2B3), whereas the PS
groups displayed a significantly higher PPI latency than the CG at 2,

A Corticosterone Levels

A1) Sex effect A2) Group difference

3.2.2. Novel object recognition test

The amount of exploration time spent with the 2 identical ob-
jects in the first trial was similar in the 2 groups (Table 3). The PS
group exhibited a significantly lower new object time and higher
ratio of old object time (NOR ratio) compared with the CG across
age (2 months: Fq 126 = 4.319, p = 0.042; 6 months: F166 =19.88,p <
0.001; 10 months: Fy3p = 15.648, p = 0.001) (Fig. 2C1 and C3). The
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(A1) The corticosterone level was significantly higher in the PS group

compared with the CG in both sexes over age. The sex effect was significant in the PS group. (A2) The trend of changes in corticosterone levels across age. The age effect was not
significant. (B) The PPI of the ASR test: (B1) The ASR amplitude (%) significantly decreased by age in both groups. (B2) The PPI amplitude (%) was significantly lower in the PS group
than the CG, except at 1 month. (B3 and B4) The ASR and PPI latencies (ms) increased by age in both groups. The stress group exhibited a significantly higher PPI latency than the CG
at 2, 6, and 10 months. The age effect was significant in all measures (Table 4). (C) The NOR test: (C1) The PS group showed a significantly shorter new object time (sec) and (C2)
longer old object time (sec). (D) The EPM test: a significantly shorter open arm time (D1), longer closed arm time (D2), and lower number of entries to open arm (D3) in the PS group
than the CG at 6 and 10 months. The adverse effect of age on all measures was observed in the PS group (Table 2). Results reported as mean + SEM. Asterisks indicate *p < 0.05 or **p
< 0.01. Abbreviations: CF, control female; CG, control group; CM, control male; EPM, elevated plus maze; NOR, novel object recognition; PPI of the ASR, prepulse inhibition of the
acoustic startle reflex; PS, prenatal stress; SF, stress female; SM, stress male.
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Table 1

Comparing the PS and control groups in corticosterone levels and the MWT’s measures

Tests/ Measurements Between groups’ p-values®

Significant main effects®

2

CM, SM CF, SF CM, CF SM, SF Fafn.drd p n Power

Corticosterone levels (ng/mL)
2 mo <0.001° <0.001° 0.272 0.019° F3124 = 14.161 <0.001° 0.612 1.000
6 mo 0.002° <0.001° 0.254 0.037° F364 = 12.943 <0.001° 0.663 1.000
10 mo 0.031° 0.011° 0.327 0.041° F3a8 = 7.761 0.004° 0.582 0.971

MWT
Latency (s) at 2 mo 0.189 0.133 0.418 0.580 F3124 = 1.522 0.207 0.003 0.405
Distance (m) at 2 mo 0.142 0.105 0.716 0317 F3.124 = 1.506 0.215 0.005 0.683
Probe time (%) at 2 mo 0.752 0.803 0.785 0.810 F3124 = 0.147 0.931 0.008 0.075
Latency (s) at 6 mo 0.021° <0.001° 0.031° <0.001° Fipq = 13.323 <0.001° 0.073 1.000
Distance (m) at 6 mo 0.010° <0.001° 0.042° <0.001° F364 = 16.941 <0.001° 0.064 1.000
Probe time (%) at 6 mo 0.046° 0.040° 0.360 0211 F364 = 4.964 0.011° 0317 0.812
Latency (s) at 10 mo 0.006" <0.001° 0.231 0.005° F3.8 = 12.861 <0.001° 0.064 1.000
Distance (m) at 10 mo <0.001° <0.001° 0.178 <0.001° F328 = 22.575 <0.001° 0.107 1.000
Probe time (%) at 10 mo 0.042° 0.039° 0.401 0.377 F3.s = 4.357 0.041° 0.393 0.681

Key: ANOVA, analysis of variance; MWT, Morris water task; CF, control female; CM, control male; dfd (N-G), degrees of freedom denominator; dfn (G-1), degrees of freedom
numerator; Partial 12, an estimate of effect size; PS, prenatal stress; SF, stress female; SM, stress male.

Univariate ANOVAs were used for statistical analyses.
4 p < 0.05.
b p<o001.

¢ The “between groups’ p-values” show p-values for the between-group comparisons.

4 The “significant main effects” indicate the statistical results of a significant main effect for every measure.

old object time was significantly longer at 10 months in the PS
group (Fy 30 = 4.587, p = 0.037) (Fig. 2C2, Table 3). New object time
significantly decreased by age only in the PS group (F; 30 = 13.367,p
< 0.001). The old object time was significantly shorter for both
groups at higher ages (CG: Fp30 = 11.133, p < 0.001; PS group:
F230 = 8.298, p < 0.001) (Table 2). No significant difference was
observed between the 2 groups on any measures of the locomotion
behavior across age.

3.2.3. Elevated plus maze test

The PS group showed a significantly shorter open arm time (6
months: Fig6 = 34.628, p < 0.001; 10 months: Fi30 = 21.164, p <
0.001), longer closed arm time (6 months: F; 65 = 83.861, p < 0.001;
10 months: Fy30 = 77.731, p < 0.001), lower number of entries to
open arms (6 months: Fy g6 = 43.683, p < 0.001; 10 months: Fy30 =
11.442, p = 0.003), and higher ratio of the number of entries to
closed arms (6 months: F1 66 =48.902, p < 0.001; 10 months: Fy30 =
9.533, p = 0.005) than the CG (Fig. 2D, Table 3). The PS group also
exhibited a significantly shorter open arm time (Fp30 = 7.292, p =
0.002), longer closed arm time (F, 30 = 21.709, p < 0.001), reduced
number of entries to open arms (Fz30 = 13.459, p < 0.001), and
higher ratio of the number of entries to closed arms across age
(F230 = 8.98, p < 0.001). Closed arm time significantly decreased by
age in the CG (F230 = 52.846, p < 0.001) (Table 2).

3.2.4. Rotarod test

The PS group exhibited an impaired performance in both RR
speeds at 6 (8 rpm speed: Fy66 = 4.665, p = 0.046; 16 rpm speed:
F166 = 7.059, p = 0.013) and 10 months (8 rpm speed: Fy39 = 4.791,
p = 0.044; 16 rpm speed: F130 = 4.771, p = 0.043) (Fig. 3A, Table 3).
Improvement in RR time by age was only observed in the CG (8 rpm
speed: F230 = 9.737, p < 0.001; 16 rpm speed: Fy39 = 3.937, p =
0.027) (Table 2).

3.2.5. Balance beam test

The PS group spent a significantly longer time to pass across the
beam (6 months: Fies = 20.832, p < 0.001; 10 months: Fi30 =
10.504, p = 0.005) and displayed a higher number of foot slips (6
months: Figs = 41.501, p < 0.001; 10 months: Fy30 = 111.910, p <
0.001) compared with the CG (Fig. 3B, Table 3). Latency (F230 =
12.826, p < 0.001) and number of foot slips (Fy30 = 37.491,

p < 0.001) were significantly increased by age only in the PS group
(Table 2).

3.2.6. Morris water task

The PS group demonstrated an increased latency (sec) (6 months:
F364 = 13.323, p < 0.001; 10 months: F333 = 12.861, p < 0.001) and
swim distance (m/s) (6 months: F3 g4 = 16.941, p < 0.001; 10 months:
F328 = 22.575; p < 0.001) compared with the CG (Fig. 3C1, Table 1).
There was also a stress effect in which these measures were signif-
icantly larger in females than males at 6 months for the CG (p <
0.042) and ages 6 and 10 months in the PS group (p < 0.001).
Improvement in swim latency by age due to a practice effect was not
shown in the stress female group (Fig. 3C2, Table 2).

In the probe test, the same pattern of lower scores in the PS
group than the CG was observed (6 months: F3g4 = 4.964, p =
0.011; 10 months: F3,g3 = 4.357, p = 0.041) (Fig. 3C3, Table 1). A
significantly impaired probe time by age was shown only in the
female stress group (F»30 = 6.255, p = 0.005) (Fig. 3C4, Table 2).

3.3. The PS impact on the onset and progression of A8 plaques

The AB PA (%) was compared between the PS group and CG per
sex. At 1 month, only a small number of plaques were shown in OA,
especially in the glomerular layer of the main olfactory bulb (in 2—3
animals per group) and no significant difference was observed
(Fig. S1). The PS groups exhibited a noticeable AP aggregation at
2 months and their differences with the CGs were significant in
brain sections A1-A5 (Al: F3124 = 18.186, p < 0.001; A2: F3124 =
7.264,p =0.001; A3: F3,124 =4.269, p= 0.015; A4: F3,124 = 7.264,p =
0.001; and A5: F3124 = 4.102, p = 0.017) and all specific brain areas
(FP: F3124 = 40.621, p < 0.001; OA: F3124 = 7.586, p = 0.001; IC:
F3124 = 24451, p < 0.001; ACA: F3124 = 4.178, p = 0.016; PPA:
F3124=7.472,p =0.001; RA: F3 124 = 4.072, p = 0.018) except for NA,
HR, EA, CAA, MB, and HB (Fig. 4B, Table 5). The PS heightened AB
accumulation and significantly increased the PA than the CGs in all
brain sections (A1-A6) and specified brain regions at 4, 6, and
10 months (Figs. 4 and 5, Table 5).

There was also a sex effect, wherein a significantly higher PA was
shown in the stress female group than the stress male group in total
PA of all brain sections and also in specific brain regions FP, IC, ACA,
RA, and HB at 6 months and the total PA in A6 at 10 months. The PA
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Statistical results of comparing the repeat of corticosterone assays and behavioral tests across age per group

Tests/ Measurements

Between groups’ p-Values®

Significant main effects®

2,6 mo 2,10 mo 6, 10 mo Fafn,dfa p n Power
Corticosterone levels (ng/mL)
Control male 0.712 0.713 0.738 Fa30 = 0.237 0.791 0.024 0.082
Control female 0.719 0.689 0.469 Fa30 = 0.274 0.763 0.030 0.087
Stress male 0.928 0.170 0.196 Fa30 = 1.221 0317 0.114 0.234
Stress female 0.593 0.062 0.115 Fa30 = 2.348 0.121 0.190 0.412
NOR in the CG
New object time (s) 0.187 0.039° 0.437 Fy30 = 2413 0.102 0.101 0.460
0ld object time (s) <0.001° <0.001° 0.993 F30 = 11.133 <0.001° 0.341 0.988
NOR ratio 0.005" 0.048° 0.483 Fa.30 = 4.852 0.013° 0.184 0.773
NOR in the PS Group
New object time (s) <0.001° <0.001° 0.655 Fa30 = 13.367 <0.001° 0.305 0.997
0Old object time (s) 0.001° 0.004" 0.752 F2.30 = 8.298 0.001° 0.214 0.954
NOR ratio 0.835 0.665 0.839 F2.30 = 0.101 0.904 0.003 0.065
EPM in the CG
Open arm time (s) 0.083 0.387 0.455 F2.30 = 1.601 0.213 0.068 0.321
Closed arm time (s) <0.001° <0.001° 0.002° Fa30 = 52.846 <0.001° 0.706 1.000
Open arm entries 0.266 0.915 0.378 F230 = 0.696 0.504 0.031 0.160
EPM ratio 0.003" 0.510 0.041 Fa.30 = 4.953 0.011° 0.184 0.783
EPM in the PS Group
Open arm time (s) 0.003° 0.047° 0.367 Fa30 = 7.292 0.002° 0.198 0.918
Closed arm time (s) <0.001° <0.001° 0.149 Fa30 = 21.709 <0.001° 0.416 1.000
Open arm entries <0.001° 0.004° 0.173 Fa.30 = 13.459 <0.001° 0.306 0.997
EPM ratio <0.001° 0.038° 0.134 Fz30 = 8.958 <0.001° 0.227 0.967
Rotarod in the CG
8 rpm speed (s) 0.090 <0.001° 0.015° Fa30 = 9.737 <0.001° 0.307 0.976
16 rpm speed (s) 0.148 0.008" 0.216 Fa30 = 3.937 0.027° 0.152 0.678
Rotarod in the PS Group
8 rpm speed (s) 0.494 0.040° 0.022° F2.30 = 3.082 0.053 0.092 0.574
16 rpm speed (s) 0.389 0.347 0.136 Fa30 = 1.144 0325 0.036 0.243
BBT in the CG
Latency (s) 0.417 0.990 0.470 Fz30 = 0.397 0.675 0.182 0.110
Number of foot slips 0.027° 0.111 0.614 Fa30 = 2.948 0.063 0.118 0.545
BBT in the PS Group
Latency (s) 0.001° <0.001° 0.254 Fa30 = 12.826 <0.001° 0.296 0.996
Number of foot slips <0.001° <0.001° 0.002° Fa30 = 37.491 <0.001° 0.551 1.000
MWT in the CG
Male
Latency (s) <0.001° <0.001° 0.816 Fa126 = 19.718 <0.001° 0.041 1.000
Distance traveled (m) <0.001° <0.001° 0.389 Fa126 = 17.176 <0.001° 0.035 1.000
Probe time (%) 0.783 0.709 0.912 Fz30 = 0.083 0.921 0.006 0.061
Female
Latency (s) 0.080 0.014° 0.406 Fa126 = 3.572 0.029° 0.009 0.663
Distance traveled (m) 0.097 0.003" 0.182 Fa126 = 4.647 0.010° 0.012 0.783
Probe time (%) 0.809 0.689 0.870 F230 = 0.085 0.919 0.009 0.061
MWT in the PS Group
Male
Latency (s) 0.001° 0.061 0.478 Fz.126 = 5.991 0.003" 0.015 0.881
Distance traveled (m) 0.017° 0.176 0.624 F2126 = 3.052 0.048° 6.104 0.590
Probe time (%) 0.358 0.160 0.588 Fa30 = 1.128 0.340 0.083 0.226
Female
Latency (s) 0.522 0.197 0.459 F2.126 = 0.862 0.423 0.002 0.199
Distance traveled (m) 0.344 0.230 0.669 F2.126 = 0.895 0.409 0.002 0.205
Probe time (%) 0.014° 0.006" 0.388 Fa.30 = 6.255 0.005° 0.263 0.868

Key: BBT, balance beam test; CG, control group; dfd (N-G), degrees of freedom denominator; dfn (G-1), degrees of freedom numerator; EPM, elevated plus maze; MWT, Morris
water task; NOR, novel object recognition; Partial 12, an estimate of effect size; PS, prenatal stress.
Repeated measures ANOVAs were used for statistical analyses.

2 p < 0.05.
b p<001.

¢ The “between groups’ p-values” show p-values for the between-group comparisons.

4 The “significant main effects” indicate the statistical results of a significant main effect for every measure.

was also significantly higher in the female CG than the male CG in
A4 and A6 total PA and in HB at 6 months (Fig. S2, Table 5). Increase
in AP accumulation throughout age was significant in all groups
(Table 6).

The largest Ap plaque size (um) was also significantly larger in
the PS groups than the CG at 2, 4, 6, and 10 months except in section
A6 at 2 months (Table 5). The sex effect was observed in sections A3,
A4, and A6 at 6 months and sections A2 and A4 at 10 months for the
PS group (Fig. 5, Table 5).

3.4. The interaction of the age and PS on results

The interaction effect was significant for the PPl amplitude, NOR
ratio, elevated plus maze measures, balance beam test measures,
latency of the MWT (p = 0.004), total PA of the A4, A5, and A6, PA in
OA, ACA, NA, HR, RA, EA, CAA, MB, and HB, and plaque size of A1-A5
(Table 7). The findings indicated that independent of the effects of
either the PS or age on results, some measures also influenced from
the interaction of the age and PS.
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Table 3
Comparing the PS and control groups in different measures of the behavioral tests
Behavioural Tests Significant main effects®
Fafn,dfd p n? Power

PPI of the ASR Test
ASR amplitude (%) at 1 mo Fy,158 = 0.007 0.934 0.000 0.051
ASR amplitude (%) at 2 mo Fi1126 = 0.097 0.757 0.002 0.061
ASR amplitude (%) at 4 mo Fi04 = 0.752 0.391 0.019 0.135
ASR amplitude (%) at 6 mo Fy66 = 0.201 0.289 0.061 0.279
ASR amplitude (%) at 10 mo F130 =0.790 0.381 0.026 0.138
PPI amplitude (%) at 1 mo Fi1158 = 0.081 0.777 0.001 0.059
PPI amplitude (%) at 2 mo F1.126 =10.695 0.002° 0.201 0.892
PPI amplitude (%) at 4 mo F194 = 10.879 0.002° 0.219 0.910
PPI amplitude (%) at 6 mo Fi66 = 8.222 0.007° 0.210 0.803
PPI amplitude (%) at 10 mo F130 = 9.096 0.005° 0.233 0.831
ASR latency (ms) at 1 mo F1158 = 0.092 0.763 0.092 0.060
ASR latency (ms) at 2 mo Fi,126 =0.874 0.324 0.102 0.187
ASR latency (ms) at 4 mo F194 = 0.092 0.763 0.092 0.060
ASR latency (ms) at 6 mo F1,66 = 0.609 0.280 0.018 0.118
ASR latency (ms) at 10 mo F130=0.017 0.898 0.001 0.052
PPI latency (ms) at 1 mo Fi158 = 1.459 0.231 0.020 0.222
PPI latency (ms) at 2 mo F1126 =9.535 0.004" 0.192 0.845
PPI latency (ms) at 4 mo F194 = 0.628 0.432 0.015 0.121
PPI latency (ms) at 6 mo Fi66 = 10.017 0.006° 0.371 0.857
PPI latency (ms) at 10 mo F130=9.316 0.009* 0.365 0.704

NOR Test
Initial exploration time (s) at 2 mo Fi126 = 0.671 0.404 0.092 0.127
Initial exploration time (s) at 6 mo F166 = 0.102 0.752 0.081 0.071
Initial exploration time (s) at 10 mo F130 = 0.503 0.301 0.058 0.098
New object time (s) at 2 mo Fi126 = 4319 0.042° 0.074 0.532
New object time (s) at 6 mo Fi66 = 19.88 <0.001" 0.432 0.992
New object time (s) at 10 mo F130 = 15.648 0.001° 0.405 0.996
0ld object time (s) at 2 mo F1126 = 1.300 0.259 0.024 0.201
Old object time (s) at 6 mo Fi66 = 2.567 0.121 0.087 0.339
Old object time (s) at 10 mo Fi30 = 4.587 0.037° 0.186 0.553
NOR ratio at 2 mo Fi126 = 4.755 0.040° 0.091 0.587
NOR ratio at 6 mo Fi66 = 18.537 <0.001° 0.407 0.986
NOR ratio at 10 mo Fi30 = 8.339 0.008° 0.266 0.790

EPM Test

Open arm time (s) at 2 mo Fi126 = 0.814 0.371 0.015 0.144
Open arm time (s) at 6 mo F166 = 34.628 <0.001" 0.562 1.000
Open arm time (s) at 10 mo F130=21.164 <0.001° 0.457 0.982
Closed arm time (s) at 2 mo F1126 = 1.499 0.226 0.027 0.225
Closed arm time (s) at 6 mo F166 = 83.861 <0.001" 0.765 1.000
Closed arm time (s) at 10 mo Fi30 = 77.731 <0.001° 0.724 1.000
Number of entries to open arm at 2 mo F1126 = 0.175 0.678 0.003 0.070
Number of entries to open arm at 6 mo F166 = 43.683 <0.001" 0.618 1.000
Number of entries to open arm at 10 mo Fi30 = 11.442 0.003" 0.332 0.899
EPM ratio at 2 mo F1126 = 0.024 0.877 0.001 0.053
EPM ratio at 6 mo F166 = 48.902 <0.001" 0.644 1.000
EPM ratio at 10 mo Fi30 = 9.533 0.005° 0.301 0.867
Rotarod Test
8 rpm speed (s) at 2 mo Fi126 = 0.211 0.648 0.004 0.074
8 rpm speed (s) at 6 mo F1,66 = 4.665 0.046° 0.220 0.555
8 rpm speed (s) at 10 mo F130 = 4.791 0.044* 0.192 0.532
16 rpm speed (s) at 2 mo F1126 = 0.079 0.780 0.049 0.059
16 rpm speed (s) at 6 mo F1,66 = 7.059 0.013° 0.207 0.726
16 rpm speed (s) at 10 mo Fi30 =4.771 0.043* 0.221 0.501
BBT
Latency (s) at 2 mo F1126 = 0.024 0.876 0.001 0.053
Latency (s) at 6 mo F166 = 20.832 <0.001" 0.432 0.993
Latency (s) at 10 mo F130 = 10.504 0.005° 0.412 0.857
Foot slips at 2 mo Fi126 = 0.218 0.642 0.004 0.074
Foot slips at 6 mo F166 = 41.501 <0.001° 0.606 1.000
Foot slips at 10 mo Fi30=111.91 <0.001° 0.882 1.000

Key: ANOVA, analysis of variance; BBT, balance beam test; dfd (N-G), degrees of freedom denominator; dfn (G-1), degrees of freedom numerator; EPM, elevated plus maze;
NOR, novel object recognition; PPI of the ASR, prepulse inhibition of the acoustic startle reflex; Partial n?, an estimate of effect size; PS, prenatal stress.
Univariate ANOVAs were used for statistical analyses.

2 p < 0.05.

b p<o001.

¢ The “between groups’ p-values” show p-values for the between-group comparisons.

4. Discussion not modified by age; (2) the PS offspring exhibited impairments in
all cognitive and motor tasks compared with the CG; (3) the PS

The 5 main findings were (1) The PS resulted in dysregulation of accelerated the onset age of showing a significant A pathology by
the HPA axis in both sexes, which was stronger in females and was 2—3 months; (4) The PS induced a significant overproduction of the
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Table 4
Statistical results of comparing the repeat of the PPI of the ASR across age per group

The ASR of the PPl Test Between groups’ p-Values® Significant main effects®

1,2mo 1,4mo 1,6mo 1,10mo 2,4mo 2,6mo 2,10mo 4,6mo 4,10mo 6,10 mo Fyfmdrd p n Power

Control Group

ASR amplitude (%)  0.167 0379  0.014* 0.003" 0.063 0.001° <0.001° 0.176 0.045° 046 Fy48 = 5.15 0.001° 0.158 0.962

PPI amplitude (%) <0.001° <0.001® <0.001° <0.001° 0.008" 0.175  0.444 0239 0.141 0.240 Fy4s = 23.87 <0.001° 0.465 1.000

ASR latency (ms) 0.410 0.589  0.001° <0.001° 0.250 0.001° <0.001® 0.020° 0.002° 0312 Fy4s = 7.27 <0.001° 0206 0.995

PPI latency (ms) 0524  <0.001° <0.001> 0.024° 0.004° <0.001° 0.097 0.070 0.463 0.026°  Fu4s = 1130 <0.001° 0.289 1.000
PS Group

ASR amplitude (%)  0.501 0.065  0.013° <0.001° 0.020° 0.004° <0.001° 0389 0.042° 0314 F44s = 638 <0.001° 0200 0.988

PPI amplitude (%) 0.425 0.001  0.021° 0156 0.015° 0130 0555 0.489 0.068 0.339 Fi4s =359  0.009° 0.120 0.859

ASR latency (ms) 0.232 0267 <0.001° 0.001° 0.261 0.048"°  0.010° 0.003° 0.015° 0485 Fass = 6.90 <0.001° 0230 0.987

PPI latency (ms) 0.052 0.006" <0.001° <0.001° 0.524 0.003” 0.047* 0.011* 0.137 0.279 F44s = 8.02 <0.001° 0241 0998

Key: ANOVA, analysis of variance; ASR, acoustic startle reflex; dfd (N-G), degrees of freedom denominator; dfn (G-1), degrees of freedom numerator; Partial n?, an estimate of

effect size; PP, prepulse inhibition; PS, prenatal stress.
Repeated measures ANOVAs were used for statistical analyses.
2 p < 0.05.
b p<001.

¢ The “between groups’ p-values” show p-values for the between-group comparisons.
4 The “significant main effects” demonstrate the statistical results of a significant main effect for every measure.

AP plaques and also larger plaque size across age; and (5) a sex
effect that may account for the higher vulnerability of females than
males for developing the AD-like pathology was observed in the
HPA axis responsivity, learning ability, and AP aggregation, espe-
cially in the PS group. We consider these findings in turn.

4.1. The PS created a persistent HPA axis hyperactivity across age

We measured corticosterone levels at 3 time spots across age,
namely at 2, 6, and 10 months. The PS resulted in a higher HPA axis
responsivity at 2 months, which was more hyperactive in females
than males. This pattern of response was replicated at older ages,
whereas all groups exhibited a small age effect that was not signif-
icant. Current evidence implies that dysregulation of the maternal

and fetal HPA axes, and the placenta by the PS, are the most likely
candidates for these alternations (Charil et al., 2010; Huizink et al.,
2004; Jafari et al., 2018b; Weinstock, 2017). It has been shown that
PS is associated with a higher basal glucocorticoid secretion (Fameli
et al., 1994; Jafari et al., 2017d; Maccari et al., 1995; Ward et al., 2000;
Weinstock et al., 1992), and a slower recovery after stress (Fride et al.,
1986; Jafari et al,, 2017d; Maccari et al, 1995; Uno et al., 1994)
especially in female rats (Weinstock et al., 1992). The PS also affects
hippocampal GRs involved in the negative feedback loop that in-
hibits the hormonal stress response and restores the system to a
constant state (Charil et al., 2010). The reduction in the density of
hippocampal GRs in the PS offspring (Henry et al., 1994; Szuran et al.,
2000; Weinstock et al., 1992) has also been female specific in some
studies (Szuran et al,, 2000; Weinstock et al., 1992).
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Fig. 3. Results of behavioral tests. (A) The rotarod test: (A1 and A2) A shorter rotarod time (sec) in the PS group compared with the control group. The rotarod time improvement by
age was only observed in the CG. (B) The BBT: (B1 and B2) The PS group displayed a significantly longer latency (sec) and a higher number of foot slips compared with the CG at
higher ages. Impaired results by age only were shown in the PS group. (C) The MWT: (C1) The swim latency (sec) was significantly higher in females than males at 6 months for the
CG and at 6 and 10 months for the PS group. The latency was also significantly higher in the PS group compared with the CG at higher ages. (C2) Improvement by age was not shown
in the SF group; that is, CM > CF > SM > SF. (C3) The probe test: The same pattern of lower scores in the PS group than the CG was observed, that is, SF < SM < CF < CM. A
significantly impaired probe time by age only was shown in SF group. Results reported as mean + SEM. Asterisks indicate *p < 0.05 or **p < 0.01. Abbreviations: BBT, balance beam
test; CF, control female; CG, control group; CM, control male; MWT, Morris water task; PS, prenatal stress; SF, stress female; SM, stress male.
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Fig. 4. The AP plaque area at 2 and 4 months. (

Sa S VAN
Bregma -3.08 mm

ACA: Anterior Cingulate Area HR: Hippocampal Region CAA: Cortical Amygdalar Area

OA: Olfactory Area  NA: Nucleus Accumbens PPA: Posterior Parietal Area

B Two Months Age

Bregma -2.06 mm Bregma -5.34 mm
HB: Hindbrain

MB: Mid Brain

EA: Entorhinal Area
RA: Retrosplenial Area

A) Six coronal sections (A1-A6) selected for quantifying the AB plaque area (%) in the 4 groups. (B) Samples of 6 coronal sections at

2 months: Except for the section A6 that was clear of any AB plaques, the PS groups displayed a significantly higher PA and larger plaque size (um) in all sections relative to the CGs.
The PA was also significantly higher in most of the specific brain areas underlined (refer to Fig. 5 for details of statistical analyses). (C) Samples of 6 coronal sections at 4 months: PS
groups exhibited a significantly higher PA and larger plaque size (um) in all sections and specific brain regions compared with the CGs (refer to Fig. 5). Abbreviations: Ap, amyloid

beta; CG, control group; OA, olfactory area; PS, prenatal stress.

During pregnancy, CRH was synthesized by the placenta and
released into the maternal and fetal blood flow. This placental CRH
activity is modulated by the maternal HPA axis (Huizink et al., 2004).
The PS activates the maternal HPA axis, resulting in excess production
and release of placental CRH into the bloodstream that influences the
hippocampus function and integrity (Sandman et al., 2006) and also
other parahippocampal and limbic areas rich in CRH receptors that are
involved in mood disorders, anxiety, aggression, and impulsivity
disorders (Wadhwa et al., 2004). In addition, the PS adversely affects
functions of the placenta such as delivering nutrients and oxygen to
the fetus via altering placental morphology and growth (Angiolini
et al, 2006) and reducing the blood flow by increasing vascular

resistance (Charil et al., 2010). The PS also increases proinflammatory
cytokines in placental tissues, which have been found to be associated
with neurodevelopmental disorders (Crocker, 2006).

Beyond the HPA axis, the sympathetic-adrenal-medullary sys-
tem is another neuroendocrine system known to be highly sus-
ceptible to the influence of gestational and environmental factors
during development (Young, 2002). Various studies have impli-
cated that the PS may lead to a significant increase in catechol-
amines levels, that is, norepinephrine and epinephrine, resulting in
placental hypoperfusion and subsequent constraints of oxygen and
nutrients to the fetus, leading to fetal growth impairments (de
Weerth and Buitelaar, 2005; Su et al., 2015).
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Table 5

Comparing the PS and control groups in AP quantifications (plaque area and plaque size) across age

Z. Jafari et al. / Neurobiology of Aging 77 (2019) 66—86

Plaque area (%) and plaque size (um)

Between groups’ p-Values®

Significant main effects®

CM, SM CF, SF CM, CF SM, SF Fafn.dfd p n Power
2 mo
A1 total plaque area (%) <0.001° <0.001° 0.435 0.387 F3124 = 18.186 <0.001° 0.694 1.000
FP (%) <0.001° <0.001° 0.134 0.657 F3,124 = 40.621 <0.001° 0.835 1.000
OA (%) 0.007° <0.001° 0.437 0.201 F3,124 = 7.586 0.001° 0.487 0.970
Size (um) 0.009° 0.006" 0.684 0.428 F3,124 = 5.969 0.004" 0.438 0.918
A2 total plaque area (%) 0.006° 0.002° 0.804 0.444 F3124 = 7.264 0.001° 0.476 0.963
IC (%) <0.001° <0.001" 0.452 0.346 F3124 = 24.451 <0.001" 0.753 1.000
Size (um) 0.003" 0.002° 0.845 0.703 F3 124 = 7.747 0.001° 0.514 0.971
A3 total plaque area (%) 0.005" 0.088 0.579 0.457 F3124 = 4.269 0.015% 0.348 0.799
ACA (%) 0.036° 0.012° 0.890 0.546 Fs124 = 4.178 0.016° 0.343 0.789
NA (%) 0.213 0.243 0.656 0.416 F3124 = 1.228 0.321 0.133 0.286
Size (um) <0.001° <0.001° 0.498 0.661 F3124 = 14.228 <0.001° 0.640 1.000
A4 total plaque area (%) 0.006° 0.002° 0.804 0.441 F3124 = 7.264 0.001° 0.476 0.963
PPA (%) 0.007" <0.001" 0.839 0.382 F3124 = 7.472 0.001° 0.483 0.968
HR (%) 0.228 0.065 0.833 0.179 F3124 = 1.920 0.153 0.194 0.433
Size (um) 0.018° 0.012° 0.637 0.483 F3.124 = 4.888 0.009" 0.400 0.849
A5 total plaque area (%) 0.015° 0.040° 0.416 0.707 F3.124 = 4.102 0.017° 0.339 0.781
RA (%) 0.034° 0.014% 0.939 0.645 F3124 = 4.072 0.018% 0.337 0.778
EA (%) 0.149 0.243 0.245 0.380 F3124 = 1.941 0.150 0.195 0.437
CAA (%) 0.104 0.058 0.694 0.493 F3124 = 2.470 0.086 0.236 0.540
Size (um) 0.018° 0.032° 0.679 0.877 F3124 = 3.992 0.021% 0.353 0.762
4 mo
A1 total plaque area (%) <0.001° <0.001° 0.871 0.363 F30p = 12.142 <0.001° 0.603 0.999
FP (%) 0.026° 0.004° 0.962 0.389 F392 = 5.466 0.005° 0.406 0.894
OA (%) 0.003" 0.010° 0.229 0.465 F302 = 6.869 0.002" 0.462 0.953
Size (um) 0.002° 0.002° 0.921 0.608 F302 = 9.068 <0.001° 0.531 0.988
A2 total plaque area (%) <0.001° <0.001° 0.466 0.865 F392 = 18.849 <0.001° 0.702 1.000
IC (%) <0.001° <0.001° 0.790 0.507 F3o2 = 23.174 <0.001° 0.743 1.000
Size (um) <0.001° <0.001° 0.750 0.253 F302 = 21.303 <0.001° 0.727 1.000
A3 total plaque area (%) <0.001° <0.001° 0.447 0.479 F302 = 18.391 <0.001° 0.697 1.000
ACA (%) 0.001° 0.001° 0.828 0.587 F39; = 10.016 <0.001° 0.556 0.994
NA (%) <0.001° <0.001° 0.664 0.738 F302 = 14.339 <0.001° 0.642 1.000
Size (um) 0.001° 0.001° 0.793 0.551 F302 = 11.773 <0.001° 0.595 0.998
A4 total plaque area (%) <0.001° <0.001"° 0.837 0.906 F30, = 13.871 <0.001° 0.634 1.000
PPA (%) <0.001° 0.002° 0.261 0.877 F302 = 11.415 <0.001° 0.588 0.908
HR (%) <0.001° <0.001° 0.709 0.812 F397 = 35.095 <0.001° 0.814 1.000
Size (um) <0.001° <0.001" 0.655 0.722 F30p = 23.223 <0.001" 0.744 1.000
A5 total plaque area (%) <0.001° <0.001° 0.801 0.699 F392 = 13.962 <0.001° 0.636 1.000
RA (%) <0.001° <0.001° 0.530 0.607 F392 = 16.408 <0.001° 0.672 1.000
EA (%) <0.001° <0.001" 0424 0.738 Fs9, = 32.388 <0.001" 0.802 1.000
CAA (%) <0.001° <0.001° 0.664 0.804 Fs9 = 22.162 <0.001° 0.735 1.000
Size (um) <0.001° 0.002° 0.683 0.674 F392 = 9.781 <0.001° 0.550 0.993
A6 total plaque area (%) <0.001° <0.001° 0.728 0.377 F39 = 12.892 <0.001° 0.617 0.999
MB (%) <0.001° <0.001° 0.864 0.648 F302 = 23.766 <0.001° 0.748 1.000
HB (%) 0.005" 0.003" 0.657 0.506 F302 = 7.178 0.001° 0.473 0.961
Size (um) <0.001° <0.001° 0.504 0.607 F39 = 17.658 <0.001° 0.688 1.000
6 mo
A1 total plaque area (%) <0.001° <0.001° 0.225 0.025° F364 = 17.093 <0.001° 0.681 1.000
FP (%) 0.005° <0.001° 0.411 0.041° F364 = 10.565 <0.001° 0.569 0.996
OA (%) <0.001° <0.001° 0.281 0.429 F364 = 14.584 <0.001° 0.646 1.000
Size (um) <0.001° <0.001° 0.414 0.173 F364 = 29.449 <0.001° 0.786 1.000
A2 total plaque area (%) 0.008" 0.001° 0.586 0.044° Fsg4 = 8.111 0.001° 0.503 0.978
IC (%) 0.002° <0.001° 0.148 0.028° F364 = 13.190 <0.001° 0.622 0.999
Size (um) <0.001° <0.001" 0.208 0.240 F364 = 16.616 <0.001° 0.675 1.000
A3 total plaque area (%) <0.001° <0.001° 0.216 0.013° Fsgq = 20.544 <0.001° 0.720 1.000
ACA (%) 0.004° <0.001° 0.370 0.046° F364 = 10.949 <0.001° 0.599 0.997
NA (%) 0.009" 0.003" 0.394 0.183 F364 = 7.163 0.001° 0.472 0.961
Size (um) 0.001° <0.001° 0.865 0.031° F364 = 19.420 <0.001° 0.708 1.000
A4 total plaque area (%) <0.001° <0.001° 0.024° 0.031° F364 = 18.902 <0.001° 0.703 1.000
PPA (%) 0.021° 0.007° 0.513 0.266 Fs64 = 5.462 0.005" 0.406 0.894
HR (%) <0.001° <0.001° 0.156 0.190 F364 = 16.117 <0.001° 0.668 1.000
Size (um) <0.001" <0.001° 0.745 0.006" F364 = 19.450 <0.001° 0.709 1.000
A5 total plaque area (%) <0.001° <0.001° 0.525 0.018° F364 = 13.454 <0.001° 0.627 0.999
RA (%) <0.001° <0.001° 0.193 0.046° F36q = 15.194 <0.001° 0.655 1.000
EA (%) <0.001" <0.001° 0.277 0.206 Fs64 = 12.653 <0.001° 0.613 0.999
CAA (%) <0.001° <0.001° 0.173 0.136 F364 = 13.672 <0.001° 0.631 1.000
Size (um) 0.001° <0.001° 0.828 0.250 F364 = 13.716 <0.001° 0.634 1.000
A6 total plaque area (%) <0.001° <0.001° 0.006" <0.001° F364 = 30.013 <0.001” 0.790 1.000
MB (%) <0.001° <0.001° 0.104 0.172 F364 = 15.595 <0.001° 0.661 1.000
HB (%) <0.001° <0.001° 0.016° <0.001° F364 = 27.046 <0.001° 0.772 1.000
Size (um) 0.016° <0.001° 0.617 0.020° Fs64 = 10.685 <0.001° 0.572 0.996
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Table 5 (continued )

Plaque area (%) and plaque size (um) Between groups’ p-Values®

Significant main effects®

CM, SM CF, SF CM, CF SM, SF Fan.drd p n Power
10 mo
Al total plaque area (%) 0.009" 0.008" 0.744 0.753 F328 = 5.295 0.006" 0.398 0.883
FP (%) 0.004° 0.034° 0.241 0.764 F3.5 = 5.380 0.006" 0.402 0.889
0A (%) <0.001° <0.001° 0.559 0.549 F328 = 12.033 <0.001° 0.601 0.999
Size (um) <0.001" <0.001° 0.177 0.251 F3 28 = 27.378 <0.001° 0.774 1.000
A2 total plaque area (%) 0.008° 0.001° 0.602 0.704 F3,5 = 12.686 0.001° 0.613 0.999
IC (%) <0.001° <0.001° 0.699 0.482 F328 = 28.395 <0.001° 0.780 1.000
Size (um) 0.001° <0.001° 0.601 0.042° F3 28 = 15.484 <0.001° 0.679 1.000
A3 total plaque area (%) 0.002° 0.004° 0.437 0.548 F38 = 7.617 0.001° 0.488 0.971
ACA (%) 0.038° 0.007° 0.651 0.235 F3.5 = 4.974 0.008" 0.383 0.861
NA (%) 0.001° 0.001° 0.318 0.381 F328 = 9.816 <0.001° 0.551 0.993
Size (um) <0.001" <0.001° 0.467 0.287 F38 = 15.773 <0.001° 0.663 1.000
A4 total plaque area (%) 0.006" 0.009" 0.028° 0.041° F3,s = 8.838 <0.001° 0.525 0.987
PPA (%) 0.008" 0.003" 0.227 0.134 Fi8 = 7.714 0.001° 0.491 0.972
HR (%) 0.004" 0.002° 0.752 0.0.550 F328 = 7.436 0.001° 0.482 0.967
Size (um) 0.001° <0.001° 0.800 0.036° F3,s = 28.616 <0.001° 0.783 1.000
A5 total plaque area (%) 0.005" 0.009° 0.295 0.447 F3,s = 6.284 0.003" 0.440 0.934
RA (%) <0.001° <0.001° 0.328 0.205 F3as = 12.624 <0.001° 0.612 0.999
EA (%) 0.012° 0.015° 0.224 0.267 F3.8 = 5.695 0.004° 0.416 0.907
CAA (%) 0.002° 0.005" 0.329 0.603 F328 = 7.858 0.001° 0.496 0.975
Size (um) 0.003" 0.001° 0.826 0.477 F328 = 8.836 <0.001° 0.525 0.987
A6 total plaque area (%) 0.001° <0.001° 0.341 0.275 F3.s = 11.308 <0.001° 0.586 0.998
MB (%) 0.001° <0.001° 0.651 0.194 F38 = 11.873 <0.001° 0.597 0.999
HB (%) <0.001" <0.001° 0.323 0.127 F3,8 = 17.590 <0.001° 0.687 1.000
Size (um) 0.048 0.021° 0.417 0.203 F3.s = 4.468 0.014° 0.398 0.798

Key: ANOVA, analysis of variance; ACA, anterior cingulate area; CAA, cortical amygdalar area; CF, control female; CM, control male; dfd (N-G), degrees of freedom denominator; dfn
(G-1), degrees of freedom numerator; EA, entorhinal area; FP, frontal pole; HB, hindbrain; HR, hippocampal region; IC, isocortex; MB, midbrain; NA, nucleus accumbens; OA, olfactory
area; Partial 12, an estimate of effect size; PPA, posterior parietal area; PPC, posterior parietal cortex; PS, prenatal stress; RA, retrosplenial area; SF, stress female; SM, stress male.

A univariate ANOVA was used for statistical analyses.
2 p < 0.05.
b p<o001.

¢ The “between groups’ p-values” show p-values for the between-group comparisons.

94 The “significant main effects” indicate the statistical results of a significant main effect for every measure.

4.2. The PS aggravates learning, cognitive, and motor function

Ample evidence of experimental studies indicates that maternal
stressors in rodents can replicate some of the behavioral abnor-
malities observed in humans including deficits in anxiety-like
behavior, social interaction, spatial learning and memory
(Weinstock, 2017), and adaptation to postnatal stressful conditions
(Huizink et al., 2004). In our study, the PS produced significant
enduring impairments in all learning, memory, and cognitive tasks.
It resulted in a significant loss in the amplitude and latency of the
PPI, which is an index of impairment in sensorimotor gating
(Rohleder et al.,, 2016), a decreased tendency to explore the new
object, a sign of impaired attention or short-term memory
(Weinstock, 2017), a decreased time spent in open arm and lower
entries to open arm as an index of anxiety-like behavior (Burgado
et al., 2014; Jafari et al., 2017a) and a markedly longer latency and
shorter probe time in MWT specially in females, thus supporting a
deficit in spatial learning and memory (Cuadrado-Tejedor et al.,
2012; Fang et al.,, 2018; Jafari et al., 2017c). Ample evidence im-
plies that hyperactivity of the HPA axis due to PS can downregulate
receptors in the hippocampus, the hypothalamus, and the pituitary
or adrenal glands, decrease the sensitivity of the receptors at any of
these levels, alter the CRH levels or affinity of plasma binding
proteins (Huizink et al., 2004), and lead to modulations in cognitive
performance (Kim et al., 2015). Increased release of both CRH and
corticosterone has also been shown in females than males in
response to various stressful events (Toufexis et al., 2014).

Among brain neurotransmitter systems, studies suggest that the
PS leads to an overactive noradrenergic system with increased
central norepinephrine turnover (Huizink et al., 2004). The sero-
tonergic system (5-hydroxytryptamine, 5-HT) that is associated
with mood disorders, anxiety, aggression, and impulsivity also has

been shown to play a role in brain development. A PS-induced in-
crease in fetal brain 5-HT synthesis owing to the HPA-axis hyper-
activity has been shown to result in a reduction of 5-HT binding
sites in the hippocampus and affect postnatal development and
behavior (Charil et al., 2010; Huizink et al., 2004). The cholinergic
system is also implicated in learning and memory and may be
involved in mood and cognitive disorders. PS has been found to
increase hippocampal acetylcholine release, inhibit the influence of
cholinergic receptors on the activity of the HPA axis, downregulate
hippocampal GRs, and influence the memory and learning abilities
of the offspring (Charil et al., 2010; Huizink et al., 2004). PS is also
associated with alterations of dopamine receptor systems. The
dopaminergic system is involved in the control of locomotion,
cognition, and affect (Huizink et al., 2004), and its alternations have
been shown to be associated with delayed early motor develop-
ment (Barlow et al.,, 1978) and increased fearfulness to stressful
situations (Weinstock, 2017). BDNF as a member of the family of
neurotrophins that is expressed in the hippocampus and required
for proper development and survival of dopaminergic, GABAergic,
cholinergic, and serotonergic neurons is also crucial for learning
and memory processes (Autry and Monteggia, 2012). PS has been
shown to produce a decrease in BDNF mRNA in the frontal cortex
and hippocampus of rodents with a reduction in social interaction
(Dong et al., 2015), memory (Ratajczak et al., 2015), or increased
anxiety-like behavior (Jia et al., 2015).

In our study, the PS also induced impairments in balance and
motor coordination that led to less time in RR and higher foot slips
and longer time to traverse across the balance beam. Although
mouse studies probing motor performance in APP transgenic mice
by applying the RR or other tasks did not report major abnormal-
ities (Bellucci et al., 2006; Dineley et al., 2002; Lalonde et al., 2005),
existing evidence suggests that stress can modulate motor system
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Fig. 5. Development of Ap aggregation across age. (A) Development of plaque deposition in 6 coronal sections and some specific brain regions underlined was compared between the PS
and control groups over age. The plaque area significantly increased by age in all groups (refer to Table 6 for details of statistical analyses). The female mice revealed a significantly higher
plaque area and larger plaque size in some measures presented with red asterisks. (B) The total plaque area was significantly higher and (C) the plaque size was significantly larger in the
PS groups than the control animals. (D) The plaque area was also significantly larger in all specific brain regions (D1-D12). Black asterisks above each age represent the significant
differences between control male and stress male groups as well as control female and stress female groups. Results reported as mean + SEM. Asterisks indicate *p < 0.05 or **p < 0.01.
Abbreviations: AB, amyloid beta; PS, prenatal stress. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

function leading to the pathology of movement disorders (Jafari
et al,, 2018a,b; Metz, 2007; Metz et al., 2005; Tamura et al., 2012).
Although GRs often are found in the limbic system, most parts of
the motor system including the motor cortex, cerebellum, basal
ganglia (Ahima and Harlan, 1990; Harle et al., 2017), and white
matter of the spinal cord (Marlier et al., 1995) also exhibit the
presence of GRs leading to be susceptible to the release of stress
hormones (Metz, 2007). Extensive evidence implies that hyperac-
tivity of the HPA axis due to stress or glucocorticoid injections can
modulate different aspects of balance and motor coordination

(Harle et al., 2017; Jafari et al., 2017d, 2018a, 2018b; Metz, 2007,
Metz et al., 2005). Neuropathological studies in patients with AD,
however, affirm motor disturbances in the later stages of the dis-
ease (Suva et al,, 1999; Wirths and Bayer, 2008) and also as a
characteristic feature of early AD pathology (Scarmeas et al., 2004;
Wilson et al., 2000). Thus, the patients with AD manifest a higher
level of gait disorder according to the disease stage (Goldman et al.,
1999; O’Keeffe et al., 1996). Recent human studies also implicate
that PS or anxiety during gestation negatively modifies infant
neuromotor development (Grace et al., 2016; van Batenburg-Eddes
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Table 6
Statistical results of comparing the repeat of AB quantifications (plaque area and plaque size) across age per group
Brain sections Between groups’ p-Values® Significant main effects®
Age 2,4 mo 2,6 mo 2,10 mo 4, 6 mo 4, 10 mo 6, 10 mo Fafn,dfa p nz Power
Control male
Al (%) <0.001° <0.001° <0.001° <0.005" <0.001° 0.027° F321 = 71.234 <0.001° 0.922 1.000
IC (%) <0.001° <0.001° <0.001° 0.007° <0.001° 0.002° F31 = 135301 <0.001° 0.958 1.000
OA (%) 0.086 0.001° <0.001° 0.026° 0.002° 0.228 F321 = 18.592 <0.001° 0.756 1.000
Size (um) 0.001° <0.001° <0.001° <0.001° <0.001" 0.233 F321 = 84.307 <0.001" 0.934 1.000
A2 (%) 0.001° 0.001° <0.001° 0.003" <0.001° 0.033° F321 = 71.123 <0.001° 0.922 1.000
IC (%) 0.001" <0.001" <0.001" 0.003" <0.001” 0.004° F31 = 109.391 <0.001” 0.948 1.000
Size (um) 0.007° <0.001" <0.001° <0.001° 0.001° 0.253 F321 = 77.217 <0.001° 0.939 1.000
A3 (%) 0.012° <0.001° <0.001° <0.001° <0.001° <0.001° F31 = 240.184 <0.001° 0.976 1.000
ACA (%) 0.040° <0.001" <0.001" <0.001° <0.001” 0.071 F3 = 53.817 <0.001" 0.900 1.000
NA (%) 0.026° <0.001° <0.001° <0.001° <0.001" 0.168 F321 = 55.709 <0.001° 0.903 1.000
Size (um) 0.007° <0.001° <0.001° <0.001° <0.001° 0.324 F321 = 134.153 <0.001° 0.957 1.000
A4 (%) 0.003" <0.001° <0.001° <0.001° <0.001° 0.002° F321 = 165.702 <0.001° 0.956 1.000
PPA (%) <0.001" <0.001" <0.001" <0.001° <0.001” 0.216 F321 = 102.963 <0.001° 0.945 1.000
HR (%) 0.014° <0.001° <0.001° <0.001° <0.001" 0.010° F321 = 138.363 <0.001° 0.958 1.000
Size (um) 0.027° <0.001° <0.001° <0.001° <0.001° 0.435 F321 = 160.254 <0.001° 0.970 1.000
A5 (%) 0.004" <0.001" <0.001" <0.001° <0.001” 0.002° F371 = 191.845 <0.001° 0.970 1.000
RA (%) 0.058 <0.001° <0.001° <0.001° <0.001" 0.353 F321 = 108.621 <0.001° 0.948 1.000
EA (%) <0.001° <0.001° <0.001° <0.001° <0.001° 0.489 F321 = 158.021 <0.001° 0.963 1.000
CAA (%) 0.004° <0.001° <0.001° <0.001° <0.001° 0.086 F321 = 165.841 <0.001° 0.965 1.000
Size (um) 0.016° <0.001" <0.001" <0.001° <0.001” 0.308 F321 = 97.737 <0.001° 0.951 1.000
A6 (%) <0.001° <0.001° <0.001° <0.001° <0.001" 0.036° F31 = 238.203 <0.001" 0.975 1.000
MB (%) 0.004" <0.001° <0.001° <0.001° <0.001° 0.002° F321 = 308.239 <0.001° 0.981 1.000
HB (%) 0.003" <0.001" <0.001" <0.001° <0.001” 0.008° F321 = 227.596 <0.001° 0.976 1.000
Size (um) <0.001° <0.001° <0.001° <0.001° <0.001° <0.001° F321 = 88.262 <0.001° 0.907 1.000
Control Female
Al (%) 0.002° <0.001° <0.001° <0.001° <0.001” 0.009° F321 = 81.583 <0.001° 0.931 1.000
IC (%) 0.001° <0.001° <0.001° 0.004" <0.001° 0.001° F321 = 128.813 <0.001° 0.955 1.000
OA (%) 0.001° <0.001° <0.001° 0.009" <0.001° 0.182 F31 = 40.343 <0.001° 0.871 1.000
Size (um) 0.006" <0.001° <0.001° <0.001° <0.001° 0.155 F371 = 106.014 <0.001° 0.946 1.000
A2 (%) 0.019° <0.001° <0.001° 0.001° <0.001° 0.055 Fs321 = 60.273 <0.001° 0.909 1.000
IC (%) 0.002° <0.001° <0.001° <0.001° <0.001° 0.040° F321 = 191.834 <0.001" 0.970 1.000
Size (um) 0.017° <0.001° <0.001° <0.001° <0.001° 0.985 F321 = 96.678 <0.001° 0.951 1.000
A3 (%) 0.007° <0.001° <0.001° <0.001° <0.001° 0.001° F3,; = 218.337 <0.001° 0.973 1.000
ACA (%) <0.001" <0.001" <0.001° <0.001° <0.001° 0.201 F321 = 62.710 <0.001° 0913 1.000
NA (%) 0.002° <0.001° <0.001° 0.001° <0.001° 0.267 F321 = 53.507 <0.001° 0.899 1.000
Size (um) 0.009” <0.001" <0.001" <0.001° <0.001” 0.130 F321 = 106.370 <0.001" 0.947 1.000
A4 (%) 0.001° <0.001° <0.001° <0.001° <0.001" 0.002° Fs321 = 290.284 <0.001° 0.980 1.000
PPA (%) <0.001° <0.001° <0.001° 0.002° 0.001° 0.056 F321 = 85.750 <0.001° 0.935 1.000
HR (%) 0.001"° <0.001" <0.001" <0.001° <0.001” <0.029° F321 = 230.660 <0.001 0.975 1.000
Size (um) 0.032° <0.001" <0.001° 0.001° <0.001° 0.384 F321 = 77.851 <0.001° 0.940 1.000
A5 (%) 0.008" <0.001° <0.001° <0.001° <0.001° 0.002° F321 = 168.187 <0.001° 0.966 1.000
RA (%) 0.005" <0.001° <0.001° <0.001° <0.001° 0.495 F3 = 78.443 <0.001° 0.929 1.000
EA (%) <0.001" <0.001" <0.001" <0.001° <0.001” 0.253 F321 = 154.848 <0.001" 0.963 1.000
CAA (%) 0.001° <0.001° <0.001° <0.001° <0.001" 0.106 F321 = 152.547 <0.001" 0.962 1.000
Size (um) 0.031° <0.001° <0.001° <0.001° <0.001° 0.358 F31 = 79.829 <0.001° 0.941 1.000
A6 (%) <0.001" <0.001" <0.001" <0.001° <0.001” 0.566 F31 = 128.547 <0.001° 0.955 1.000
MB (%) 0.006" <0.001° <0.001° <0.001° <0.001" 0.280 F321 = 310.161 <0.001° 0.981 1.000
HB (%) 0.003" <0.001° <0.001° <0.001° <0.001° 0.085 F321 = 346.210 <0.001° 0.983 1.000
Size (um) <0.001° <0.001° <0.001° <0.001° <0.001° <0.001° F321 = 70.927 <0.001° 0.887 1.000
Stress Male
Al (%) 0.011° 0.011° <0.001° <0.001° <0.002" <0.030° F321 = 33.453 <0.001" 0.848 1.000
IC (%) 0.016° 0.001° <0.001° 0.007° 0.001° 0.042° F321 = 31.495 <0.001° 0.840 1.000
OA (%) 0.011° <0.001" <0.001 0.002° 0.002" 0.103 F321 = 35.967 <0.001° 0.857 1.000
Size (um) 0.004" <0.001° <0.001° <0.001° <0.001° 0.395 F321 = 123.601 <0.001° 0.954 1.000
A2 (%) 0.004" <0.001° <0.001° 0.008" <0.001° 0.002° F321 = 45.194 <0.001° 0.883 1.000
IC (%) 0.002° <0.001" <0.001° 0.006" <0.001° 0.005° F321 = 53.728 <0.001° 0.900 1.000
Size (um) <0.001" <0.001" <0.001° <0.001° <0.001” 0.730 F321 = 116.361 <0.001° 0.951 1.000
A3 (%) 0.006" <0.001° <0.001° 0.002° <0.001" <0.001° F31 = 272.849 <0.001° 0.978 1.000
ACA (%) 0.003" <0.001° <0.001° 0.016° 0.019° 0.195 F321 = 33.487 <0.001° 0.848 1.000
NA (%) <0.001° <0.001° <0.001° 0.207 0.002° 0.051 F31 = 48.265 <0.001° 0.889 1.000
Size (um) <0.001° <0.001° <0.001° <0.001° <0.001° 0.072 F321 = 110913 <0.001° 0.949 1.000
A4 (%) <0.001° <0.001° <0.001° 0.002° <0.001° 0.001° F321 = 103.287 <0.001° 0.945 1.000
PPA (%) 0.001° <0.001° <0.001° 0.028° 0.002° 0.325 F31 = 41.694 <0.001° 0.874 1.000
HR (%) <0.001° <0.001° <0.001° 0.001° <0.001° 0.260 F31 = 105.844 <0.001° 0.946 1.000
Size (um) <0.001° <0.001° <0.001° <0.001° <0.001° 0.014° F31 = 216.449 <0.001° 0.973 1.000
A5 (%) <0.001° <0.001° <0.001° 0.0011° 0.001° 0.002° F321 = 79.933 <0.001° 0.930 1.000
RA (%) 0.002° <0.001° <0.001° <0.001° <0.001° 0.330 Fs3,1 = 58.294 <0.001° 0.907 1.000
EA (%) <0.001° <0.001° <0.001° <0.019° <0.001" 0.489 F321 = 53.956 <0.001° 0.900 1.000
CAA (%) <0.001° <0.001° <0.001° <0.001° <0.001° 0.145 F371 = 111.954 <0.001° 0.949 1.000
Size (um) 0.003"” <0.001" <0.001° 0.001° <0.001” 0.130 F321 = 89.937 <0.001” 0.937 1.000
A6 (%) <0.001° <0.001° <0.001° <0.001° <0.001° 0.176 F321 = 131.788 <0.001° 0.956 1.000
MB (%) 0.001° <0.001° <0.001° <0.001° <0.001° 0.093 F37 = 116.111 <0.001° 0.951 1.000

(continued on next page)
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Brain sections

Between groups’ p-Values®

Significant main effects®

2

Age 2,4 mo 2,6 mo 2,10 mo 4, 6 mo 4, 10 mo 6, 10 mo Fafn,dfd p n Power
HB (%) 0.001" <0.001° <0.001° <0.001" <0.001° 0.183 F321 = 160.191 <0.001° 0.964 1.000
Size (um) 0.039° <0.001° <0.001° 0.002° <0.001° 0.002° F31 = 64.864 <0.001° 0.938 1.000

Stress Female

Al (%) <0.001° <0.001° <0.001° 0.002° <0.001° 0.374 F321 = 63.519 <0.001° 0914 1.000
IC (%) 0.001° <0.001° <0.001° <0.001° <0.001° 0.007° F321 = 66.801 <0.001° 0.918 1.000
OA (%) 0.018° <0.001° <0.001° 0.024° 0.003" 0.103 F351 = 30.519 <0.001" 0.836 1.000
Size (um) 0.058 <0.001° <0.001° <0.001° <0.001° 0.719 F321 = 56.350 <0.001° 0.904 1.000

A2 (%) 0.011° <0.001° <0.001° 0.007° <0.001° 0.567 F321 = 36.636 <0.001° 0.859 1.000
IC (%) 0.003" <0.001" <0.001° 0.015% 0.001° 0.160 F3o1 = 41.673 <0.001" 0.874 1.000
Size (um) <0.001° <0.001° <0.001° 0.001° <0.001° 0.574 F321 = 85.676 <0.001° 0.935 1.000

A3 (%) 0.005° <0.001° <0.001° <0.001° <0.001° 0.073 F321 = 101.750 <0.001° 0.944 1.000
ACA (%) 0.002° <0.001° <0.001° 0.006" <0.001° 0.239 F321 = 58.083 <0.001° 0.906 1.000
NA (%) 0.002° <0.001° <0.001° 0.091 0.015° 0.041° F3,1 = 41.345 <0.001° 0.873 1.000
Size (um) <0.001” <0.001° <0.001° <0.001" <0.001° 0.389 Fs321 = 116.271 <0.001° 0.951 1.000

A4 (%) 0.007" <0.001° <0.001° 0.002° 0.001° 0.014° F321 = 67.946 <0.001° 0.919 1.000
PPA (%) 0.001° <0.001° <0.001° <0.001° <0.001° <0.001° F3,1 = 72.918 <0.001° 0.924 1.000
HR (%) <0.001” <0.001° <0.001° 0.011% 0.001° 0.558 F321 = 132.320 <0.001° 0.957 1.000
Size (um) <0.001° <0.001° <0.001° <0.001” <0.001° 0.071 F321 = 244.583 <0.001° 0.876 1.000

A5 (%) 0.003" <0.001° <0.001° 0.004" <0.001° 0.040° F3,1 = 70.386 <0.001° 0.921 1.000
RA (%) 0.006° <0.001° <0.001° <0.001° <0.001° 0.256 F351 = 87.803 <0.001° 0.936 1.000
EA (%) <0.001” <0.001° <0.001° 0.004" <0.001° 0.630 F321 = 62.361 <0.001° 0912 1.000
CAA (%) 0.001" <0.001" <0.001° 0.001° <0.001° 0.641 Fs21 = 65.089 <0.001° 0.916 1.000
Size (um) <0.001° <0.001° <0.001° <0.001° <0.001° 0.369 F351 = 96.701 <0.001° 0.942 1.000

A6 (%) <0.001” <0.001° <0.001° <0.001" <0.001° 0.476 F321 = 299.137 <0.001° 0.980 1.000
MB (%) <0.001" <0.001" <0.001° <0.001° <0.001° 0.255 F321 = 164.112 <0.001" 0.965 1.000
HB (%) 0.002° <0.001° <0.001° <0.001° <0.001° 0.009" F3,1 = 292.018 <0.001° 0.980 1.000
Size (um) 0.001° <0.001° <0.001° 0.002° <0.001° 0.007° F321 = 107.964 <0.001° 0.956 1.000

Key: ANOVA, analysis of variance; ACA, anterior cingulate area; CAA, cortical amygdalar area; dfd (N-G), degrees of freedom denominator; dfn (G-1), degrees of freedom
numerator; EA, entorhinal area; HB, hindbrain; HR, hippocampal region; IC, isocortex; MB, midbrain; mPFC, medial prefrontal cortex; NA, nucleus accumbens; OA, olfactory
area; Partial n2, an estimate of effect size; PPA, posterior parietal area; PPC, posterior parietal cortex; RA, retrosplenial area.

Repeated measures ANOVAs were used for statistical analyses.
4 p < 0.05.
b p<001.

¢ The “between groups’ p-values” show p-values for the between-group comparisons.

d The “significant main effects” indicate the statistical results of a significant main effect for every measure.

et al,, 2009). Given our findings and current evidence demon-
strating neuropathological changes under HPA axis dysregulation
and/or the AD process, future studies are required to unveil how the
PS alters motor behavior in an appropriate APP mouse model.

4.3. The PS led to an earlier onset and overproduction of the AS
plaques

Current lines of evidence from laboratories and clinics world-
wide support the notion that an imbalance between production and
clearance of AB4 and related AP peptides is a very early, often
initiating factor in AD (Fang et al., 2018; Selkoe and Hardy, 2016). In
our study, the PS accelerated the appearance of Af plaques by
2—3 months as it induced a significant number of plaques, espe-
cially in cortical areas at 2 months, whereas the control animals
began to show AP plaques at 4 months. Both groups displayed a
remarkable development of plaques at 6 months, although the PA
and largest plaque size were significantly larger across age in the PS
group than the CG. Among specific brain regions selected for further
analysis, FP, OA, ACA, PPA, and RE were the first brain areas that
exhibited a higher PA in the PS group than the CG at 2 months.
Other areas, that is, NA, HR, CAA, entorhinal area, MB, and HB, began
to show a significant difference later at 4 months. The results were
also sex specific, being higher in the female stress group. Our
findings in PS overproduction of Ap plaques, which were consistent
with the behavioral measures of cognition, were congruent with
contemporary laboratory and clinical evidence that supports the
major impact of the AB4, overproduction in early signs and pro-
gression of AD (Selkoe and Hardy, 2016). Although reduced synapse
number has long been recognized as likely the strongest quanti-
tative neuropathological correlate of the AD, experimental studies

have shown that soluble oligomers of AB4; isolated from the brains
of patients with AD impair synapse number, inhibit long-term
potentiation, and enhance long-term synaptic depression in ro-
dent hippocampus, and injecting them into healthy rats impairs
memory (Shankar et al., 2008). Even in postmortem brain tissue of
subjects who were clinically mildly demented shortly before death,
the higher oligomer-to-plaque ratio has been revealed than the
nondemented controls (Esparza et al., 2013).

Previous studies with different experimental stress paradigms in
adult AD mice also have shown that a repeated stress can result in a
significant increase in Ap soluble oligomers, exacerbate AB aggre-
gation (Cuadrado-Tejedor et al., 2012; Marcello et al., 2012), impair
neurotrophic signaling (Rothman et al., 2012), increase levels of
tumor necrosis factor o and receptor for advanced glycation end
products in the hippocampus (Cui et al., 2015), cause a progressive
loss of hippocampal synapses (Marcello et al., 2012), and lead to
disrupted function of the memory networks (Baglietto-Vargas et al.,
2015). Stress has been found to modulate the earliest phases of the
AD pathogenic process through increasing the levels of B-secretase
BACE and the APP C-terminal fragments which infer from B/a-
secretase cleavage (Baglietto-Vargas et al., 2015). PS studies also
have shown an increase in hippocampal soluble Af (Martisova et al.,
2013) and a higher vulnerability of female offspring to cognitive
impairment (Fang et al., 2018). In a study on APPswe/PS1dE9 mice,
higher levels of hippocampal proBDNF and soluble AB were
observed in female control animals compared with their male lit-
termates, and PS created a hippocampal decrease in mBDNF protein
levels only in females. These findings may suggest an underlying
role for BDNF signaling and AP production in higher susceptibility
of females for AD development (Fukumoto et al., 2010; Sierksma
et al,, 2012). In addition, the stress-related Ap aggregation is CRH
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Table 7
Statistical results of probing the interaction between age and PS in all measures
Behavioural Tests and Brain Measurements Significant main effects
F df p n? Power
Corticosterone levels (ng/mL) 9.201 11 <0.001" 0.574 1.000
Age 2.541 2 0.034" 0.086 0.642
Groups 28.734 3 <0.001° 0.535 1.000
Age * groups 0.776 6 0.591 0.058 0.289
PPI of the ASR test
ASR amplitude (%) 34.990 9 <0.001° 0.623 1.000
Age 72.618 4 <0.001° 0.615 1.000
Groups 2.262 1 0.134 0.007 0.323
Age * groups 0.043 4 1.000 0.001 0.061
PPI amplitude (%) 61.010 9 <0.001° 0.749 1.000
Age 104.799 4 <0.001° 0.705 1.000
Groups 92.877 1 <0.001° 0.232 1.000
Age * groups 3.234 4 0.003° 0.069 0.953
ASR latency (ms) 52.096 9 <0.001° 0.733 1.000
Age 106.401 4 <0.001° 0.723 1.000
Groups 2.891 1 0.090 0.010 0.396
Age * groups 0.110 4 0.998 0.003 0.079
PPI latency (ms) 137.521 9 <0.001" 0.872 1.000
Age 265.435 4 <0.001° 0.860 1.000
Groups 79.176 1 <0.001° 0.208 1.000
Age * groups 1.493 4 0.169 0.033 0.625
NOR test
New object time (s) 8.493 5 <0.001° 0.290 1.000
Age 11.363 2 <0.001° 0.179 0.992
Groups 21.965 1 <0.001° 0.174 0.996
Age * groups 0.552 2 0.577 0.011 0.139
0ld object time (s) 9.393 5 <0.001° 0311 1.000
Age 18.468 2 <0.001° 0.262 1.000
Groups 5.754 1 0.018° 0.052 0.662
Age * groups 0.170 2 0.844 0.003 0.076
NOR ratio 8.059 5 <0.001° 0.279 1.000
Age 2374 2 0.098 0.044 0.470
Groups 32.836 1 <0.001° 0.240 1.000
Age * groups 3.399 2 0.037¢ 0.061 0.628
EPM test
Open arm time (s) 7.083 5 <0.001° 0.252 0.998
Age 0.519 2 0.597 0.010 0.134
Groups 29.336 1 <0.001° 0.218 1.000
Age * groups 6.051 2 0.003" 0.103 0.876
Closed arm time (s) 52.317 5 <0.001" 0.714 1.000
Age 0.598 2 0.552 0.011 0.147
Groups 218.448 1 <0.001° 0.675 1.000
Age * groups 58.683 2 <0.001° 0.528 1.000
EPM ratio 9.609 5 <0.001° 0.314 1.000
Age 0.460 2 0.632 0.009 0.123
Groups 30.991 1 <0.001° 0.228 1.000
Age * groups 12.730 2 <0.001° 0.195 0.996
Rotarod test
8 rpm speed (s) 5.782 5 <0.001° 0.216 0.992
Age 11.203 2 <0.001° 0.176 0.991
Groups 4.631 1 0.034° 0.042 0.568
Age * groups 2423 2 0.094 0.044 0.479
16 rpm speed (s) 4.347 5 0.001° 0.172 0.958
Age 4.609 2 0.012° 0.081 0.769
Groups 10.682 1 0.001° 0.092 0.899
Age * groups 2.863 2 0.058 0.050 0.554
BBT
Latency (s) 7.354 5 <0.001° 0.259 0.999
Age 5.094 2 0.008" 0.088 0.811
Groups 19.337 1 <0.001° 0.156 0.992
Age * groups 6.724 2 0.002° 0.114 0.910
Number of foot slips 32.689 5 <0.001° 0.609 1.000
Age 16.129 2 <0.001° 0.235 0.999
Groups 104.579 1 <0.001° 0.499 1.000
Age * groups 30.107 2 <0.001° 0.364 1.000
MWT
Latency (s) 13.798 5 <0.001° 0.020 1.000
Age 13.926 2 <0.001° 0.008 0.998
Groups 43.079 1 <0.001° 0.012 1.000
Age * groups 5.530 2 0.004" 0.003 0.854
Probe time (%) 4.104 5 0.002° 0.156 0.947
Age 2.640 2 0.076 0.045 0.515
Groups 16.029 1 <0.001° 0.126 0.978
Age * groups 1.303 2 0276 0.023 0277

(continued on next page)
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Behavioural Tests and Brain Measurements

Significant main effects

F df p n Power
AP plaque quantifications
Al
Total plaque area (%) 105.661 15 <0.001° 0.877 1.000
Age 206.670 3 <0.001° 0.856 1.000
Groups 118.089 3 <0.001° 0.532 1.000
Age * groups 0.510 9 0.676 0.014 0.151
FP (%) 114425 15 <0.001° 0.885 1.000
Age 237.912 3 <0.001° 0.873 1.000
Groups 80.689 3 <0.001° 0.437 1.000
Age * groups 2.183 9 0.094 0.059 0.541
OA (%) 70.237 15 <0.001° 0.825 1.000
Age 121.556 3 <0.001° 0.778 1.000
Groups 111.827 3 <0.001° 0.518 1.000
Age * groups 5.055 9 0.003° 0.127 0.909
Size (um) 181.702 15 <0.001° 0.925 1.000
Age 348.060 3 <0.001° 0.910 1.000
Groups 195.011 3 <0.001° 0.654 1.000
Age * groups 11.336 9 <0.001° 0.248 0.999
A2
Total plaque area (%) 88.198 15 <0.001° 0.856 1.000
Age 162.661 3 <0.001° 0.824 1.000
Groups 127.571 3 <0.001° 0.551 1.000
Age * groups 0.610 9 0.610 0.017 0.173
IC (%) 145.963 15 <0.001° 0.908 1.000
Age 262.009 3 <0.001° 0.883 1.000
Groups 227.825 3 <0.001° 0.687 1.000
Age * groups 2230 9 0.064 0.071 0.629
Size (um) 195.805 15 <0.001° 0.931 1.000
Age 398.888 3 <0.001° 0.921 1.000
Groups 150.481 3 <0.001° 0.596 1.000
Age * groups 7.775 9 <0.001° 0.186 0.987
A3
Total plaque area (%) 226.077 15 <0.001° 0.938 1.000
Age 472.179 3 <0.001° 0.932 1.000
Groups 158.138 3 <0.001° 0.603 1.000
Age * groups 2.622 9 0.055 0.070 0.628
ACA (%) 83.380 15 <0.001° 0.849 1.000
Age 165.582 3 <0.001° 0.827 1.000
Groups 75.334 3 <0.001° 0.420 1.000
Age * groups 3.859 9 0.012°% 0.100 0.810
NA (%) 86.747 15 <0.001° 0.854 1.000
Age 161.848 3 <0.001° 0.824 1.000
Groups 93.620 3 <0.001° 0.474 1.000
Age * groups 9.354 9 <0.001° 0212 0.996
Size (um) 231.733 15 <0.001° 0.940 1.000
Age 483.225 3 <0.001° 0.933 1.000
Groups 152.172 3 <0.001° 0.594 1.000
Age * groups 6.762 9 <0.001° 0.163 0.972
A4
Total plaque area (%) 204.227 15 <0.001° 0.932 1.000
Age 426.000 3 <0.001° 0.925 1.000
Groups 130.628 3 <0.001° 0.557 1.000
Age * groups 6.987 9 <0.001° 0.168 0.976
PPA (%) 114.711 15 <0.001° 0.885 1.000
Age 238.805 3 <0.001° 0.873 1.000
Groups 83.990 3 <0.001° 0.447 1.000
Age * groups 0.858 9 0.466 0.024 0.231
HR (%) 246.694 15 <0.001° 0.943 1.000
Age 511.244 3 <0.001° 0.936 1.000
Groups 151.281 3 <0.001° 0.593 1.000
Age * groups 13.948 9 <0.001° 0.287 1.000
Size (um) 267.003 15 <0.001° 0.948 1.000
Age 549.169 3 <0.001° 0.942 1.000
Groups 186.141 3 <0.001° 0.646 1.000
Age * groups 11.041 9 <0.001° 0.245 0.999
A5
Total plaque area (%) 197.492 15 <0.001° 0.930 1.000
Age 421.787 3 <0.001° 0.924 1.000
Groups 99.416 3 <0.001° 0.489 1.000
Age * groups 5.889 9 0.001° 0.145 0.948
RA (%) 150.553 15 <0.001° 0910 1.000
Age 304.071 3 <0.001° 0.898 1.000
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Table 7 (continued )

Behavioural Tests and Brain Measurements

Significant main effects

2

F df p n Power
Groups 127.009 3 <0.001° 0.550 1.000
Age * groups 4.883 9 0.003" 0.123 0.899
EA (%) 151.757 15 <0.001° 0911 1.000
Age 305.431 3 <0.001° 0.898 1.000
Groups 115.624 3 <0.001° 0.526 1.000
Age * groups 10.128 9 <0.001° 0.226 0.998
CAA (%) 198.347 15 <0.001° 0.930 1.000
Age 412.797 3 <0.001° 0.923 1.000
Groups 124.318 3 <0.001° 0.544 0.993
Age * groups 8.573 9 <0.001° 0.198 1.000
Size (um) 184.989 15 <0.001° 0.927 1.000
Age 392.491 3 <0.001° 0.920 1.000
Groups 106.912 3 <0.001° 0.512 1.000
Age * groups 4.042 9 0.009° 0.106 0.829
A6
Total plaque area (%) 281.423 15 <0.001° 0.950 1.000
Age 607.550 3 <0.001° 0.946 1.000
Groups 119.556 3 <0.001° 0.535 1.000
Age * groups 9.251 9 <0.001° 0.211 0.996
MB (%) 317.095 15 <0.001° 0.955 1.000
Age 675.373 3 <0.001° 0.951 1.000
Groups 144.883 3 <0.001° 0.582 1.000
Age * groups 16.222 9 <0.001° 0319 1.000
HB (%) 345.265 15 <0.001° 0.959 1.000
Age 756.975 3 <0.001° 0.956 1.000
Groups 113.696 3 <0.001° 0.522 1.000
Age * groups 10.745 9 <0.001° 0.237 0.999
Size (um) 140.196 15 <0.001° 0.903 1.000
Age 277571 3 <0.001° 0.902 1.000
Groups 64.452 3 <0.001° 0417 1.000
Age * groups 0.438 9 0.647 0.010 0.119

Key: ANOVA, analysis of variance; ACA, anterior cingulate area; BBT, balance beam test; CAA, cortical amygdalar area; df, degrees of freedom; EA, entorhinal area; EPM,
elevated plus maze; FP, frontal pole; HB, hindbrain; HR, hippocampal region; IC, isocortex; MB, midbrain; mPFC, medial prefrontal cortex; MWT, Morris water task; NA, nucleus
accumbens; NOR, novel object recognition; OA, olfactory area; Partial n?, an estimate of effect size; PPC, posterior parietal cortex; PPI of the ASR, prepulse inhibition of the

acoustic startle reflex; RA, retrosplenial area.
Two-way ANOVAs were used for statistical analyses.
2 p < 0.05.
b p<0.01.

driven, wherein AP accumulates through CRH-dependent alter-
ations of y-secretase localization into lipid rafts and direct actions
on y-secretase (Marcello et al., 2015).

4.4. The PS was sex dependent in HPA-axis activity, learning
function, and AB burden

Both animal studies and meta-analytic evidence of large pop-
ulations in humans have indicated that females are more vulner-
able for developing AD than males, and this increased incidence is
not due to women having a longer lifespan (Carroll et al., 2010;
Johansson et al., 2010; Laws et al., 2018). Given that ovarian hor-
mones actively modulate a wide range of neuronal activities such as
neural development and survival (McEwen, 2002; Simpkins et al.,
2005; Wise, 2002) and promotion of neuron viability and reduc-
tion of AP aggregation (Pike et al., 2009), and estrogen-containing
therapy has been remarkably successful in attenuating the risk for
the AD progression in females early in menopause (Brinton, 2008),
current evidence supports the major role of ovarian hormone decay
on females’ higher susceptibility to AD (Zhao et al., 2015). Consis-
tently, rodent studies have indicated an increased AB deposition
due to ovariectomy-induced hormone depletion in wild-type ro-
dents (Petanceska et al., 2000) and some transgenic AD mouse
models (Carroll et al., 2010; Levin-Allerhand et al., 2002; Zheng
et al, 2002), and the positive effect of estradiol hormones in
reducing these effects (Carroll et al., 2010). It is well-established
that there is a reciprocal relationship between the HPA and
hypothalamic-pituitary-gonadal axes, and hyperactivity of the

stress axis, especially in persistent conditions, has an inhibitory
effect on ovarian hormones secretion (Toufexis et al., 2014). Estro-
gen receptors also exist in 2 major subtypes, ERa and ERB. It appears
ERP plays a greater role than ERa in mediating some estrogen-
dependent neuroprotective actions, and ERP genetic poly-
morphisms have shown to be associated with cognitive decline and
increased vulnerability for AD in females (Zhao et al., 2015).

4.5. Study limitations and future directions

Although exposure to stress has been previously reported to
impair cognitive performance in wild-type mice, the combination
of stress with a genetic risk factor (overexpression of APP) could
markedly aggravate the cognitive deficit (Marcello et al., 2015). For
instance, in the study by Baglietto-Vargas et al., a short multimodal
stress paradigm strongly affected only thin spines in wild-type
mice, whereas caused a global decrease in the spine number in
3xTg-AD mice, suggesting spines in AD are more susceptible to
stress (Baglietto-Vargas et al., 2015). Such observations imply more
mechanistic investigations to figure out how stress modulates APP
metabolism also in healthy conditions, as in wild-type mice, to
further elucidate the contribution of environmental PS events in
accelerating AD-like neuropathological deficits in offspring. In our
study, wild-type littermates were not included. Thus, it is difficult to
draw a conclusion whether PS exerted an exaggerated effect in
these mice or if it was simply an additive.

This study aimed to investigate the neurobehavioral impacts of a
repeated gestational noise stress paradigm on offspring during the
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lifespan. We did not measure the CRH, GRs, and adrenocorticotropic
hormone (ACTH) levels across age, which could provide further
evidence for the dysregulation of the neuroendocrine system in
response to PS. There are also several pathways in which stress
exposure can regulate AP progression, like driving Ap synthesis via
the modulation of APP expression and the APP-cleaving secretases,
or by modifying clearance of Af through changes in transportation
to the periphery, or by modulating the rate of phagocytosis by
immune cells (Hoeijmakers et al., 2018; Ries and Sastre, 2016).
Studies suggest that both environmental noise and sensitivity to
noise can affect health by producing changes in the immune
response through increasing interleukin-12 levels and decreasing
the population and activity of natural killer T cells (Kim et al., 2017).
The propagation of tau neuropathology is also similarly modulated
by tau expression, tau mutations, and activity of specific kinases
and phosphatases due to long-lasting HPA-axis dysregulation
(Chesser et al., 2013; Martin et al., 2013; Sanders et al., 2014). In
future studies, quantifying the levels of the secretases, isoforms, C-
terminal fragment, change in phosphorylated tau in plaque-
associated dystrophic neurites, and also baseline immune activity
and immune system alternations during lifespan are essential to
provide further details of how the PS modifies APP processing in
offspring.

Extensive evidence also indicates the contribution of HPA-axis
dysregulation on the rodent hippocampal neuronal morphology,
neural proliferation, and volume; medial prefrontal cortex volume,
cell proliferation, and function; cortical thickness; and amygdala
morphology and function (Jafari et al., 2018a; Kolb et al., 2012, 2013;
Mychasiuk et al., 2012; Stewart and Kolb, 1988; Tata and Anderson,
2010), which are suggested to be studied in AD mouse models of PS.

5. Conclusions

In our study, the PS created a long-lasting dysregulation of the
HPA axis, impaired performance in all cognitive and motor tasks,
accelerated the onset age of showing AB pathology, and resulted in
an overproduction of AP plaques during the lifespan. The PS-
induced HPA-axis hyperactivity, deficit in spatial learning, and
increased AP accumulation were sex specific and consistent with
extensive evidence showing females’ higher susceptibility for
developing the AD. The findings imply the negative impacts of an
enduring PS-induced HPA-axis hyperactivity on cognitive and
motor behavior and precipitating the onset and progression of Ap
pathology in our mouse model of the AD. Future studies should
probe concurrent alternations in levels of CRH, catecholamines,
neurotransmitters, and neurotrophic factors across age.
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