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Abstract

Alzheimer’s disease (AD) is a progressive, dementing, whole-body disorder that presents with
decline in cognitive, behavioral, and emotional functions, as well as endocrine dysregulation.
The etiology of AD is not fully understood but stress- and anxiety-related hormones may play
arole in its development and trajectory. The glucocorticoid cascade hypothesis posits that levels
of glucocorticoids increase with age, leading to dysregulated negative feedback, further elevated
glucocorticoids, and resulting neuropathology. We examined the impact of age (from 2 to 10
months) and stressor exposure (predator odor) on hormone levels (corticosterone and ghrelin),
anxiety-like behavior (open field and light dark tests), and memory-related behavior (novel
object recognition; NOR), and whether these various measures correlated with neuropathology
(hippocampus and cortex amyloid beta, Ap) in male and female APPswe/PS1dE9 transgenic and
non-transgenic mice. Additionally, we performed exploratory analyses to probe if the open field
and light dark test as commonly used tasks to assess anxiety levels were correlated. Consistent
with the glucocorticoid cascade hypothesis, baseline corticosterone increased with age. Predator
odor exposure elevated corticosterone at each age, but in contrast to the glucocorticoid cascade
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hypothesis, the magnitude of stressor-induced elevations in corticosterone levels did not increase
with age. Overall, transgenic mice had higher post-stressor, but not baseline, corticosterone than
non-transgenic mice, and across both genotypes, females consistently had higher (baseline and
post-stress) corticosterone than males. Behavior in the open field test primarily showed decreased
locomotion with age, and this was pronounced in transgenic females. Anxiety-like behaviors in
the light dark test were exacerbated following predator odor, and female transgenic mice were the
most impacted. Compared to transgenic males, transgenic females had higher Ap concentrations
and showed more anxiety-like behavior. Performance on the NOR did not differ significantly
between genotypes. Lastly, we did not find robust, statistically significant correlations among
corticosterone, ghrelin, recognition memory, anxiety-like behaviors, or AB, suggesting outcomes
are not strongly related on the individual level. Our data suggest that despite AB accumulation

in the hippocampus and cortex, male and female APPswePS1dE9 transgenic mice do not

differ robustly from their non-transgenic littermates in physiological, endocrine, and behavioral
measures at the range of ages studied here.

Keywords

corticosterone; ghrelin; predator odor; anxiety; aging; between-task correlations; within-task
correlations

INTRODUCTION

Alzheimer’s disease (AD) is a progressive dementing disorder which presents with decline
in cognitive, behavioral, and emotional functions. The neuropathology is classically

defined by the presence of amyloid beta (AB) plaques, neurofibrillary tau tangles,
neuroinflammation, and widespread neuronal loss particularly in the hippocampus and
neocortex (Jack et al., 2018). The etiology of this disease is not known, but several

factors are associated with AD, including advanced age (Thies and Bleiler, 2012), female
sex (Thies and Bleiler, 2012), previous diagnosis with depression or anxiety (Burton

etal., 2013; Gao et al., 2013), and increased exposure to psychosocial stressors and
accompanying elevated glucocorticoid levels (Caruso et al., 2018; Dong and Csernansky,
2019; Justice, 2018). Although the neuropathology associated with AD and the impact of
AD on cognitive function are well established, recent data suggest AD is a whole-body
disease, impacting multiple organ systems and many facets of organism physiology and
behavior (Bu et al., 2018; Morris et al., 2014). Additionally, it is becoming increasingly clear
that AD is not just associated with changes in cognitive function, but also with changes

in emotionality, affective state, psychological stress response, and hypothalamic-pituitary-
adrenal (HPA) axis function (Ismail et al., 2018). Importantly, neuropsychiatric symptoms
(e.g., anxiety, depression, irritability, euphoria) may appear before the onset of cognitive
deficits (Gallagher et al., 2017; Ismail et al., 2018), and when present with mild cognitive
impairment, can increase odds of progressing from mild cognitive impairment to dementia
(Ismail et al., 2016). These symptoms can be an expression of co-morbid states that increase
the risk of development of AD or may be prodromal disease-related manifestations (Ismail et
al., 2018). Therefore, understanding longitudinal, within-individual changes in behavior and
neuropathology is important.
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In humans, psychosocial stressor exposure is positively associated with increased AD
diagnosis and pathogenesis (Dong and Csernansky, 2009; Hasegawa, 2007; Wilson et al.,
2011, 2007, 2006, 2003), and higher self-reported stress is related to reduced hippocampal
and prefrontal cortex volume, future cognitive decline, and dementia diagnosis (Gianaros et
al., 2007; Johansson et al., 2012, 2010; Wang et al., 2012). Additionally, AD can present
with dysregulation, generally overactivity, of the HPA axis (Carnes et al., 1983; Hartmann
et al., 1997; Raskind et al., 1982; Weiner et al., 1997). In AD patients, higher cortisol levels
correlate positively with increased dementia progression (Csernansky et al., 2006; Joshi and
Pratico, 2013; Miller et al., 1998) and in subjects with probable AD, increased cortisol is
related to higher severity of hippocampal volume loss (De Leon et al., 1988). These data
align with the glucocorticoid cascade hypothesis of aging, which posits that age-associated
increases in glucocorticoid levels lead to hippocampal changes, dysregulation of HPA axis
function, decreased negative feedback leading to even greater increases in glucocorticoid
levels, brain aging, and impaired cognition (Landfield et al., 2007; Sapolsky et al., 1986).
This positive feedback cycle of stress and disease has recently been described as a “vicious
cycle of stress” (Justice, 2018).

In AD, HPA axis dysregulation seems to be both a cause and a consequence of
neuropathology and disease progression. As people age, HPA axis dysregulation leads to
increased glucocorticoids which contribute to increased progression and severity of disease.
As the disease progresses, increased neuropathology drives further HPA axis dysregulation
and worsening of psychological stress (see Justice, 2018). Data from transgenic AD

mouse models largely mirror the findings from humans in that AD pathophysiology is
associated with and worsened by stressor exposure and elevated glucocorticoids (Dong

et al., 2008; Green et al., 2006; Hendrickx et al., 2021; Rothman et al., 2012; Stuart et

al., 2017). However, much less is known overall about how these interrelated changes

in neuropathology and HPA axis function relate to changes in emotionality and other
behaviors. Many studies focus on how stress and glucocorticoids drive brain changes and
disease (e.g., Conrad, 2008), but fewer describe how disease progression impacts stress
responsiveness and HPA axis function. To our knowledge no longitudinal corticosterone
data from commonly used mouse models has been published and data on corticosterone in
females from AD models are scarce, indicating that more holistic collection of variables for
different ages and sexes would be desirable.

In addition to changes in HPA axis function, several mouse models of AD display elevated
anxiety and altered affective state (see Janus and Westaway, 2001). For example, 12-month-
old male 3xTgAD mice displayed higher anxiety (less distance traveled in open field) than
non-transgenic mice under baseline and post-stress conditions (Rothman et al., 2012). These
behavioral differences are in line with outcomes noted in human AD patients and suggest
that AD-associated pathological changes can lead to affective symptoms, as emotional
changes are often noted before cognitive deficits (Justice, 2018; Mahgoub and Alexopoulos,
2016).

It is currently unclear how amyloid beta, corticosterone, and other stress-responsive
hormones, such as ghrelin, interact to influence anxiety-like behaviors, especially
longitudinally, within individual animals. Ghrelin, administered into the cerebral ventricles,
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is anxiogenic in rats (Gahete et al., 2011). Acute stress is associated with increased ghrelin
(Kristenssson et al., 2006) and increased anxiety-like behavior in rats (Carlini et al., 2002).
Interestingly, ghrelin can also influence cognitive function, learning, memory, and can

have neuroprotective effects (Albarran-Zeckler et al., 2011; Diano et al., 2006; Gahete

et al., 2011). Moreover, ghrelin can prevent neurotoxic effects of A oligomers in rat
hippocampal neuronal cultures (Martins et al., 2013). In mice injected with Ap oligomer

in the hippocampus, peripheral ghrelin administration decreased Ap-induced changes in the
hippocampus, rescued memory, and prevented cholinergic fiber loss (Moon et al., 2011).
Lastly, a recent study in 3XTgAD mice found that male, but not female, transgenic mice had
higher baseline plasma ghrelin at 7 months of age compared to non-transgenic mice of the
same sex (Robison et al., 2020). Thus, it seems that ghrelin may be an important variable for
studies testing interactions of AD and stress (Reich and Holscher, 2020).

Understanding how changes in HPA axis function, glucocorticoid levels, anxiety-like
behavior, and cognition are related over time is important for determining how these

factors impact neuropathology and disease progression over the lifespan. Further, it is
important to determine if observed relationships between HPA axis function, glucocorticoid
levels, anxiety, and cognitive function are similar between sexes (Hodes and Epperson,
2019; Lee, 2018) and whether they are consistent over time. In our study we addressed
several questions about the relationship between hormones and behavior, while considering
the effects of genotype and sex in the APPswe/PS1dE9 mouse model of AD-associated
amyloidosis from adolescence to middle adulthood (see Table 1). Mice were tested from 2
to 10 months of age and exposed to light dark, open field, and object recognition tests under
both baseline (no pre-test manipulation) and post-stress (predator odor exposure) conditions.
Baseline and post-stress corticosterone was also determined at 2, 4, and 10 months of age

to assess effects of genotypes, sex and age, and ghrelin levels (post-stress), brain (cortex

and hippocampus) amyloid beta concentrations, and organ mass (brain, adrenal glands) were
determined at 10 months. Overall, we expected that baseline and post-stress corticosterone
levels and anxiety-like behaviors would increase with age whereas baseline and post-stressor
recognition memory would decrease with age and that these outcome measures would
interact with genotype and sex (see Table 1 for details).

2. METHODS

2.1 Animals

A total of 32 mice, 14 hemizygous APPswe/PS1dE9 transgenic (7 male, 7 female) and 18
non-transgenic littermates (9 male, 9 female), completed the entirety of the experimental
protocol. Colony-founding animals (non-carrier females and carrier, hemizygous males)
were originally obtained from Jackson Laboratory (stock 005864, #34829-JAX | APP/PS1;
Bar Harbor, ME, USA) and were bred. Mice for this experiment were offspring born

at Texas Tech University, produced by pairing transgenic males with non-transgenic (non-
carrier) females of the same strain background; all mice were black in color.

The APPswe/PS1dE9 line of transgenic mice, was deposited at Jackson Labs by Dr. David
Borchelt, University of Florida, expresses chimeric mouse/human amyloid precursor protein
(APP) and a mutant version of the human presenilin 1 (PS1) (Jankowsky et al., 2004;
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https://www.jax.org/strain/004462). Both transgenes are controlled by a mouse prion protein
promoter, which drives the expression in multiple cell types with strong expression in
neurons. Double Swedish mutation present in the APP transcript is associated with early-
onset familial AD. These mice develop human beta amyloid (AB) deposits in the brain
beginning around 4 months, with more deposition at 6-7 months of age and pronounced
deposition in the hippocampus by 9 months of age (Savonenko et al., 2005). This line does
not develop tau tangles but shows increased tau phosphorylation. Transgenic mice develop
early deficits in episodic-like memory followed by later impairments in reference memory
(Savonenko et al., 2005).

Roughly 30 days after birth (range: 29-33), pups were weaned from the dam, a small

piece of ear tissue was collected for genotyping, and the pups were temporally housed
individually. Animal genotype was determined by an independent company (Transnetyx;
Cordova, TN, USA) using standard specific primers for one of the transgenes, which co-
segregate. Once genotype status was known (roughly 3—7 days after weaning), animals were
ear punched for ID and pair housed with a same-sex, opposite-genotype littermate for the
remainder of the study, whenever possible. There were two exceptions: 1) in one female
pair the individuals were opposite genotype but were not littermates and 2) in one male pair
the individuals were same genotype littermates. A total of 18 females and 20 males initially
entered the study, but due to fighting, 2 pairs of males had to be separated and could not
complete the study; two transgenic females were euthanized due to dermatitis and thus did
not finish the full protocol. Initial data from the 6 mice that did not complete the entire study
is included in hormonal and behavioral results to which they contributed.

Mice were housed in 14” x 8” x 5.5” polysulfone cages (Blue Line 1285L) with corn cob
bedding (Teklad, Envigo) and free access to food (Teklad 2020X Global Extruded Rodent
Diet) and tap water in the Human Sciences Vivarium at Texas Tech University. Lights were
on a 12:12 L:D cycle; lights-on at 0800 h. Cages were kept in ventilated racks. Animals
were checked daily, water was changed weekly, and full cage changes occurred every 2
weeks. Animals were provided paper shavings, tissue, and plastic huts for nesting. Mice
were weighed approximately once per week. TTU has AAALAC accreditation, and all
procedures were approved by the TTU IACUC and were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals.

2.2 Experimental Design

Data collection spanned roughly 10.5 months for each mouse. After weaning and pairing,
mice entered the experimental protocol. Each mouse went through several behavioral
assessments (Figure 1A) and was briefly anesthetized 6 times for collection of a blood
sample. Behavioral assessments were conducted under baseline (no stressor immediately
prior) conditions or immediately following a predator odor stress test (Figure 1B). Mice
underwent 9 stressor exposures, 6 prior to behavioral tests to assess effects on behavioral
performances and 3 prior to blood collection to assess effects on hormone levels. Mice
underwent 3 baseline and 2 post-stress light dark tests, 3 baseline and 2 post-stress open
field tests, and 2 baseline and 2 post-stress object recognition sessions. Six blood collections
(3 baseline and 3 post-stress) were conducted with at least 1 week interval from behavioral
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tests. After all data were collected, mice were euthanized, and brain and tissue samples
dissected. To minimize impacts of circadian rhythm, behavioral assessments and predator
odor exposure occurred between 10:30 AM and 1:00 PM with most procedures occurring
between 11:00 AM and Noon. Mice were only subjected to one behavioral test per day, with
2-4 days between tests that occurred in the same age range. For all behavioral assessments,
sessions were video recorded for later scoring using Ethovision v13 (Noldus, Inc.).

2.3 Predator Odor Exposure

For predator odor exposure, a cotton ball was wetted with 1 ml of predator urine (Maine
Outdoor Solutions, Hermon, ME, USA) and placed in a plastic cup, cut down to ~2.5 cm
tall, and put into a clean cage containing corn cob bedding but no food or water. Predator
odor exposure was conducted in a separate testing room to avoid exposing all mice to the
odor. A fresh cotton ball was used for each session and mice could interact with the urine
and cup for 10 min. Predator odor elicits a robust corticosterone response in rodents (Harris
and Carr, 2016) and we have used this stressor successfully in the past (Harris et al., 2012;
Harris and Saltzman, 2013a).

Immediately following odor exposure, mice were either anesthetized with isoflurane for
collection of a blood sample or subjected to individual behavioral testing (see below).
Predator odor used differed by session but was consistent across mice (round 1 = wolf;
round 2 = bobcat; round 3 = fox) and protocol of exposure was the same. Prior to blood
sample collection, both mice from a pair were exposed to predator urine at the same time
and then immediately taken for blood sampling. For behavioral sessions, mice were exposed
to urine separately, spaced out by a few min, due to timing, apparatus availability, and
recording options.

2.4 Light Dark Test

Light/dark tests were performed using custom-built choice boxes (37.1 x 29 x 17 cm; L

x W x H) which consisted of a closed, dark area (14.5 x 29 cm; L x W; dark portion
=~39%) and an open, light area. The walls of the light area were white and opaque and
open to the top; walls of the dark area were black and opaque, and this was an enclosed
space. Testing was done in a room separate from the colony room and mice were allowed

to acclimate to the testing room, in their home cage, for 10 min prior to testing. Mice were
then placed in the center of the light arena and behavior was recorded for a duration of 5
min. Mice had the opportunity to freely move between the light and the dark portion of

the cage throughout the testing period. The testing arena was cleaned with 70% ethanol
between sessions and separate arenas were used for males and females. The total duration of
time spent in the dark area (s), number of entries into the dark (transitions), and latency to
first dark entry (s) were recorded for each light dark test. Increased time in the dark, fewer
dark-light transitions (dark entries), and shorter latency to enter the dark are considered as
markers of increased anxiety-like behavior (Bourin and Hascoét, 2003). Scoring was done
in Ethovision using center point tracking and arena boundaries, and an experimenter blind
to mouse sex, genotype, and testing condition watched the acquisition of each video scoring
session to ensure Ethovision tracking was accurate.
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2.5 Open Field Test

Open field tests were performed in a rectangular plastic arena (43.2 x 36.5 x 26 cm; L x
W x H) which was further divided, via lines drawn on the bottom, into a center area (20.3
x 14.4 cm; ~18.5% of total area) and a border area. The arena walls were opaque colorless
plastic, and the arena was open on top. Testing was done in a room separate from the colony
room and mice were allowed to acclimate to the testing room, in their home cage, for 10
min. Mice were placed into the center area and allowed to explore freely for 5 min. The
testing arena was cleaned with 70% ethanol between tests and separate arenas were used
for males and females. The total distance traveled (cm), duration of time in the center (5),
and duration of time spent moving (s), were recorded for each test. We then determined
proportion of time in the center (total duration of time in the center (s)/300). Increased
distance traveled and increased time moving are considered to be markers of increased
exploratory behavior, and less time spent in the center as increased anxiety-like behavior
(Prut and Belzung, 2003).

Scoring for the open field was done using Ethovision v13 (Noldus, Inc.). Duration of time
spent moving was determined via Ethovision movement settings, set to center point tracking
for mouse movement settings recommended for mice, with thresholds for start and stop
velocity set at 2.0 and 1.75 cm/s, respectively.

Lastly, we correlated dependent variables from the light dark test and those from open
field (time in dark, dark entries, duration of time in center, distance traveled) from the first
baseline and first post-stress testing sessions to determine if variables represented similar
and stable behavioral constructs.

2.6 Novel Object Recognition (NOR) Task

The novel object recognition task is commonly used to assess recognition memory in AD
mouse models (Grayson et al., 2015). We conducted this task in a plastic arena (47.3 x

25.4 x 37.8 cm; L x W x H) which contained two objects placed 7.5 cm from the arena
walls. The arena was opaque blue plastic and was open on top. Testing was done in a room
separate from the colony room and mice were allowed to acclimate to the testing room,

in their home cage, for 5-10 min. Mice were each tested four times, twice under baseline
conditions (at 6 and 8 months of age) and twice under post-stress conditions (at 7 and 8.75
months of age). For the post-stress sessions, the mouse was trained under unmanipulated
conditions and was exposed to predator odor immediately before the novel item testing
session as stressor exposure has been reported to decrease memory retrieval (Het et al.,
2005). Baseline testing consisted of a training period followed by a testing period 24 h later.
Post-stress testing consisted of a training period followed 24 h later by predator odor and
immediate testing. For each training period, the mouse was placed into the arena for 10 min,
and the arena contained two identical items (training sessions at 6 and 7 months of age =
two square stainless steel whiskey ice cubes; training sessions at 8 and 8.75 months of age
= two glass aquarium shells). After the 10 min training session, the mouse was placed back
into its home cage. The object recognition testing took place 24 h after training and during
this session the mouse was exposed to one familiar object from training (steel cube, 6 and

7 months of age; glass shell, 8 and 8.75 months of age) and one novel object (flat, glass
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aquarium marble, 6 and 7 months of age; Duplo toy block, 8 and 8.75 months of age). In all
tests, the mouse was allowed to freely explore the arena and the objects during the 10 min
testing period.

The location of the novel object (right or left side) was balanced across sessions to control
for placement location. The testing arena was cleaned with 70% ethanol between sessions
and separate arenas were used for males and females. Videos were scored in Ethovision

for duration of time the mouse nose point was in direct contract with or within 2 cm of

each item. During Ethovision acquisition, all videos were watched by an observer blind to
treatment condition, genotype, and sex to ensure that tracking was accurate, and traces were
edited when necessary (e.g., if nose and tail marker flipped). In a few instances the mouse
moved the object out of the defined object area, in these cases the videos were hand scored
within Ethovision. A recognition index (100*time with novel object / (time with novel +
time with familiar)) was calculated for each testing session and used as the dependent
variable for analysis. Recognition index values above 50 suggest a preference for interacting
with the novel object and can be interpreted as better memory for the familiar object,

values below 50 suggest preference for familiar object and values equal to 50 indicate no
preference.

2.7 Blood Sample Collection

Mice were anesthetized via isoflurane inhalation and a blood sample (70-140 pl) was
collected from the retro-orbital sinus with glass microhematocrit tubes. Following blood
collection, the eye was blotted with sterile gauze, making sure not to scratch the cornea, and
the mouse was allowed to recover (generally less than 1 min) before being returned to the
colony room. Samples were centrifuged for 5 min, hematocrit was determined, to monitor
health and blood volume, and plasma was frozen until analysis (see below). Samples from 5
mice (1 post-stress, 4 baseline) were not available due to centrifugation loss.

A total of 6 blood samples (3 baseline and 3 post-stressor) were collected from each mouse.
Baseline samples were collected immediately following anesthesia from mice that were
undisturbed other than being removed from their home cage. In general, samples were
collected within 3 min of cage disruption (for baseline measures) or from the end of stress
test with an average time of 2 min (minimum 0 min 46 sec, maximum 4 min 56 sec).
Post-stress blood samples were collected 2—-3 days after baseline samples at the same time of
day * 45 min. To minimize possible effects of various levels of satiety on blood variables, on
days of blood sample collection, food was removed from cages between 9:00 and 9:45 AM
and blood was collected between 11:00 AM and Noon. The average duration of time without
food prior to blood sample collection was approximately 2.5 hrs.

2.8 Hormone Analysis

2.8.1 Plasma corticosterone—Plasma corticosterone concentration was determined
using the commercially available enzyme immunoassay kit (DetectX EIA, #KH014-01;
Arbor Assays, Ann Arbor, M1, USA) as per the manufacturer’s instructions. The standard
curve ranged from 0.039 to 10 ng/ml. Plasma samples (5 pL) were diluted 1:100 prior to
assay and were run in duplicate. Plasma corticosterone concentration is expressed ng/ml.
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Plasma corticosterone levels were log-10 transformed for analysis to reduce skew, but
untransformed values are presented for ease of interpretation.

2.8.2 Acyl ghrelin—Due to limitations of mouse body size and total blood volume,
only the final, post-stress blood sample was used for analysis of acyl (active) ghrelin.
Immediately after collection, plasma samples (50 pl) were treated with HCI to achieve a
final sample concentration of 0.5 N and with 1 mg/ml protease inhibitor cocktail (AEBSP),
as recommended by the kit manufacturer and similar to published methods (Meyer et al.,
2014). Plasma concentration of acylated ghrelin was determined using the commercially
available active ghrelin enzyme immunoassay kit (EZRGRA —90K; Millipore Sigma,
Burlington, MA, USA) according to the manufacturer’s instructions. The standard curve
used ranged from roughly 55 to 2000 pg/ml and samples were run in duplicate. A total

of 3 samples (2 non-tg and 1 tg) were below the range of detection of the assay and

were assigned 55 pg/ml, which was the lowest detectable value. Ghrelin concentration is
expressed in pg/ml of plasma. Plasma ghrelin levels were log-10 transformed for analysis.

2.9 Euthanasia and Organ Collection

Following completion of final stress test and blood sample collection, mice were weighed
and then euthanized by carbon dioxide inhalation followed by cervical dislocation and
decapitation. Immediately after death, brains were removed and put on wet ice. The whole
left and right hippocampus and cortex were dissected out and stored individually for
amyloid beta analysis; remaining brain tissues were stored separately. Brain samples were
frozen at —80°C. The adrenals (right and left; 24 mice), spleen (18 mice), and thymus gland
(18 mice) were dissected out, placed in 0.9% saline, trimmed of fat and connective tissue,
blotted 3x, and weighed to the nearest 0.0001g, as we have done before (De Jong et al.,
2013). Terminal procedures occurred after the final stress test and blood sample collection
and were performed between Noon and 2:30 PM.

2.10 Amyloid Beta (Ap) Analysis

Brain sections were assayed for concentration of human Ap40 and Ap42 levels with
widely used, commercially available ELISA kits (KHB3481 and KHB2441, Biosource
International/Invitrogen, Camarillo, CA) following the manufacturer’s instructions and
previously published methods (Melnikova et al., 2016; Savonenko et al., 2005). Briefly,
the right cortex and right hippocampus samples were weighed and homogenized in 8x mass
of cold 5M guanidine HCL /50 mM Tris HCL with a hand-held motor (Fisher k749540-
0000) and then mixed at room temperature for 3—4 hours. Samples were then placed back
at —80°C until dilution and assay. Brain homogenates were thawed and diluted 1:20 with
reaction buffer (Dulbecco’s phosphate buffered saline with 5% BSA and 0.03% Tween-20)
with 1 mM concentration of protease inhibitor (AEBSF; Calbiochem item 539131). The
diluted brain samples were aliquoted and refrozen for analysis of amyloid beta. ELISA
kits were used to determine concentration of AB40 and AB42, expressed as ug/g of brain
tissue. Samples for analysis of AB40 were assayed at a final dilution of 1:1000 — 1:6000
and samples for Ap42 at a final dilution of 1:2000 — 1:4000. A subset of non-transgenic
mouse brains was run at a dilution of 1:50. Each assay was run at a single dilution and the
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assay curve was treated with the same dilution of guanidine HCL, as per the manufacturer’s
instructions. Samples were all run in duplicate.

2.11 Statistical Analysis

All statistical analyses were conducted in SPSS v24 (IBM, Inc.) with alpha set at 0.05.
Effect size estimates are reported for each analysis. Behavioral data were analyzed with
repeated-measures ANOVA (baseline over time; post-stress over time) with sex and
genotype as fixed factors. Corticosterone and acyl ghrelin data were log10 transformed

to increase normality and analyzed using repeated-measures ANOVA with corticosterone
concentration as a dependent variable and genotype and sex as fixed factors. Amyloid beta
40 and 42 concentration data from transgenic animal cortex and hippocampus samples
were analyzed via MANOVA with sex as a fixed factor and the four brain amyloid beta
measures as dependent variables. Organ data were initially analyzed via ANOVA and then
MANCOVA (see below for details).

3. RESULTS

A descriptive summary of behavioral data (Supplemental Table 1) and physiological data
(Supplemental Table 2) can be found in the supplementary material; statistics for all
analyses can be found below. Full raw data tables for original and exploratory analysis
can be found in the supplemental material (Supplemental File 1 and Data).

3.1 Light Dark Test

3.1.1 Baseline light dark tests with age—To determine if behavior in the light-dark
test changed with age (1.5, 3.5, and 5.5 months) we ran a repeated-measures ANOVA for
each dependent variable (time spent in the dark arena, number of transitions, and latency
to enter dark) with genotype and sex as fixed factors and age as a within-subject factor.
The duration of time spent in the dark portion of the arena did not change with age (F2,60
=2.750, P = 0.072, partial eta squared = 0.084; Figure 2A), nor was there an effect of
genotype (P = 0.669) or sex (P =0.734); no interaction terms were significant. The number
of transitions did change with age (F1,60 = 4.088, P = 0.22, partial eta squared = 0.120;
Figure 2B), with mice entering the dark box more times during the 3.5-month than during
the 1.5-month session (t = 2.51, P = 0.018), but no other time points differed. There was no
effect of genotype (P = 0.686) or sex (P = 0.635), nor were there any significant interaction
terms. The latency to enter the dark portion of the arena did not change over time (F 2,60
=1.341, P = 0.269, partial eta squared = 0.043; Figure 2C), nor were there any impacts of
genotype (P = 0.223), sex (P = 0.657), or any interactions.

3.1.2 Post-stress light dark tests with age—At 2.5 months of age (range: 70-80
days), mice underwent their first post-stressor light-dark test following exposure to wolf
urine. At 5 months of age (range: 140-150 days), mice underwent a second post-stressor
light-dark test following exposure to bobcat urine. To determine if post-stress behavior in the
light-dark test changed with age (2.5 and 5 months) we ran a repeated-measures ANOVA for
each dependent variable (time spent in the dark arena, number of transitions, and latency to
enter dark) with genotype and sex as fixed factors and age as a within-subject factor.

Gen Comp Endocrinol. Author manuscript; available in PMC 2024 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harris et al.

Page 11

Mice spent more time in the dark portion of the arena at 5 months of age vs. 2.5 months of
age (F 1,30 = 4.314, P = 0.046, partial eta squared = 0.126), but neither genotype (P = 0.318)
nor sex (P =0.740) independently impacted duration (Figure 3A); no interaction terms were
significant. Mice made more dark box transitions at 2.5 months of age vs. 5 months (F 1,30
=11.165, P = 0.002, partial eta squared = 0.271; Figure 3B) and there was a sex*genotype
interaction (F 1, 30 = 4.868, P = 0.035, partial eta squared = 0.140), within transgenic mice,
males made more transitions that females (P = 0.013). Neither genotype (P = 0.814) nor sex
(P = 0.141) impacted transitions and no other interaction terms were significant. The latency
to enter the dark portion of the arena (Figure 3C) did not change with age (P = 0.067),

but there was a sex*genotype interaction (F 1,30 = 7.653, P = 0.01, partial eta squared =
0.203); within transgenic mice, males took longer than females to enter dark (P = 0.049),
and within males, transgenic males took longer than non-transgenic males to enter dark (P=
0.003). Neither genotype (P = 0.077) nor sex (P = 0.964) impacted latency; there were no
other significant interactions.

3.2 Open Field Test

3.2.1 Baseline open field tests with age—To determine if behavior in the open
field test changed with age (1.5, 3.5, and 5.5 months of age)/repeated testing, we ran a
repeated-measures ANOVA for each dependent variable (time spent in the center of the
arena, distance traveled, and time spent moving) with genotype and sex as fixed factors and
age as a within-subject factor.

The distance traveled did not change with age (F 1.41,58 = 2.107, P = 0.147, partial eta
squared = 0.068; Figure 4A), nor was there an effect of genotype (P = 0.269, partial eta
squared = 0.042) or sex (P =0.497, partial eta squared = 0.016); however, there was a
three-way interaction among sex, genotype, and age (F 1.41,58 = 3.759, P = 0.046, partial
eta squared = 0.115) and a sex by genotype interaction (F 1,29 = 4.325, P = 0.046, partial
eta squared = 0.130); no other interaction terms were significant (this analysis did not pass
Mauchly’s test of sphericity so GreenhouseGeisser outcomes are reported where applicable).
The three-way and two-way interactions were followed up with simple main effects tests;
significant outcomes from those analyses are described below. Within transgenic females
only, mice traveled farther at 1.5 months of age vs 3.5 months of age (P < 0.001) and vs.

5.5 months of age (P = 0.028), distance traveled in 3.5 and 5.5 months did not differ (P =
0.794). Among transgenic animals, males traveled farther than females at 3.5 months of age
(P = 0.046) and 5.5 months of age (P = 0.042), but not at 1.5 months of age (0.666). Among
males, overall, transgenic mice traveled farther than did non-transgenic mice (= 0.038). The
duration of time moving changed with age (F2, 58 = 22.714, P < 0.001, partial eta squared =
0.439; Figure 4B); mice spent more time moving at 1.5 months of age vs 3.5 months of age
(t=5.06, P <0.001) and vs. 5.5 months of age (t = 6.32, P < 0.001; 3.5 and 5.5 months did
not differ, P = 0.076). Neither genotype (P = 0.365) nor sex (P =0.360) impacted duration
of time moving; no interaction terms were significant. The proportion of time spent in the
center of the arena did not change with age (F 2,58 = 1.69, P = 0.193, partial eta squared

= 0.055; Figure 4C), nor was there an effect of genotype (P = 0.978) or sex (P =0.276); no
interaction terms were significant.
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3.2.2 Post-stress open field tests with age—Distance traveled in the open field
following predator urine exposure did not differ by age (P = 0.965), or by genotype (P =
0.473) or sex (P = 0.914). There was a significant sex*age interaction (F 1,30 = 4.612,

P =0.040, partial eta squared = 0.134), but upon post-hoc analysis no groups differed
significantly (Figure 5A). There were no other significant interactions. Duration of time
moving in the arena following predator urine exposure was greater at 2.5 months (15
exposure) vs. 5 months (2" exposure; F 1,30 = 6.025, P = 0.020, partial eta squared = 0.167;
Figure 5B). Neither genotype (P = 0.788) or sex (P = 0.648) impacted duration moving;

no interactions were significant. Proportion of time spent in the center of the arena was not
impacted by age (P = 0.393), genotype (P = 0.561), sex (P = 0.227), or a sex*genotype
interaction (P = 0.922). There was an age*genotype interaction (F 1,30 = 8.175, P = 0.008,
partial eta squared = 0.214), within transgenic mice, proportion in the center following urine
exposure was greater at 5 months than at 2.5 months of age (P = 0.011; Figure 5C).

3.3 Object Recognition Task

3.3.1 Baseline memory with age—Under baseline conditions, recognition index
scores improved with age (6 to 8 months; F 1,30 = 56.86, P < 0.001, partial eta squared

= 0.655; Figure 6A). There was also an age*sex interaction (F 1, 30 = 6.56, P = 0.016,
partial eta squared = 0.180); at 6 months of age, males outperformed females (t = 2.17, P =
0.039). However, genotype (P = 0.074) and sex (P = 0.455) did not impact performance. No
other interaction terms were significant.

3.3.2 Post-stress memory with age—At 7 months of age (range: 197-204 days) mice
underwent training and testing (24 h after training) with (wolf) urine exposure occurring
immediately before testing. This was repeated at 8.75 months of age (range: 257-264 days)
but bobcat urine was used. Under post-stress conditions, recognition index scores improved
with age (7 to 8.75 months; F 1,27 = 91.808, P < 0.001, partial eta squared = 0.773; Figure
6B). However, genotype (P = 0.557) and sex (P = 0.886) did not impact performance. No
interaction terms were significant.

3.4 Hormone Analysis

3.4.1 Corticosterone

3.4.1.1 HPA axis responsiveness: Baseline and Post-stress 1 — Wolf Odor: When
mice were approximately 2 months old (range: 55-65 days), exposure to predator odor
(wolf urine) significantly increased plasma corticosterone (F1,31 = 326.79, P < 0.001,
partial eta squared = 0.913; Figure 7A). However, neither genotype (F1,31 = 0.504, P
= 0.483, partial eta = 0.016) nor sex (F1,31 = 1.748, P = 0.196, partial eta = 0.053)
influenced results. No interactions (condition*sex: P = 0.660; condition*genotype: P =
0.870; sex*condition*genotype P = 0.840) were significant.

3.4.1.2 HPA axis responsiveness: Baseline and Post-stress 2 — Bobcat Odor: When
mice were approximately 4 months old (range: 120-130 days), exposure to predator odor
(bobcat urine) significantly increased plasma corticosterone (F1,28 = 174.11, P < 0.001,
partial eta squared = 0.861; Figure 7B), and females had higher corticosterone than did
males (main effect of sex: F1,28 = 18.66, P < 0.001, partial eta squared = 0.40). However,
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genotype (F1,28 = 2.598, P = 0.118, partial eta = 0.085), and interactions (condition*sex:
P = 0.348; condition*genotype: P = 0.223; sex*condition*genotype: 0.541) were not
significant.

3.4.1.3 HPA axis responsiveness: Baseline and Post-stress 3 — Fox Odor: When mice
were approximately 10 months old (range: 295-306 days), exposure to predator odor (fox
urine) significantly increased plasma corticosterone (F1,27 = 56.29, P < 0.001, partial eta
squared = 0.676; Figure 7C). Females had higher corticosterone than did males (main effect
of sex: F1,27 = 27.24, P < 0.001, partial eta squared = 0.503), but genotype did not impact
corticosterone (main effect of genotype: F1,27 = 1.708, P = 0.202, partial eta = 0.059).
None of the interactions were significant (condition*sex: P = 0.311; condition*genotype: P
= 0.123; sex*condition*genotype: P = 0.931).

3.4.1.4 Baseline corticosterone with age: Baseline hormone levels increased significantly
with age (F2,48 = 13.37, P < 0.001, partial eta squared = 0.358): baseline at 2 months of

age was lower than baseline at 4 months of age (t = 4.25, P < 0.001) and baseline at 10
months of age (t = 4.50, P < 0.001), but baseline corticosterone at 4 months of age and 10
months of age did not differ (P = 0.085). Genotype did not impact baseline corticosterone

(F 1,24 =0.798, P = 0.381, partial eta squared = 0.032) but females had higher baseline

than did males (F1,24 = 17.056, P < 0.001, partial eta squared = 0.415). Interactions did not
influence corticosterone patterns over time (age*sex: P = 0.284; age*genotype: P = 0.353;
age*genotype*sex: P = 0.849). Corticosterone data over time shown in Figure 7D.

3.4.1.5 Post-stress corticosterone with age: Transgenic mice had higher post-stress
corticosterone than did non-transgenic mice (F 1, 27 = 15.53, P = 0.001, partial eta squared
= 0.365) and females had higher values than did males (F 1, 27 = 62.5, P < 0.001, partial
eta squared = 0.698). Post-stress corticosterone concentration did not change significantly
with age (F 2, 54 = 1.93, P=0.156, partial eta squared = 0.067), but sexes differed in their
pattern of post-stress corticosterone with age (age*sex; F 2, 54 = 11.07, P < 0.001, partial
eta squared = 0.291). Females had higher post-stress corticosterone levels than males at all
ages (2 months, t = 2.32, P = 0.030; 4 months, t = 7.76, P < 0.001; 10 months, t =5.07, P <
0.001). Among females, post-stress corticosterone levels at 10 months (t = 2.87, P = 0.008)
and 4 months (t = 5.11, P < 0.001) were higher than at 2 months of age, but levels at 4 and
10 months did not differ (P = 0.768). Among males, post-stress corticosterone was higher
at 2 months vs. 4 months of age (t = 6.19, P < 0.001); no other time points differed. No
other interactions were significant (age*genotype, P = 0.290; age*sex*genotype, P = 0.779;
sex*genotype, P = 0.150). Post-stress corticosterone data over time shown in Figure 7E.

After visual inspection of data, we performed focused 2-way ANOVA analyses (genotype
by sex) for post-stress corticosterone levels at each age separately. We chose to do so
because in this mouse model of AD, amyloid beta deposition and neuropathology should
be pronounced by 10 months of age, but not necessarily by 2 and 4 months of age.
Additionally, based on the glucocorticoid cascade hypothesis, we would expect more
pronounced HPA axis responsiveness at 10 months of age vs the two earlier ages (Sapolsky
et al., 1986). At 2 months of age, neither genotype (P = 0.212), sex (P = 0.160), or their
interaction (P = 0.391) impacted post-stressor corticosterone levels. At 4 months of age,
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females had higher post-stress corticosterone than did males (F1, 31 = 49.65, P < 0.0001,
partial eta squared = 0.616), but genotype (P = 0.076) and sex * genotype interactions (P =
0.468) did not impact outcomes. At 10 months of age, transgenic mice had more pronounced
post-stress corticosterone than did non-transgenic mice (F1, 28 = 11.12, P = 0.002, partial
eta squared = 0.284), and females had higher corticosterone than did males (F 1, 28 = 24.72,
P < 0.0001, partial eta squared = 0.469). However, there was no interaction of sex and
genotype (P = 0.818).

3.4.2 Post-Stress Ghrelin Levels—At 10 months of age (range: 295-306 days), post-
stress acyl ghrelin concentration was not affected by genotype (F1,27 = 0.164, P = 0.689,
partial eta squared = 0.006) or by sex (F1,27 = 0.981, P = 0.331, partial eta squared = 0.035),
nor was there an interaction (sex *genotype, F 1, 27 = 0.110, P = 0.743, partial eta squared =
0.004).

3.5 Adrenal, Spleen, and Thymus mass

First, we assessed body mass using an ANOVA with sex and genotype as fixed factors.
Genotypes did not differ in final body mass measurement (F1,28 = 0.127, P = 0.724, partial
eta squared < 0.005), nor was there a genotype*sex interaction (F1,28 = 0.036, P = 0.851,
partial eta squared = 0.001), but overall, as expected, males were heavier than females (mean
+ SEM; males: 40.47 + 1.59 g; females: 26.16 + 0.77 g; F1,28 = 60.34, P < 0.001, partial eta
squared = 0.683).

Right and left adrenal gland masses were significantly correlated (r = 0.80, P < 0.001, N =
22) and therefore a combination variable (right + left) was used for adrenal mass. We did
not have full organ datasets for all animals (22 animals had full adrenal data; 18 had adrenal,
spleen and thymus data). We ran two analyses. In the initial analysis with combined adrenal
mass, genotype and sex were both included as fixed factors and body mass was used as a
covariate. Effect of genotype was not significant this analysis and was removed from the
model to increase available degrees of freedom; sex and body mass were both significant
and were retained for the below analysis.

We then ran one MANCOVA with all organ masses included from 7 female mice and

9 male mice (results here mirrored findings in the above adrenal analysis); data passed
Box’s and Levene’s tests. The following single analysis (all organs) revealed that body

mass was significant in the analysis (F3,11 = 24.74, P < 0.001, Wilks’ Lambda = 0.129,
partial eta squared = 0.87) and that females had higher body-mass-corrected combined organ
mass (F3,11 = 29.03, P < 0.001, Wilks’ Lambda = 0.122, partial eta squared = 0.89). For
individual organs, females had heavier adrenals (F 1,13 = 75.49, P < 0.001, partial eta
squared = 0.85), thymus (F1,13 = 25.62, P < 0.001, partial eta squared = 0.66), and spleen
(F1,13 = 36.57, P < 0.001, partial eta squared = 0.74).

3.6 Amyloid Beta Analysis

All transgenic mice had detectable levels of amyloid beta 40 and 42 in brain homogenates;
as expected, none of the tested non-transgenic mice had detectable human amyloid beta.
Overall, females had higher amyloid beta load than did males (F4, 9 = 6.478, Wilks’
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Lambda = 0.258, P = 0.010; Figure 8). In both cortex and hippocampus, female transgenic
mice had higher concentrations of amyloid beta 40 and 42 than did male transgenic mice (R
cortex AP 40 F1,12 = 7.23, P = 0.020, partial eta squared = 0.376; R hippocampus Ap 40
F1,12 = 19.73, P = 0.001, partial eta squared = 0.622; R cortex AB 42 F1,12 =5.89, P =
0.032, partial eta squared = 0.329; R hippocampus AP 42 F1,12 = 5.11, P = 0.043. partial eta
squared = 0.299).

3.7 Correlations and Exploratory Analyses

In addition to above analyses, we calculated Pearson’s correlations to determine if hormone
concentrations (baseline corticosterone and post-stress corticosterone and ghrelin) were
related to object recognition performance and anxiety-like behaviors. Furthermore, we
analyzed whether, among transgenic animals, these variables were correlated with amyloid
beta 40 and 42 concentrations. We found several significant correlations among our
variables, but relationships were not consistent (for full correlation table, see Supplemental
File 1 and Supplemental Table 3). These correlational results should be interpreted
cautiously as we made many comparisons. Given we were interested in exploring a priori
predictions, and in generating information for future hypothesis testing, we did not perform
alpha correction. Lastly, these analyses were conducted on the full dataset (combined
genotypes) to check whether there are any robust, overall trends related to our a priori
predictions (Table 1). Due to sample size constraints, data for males and females were
combined in these analyses resulting in correlations being driven by sex-related differences
when present in one and/or both genotypes. In addition, we also conducted exploratory
analyses within specific genotype groups to look for trends related to sex or genotypes (see
Supplemental File 1).

In relation to our predictions in Table 1, we found the following outcomes. Overall,
corticosterone concentration and anxiety-like behaviors were not consistently relatea, and
most significant relationships point to higher corticosterone concentrations being associated
with lower, not higher, anxiety-like behavior. Post-stress ghrelin concentration was not
correlated with any behavioral or physiological measure. No measure of object recognition
performance was related to corticosterone level at any time point. Post-stress object
recognition performance at both time points (7 and 8.75 months of age) was correlated

with a few measures of anxiety-like behavior, however directionality was not consistent.

At 7 months of age, better memory performance was associated with lower anxiety-like
behavior. However, at 8.75 months of age, Aigher memory scores at that time were
associated with markers of higher anxiety. Within transgenic animals, amyloid beta 40

and 42 concentrations were all significantly and positively correlated with one another.
Importantly, these correlations were very strong with a range that is rarely seen in biological
systems (~0.8-0.9). There were only a few significant correlations of amyloid beta 40 or 42
with other variables and they were not for the same measures.

Lastly, to look for validity and reliability of behavioral tests, we assessed the correlation
among variables within and between anxiety tasks. Lightdark test outcomes suggest time in
the dark is consistent across test conditions and ages, and that dark preference at a young age
could help predict preference for the dark at older ages. However, the duration of time in the
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center of the open field at first baseline (1.5 months of age) was not significantly related to
time in the center during any of the other open field tests, suggesting this marker of behavior
is not as consistent over time or can be specifically affected by novelty at the first testing.
When comparing between light dark and open field tests, we would expect duration in the
dark to be negatively related to time spent in the center of the open field. Across several,

but not all comparisons, increased duration of time in the dark was significantly correlated
with decreased duration in the center of the open field. In general, it seems these variables
have predictive validity and are measuring similar constructs of anxiety-like behavior, but
this relationship may be more robust when open field is conducted following exposure to
Stress.

4. DISCUSSION

Alzheimer’s Disease is increasingly recognized as a whole-body disease that results in
several dynamic and reciprocal changes in cognition, HPA axis function, emotionality, and
overall physiology. Our study provides important information on the trajectory of HPA
axis function, anxiety-like behavior, and recognition memory during development of AB
amyloidosis in a commonly used mouse model of AD, APPswe/PS1dE9 mice. These data
represent an integrative approach to determining how AD pathophysiology can impact
multiple aspects of organismal physiology and behavior during aging, as well as provide
insight into the stability of those impacts overtime. Overall, we found partial support for
several of our initial predictions, details of those results are discussed below.

HPA axis activity and responsiveness

Consistent with the glucocorticoid cascade hypothesis, we found that baseline corticosterone
levels increased with age. For both genotypes, baseline corticosterone increased from 2

to 4 months of age but did not increase from 4 to 10 months, suggesting age-related

changes may be more related to reproductive maturation and not to transition to a middle
age. Females had higher baseline corticosterone than males after 2 months of age, and

this is consistent with reports that female rats have higher corticosterone levels, at least
partially due to interaction from reproductive hormones (Seale et al., 2004). At each age,
exposure to predator odor increased corticosterone, demonstrating activation of the HPA
axis and confirming that our manipulations with predator odors can be considered as a

valid stressor. Post-stress corticosterone did not consistently increase with age, but females
had higher post-stress corticosterone than males, and sexes differed in their post-stress
corticosterone pattern across ages. Females showed the lowest post-stress corticosterone at

2 months and corticosterone response increased with age, whereas males had their highest
post-stress corticosterone at 2 months with post-stress corticosterone decreasing with age.
Thus, it appears corticosterone regulation of female mice is more altered by aging. These sex
differences in corticosterone responsiveness mirror human data in which females had greater
age-associated increases in glucocorticoids compared to males (Otte et al., 2005).

We predicted transgenic mice would have higher baseline and stress-induced corticosterone
than non-transgenic mice, and that higher corticosterone would be associated with worse
memory performance. Overall, transgenic mice did have higher post-stress corticosterone
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levels than non-transgenic mice, suggesting the HFA axis of transgenic mice s more stress-
responsive than that of non-transgenics. However, baseline corticosterone did not differ by
genotype. This finding is consistent with a previous study using APPswe/PS1dE9 mice, in
which 7.5-month-old mice did not differ in baseline corticosterone but transgenic males had
higher corticosterone following a 20-min restraint stress; females were not tested (Sierksma
et al., 2014). Interestingly, exploratory analyses suggest genotype differences in post-stressor
corticosterone develop sometime between 4-10 months of age, a time that would correspond
with substantial deposition of amyloid beta. In this line of transgenic animals, amyloid beta
deposition begins around 4-6 months of age, is pronounced after 9 months of age, and
females accumulate higher burdens than males (GarciaAlloza et al., 2006; Melnikova et al.,
2016; Savonenko et al., 2005; Wang et al., 2003). A longitudinal study of amyloid beta

and corticosterone in this model would be informative to determine if sex and genotype
differences hold across older ages, and to determine if sex by genotype interactions become
apparent at any point. Thus, having a more refined time series of corticosterone over a
longer time span in this transgenic line would be beneficial. Lastly, no measure of baseline
or post-stress corticosterone was correlated with memory performance in any instance of the
novel object recognition task. This outcome is like our recent findings from aging humans.
In that study, baseline cortisol was not a strong predictor of cognitive outcomes, and in
several cases, higher cortisol related to better cognitive performance (Harris et al., 2022).

behavior interpretations and limitations

We predicted that baseline and post-stress anxiety-like behavior would increase with age;
that transgenic mice would display higher baseline and post-stressor anxiety-like behavior
than non-transgenic mice; and that females would be more anxious than males. In contrast
to our predictions, baseline anxiety-like behavior did not change robustly with age nor were
there pronounced genotype or sex effects. However, some notable patterns in line with our
predictions emerged. In the light dark test, the only difference observed was an increase in
transitions (decreased anxiety-like behavior) at 3.5 months vs. 1.5 months of age, suggesting
lower anxiety in early adulthood; no other ages differed and no other measures in the light
dark test changed. In the open field test, the variable that is commonly interpreted as a
measure of anxiety (time spent in the center) did not change with age, but mice seemed to
decrease exploratory behavior as they aged, and this was impacted by sex and genotype.
Overall, mice spent more time moving at 1.5 months vs. other ages. These effects were
especially pronounced for transgenic female mice as their distance traveled decreased with
age, suggesting higher anxiety-like behavior at older ages in this group, and transgenic
males traveled farther than did transgenic females at 3.5 and 5.5 months, suggesting that at
older ages transgenic females are more anxious than their male transgenic counterparts. This
outcome could be due to anxiety phenotype, or due to changes in locomotor performance
with age and/or with habituation to the testing paradigm over time.

A previous comparison of impact of age class (2-12 months) on behavior in C57BI/6J mice
found that locomotor behavior to novel environment does tend to decrease with age (Shoji
et al., 2016). However, the difference between transgenic males and females was due to
decreased distance traveled in females and a trend for increased distance traveled in males.
Thus, the effect was not driven by a general decrease over time in all animals with a bigger
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drop in females, but from sex-dependent differences, suggesting animals were not simply
and uniformly habituating to the testing apparatus. Lastly, open field tests were spaced by
breaks of approximately 1 month, providing a substantial washout period for any memory
of the testing arena. In a study of C57BI/6J male mice, repeated testing in the light dark
test every 2—3 days for a total of 6 sessions found no evidence of habituation, nor were
there signs of habituation in a subset of mice tested 1, 3, 5, or 7 days apart (Blumstein and
Crawley, 1983), suggesting 20-30 days between tests would not impact behavior, but there
could be strain, sex, or test paradigm differences that influence propensity to habituation.

Based on previous literature and the robust impact of predators on prey physiology and
behavior (Harris and Carr, 2016), we hypothesized that predator odor would increase anxiety
levels and exacerbate genotype and sex differences. This outcome was partially supported.

In the light dark test, repeated exposure to predator odor increased anxiety. Overall, mice
spent more time in the dark and made fewer transitions after the second predator odor
exposure when mice were mature adults (5 months of age) vs. at 2.5 months of age; the
latency to enter dark portion of the arena trended towards a shorter latency at second
exposure. Within transgenic mice, females were more anxious than males (fewer transitions
and shorter latency to enter dark). Within males, however, transgenic mice were /ess
anxious than non-transgenic (longer latency to enter dark). In the open field test, exploratory
behavior findings mirrored baseline data in that duration moving decreased with time, but

in contrast to our predictions, transgenic mice appeared to less anxious after the second
exposure (increased proportion in the center). It does appear that two transgenic female mice
were driving this outcome, and the result should be interpreted cautiously; however, when
those two mice were removed the interaction remained significant.

Overall, these data suggest that baseline anxiety-like behavioral measures are not
consistently impacted by age, but that post-stress anxiety-like behaviors change over time.
These changes could be due to aging or to sensitization from repeated exposures. Notably,
female transgenic mice seem to differ from transgenic males as they experienced higher
anxiety-like behavior in the light dark test after stressor exposure, and in the open field
under baseline conditions they traveled less distance over time than transgenic males. In
summary, genotype and stressor exposure do seem to impact anxiety-like behavior, but
effects are subtle, and seem to be most apparent in transgenic females.

We did not find robust differences in measures of anxiety-like behavior in our study. We did
see that behavioral tests were anxiogenic in the classical light-avoidance sense as mice spent
most of their time in the dark (light dark test) or around the edges of the open field arena.
Repeated measures designs provide higher power than do cross-sectional designs, but they
also have limitations as animals are exposed to more than one experimental manipulation,
and order of presentation and past exposure cannot always be controlled or randomized.
Thus, it is possible that habituation or experience with the experimenters or the arenas
impacted our results. Interestingly, repeated (3 times over 5 days), single, or no open field
testing in C57BL/6J mice did not have differential impacts on aspects of HPA axis function
and anxiety-like behavior (Bodden et al., 2018), but we cannot be certain that repeated
testing did not impact our results. On the positive side, due to our repeated design, we

were able to assess within-animal changes and to relate physiology and behavior over time.
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Further, repeated measures designs seem more likely to model the within-individual changes
that occur in people with AD. Lastly, we should also note that we chose to use different
predator odors (wolf, bobcat, fox) over the course of the study. This was done to decrease
chances of habituation, although, predator odor should remain an honest cue of threat
(Harris and Carr, 2016). We have previously found that urine from multiple predators (e.g.,
bobcat, wolf, coyote, mountain lion, fox; all from Maine Outdoor Solutions) significantly
elevates plasma corticosterone in mice (Peromyscus californicus, Chauke et al., 2011; Harris
etal. 2012, 2013; Harris and Saltzman, 2013a,b), as we saw in this study, but we cannot rule
out that there might be slightly different behavioral responses to the different odors.

Stability and consistency of anxiety-like behavior

We were also able to correlate anxiety-like behaviors across ages and testing conditions.
When analyzing all mice together we found that duration of time in the dark was positively
correlated across trials, whereas duration of time in the center of the open field was not

as consistently related and duration of time in the dark was not always inversely related

to duration of time spent in the center of the open field. This result mirrors other findings
from our lab where we aimed to validate baseline light-dark preference anxiety tests for
Xenopus laevis (Coleman et al., 2019), suggesting this lack of correlation is not an isolated
occurrence (see discussion section of Colman et al., 2019 for more). In a study of behavior
across age in C57BL/J6 mice, compared to young mice, older mice showed increased
anxiety-like behavior in the light dark test, but decreased anxiety-like behavior in the
elevated plus maze, and equivocal differences in behavior in the open field (Shoji et al.,
2016).Thus, these anxiety tests using similar tasks (e.g., light/open area avoidance) may
provide different information. Additionally, a study comparing various inbred strains of
mice found that genotype significantly impacts measures of baseline anxiety-like behavior
in various tests, including the open field, and that similar anxiety tests may be measuring
different constructs of behavior (Trullas and Skolnick, 1993). However, here we did find a
negative relationship between duration in the dark, under baseline or post-stress conditions,
and duration in the center of the open field was most pronounced when open field tests
were conducted after stressor exposure. These findings suggest light dark may be a more
robust and generalizable test to determine baseline anxiety-like behaviors as compared to
open field. The open field and light dark tests are both unconditioned, ethological conflict
tests that rely on innate light-dark preferences (Bourin et al., 2007), but the light dark test
has more pronounced contrast between arena areas.

Overall, mice in our study generally spent at or slightly less than chance levels of time

in the center of the open field, suggesting they did not show a strong preference for the
borders. The open field used here was relatively small, although within the scope of arenas
used in other studies, and thus the behavioral choice between center and border area may
have seemed less stark, especially under undisturbed conditions. However, situational- or
experience-related factors could render anxiety tests potentially more or less sensitive as
both light dark and open field tests are generally thought to be reflective of state, vs. trait,
anxiety-like behavior. Thus, when animals were primed with a stressful situation (here a
predator cue) this experience perhaps made the center vs. the periphery choice more relevant
and more like behavioral choices made when animals were faced with highly contrasting
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light and dark spaces. Overall, the open field test may be more informative as an anxiety
measure when animals are primed with stress prior to testing.

Object recognition, corticosterone, ghrelin, and amyloid beta: relationships among

variables

None of our predictions on relations between object recognition performance, ghrelin

levels and organ masses were robustly supported by our data. Genotypes did not differ

in post-stressor ghrelin levels, nor did sexes differ. Post-stress ghrelin concentration

was not correlated with any behavioral or physiological measure. No measure of object
recognition performance was related to corticosterone level at any time point. Corticosterone
concentrations were correlated with some open field and light dark variables, but the general
trend was for increased corticosterone to be associated with /ower, not higher, anxiety-like
behavior. Interestingly, we recently found a similar relationship between higher baseline
cortisol and lower anxiety in a study of aged humans (Harris et al., 2019). We found mixed
results for the relationship between memory performance and anxiety-like behavior: at 7
months better memory performance was associated with lower anxiety-like behavior and

at 8.75 months the opposite was found. Genotype did not impact organ masses. Female

and male mice differed on several measures, and overall, females had higher corticosterone,
lower body mass, higher body-mass-corrected organ mass, and within transgenic mice,
higher amyloid beta concentrations than males. The lack of robust significant correlations
among corticosterone, ghrelin, memory, anxiety-like behavior, or amyloid beta, suggested
that outcomes are not strongly related on the individual level. Detection of more subtle
correlations will undoubtedly require much higher sample sizes than are commonly used.

Levels of amyloid beta 40 and 42 were highly and positively correlated, and overall
physiological variables showed stronger correlations than did behavioral variables. Even
though all transgenic mice had high levels of amyloid beta 40 and 42 in the hippocampus
and cortex, they did not perform worse than non-transgenic mice on the object recognition
task at the ages tested, nor did we see any correlation between object recognition
performance at either age and amyloid beta concentrations. Baseline and post-stress object
recognition performance did not decrease with age. As expected from previous research
(Melnikova et al., 2016), female transgenic mice did have higher amyloid beta than did
male transgenic mice. However, we did not find sex by genotype interactions in memory
outcomes, suggesting that the higher amyloid load in females did not translate to sex
differences in memory recognition.

Limitations and Future Considerations

We based our methods on commonly used protocols and test parameters, and clearly
reported our methods and data; however, these results should be interpreted with some
caution, and our study is not without limitations. It is possible that our objects chosen for
recognition tests in the 6- and 7-month trials were not different enough (steel cube and glass
marble). This would explain why we obtained low recognition index values across animal
groups at these time points. The objects used in the 8- and 8.75-month trial were quite
different (glass shell and Duplo block) and overall mice exhibited higher recognition index
values. Overall, our experiences with object recognition task suggest that sensitivity of this
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task to genotype and age effects are not as high as expected from published literature. We
hope that publication of negative data using this task will correct these expectations.

It should also be noted that our animals were pair housed in cages with corncob bedding
and had free access to food and water. They were also handled at least once per week.
Different housing and pairing conditions can influence various experimental outcomes

in rodents (Becker et al., 2016; Prendergast et al., 2014), including measures of HPA

axis function and behavior (Bartolomucci et al., 2003; Butler-Struben et al., 2022; Harris,
2020; Kalliokoski et al., 2013; Trainor et al., 2013). Housing condition and environmental
factors also matter for studies on AD mice. For example, prolonged exposure to an
enriched environment, meant to provide cognitive stimulation, led to increased baseline
corticosterone and elevated brain amyloid beta in aged, APPswe/PS1dE9 male mice (Stuart
etal., 2017) and elevated brain amyloid beta in APPswe/PS1dE9 female mice (Jankowsky
et al., 2003; corticosterone was not assessed in that study), compared to their standard
housing counterparts. Additionally, in TJCRND8 transgenic mice, which express human
amyloid beta, exposure to an enriched social environment resulted in higher brain amyloid
load and no change in baseline corticosterone compared to individually housed controls
(Lewejohann et al., 2009). However, neither cognitive ability nor emotionality were assessed
in those studies. Another study on APPswe/PS1dE9 female mice found environmental
enrichment improved cognitive performance but also resulted in higher amyloid burden
(Jankowsky et al., 2005), suggesting environmental variables are important and may alter the
relationship between amyloid beta and cognition. These studies also highlight the need for
accurate reporting of housing, husbandry, and environmental variables in all studies (e.qg.,
by following ARRIVE guidelines; https://arriveguidelines.org/arrive-guidelines), as these
parameters can influence repeatability.

Conclusions

Our study provides novel information on HPA axis function over time in both male and
female transgenic mice, and suggests at the individual level, amyloid beta, corticosterone,
and behavior are not strongly or consistently correlated. Our data suggest that despite
accumulating amyloid beta loads in the hippocampus and cortex, male and female
APPswePS1dE9 transgenic mice do not differ robustly from their non-transgenic littermates
in physiological and behavioral measures studied here, but there are subtle differences.
Transgenic mice did not differ in basal levels of corticosterone but had higher post-stressor
corticosterone than did non-transgenic mice. Female transgenic mice showed the most
consistent anxiety-like outcomes and appear to be more anxious than transgenic males, but
this was not seen consistently across all test variables and ages. Each of the behavioral

tests used here are incredibly common (Cryan and Holmes, 2005; Griebel and Holmes,
2013), but often employed with slightly differing methodological details (Antunes and Biala,
2012; Borsini et al., 2002; Bourin and Hascoét, 2003). Thus, we should be careful when
interpreting and comparing data from studies where methodology differs (Butler-Struben et
al., 2022; Harris, 2020), especially when clinically relevant conclusions are being drawn
from animal models (Belzung and Lemoine, 2011; Smith, 2022). Understanding how
amyloid beta load relates to environmental factors and behavioral outcomes is critical, as is
understanding how the outcomes and type of analysis can impact interpretation of behavioral

Gen Comp Endocrinol. Author manuscript; available in PMC 2024 January 01.


https://arriveguidelines.org/arrive-guidelines

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harris et al.

Page 22

data. Future studies addressing time course and relationship among amyloid beta, HPA axis
function, housing condition, and emotional and cognitive behavior in both sexes can add
important information to our knowledge of how these variables interact to impact functional,
behavioral outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Consistent with glucocorticoid cascade hypothesis, baseline cort increased
with age

. Overall, tg mice had higher post-stressor, but not baseline, cort than non-tg
mice

. Across genotypes, females had higher (baseline and post-stress) cort than
males

. Tg females had higher AB and showed more anxiety-like behavior than tg
males

. No robust correlations, suggesting outcomes are not related on the individual
level
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Figure 1.

Experimental timeline (A) and behavioral tests (B) for all mice. A) Experimental timeline
is shown in months. Stress sessions were exposure to predator odor for 10 min. Bottom
bars display time course for amyloid neuropathology and behavioral deficits noted by other
studies using this mouse model. B) Schematic of behavioral testing conditions. Baseline
tests were conducted under undisturbed conditions and post-stress (odor) sessions were
conducted immediately following a 10-min exposure to predator odor. Mice were only ever
exposed to one behavioral test in a day. [References in A: 1 (Garcia-Alloza et al., 2006), 2
(Savonenko et al., 2005), 3 (Webster et al., 2014), 4 (Petrov et al., 2015), 5 (Pedrés et al.,
2014)]
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Effect of aging/repeated testing in the light dark test under baseline conditions. Mean +

SEM duration of time in the dark side of the arena (A), number of transitions (dark entries)
(B), and latency to enter dark (C; plotted as individual data points with mean) across ages.
Overall, mice made more dark entries at 3.5 months vs. 1.5 months (B; main effect of age),
no other ages differed.
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Figure 3.
Effect of aging/repeated testing in the light dark test under post-stress (predator urine)

conditions. Mean + SEM duration of time in the dark side of the arena (A), number of
transitions (dark entries) (B), and latency to enter dark (C; plotted as individual data points
with mean) across ages. Mice spent more time in the dark and made more entries into

the dark at 2.5 vs 5 months (A, main effect of age; B, main effect of age). Transgenic
males made more transitions (B; sex*genotype) and took longer to enter the dark (C;
sex*genotype) than did transgenic female; transgenic males took longer to enter the dark
than transgenic females (C; sex*genotype).
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Figure 4.

Effect of aging/repeated testing in the open field test under baseline conditions. Mean +
SEM distance traveled (A),duration of time moving (B), and mean proportion of time spent
in the center arena (C) during 5-min baseline open field assessments conducted at 1.5, 3.5,
and 5.5 months of age. A) Transgenic female mice traveled farther at 1.5 vs. 3.5 or 5.5
months of age, and transgenic male mice traveled farther than transgenic females at 3.5 and
5.5 months of age (sex x age x genotype interaction). Overall, transgenic male mice traveled
farther than did non-transgenic male mice (sex x genotype interaction). B) Mice spent more
time moving at 1.5 vs 3.5 and 5.5 months of age (main effect of age). C) Proportion of time
spent in the center did not differ across time or between groups. Red dashed line corresponds
to chance level as the center is 18.5% of the arena.
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Effect of aging/repeated testing in the open field test under post-stress (predator urine)
conditions. Mean + SEM distance traveled (A), duration of time moving (B), and mean
proportion of time spent in the center arena (C) during 5-min post-stressopen field
assessments conducted at 2.5 and 5 months of age. Mice spent more time moving following
the predator odor exposure at 2.5 vs 5 mnths (B; main effect of age). Transgenic mice spent
more time in the center of the arena at 5 months vs. 2.5 months (C; age*genotpye). Red
dashed line corresponds to chance level as the center is 18.5% of the arena.
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Object recognition performance under baseline (A) and post-stress (B) conditions.
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¢ Non-Transgenic
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Recognition index improved from 6 months to 8 months of age (A; main effect of age), and
at 6 months, males outperformed females (A; sex*age interaction). Post-stress recognition
index improved from 7 months to 8.75 months of age (B; main effect of age). Recognition
index scores above 50 suggest preference for the novel object, scores below 50 suggest
preference for familiar object, score of 50 suggests no preference; 50 is shown on figure
with a dashed red line.
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Effect of predator odor stress on levels of corticosterone. Mean + SEM are shown for
baseline and post-stress corticosterone in male and female transgenic APPswe/PS1dE9 mice
and their non-transgenic littermates. A) Exposure to wolf odor at 2 months of age, B)
bobcat odor at 4 months of age, and C) fox odor at 10 months of age (C) significantly
increased corticosterone in all mice (main effect of condition). D) Baseline corticosterone
increased with age (main effect of age) and females had higher corticosterone than males
(main effect of sex). E) Post-stress corticosterone levels did not change with age, but overall,
transgenic mice had higher post-stress corticosterone than non-transgenic mice (main effect
of genotype; not highlighted on graph). Females had higher values than did males at each
time point, and pattern of post-stress corticosterone over time differed by sex (sex*age
interaction). *P< 0.05; in panel E, letters correspond to sex*age interaction; for each sex,
ages that share a letter do not differ.
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Figure 8.

Mean + SEM amyloid beta 40 and 42, expressed as ug/g of brain tissue, in the right cortex
and right hippocampus of male and female transgenic mice at 10 months of age. Females
had higher amyloid that did males at each measure. *P< 0.05
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