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Abstract
Activation of the hypothalamic-pituitary-adrenal (HPA) axis occurs in response to the organism’s
innate need for homeostasis. The glucocorticoids (GCs) that are released into the circulation upon
acute activation of the HPA axis perform stress-adaptive functions and provide negative feedback
to turn off the HPA axis, but can be detrimental when in excess. Long-term activation of the HPA
axis (such as with chronic stress) enhances susceptibility to neuronal dysfunction and death, and
increases vulnerability to Alzheimer’s disease (AD). However, little is known how components of
the HPA axis, upstream of GCs, impact vulnerability to AD. This study examined basal gene
expression of stress-related molecules in brains of 3xTg-AD mice during early-stage pathology.
Basal glucocorticoid levels and mRNA expression of the glucocorticoid receptor (GR),
mineralocorticoid receptor (MR), and corticotropic releasing hormone (CRH) in several stress-
and emotionality-related brain regions were measured in 3–4-month-old 3xTg-AD mice. Despite
normal glucocorticoid levels, young 3xTg-AD mice exhibit an activated central HPA axis, with
altered mRNA levels of MR and GR in the hippocampus, GR and CRH in the paraventricular
nucleus of the hypothalamus, GR and CRH in the central nucleus of the amygdala, and CRH in the
bed nucleus of the stria terminalis. This HPA axis activation is present during early-stage
neuropathology when 3xTg-AD mice show mild behavioral changes, suggesting an ongoing
neuroendocrine regulation that precedes the onset of severe AD-like pathology and behavioral
deficits.
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INTRODUCTION
Long-term activation of the hypothalamic-pituitary-adrenal (HPA) axis (such as with
chronic stress) enhances susceptibility to neuronal dysfunction and death [for review see 1],
thereby increasing vulnerability to neurodegenerative diseases such as Alzheimer’s disease
(AD). AD, the most common form of dementia and cognitive decline, is a devastating illness
affecting 5.3 million Americans, with one in eight people over the age of 65 having the
disease [2]. Since the onset of neuropathological changes precedes the appearance of
cognitive deficits by many years [3, 4], treatments to slow or stop the progression of AD and
preserve brain function will likely be most effective when administered early in the course
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of the disease. Thus, the identification of risk factors that increase vulnerability to
neurodegenerative disorders is critical for the development of prevention strategies.

One such potential risk factor is stress. Exposure to psychological and physical stressors is a
universal phenomenon; but the manner with which an individual copes with stress varies
considerably. Such differences in stress reactivity depend upon one’s genetic predispositions
and experiential responses and can increase one’s vulnerability to neuropsychiatric and
neurodegenerative disorders [5, 6]. Stress leads to activation of the HPA axis (to achieve
homeostasis) resulting in the rapid synthesis and release of glucocorticoids (GCs) from the
adrenal cortex into the circulation that then coordinate neural, immune, and endocrine
responses to the stressor. The release of GCs from the adrenal cortex is stimulated by
circulating adrenocorticotropic hormone (ACTH) released from the anterior pituitary.
Upstream, ACTH release is triggered mainly by corticotrophin releasing hormone (CRH),
which is synthesized and released by neurons in the paraventricular nucleus of the
hypothalamus (PVN). The actions of GCs are mediated by two ligand-dependent
transcription factors, the mineralocorticoid receptor (MR) and the glucocorticoid receptor
(GR). MR is considered a regulator of the basal, diurnal tone of the HPA axis [7], while GR
is considered a sensor of stress and a key player in the negative feedback limiting the stress
response once it has taken place [8, 9, 10]. Considerable evidence indicates that HPA axis
reactivity to stress is regulated by a number of limbic forebrain regions, including the
hippocampus (HPC), amygdala, and prefrontal cortex [see 11 for review]. Having little
direct input to the PVN, these limbic regions likely modulate CRH release from the PVN
through a synaptic relay called the bed nucleus of the stria terminalis (BST) [12–14]. The
HPC, rich in both MR and GR and playing a significant role in sending negative feedback to
the PVN to turn off the stress response [11, 12], is a key brain structure involved in learning
and memory and develops substantial AD neuropathology that begins very early in the
disease process [3, 4]. The BST, in addition to being a major relay between the HPC and the
PVN, is also considered part of the extended amygdala (including the central nucleus of the
amygdala—CeA) because it plays a role in emotional behavior [15, 16].

Evidence from human and rodent studies point to chronic stress or exposure to excess GCs
as increasing vulnerability to AD or accelerating cognitive and neural decline. Individuals
who are more vulnerable to the adverse consequences of stress and exhibit higher levels of
anxiety have an increased risk of AD and more rapid decline in global cognition [17].
Identifying such individuals may best serve as a marker for increased vulnerability to
developing AD with an accelerated rate of cognitive decline, because these behaviors are not
related to the continued progression of the common neuropathological markers (i.e., amyloid
β (Aβ) plaques and tau neurofibrillary tangles) of the disease [18]. As early as middle-age,
frequent or constant stress is also positively associated with the development of dementia,
especially AD [19]. Among elderly individuals, those with dementia are less likely to exhibit
cortisol (an endogenous GC) suppression after a dexamethasone (a synthetic GC) challenge
[20, 21]. Baseline levels of GCs may not be different from young, but a delay in the turn off
of the HPA axis (i.e., delay in the return of GCs back to baseline) in response to an acute
stressor is the most commonly reported finding [22–24].

Recent evidence from animal models of AD shows that chronic stress or exposure to GCs
exacerbates cognitive impairments [25–31] and enhances the accumulation of Aβor tau
pathology [25, 27, 29, 32–34]. In the normal non-AD rodent brain, exposure to chronic
stress or GCs has also been shown to shift APP processing to higher levels of β-secretase
cleavage thereby producing more Aβ [26] or to increase tau phosphorylation [35]. Further,
excess GC exposure via injections has been shown to increase Aβ levels and tau pathology
in AD transgenic mice with early-stage pathology, particularly influencing intraneuronal Aβ
accumulation in the HPC before any plaque pathology develops [33]. The association of
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chronic stress or excess GC exposure with early cognitive impairment and exacerbated
neuropathology in humans and animal models suggests that other, more central, elements of
the HPA axis might be altered and such alterations may precede substantial Aβ
accumulation and tau changes, serving as a risk factor for AD. Little is known about the
extent to which stress-related molecules involved at other levels of the HPA axis (apart from
GCs) are involved in modifying vulnerability to AD. Thus, the purpose of our study is to
examine gene expression of stress-related molecules (GR, MR, and CRH) in brain regions
known to exert control over the HPA axis and emotionality and anxiety-like behavior during
early-stage pathology in the 3xTg-AD mouse model of Alzheimer’s disease.

MATERIALS AND METHODS
Animals

Wild type (WT) and homozygous triple transgenic AD (3xTg-AD) mice possessing
PS1M146V, APPswe, and tauP301L transgenes [36] were generated from breeding pairs
kindly provided by Frank LaFerla (UC Irvine) from the colony at the Jackson Laboratory.
Mice were housed on a 14:10 light/dark cycle (lights on at 6:00 A.M.) with ad libitum
access to food and water. Genotypes were determined by PCR from tail DNA. Males and
females were used because of the recently reported gender differences in neuropathology
and behavior in this transgenic line [37–40]. All procedures were conducted in accordance
with the guidelines outlined in the National Institutes of Health Guide for the Care and Use
of Animals and were approved by the University Committee for the Use and Care of
Animals at the University of Michigan.

Behavioral Testing
Since increased emotionality and other behavioral and psychological symptoms of dementia
(BPSD) often precede cognitive impairment in humans [41], we assessed emotionality and
anxiety-like behavior in young 3xTg-AD mice. Six-month-old male and female WT and
3xTg-AD mice (N=7–8 per group; 30 total mice) were tested in the elevated plus maze
(EPM) and open field. A videotracking system (Ethovision, Noldus Technology) was used
to collect behavioral data during these tests. The EPM consists of four arms (27 × 6 cm)
arranged in a plus form and elevated 51 cm from the floor. Two opposing arms are
surrounded with 14-cm-high clear Plexiglas walls (closed arms), whereas the other arms are
devoid of walls (open arms). At the intersection of the four arms is a central 8 × 8 cm square
platform giving access to all arms. Mice were gently placed in the center area and their
behavior monitored for five minutes. The light intensity in the open arms was 275 lux. An
entry is defined as a mouse having all four paws in an arm. Dependent measures included
the time spent and number of entries into the open and closed arms and the center area and
the distance traveled in the whole maze.

The open field is 72 cm2 with walls 35.5 cm high and made of white acrylic. The light
intensity in the center of the open field was 325 lux. Mice were placed in the center of the
open field and their behavior monitored for five minutes. Dependent measures included the
distance traveled, the latency to enter the periphery, the time spent in the center (36 cm2),
and velocity. Other measures of emotionality in the EPM and open field tests included the
latency to move after being placed in the apparatus and the number of defecation boli
generated during each five-minute test.

Corticosterone Radioimmunoassay
To determine basal glucocorticoid (i.e., corticosterone) levels, blood was collected from 3–
4-and six-month-old female and male WT and homozygous 3xTg-AD mice (N=7–9 per
group; 63 total mice) within 2 minutes after removal from their cages between 7:00 and
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10:00 A.M. Blood was centrifuged within one hour of collection and plasma stored at −80°C
until assayed. Plasma corticosterone (CORT) was measured using a commercially available
radioimmunoassay kit (MP Biomedicals, Orangeburg, NY) according to package
instructions. The sensitivity of the CORT radioimmunoassay was 0.77 μg/dl and the intra-
and inter-assay coefficients of variation were less than 10%.

GR, MR, and CRH In Situ Hybridization Histochemistry
Since stress may serve as a risk factor for AD, we sought to determine the state of the
hypothalamic-pituitary-adrenal (HPA) axis early in the disease process. Given that we
observed mild altered emotionality in six-month-old 3xTg-AD mice, we chose an earlier age
(3–4-months) to obtain brains from male and female WT and homozygous 3xTg-AD mice
(N=7–9 per group; 33 total mice) for in situ hybridization histochemistry of stress-related
molecules. This age was also chosen because it represents early-stage AD pathology in this
animal model in which some hAβPP/Aβ and very little tau are detected in the hippocampus
(limited to the pyramidal cell layer), cortex, and basolateral amygdala, and no plaques are
present [42]. This age is also prior to the time at which consistent cognitive, emotional, and
anxiety-like behavioral alterations are observed [37, 43]. Mice were sacrificed by rapid
decapitation, and their brains removed, snap frozen, and stored at −80°C. Brains were
cryostat sectioned at 10 μm, and sections were mounted on Fisherbrand Superfrost/Plus
Microscope Slides. Sections were processed for in situ hybridization as follows. Sections
were fixed in 4% paraformaldehyde at room temperature for 1 h. The slides were then
washed three times in room temperature 2x SSC (300 mM NaCl/30 mM sodium citrate, pH
7.2), 1 min each wash. Next, the slides were placed in a solution containing acetic anhydride
(0.25%) in triethanolamine (0.1 M), pH 8.0, for 10 min at room temperature, rinsed in
distilled water, and dehydrated through graded ethanol washes (50%, 75%, 85%, 95%, and
100%). After air-drying, the sections were hybridized with a 35S-labeled cRNA probe for
MR, GR, or CRH. The GR probe is a 597-bp fragment directed against the mouse GR
mRNA coding sequence. The MR probe is a 281-bp fragment directed against the mouse
MR mRNA. The CRH probe is a 571-bp fragment directed against the mouse CRH mRNA.
All cRNA probes were synthesized in our laboratory. The probes were labeled in a reaction
mixture consisting of 1 μg of linearized plasmid, 1x transcription buffer (Roche,
Indianapolis, IN), 120 μCi of 35S-labeled-UTP, 125 μCi of 35S-ATP, 400 μM CTP and
GTP, 10 mM dithiothreitol, 4 units of RNase inhibitor, and 20 units of T7 (for MR and
CRH) or T3 (for GR) RNA polymerase. The reactions were incubated for 90 min at 37°C,
and then 10 units of DNase I (RNase free) was added to the reaction to incubate for another
15 min at room temperature. The labeled probes were purified using Micro Bio-Spin 6
Chromotagraphy Columns (Bio-Rad Laboratories, Hercules, CA), then diluted in
hybridization buffer (containing 50% formamide, 10% dextran sulfate, 3x SSC, 50 mM
sodium phosphate buffer, pH 7.4, 1x Denhardt’s solution, 0.2 mg/ml yeast tRNA, and 20
mM dithiothreitol) to yield 2 × 106 dpm/80 μl. A coverslip with 80 μl of diluted riboprobe
was placed on each slide. Slides were placed in a humidified box with filter paper saturated
with 50% formamide buffer, and incubated overnight at 55°C. Following hybridization,
coverslips were removed and the slides were washed in room temperature 2x SSC three
times for 1 min each, and then incubated for 1 h in RNase A (200 μg/ml in 8.8 mM Tris-
HCl buffer containing 0.5 M NaCl, pH 8.0) at 37°C. The slides were then washed in
increasingly stringent SSC solutions: 2x, 1x, and 0.5x for 1 min each at room temperature,
followed by incubation for 1 h in 0.1x SSC at 65°C. Finally, slides were rinsed in distilled
water and dehydrated through graded ethanol washes, air-dried, and placed in
autoradiography cassettes with Kodak XAR film (Eastman Kodak, Rochester, NY) placed
on top for 4 (MR), 10 (GR) or 30 (CRH) days. The specificity of hybridization was
confirmed by control experiments using sense probes or tissue that had been pretreated with
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RNase A (200 μg/ml) for 1 hr at 37°C before hybridization with antisense probes. No
specific hybridization signals were observed in these conditions.

Autoradiograms were digitized using a ScanMaker 1000XL Pro (Microtek, Carson, CA)
with LaserSoft Imaging software (AG, Kiel, Germany). Digitized images were analyzed
using Image J (NIH) at the rate of 63 pixels/mm. Optical density measurements were taken
from the left and right sides of the brain at 70 μm intervals (1 in 7 series) throughout the
rostro-caudal extent of each region of interest. Thus, for each animal, an average of 14–17
sections were analyzed from four subregions of the dorsal HPC (Cornu Ammonis fields
CA1–CA3, and the dentate gyrus) for MR and GR, 5–6 sections from the PVN for GR and
CRH, 18–20 sections from the central nucleus of the amygdala (CeA) for GR and CRH, and
5–6 sections from the BST for CRH. Optical density measurements were corrected for
background (i.e., tissue area without signal) on each brain slice. Signal pixels of a region of
interest were defined as being 3.5 standard deviations above the mean of the background.
The average signal for a given measurement was then multiplied by the area sampled to
produce an integrated density measurement. These data were averaged to produce one data
point for each region per animal, and then group averages were calculated and compared
statistically. Since a pre-specified area of the dorsolateral BST (BSTLD), and not the whole
nucleus, was used to obtain optical density measurements, the BSTLD data are reported as
the average signal intensity.

hAβPP/Aβ Immunohistochemistry
To verify early-stage Alzheimer’s-like neuropathology in the 3–4-month-old 3xTg-AD
mice, sections adjacent to those used for in situ hybridization histochemistry (N=9 males, 7
females; 16 total mice) were processed simultaneously for immunohistochemistry using the
well-characterized 6E10 anti-hAβPP/Aβ antibody (Covance). Using this antibody allowed
us to assess the presence of uncleaved APP, soluble APP cleaved at the alpha site
(sAPPalpha), and Aβ (epitope: 3–8). Sections were fixed in 4% paraformaldehyde at room
temperature for 1 h. The slides were then washed three times in room temperature PBS (0.02
M KPO4, 0.16 M NaCl), 1 min each wash. Next, the sections were incubated in 50%
formamide/2x SSC (300 mM NaCl/30 mM sodium citrate, pH 7.2) at 65°C for 2 h, rinsed 2
times in 2x SSC, then incubated in 2N HCl at 37°C for 30 min, followed by incubation in
100 mM sodium borate, pH 8.5, at room temperature for 10 min. Following 3 more rinses (1
min each) in PBS, the sections were incubated in 0.1% H2O2 to quench endogenous
peroxidase activity. Next, the sections were rinsed 3 times in PBS, incubated with Avidin
blocker (1:5 dilution, Vector Laboratories) at room temperature on a shaker for 15 min,
rinsed 3 times in PBS, and then incubated with Biotin blocker (1:5 dilution, Vector
Laboratories) at room temperature on a shaker for 15 min. Following 3 more rinses in PBS,
sections were then incubated with BSA diluent (150 mM NaCl, 34 mM K2HPO4, 17 mM
KH2PO4, 1% BSA, 1% NGS, 0.4% Triton) at room temperature for 1 h. Next, the 6E10
primary antibody was applied at a dilution of 1:5,000 and incubated at room temperature
overnight. The next day, sections were rinsed 3 times in PBS and then incubated with a
biotinylated goat anti-mouse secondary antibody (diluted 1:1,000; Vector Laboratories, Inc)
at room temperature for 1 h. Sections were then rinsed 3 times in PBS and incubated in
VECTASTAIN Elite ABC reagent (Vector Laboratories) diluted 1:1,000 in BSA diluent at
room temperature for 60 min. The sections were then rinsed 2 times in 0.1 M sodium acetate
(1 min washes) and then incubated in diaminobenzidine (1 mM diaminobenzidine, 105 mM
NiCl2, 0.006% H202 in 0.1 M sodium acetate) at room temperature on a shaker for 6 min.
The reaction was stopped by rinsing 3 times (1 min each) in distilled water. The sections
were then dehydrated through graded ethanol washes (1 min per alcohol: 50%, 70%, 80%,
95%, 100%) and Xylene and coverslipped. A blocking peptide for 6E10 (RPEP-579P,
Covance) completely blocked the immunoreactivity of the 6E10 antibody; thereby,
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demonstrating the specificity of the antibody. Sections from WT mice also did not show any
immunoreactivity for the antibody.

Images of the posterior parietal association cortex, CA1 area of the HPC, and the posterior
basolateral amygdala were taken from three representative sections per mouse at Bregma
−2.18 [44]. Images were taken as grayscale 8-bit tiffs with an Optronics MicroFire
(Optronics, Goleta, California) digital camera mounted on a Zeiss Axiophot microscope
using a Zeiss 10x Plan neofluor NA 0.3 objective and picture frame software. All images
were taken with a 2-second exposure and a flat field correction was applied. Analysis was
performed with ImageJ 1.46. The scale was set to 1.365 pixels per micron. Measurements
are set to measure area and area fraction. The posterior parietal association cortex and the
CA1 area of the HPC were framed so that the arch of the anatomy crossed the field
diagonally. The basolateral amygdala was centered in the field. Selections outlining the
anatomy were made with the polygon tool for cortex and HPC. Due to shape changes, the
amygdala was sampled with three unique samples with a circular area of 41145 μm. After
the region was selected, the threshold tool was set to 0–150s and applied to create a 2-bit
image. Measurements of each region were collected and saved. Mean percent area of 6E10-
positive immunoreactivity for each of the three brain regions for male and female 3xTg-AD
mice were compared statistically.

Statistical Analyses
Data were analyzed using linear mixed models (proc mixed) using SAS statistical software.
In situ hybridization data were analyzed with two-way ANOVAs (genotype x sex) for all
brain regions, except the HPC in which 3-way ANOVAs were used (genotype x sex x HPC
subregion). CORT radioimmunoassay and behavioral data were analyzed with two-way
ANOVAs (genotype x sex). Post hoc least-squared means tests with slices were performed
to determine effects of genotype and sex in specific groups. 6E10 immunohistochemistry
data were analyzed using t-tests to compare sex differences. The significance value for all
tests was α < 0.05.

RESULTS
Emotional and Anxiety-Like Behavior

In the EPM, a commonly used test of anxiety-like behavior, both WT and 3xTg-AD six-
month-old mice showed similar levels of avoidance of the open arms as nearly half the
males and more than half the females either never entered the open arms at all or they froze
when they did enter an open arm (Figure 1A). Interestingly, only WT mice froze in the open
arms (see checkered boxes in Figure 1A). Further, no genotype or sex differences were
found in the distance traveled (genotype: F(1/26)=0, p=0.97; sex: F(1/26)=0.51, p=0.48; Figure
1B) or the total number of entries into all the arms (genotype: F(1/26)=0.00, p=0.98; sex:
F(1/26)=1.34, p=0.26; Figure 1C) of the test apparatus over the five-minute test. Thus, both
3xTg-AD and WT mice exhibit similar levels of locomotor activity and avoidance of the
“anxiogenic” open arms in the EPM at six months of age.

In the open field, 3xTg-AD and WT mice demonstrated similar levels of locomotor activity
throughout the five-minute test (genotype: F(4/130)= 1.41, p=0.24; sex: F(4/130)=1.90, p=0.17;
interval: F(4/130)=0.24, p=0.91; Figure 1D). Male 3xTg-AD mice took significantly longer to
enter the periphery after initially being placed in the center than all WT mice (genotype:
F(1/26)=4.95, p<0.05; posthoc tests--male 3xTg-AD vs. male WT: F(1/26)= 5.88, p<0.05 and
vs. female WT: t(26)=−2.47, p<0.05; Figure 1E). Further, male and female 3xTg-AD mice
spent more time in the center of the open field than WT mice, especially during the early
portion of the test, as shown by significant main effects for genotype (F(1/26)=7.09, p=0.01)
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and time interval (F(4/104)=13.68, p<0.001) and a significant genotype by interval interaction
(F(4/104)=3.58, p<0.01; Figure 1F). Posthoc tests reveal that male 3xTg-AD mice spent more
time in the center than male WT mice during the first minute (F(1/104)=6.20, p=0.01), while
female 3xTg-AD mice spent more time in the center than female WT mice during the
second and third minutes (second: F(1/104)=6.92, p<0.01 and third: F(1/104)=4.75, p=0.05)
and more time than male 3xTg-AD mice during the second minute of the test (F(1/104)=5.70,
p<0.05). This increased time spent in the center by the 3xTg-AD mice was accompanied by
a slower speed of movement (i.e., decreased velocity) early in the test, as revealed by
significant main effects for genotype (F(1/26)=4.55, p<0.05) and interval (F(4/81)=18.72,
p<0.001). Posthoc analyses reveal that female 3xTg-AD mice moved slower than female
WT mice in the center during the first and second minutes (first: F(1/81)=3.58, p=0.06;
second: F(1/81)=4.54, p<0.05), while the male 3xTg-AD mice moved significantly slower
than female WT mice during the first minute (t(81)=2.13, p<0.05; Figure 1G). However, the
3xTg-AD mice did not freeze in the center as their latency to move when first placed in the
open field did not differ from WT mice (F(1/26)=0.76, p=0.39; Table 1) and their mean
velocity was greater than 7 cm per second. These data show that male and female 3xTg-AD
mice exhibit a mild disinhibition of behavior in the open field at six months of age by
spending more time in the center early during the test.

Latency to move after initially being placed in an apparatus and the number of defecation
boli were also measured in the EPM and the open field. As mentioned above, 3xTg-AD
mice did not differ from WT mice in the latency to move in the open field; however, these
transgenic mice did take significantly longer than WT mice to move in the EPM
(F(1/26)=9.34, p<0.01; Table 1). Mixed model analyses of the number of defecation boli
generated during the EPM and open field tests reveal significant effects for genotype but not
sex in both tests (EPM--genotype: F(1/26)=4.17, p=0.05 and sex: F(1/26)=0.01, p=0.94; open
field--genotype: F(1/26)=7.95, p<0.01 and sex: F(1/26)=0.41, p=0.53). Posthoc analyses show
that the number of defecation boli generated was significantly higher for male 3xTg-AD
mice compared to male WT mice in both the EPM (F(1/26)=5.55, p<0.05) and the open field
(F(1/26)=6.96, p=0.01), but females generated similar numbers of defecation boli (EPM:
F(1/26)=0.22, p=0.64; open field: F(1/26)=1.71, p=0.21; Table 1). Thus, 3xTg-AD mice show
altered emotionality at six months of age.

Gene Expression of Stress-Related Molecules
Since dysregulation of the HPA axis may precede substantial Aβ accumulation and
consistent behavioral alterations, and serve as a risk factor for AD, regulation of the HPA
axis during early stage AD-like pathology in 3–4 month old 3xTg-AD mice was examined
via in situ hybridization histochemistry of basal gene expression of the stress-related
molecules GR, MR, and CRH in brain.

The HPC is a key brain structure involved in learning and memory and turn-off of the stress
axis, and shows substantial AD pathology over time. Analysis of MR gene expression
reveals that male mice exhibit significantly higher MR mRNA levels in the HPC compared
to female mice (subregion dependent upon genotype), as shown by significant effects for sex
(F(1/3831)=19.04; p<0.001) and subregion (F(3/3831)=2612.83, p<0.001), but not genotype
(F(1/3831)=0.52, p=0.47). In this mixed model analysis, several interactions are also
significant (sex by region: F(3/3831)=33.00, p<0.001; genotype by region: F(3/3831)=9.87,
p<0.001; and sex by genotype by region: F(3/3831)=7.53, p<0.001). Thus, each hippocampal
subregion was also examined separately, revealing significant effects for genotype
(F(1/938)=7.51, p<0.01) and sex (F(1/938)=10.73, p=0.001) in the CA3, the subregion that is
highly sensitive to chronic stress [45, 46]. Posthoc tests show that male 3xTg-AD mice
exhibit significantly higher MR mRNA expression in the CA3 area compared to their male
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WT counterparts (F(1/938)=9.08, p<0.01) and all female mice (vs. female 3xTg-AD:
F(1/938)=10.11, p<0.01 and vs. female WT: t938=−4.33, p<0.001; Figure 2A–C).

Male 3xTg-AD mice also exhibit significantly higher GR mRNA levels in the CA3 and
dentate gyrus subregions of the HPC (Figure 2D–G). A mixed model analysis of GR mRNA
expression in all hippocampal subregions reveals significant effects for subregion
(F(3/3921)=2386.21, p<0.001) and several interactions (sex by region: F(3/3921)=11.03,
p<0.001; genotype by region: F(3/3921)=15.72, p<0.001; and sex by genotype by region:
F(3/3921)=17.73, p<0.001), but not for sex (F(1/3921)=2.26, p=0.13) or genotype
(F(1/3921)=3.03, p=0.08). Given the significant interactions, each hippocampal subregion was
also examined separately. A mixed model analysis of the CA3 subregion shows a significant
effect for genotype (F(1/956)=4.80, p<0.05), but not sex (F(1/956)=1.47, p=0.22). Posthoc
analysis shows that male 3xTg-AD mice exhibit higher GR mRNA levels in the CA3
subregion compared to their WT counterparts (F(1/956)=5.44, p<0.05; Figure 2D, E, and F).
A mixed model analysis of the dentate gyrus reveals significant effects for sex
(F(1/959)=5.58, p<0.05) and genotype (F(1/959)=6.87, p<0.01). Posthoc analysis shows that
male 3xTg-AD mice exhibit significantly higher GR mRNA levels in the dentate gyrus than
all WT mice (vs. females: t959=−3.66, p<0.001; vs. males: F(1/959)=4.07, p<0.05; Figure 2D,
E, and G). Thus, two areas of the HPC (i.e., CA3 and dentate gyrus) show stress molecule-
related changes in gene expression when AD pathology is in the early stages.

GR mRNA expression, along with CRH, were also examined in other stress- and
emotionality-related brain regions including the PVN, the CeA and the BST. The PVN is a
key structure involved in the modulation of the HPA axis. A mixed model analysis of GR
mRNA expression in the PVN shows a significant effect for genotype (F(1/211): 5.59,
p<0.05) but not sex (F(1/211): 0.00, p=0.97), and a significant sex by genotype interaction
(F(1/211): 4.06, p<0.05). Post hoc tests reveal that male 3xTg-AD mice have significantly
higher GR mRNA levels than male WT mice (F(1/211)=10.18, p<0.01; Figure 3A, B, and E).
In contrast, the opposite is true for CRH mRNA in which male WT mice have significantly
more CRH mRNA in the PVN than male 3xTg-AD mice (Figure 3C, D, and F), as revealed
by significant effects for genotype (F(1/309)=6.02, p=0.01) but not sex (F(1/309)=0.01,
p=0.93; posthoc tests: M-WT vs. M-3xTg-AD: F(1/309)=8.74, p<0.01). Interestingly, female
transgenic mice do not show GR or CRH changes in the PVN.

The primary role of the CeA is the modulation of fear and anxiety-like responses. A mixed
model analysis of GR mRNA expression in the CeA reveals significant main effects for sex
(F(1/1152): 9.98, p<0.01) and genotype (F(1/1152): 7.18, p<0.01) and a significant sex by
genotype interaction (F(1/1152): 26.88, p<0.001). Posthoc analysis shows that female 3xTg-
AD mice exhibit higher GR mRNA levels in the CeA than their male transgenic
counterparts (F(1/1152)=31.79, p<0.001) and all WT mice (vs. F-WT: F(1/1152)=27.08,
p<0.001; vs. M-WT: t1152=3.96, p<0.001; Figure 4A, B, and E). Interestingly, the male
3xTg-AD mice do not show increased GR mRNA expression in this brain region. However,
both male and female 3xTg-AD mice do show significantly more CRH mRNA expression
than WT mice in the CeA (Figure 4C, D, and F). A mixed model analysis of CRH mRNA in
the CeA reveals a significant effect for genotype (F(1/408)=26.23, p<0.001), but not sex
(F(1/408)=0.06, p=0.81). This increased mRNA expression is strongest in the rostral part of
this nucleus, similar to what we have reported in our GR overexpressing (GRov) mice that
show increased anxiety-like behavior [47]. Posthoc analysis shows that female and male
3xTg-AD mice have significantly more CRH mRNA expression in the rostral part of the
CeA compared to female (F(1/408)=17.10, p<0.001) and male (F(1/408)=9.32, p<0.01) WT
mice.
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The BST is the major relay between the HPC (the main extra-hypothalamic negative
feedback regulator of the HPA axis) and the PVN. The BST is also considered part of the
extended amygdala since it plays a role in emotional behavior. Analysis of the in situ
hybridization data reveals both sex and genotype differences in CRH mRNA expression in
the dorsolateral BST (BSTLD). A mixed model analysis of the dorsal BST (dorsomedial and
dorsolateral regions) reveals significant effects for sex (F(1/459)=6.03, p=0.01), genotype
(F(1/459)=11.44, p<0.001), region (F(1/459)=45.95, p<0.001), and a genotype by region
interaction (F(1/459)=6.11, p=0.01). Posthoc analysis shows that female and male 3xTg-AD
mice exhibit significantly more CRH mRNA expression in the BSTLD when compared to
WT mice (Females: F(1/459)=5.20, p<0.05; Males: F(1/459)=12.38, p<0.001; Figure 5A–D).
In addition, male 3xTgAD mice express even more CRH mRNA in the BSTLD than their
female transgenic counterparts (F(1/459)=5.30, p<0.05).

Glucocorticoid Levels
In contrast to gene expression of stress-related molecules in brain, basal plasma CORT
levels in the 3–4 month old 3xTg-AD mice are not different from their WT counterparts, but
females exhibit higher levels than males (Table 2). A mixed model analysis reveals a
significant effect for sex (F(1/30)=14.72, p<0.001), but not genotype (F(1/30)=0.4144,
p=0.41). In the six-month-old mice that underwent behavioral testing, basal CORT levels
were also similar between 3xTg-AD and male WT mice. A mixed model analysis of the six-
month-old mice also reveals a significant effect for sex (F(1/22)= 6.61, p<0.05), but not
genotype (F(1/22)= 0.91, p<0.35). A sex by genotype interaction is also significant (F(1/22)=
4.57, p<0.05). Posthoc analyses reveal that female WT mice exhibited higher CORT levels
than all other mice (female WT vs. male WT: F(1/22)=11.09, p<0.01; vs. female 3xTg-AD:
F(1/22)=5.19, p<0.05; vs. male 3xTg-AD: t(22)=2.49, p<0.05). CORT values show high
variability among six-month-old female WT mice. Nevertheless, male and female 3xTg-AD
mice do not show elevated basal CORT levels at these young ages.

Neuroanatomical Expression of hβAPP/Aβ Pathology
Adjacent sections to those used for examining gene expression of stress-related molecules in
the 3–4-month-old 3xTg-AD mice were stained with the 6E10 antibody to assess hAβPP/Aβ
neuropathology. No hAβPP/Aβ pathology was found in the PVN, BST, or CeA.
Representative images from the HPC and posterior parietal association cortex (A and B),
and posterior basolateral amygdala (C and D) at Bregma −2.18 [44] are shown in Figure
6A–D. 6E10 immunoreactivity is found in the pyramidal cell layer of the CA1–CA3 areas of
the hippocampus and layers IV and V of the cortex. At this age, hAβPP/Aβ staining is
limited to the cell bodies, with little to no staining of fibers in the stratum radiatum or oriens
of the HPC. Importantly, no 6E10 immunopositive plaques were found, indicating an early
stage of pathology in these animals. When examining the percent area of 6E10
immunopositive cells, female 3xTg-AD mice exhibited significantly higher 6E10
immunoreactivity in the CA1 area of the HPC (t(53)=8.81, p<0.001) and basolateral
amygdala (t(107)=3.77, p<0.001) compared to male 3xTg-AD mice (Figure 6E). In contrast,
6E10 immunoreactivity was similar between males and females in the posterior parietal
association cortex (t(53)= −0.81, p=0.42). Thus, even during early-stage pathology at 3–4
months of age in the 3xTg-AD mouse model, females show more hβAPP/Aβ pathology in
the HPC and amygdala than males.

DISCUSSION
The results of the present study clearly demonstrate that: 1) the central stress axis of young
3xTg-AD mice shows activation at the gene expression level in several brain areas at a time
of early-stage neuropathology and mild behavioral alterations, and 2) these stress-gene
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expression changes exist concurrently with normal circulating CORT levels. Young male
3xTg-AD mice exhibit significantly higher basal MR and GR mRNA levels in the HPC and
increased GR but decreased CRH mRNA levels in the PVN compared to male WT mice.
Both male and female 3xTg-AD mice exhibit significantly higher CRH mRNA levels in the
CeA and BSTLD than WT mice, with females also showing higher GR mRNA levels in the
CeA. The finding that the central HPA axis is activated basally in young early-stage AD
pathologic mice suggests that HPA axis changes may begin before the appearance of overt
brain pathology. Further studies to determine the timing of the onset of such central HPA
axis changes in comparison to AD-like pathology are warranted since early HPA axis
alterations may possibly serve as an antecedent factor for individuals at high risk for AD
before Aβ accumulation is detected. The identification of such early-stage antecedent factors
is critical for the development of AD prevention strategies because the onset of
neuropathological abnormalities precedes the appearance of cognitive and neuropsychiatric
symptoms by many years [3, 4].

The central stress molecule gene expression changes reported here are present in naïve
3xTg-AD mice that have not experienced any type of environmental or experimental
manipulation. Since a central function of our bodies is to maintain homeostasis at all levels,
including the HPA axis, these young animals with early-stage pathology and mild behavioral
alterations are likely exhibiting physiological regulation to achieve homeostasis. These
regulatory changes in the HPA axis are found at the central level, which over time or
exposure to threatening conditions may become increasingly difficult for the animal to
maintain. As a result, the animal may experience increasing susceptibility for neuronal
dysfunction with resultant changes in emotional and cognitive behavior. Some evidence for
regulatory changes in other systems of young 3xTg-AD mice has been reported. Brain
oxidative stress is increased in 3–5-month-old female 3xTg-AD mice [48]. Changes in
inflammatory factors in the peripheral immune system and brain are found in 5–6-month-old
3xTg-AD mice [49]. 3xTg-AD mice also exhibit alterations in calcium signaling as early as
six weeks of age, yet synaptic function does not appear to be disrupted [50, 51]. Thus, the
key finding of an activated central stress axis in these young 3xTg-AD mice may reflect a
phenotype with a heightened allostatic load [52], in which an organism experiences wear
and tear on the brain and body resulting from chronic overactivity or underactivity of
physiological systems that normally serve adaptive functions to internal and external
challenges. The control of the HPA or stress axis is especially important, because when this
system does not turn off over time, it can cause damage or promote pathology.

The stress molecule gene expression alterations in the brains of young 3xTg-AD mice point
to an activated HPA axis like that found with chronic stress. During chronic stress, CRH is
upregulated in the CeA and BST [53, 54], as observed basally in the 3–4-month-old 3xTg-
AD mice. However, CRH levels in the PVN are increased, decreased, or not changed
depending upon the type of stress [53–56] along with a corresponding change in GR mRNA
levels in the opposite direction [57]. In the current study, young male 3xTg-AD mice
showed decreased basal CRH levels with a concomitant increase in GR mRNA in the PVN
and HPC, consistent with negative feedback onto the HPA axis in the basal state. Reduction
of CRH synthesis and activity in the PVN after stress is thought to be essential in limiting
the stress response and preventing pathologies associated with excess CRH levels [57, 58].
Male 3xTg-AD mice show such reduction in CRH synthesis in the PVN, suggesting that
they possess a tight feedback of the HPA axis at this young age. Nevertheless, such
physiological regulation of the HPA axis as demonstrated by increased CRH in the CeA and
BST and the changes in the PVN resulting from prolonged exposure to stressors, or as
observed in the basal state of young early-pathologic male 3xTg-AD mice, may lead over
time to development of a maladaptive “chronic stress state” and contribute to changes at the
neuronal and behavioral levels. Chronic hyperactivation of the CRH system, for example, is
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associated with stress-related psychiatric disorders such as anxiety and depression [59, 60].
Further, an optimal level of glucocorticoid signaling is required for normal brain function
and deviation from this optimal level in either direction, as observed in young male 3xTg-
AD mice with increased MR and GR gene expression in the HPC, is extremely harmful over
time to neuronal integrity [9].

These gene expression changes in the central HPA axis in young 3xTg-AD mice occur
simultaneously with normal circulating plasma CORT levels. Alterations in peripheral
circulating CORT levels do not necessarily accompany central HPA axis alterations. For
example, aged animals show HPA axis regulation through the interplay of multiple levels of
control resulting in normal circulating levels of CORT under resting conditions [24, 61].
Young forebrain glucocorticoid-overexpressing mice (GRov mice) also show such an aging-
like neuroendocrine phenotype with normal levels of circulating stress hormones under
resting conditions [62]. However, under stress conditions, these same aged and transgenic
animals show a delayed recovery to basal CORT levels even hours after the termination of
the stressor [24, 62, 63]. Thus, given the central HPA axis changes in the young 3xTg-AD
mice found here, especially in the HPC and BST, one would hypothesize that these young
mice would eventually show impaired negative feedback with a delay in the turn-off of the
HPA axis following stress. This appears to be the case because at 12 months of age, the
3xTg-AD mice show attenuated habituation to chronic mild social stress as evidenced by
elevated CORT levels compared to WT mice, with resulting exacerbation of Aβ pathology
[64]. Although exogenous dexamethasone exacerbates Aβ pathology in four-month-old
3xTg-AD mice [33], further studies are needed to determine the impact of acute and chronic
naturalistic stressors at younger ages in this mouse model. In the basal state, our data show
that 3xTg-AD mice show normal circulating CORT levels at least until nine months of age
(data not shown), but an activated central stress axis as early as three months of age.

Non-cognitive symptoms of AD, termed the Behavioral and Psychological Symptoms of
Dementia (BPSD), are frequently observed and affect more than 80% of patients over the
course of the illness [65]. Activity disturbance is the most prevalent symptom observed in
nearly all early AD subjects, with anxiety the next most frequent symptom [64]. Apathy,
aberrant motor activity, dysphoria and anxiety are the symptoms most frequently reported by
caregivers [67]. The majority of the BPSD symptoms that are present with a mild degree of
dementia consistently persist, or even increase in severity, into the later stages of dementia
[66, 67]. Importantly, increased emotionality and other BPSD precede cognitive impairment
by several years [41], and may be considered as predictive symptoms leading to dementia.
The early manifestations of BPSD in AD and their persistence over the disease trajectory
stand in contrast to the rather linear decline in cognitive functions over time. This
dissociation between the manifestations of cognitive and non-cognitive symptoms suggests
that independent pathological mechanisms are involved [68]. Factors likely to cause
manifestations of BPSD are environmental changes, genetic predisposition, past history of
adversity and stress exposure, or individual differences in response to stress.

Gene expression changes in the central stress axis, like that found in the young 3xTg-AD
mice of the current study, may play a role in the manifestations of BPSD. Thus, we chose to
examine molecular and behavioral correlates of emotionality in 3xTg-AD mice. Consistent
among both male and female 3xTg-AD mice is the upregulation of CRH mRNA expression
in the emotionality-related brain regions CeA and BST. Female 3xTg-AD mice also express
higher GR mRNA levels in the CeA. The amygdala and BST are highly interconnected, and
distinct subregions are considered to be part of the “extended amygdala” [15]. The BST
plays a special role in longer-duration, sustained, anxiety-like responses while the CeA
mediates shorter duration fear (threat) responses [16]. Elevated CRH mRNA levels are
found in the CeA and lateral BST (especially the dorsolateral division) upon exposure to
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innate fear and anxiety tests [16, 69]. Both the CeA and the BST receive projections from
the basolateral amygdala [70], which screens incoming sensory information for threat cues
and shows AβPP/Aβ accumulation in AD transgenic mouse models such as the 3xTg-AD
mice used in the current study.

Increased emotionality and anxiety-like behaviors have been reported in 3xTg-AD mice
with an increase in severity with advancing age [37, 43, 71]. Six-month-old 3xTg-AD mice
in the current study did not show anxiety-like behavior in the EPM, but exhibited altered
emotionality on two indices: increased defecation and reduced initial exploratory behavior in
the EPM, which is consistent with some reports [43, 72]. However, contrary to others [37,
43], these mice showed a mild disinhibition in the open field by spending more time in the
center and did not exhibit freezing behavior. These mice also exhibited similar levels of
locomotor activity to that of the WT mice, which is also contrary to the reported decreased
ambulation [37, 40, 43, 71]. The current data suggest mild behavioral changes in 3xTg-AD
mice at six months of age, which would likely be even milder at the age (3–4 months) at
which gene expression of stress-related molecules was examined. We have detected
alterations in gene expression (i.e., GR and CRH) in stress- and emotionality-related brain
areas that predate the emergence of substantial behavioral changes. Such gene alterations
may indicate a vulnerability to altered emotionality or anxiety-like behavior similar to that
observed in humans with AD.

The male 3xTg-AD phenotype of an activated central stress axis at the gene expression level
(i.e., GR, MR, CRH) involves the HPC, PVN, CeA, and BST, while the female 3xTg-AD
phenotype is limited to the CeA and BST. The increased CRH mRNA levels in the CeA and
BST found in both sexes is likely tied to the eventual heightened emotionality and anxiety
phenotype of these mice, and the additional increased GR levels in the CeA for the females
may play a role in the more severe BPSD behaviors observed in females as compared to
males [37]. In contrast, females do not show alterations of the HPA axis at the level of the
PVN and the HPC, suggesting that 3xTg-AD males exhibit a tighter feedback of the HPA
axis at 3–4 months of age. These young female 3xTg-AD mice also exhibit more hAβPP/Aβ
in the HPC and amygdala than males, which is consistent with other reports of more
extensive neuropathology and cognitive impairments in female 3xTg-AD mice [37–40, 73].
One can speculate that the tighter feedback on the HPA axis to maintain homeostasis in male
3xTg-AD mice early in life may at least temporarily curtail pathological acceleration
relative to females.

In summary, our findings reveal an activated central HPA axis, as measured by alterations of
stress-related molecules, in young 3xTg-AD mice with early-stage AD neuropathology and
mild behavioral alterations. These data impart a phenotype to the 3xTg-AD mouse model
suggestive of a heightened allostatic load or vulnerability to stress at a very early age. These
early alterations are prime targets for determining useful antecedent factors for those at high
risk of developing AD or, in the case of the HPA axis alterations, those at high risk for
developing certain AD-associated behavioral deficits related to altered emotionality.
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Figure 1.
EPM and open field behavior in six-month-old WT and 3xTg-AD mice. (A) Nearly half the
males and more than half the females of both genotypes never entered the open arms of the
EPM or they froze when they did enter an open arm (WT mice only; see checkered areas).
(B and C) The distance traveled (B) and the total number of entries (C) in the EPM did not
differ between 3xTg-AD and WT mice. (D) The distance traveled in the open field was also
similar for 3xTg-AD and WT mice. (E) Male 3xTg-AD mice took significantly longer to
enter the periphery after initial placement in the center than WT mice. (F and G) Male and
female 3xTg-AD mice spent more time in the center of the open field (F) and exhibited a
slower speed of movement (G) during the early part of the test (but they did not freeze—see
Latency to Move in Table 1). Data represent mean ± SEM. &p<0.05 vs. WT mice, *p<0.05:
female 3xTg-AD vs. female WT; +p=0.01: male 3xTg-AD vs. male WT; ^p<0.05: female
3xTg-AD vs. male 3xTg-AD; #p<0.05: male 3xTg-AD vs. female WT.
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Figure 2.
Basal Gene Expression in the hippocampus (HPC) of 3–4-month-old WT and 3xTg-AD
mice. (A and B) Representative MR in situ hybridization autoradiographs from male WT
(A) and 3xTg-AD (B) mice. (C) Male 3xTg-AD mice show higher MR mRNA expression in
the CA3 area of the HPC compared to male WT mice and all female mice. (D and E)
Representative GR in situ hybridization autoradiographs of the HPC from male WT (D) and
3xTg-AD (E) mice. (F and G) Male 3xTg-AD mice exhibit higher GR mRNA expression in
the CA3 area (F) and dentate gyrus (G) of the HPC compared to male WT mice and female
and male WT mice, respectively. Data represent mean ± SEM. *p<0.05; **p<0.01.
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Figure 3.
Basal Gene Expression in the paraventricular nucleus of the hypothalamus (PVN) of 3–4-
month-old WT and 3xTg-AD mice. (A and B) Representative GR in situ hybridization
autoradiographs of the PVN from male WT (A) and 3xTg-AD (B) mice. (C and D)
Representative CRH in situ hybridization autoradiographs of the PVN from male WT (C)
and 3xTg-AD (D) mice. (E) Male 3xTg-AD mice show higher GR mRNA expression in the
PVN than male WT mice. (F) Male 3xTg-AD mice exhibit lower CRH mRNA levels in the
PVN compared to male WT mice. Data represent mean ± SEM. **p<0.01.
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Figure 4.
Basal Gene Expression in the central nucleus of the amygdala (CeA) of 3–4-month-old WT
and 3xTg-AD mice. (A and B) Representative GR in situ hybridization autoradiographs of
the CeA from female (A) and male (B) 3xTg-AD mice. (C and D) Representative CRH in
situ hybridization autoradiographs of the CeA from male WT (C) and male 3xTg-AD (D)
mice. (E) Female 3xTg-AD mice express higher GR mRNA levels in the CeA than male
3xTg-AD mice and all WT mice. (F) All transgenic mice exhibit higher CRH mRNA
expression in the CeA compared to WT mice. Data represent mean ± SEM. ***p<0.001.
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Figure 5.
Basal CRH Gene Expression in the dorsolateral bed nucleus of the stria terminalis (BSTLD)
of 3-4-month-old WT and 3xTg-AD mice. (A and B) Representative CRH in situ
hybridization autoradiographs of the BSTLD from male WT (A) and 3xTg-AD (B) mice.
Arrows indicate the dorsolateral division of BST. (C) All transgenic mice exhibit higher
CRH mRNA expression in the BSTLD compared to WT mice. (D) Schematic of BST
nuclei, including the dorsolateral division [44]. Data represent mean ± SEM. *p<0.05;
***p<0.001.
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Figure 6.
hAβPP/Aβ immunoreactivity in the hippocampus (HPC), posterior parietal association
cortex, and posterior basolateral amygdala of 3-month-old male and female 3xTg-AD mice.
Representative images of 6E10 immunoreactivity in brain slices at Bregma −2.18 [44] of
male (A and C) and female (B and D) 3xTg-AD mice are depicted here. 6E10
immunoreactivity is found in the pyramidal cell layer of the CA1–CA3 areas of the HPC,
with little to no staining of fibers in the stratum radiatum or oriens. 6E10 immunoreactivity
is also found in Layers IV and V of the cortex and the basolateral amygdala. No 6E10-
immunopositive plaques were found. Females exhibit significantly more 6E10
immunoreactivity per area (as measured by percent area sampled) than males in the CA1
area of the HPC and the basolateral amygdala, but not the posterior parietal association
cortex. ***p<0.001.
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Table 1

Measures of Emotionality in 6-month-old 3xTg-AD mice

Male Female

WT 3xTg-AD WT 3xTg-AD

Latency to Move (sec)

EPM 0.81±0.43 4.67±2.14** 0.71±0.47 5.07±1.57**

Open Field 0.65±0.26 2.41±1.09 1.25±0.69 0.69±0.47

Defecation Boli (number)

EPM 2.86±0.63 4.86±0.55* 3.63±0.53 4.00±0.60

Open Field 2.57±0.53 5.00±0.44* 3.63±0.86 4.75±0.53

Measures related to emotionality in the EPM and open field tests are shown here. Results are mean ± SEM. Initial freezing behavior was observed
in male and female 3xTg-AD mice immediately after being placed in the EPM, but not the open field. Increased defecation was observed in male
but not female 3xTg-AD mice compared to WT mice in the EPM and open field.

*
p<0.05,

**
p<0.01.
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Table 2

Basal CORT levels in 3xTg-AD mice

3–4 Months Old 6 Months Old

Males WT 1.39 ± 0.59 0.79±0.44

3xTg-AD 1.26 ± 0.56 2.06±0.99

Females WT 4.34 ± 0.99* 5.87±2.22*

3xTg-AD 6.18 ± 2.12* 2.53±1.06

Basal CORT levels (μg/dl) were obtained from mice killed within 2 minutes after removal from their home cages between 7 and 10 A.M. No
differences in CORT levels were found between WT and 3xTg-AD mice at 3–4 months of age. Females exhibited significantly higher CORT levels
than males at this age. At 6 months of age, female WT mice exhibited higher CORT levels than all other mice, but note the high variability in
CORT levels in the female WT mice.

*
p<0.05.
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