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Abstract

Background—Immune system activation is frequently reported in patients with Alzheimer's 

disease (AD). However, it remains unknown whether this is a cause, a consequence, or an 

epiphenomenon of brain degeneration.

Objective—The present study examines whether immunological abnormalities occur in a well-

established murine AD model and if so, how they relate temporally to behavioral deficits and 

neuropathology.

Methods—A broad battery of tests was employed to assess behavioral performance and 

autoimmune/inflammatory markers in 3xTg-AD (AD) mice and wild type controls from 1.5 to 12 

months of age.

Results—Aged AD mice displayed severe manifestations of systemic autoimmune/inflammatory 

disease, as evidenced by splenomegaly, hepatomegaly, elevated serum levels of anti-nuclear/anti-

dsDNA antibodies, low hematocrit, and increased number of double-negative T splenocytes. 

However, anxiety-related behavior and altered spleen function were evident as early as 2 months 

of age, thus preceding typical AD-like brain pathology. Moreover, AD mice showed altered 

olfaction and impaired “cognitive” flexibility in the first 6 months of life, suggesting mild 
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cognitive impairment-like manifestations before general learning/memory impairments emerged at 

an older age. Interestingly, all of these features were present in 3xTg-AD mice prior to significant 

amyloid-β or tau pathology.

Conclusion—The results indicate that behavioral deficits in AD mice develop in parallel with 

systemic autoimmune/inflammatory disease. These changes antedate AD-like neuropathology, 

thus supporting a causal link between autoimmunity and aberrant behavior. Consequently, 3xTg-

AD mice may be a useful model in elucidating the role of immune system in the etiology of AD.

Keywords

Alzheimer's disease; amyloidosis; anxiety; autoimmunity; hepatomegaly; inflammation; mild 
cognitive impairment; olfaction; splenomegaly; 3xTg-AD model

INTRODUCTION

Alzheimer's disease (AD) is an age-related, progressive neurodegenerative condition of 

unknown etiology. It is largely characterized by losses in multiple cognitive domains, 

psychiatric manifestations [1], and ultimately death within 9 years of diagnosis [2]. The lack 

of effective medication, prolonged life expectancy, and escalating incidence, has made AD a 

significant medical, social, and economic burden globally. According to the recent World 

Alzheimer's Report, more than 36 million people worldwide have been affected, with 

numbers expected to double every 20 years (http://www.alz.co.uk/research/world-

report-2012). The neuropathological hallmarks of AD are extracellular deposits (plaques) of 

amyloid-β peptide (Aβ) and filamentous intracellular aggregates (neurofibrillary tangles) of 

hyperphosphorylated tau protein [3]. Misfolded proteins, neuroinflammation [4, 5], 

oxidative stress [6], metal dysregulation [7], angiopathy [8], and neuronal death [9] are just 

some of the many pathogenic factors hypothesized to contribute to brain atrophy and 

neuropsychiatric manifestations. Similar to AD, amnestic mild cognitive impairment (aMCI) 

is an etiologically-unknown syndrome characterized by mild, age-independent deficits in 

one or more cognitive domains, but without the typical signs of significant functional 

decline indicative of AD [10]. Clinical studies have shown that subjects diagnosed with MCI 

are at increased risk to convert into AD (reviewed in [11]). Many patients with MCI present 

with spatial navigation deficits and impaired working and short-term memory, suggestive of 

early damage in the entorhinal-hippocampal circuitry [12]. Despite intact learning capacity, 

they perform poorly on a variety of tasks that require cognitive flexibility [13–15]. In 

particular, MCI patients have a tendency to adhere to previously learned responses, thus 

showing a high degree of perseveration. Similar to AD [16], deficits in executive function 

are often accompanied by depression, agitation, sleep disturbances, irritability, and anxiety 

(reviewed in [17]).

Prominent inflammatory and innate immune responses have been observed in both AD and 

MCI patients [18–20]. Initial evidence supporting an early, detrimental inflammatory 

process came from epidemiological studies showing that use of non-steroidal anti-

inflammatory drugs (NSAIDs) among patients with rheumatoid arthritis is associated with a 

lower incidence of AD [21]. Postmortem analysis of brain tissue revealed that use of 

traditional NSAIDs correlated with fewer activated microglia [22]. Experimental studies 

Marchese et al. Page 2

J Alzheimers Dis. Author manuscript; available in PMC 2015 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.alz.co.uk/research/world-report-2012
http://www.alz.co.uk/research/world-report-2012


also demonstrated that administration of NSAIDs was accompanied by decreased microglial 

activation around plaques [23] and attenuation of Aβ burden [24]. Although local 

inflammatory responses may accompany plaque formation, it remains unknown whether 

these immune mechanisms reflect a driving pathogenic force, bystander reaction, or 

reparative process [25].

So far, the peripheral immune systems of AD and MCI animal models have not been 

systematically explored in longitudinal studies. The triple-transgenic, 3xTg-AD (AD) 

substrain is one of several well-established murine models because it mimics several key 

aspects of AD neuropathology: 1) Aβ plaques and neurofibrillary pathology develop in AD-

relevant brain regions, such as the hippocampus, cortex, and amygdala; 2) plaque pathology 

precedes tangle formation, and plaques consist of the longer, more amyloidogenic Aβ 42;3) 

the pattern of conformational and phosphorylation changes that the tau protein undergoes 

parallels the sequence in the human AD brain; 4) selective loss of nicotinic a7 receptors in 

the hippocampus and cortex [26–29]. In conjunction with an early, intra-neuronal 

accumulation of Aβ, these mice also develop deficits in long-term potentiation, paired-pulse 

facilitation, and long-term memory [26, 30]. Being a commonly used animal model of AD, 

we tested the hypothesis that changes in the immune system develop alongside progressive 

behavioral dysfunction and emerging neuropathology.

MATERIALS AND METHODS

Animals

Given that tau-related pathology is comparable in both genders of AD mice [31] and that 

estrus cycling may confound assessment of disease-related behavioral dysfunction, males 

were used in the present project. The first cohort consisted of homozygous triple-transgenic 

AD mice possessing PS1M146V, AβPPswe, and tauP301L transgenes and control, wild type 

(WT) mice (n = 20 mice/genotype) purchased at 6 weeks of age. These mice were used for 

the longitudinal behavioral study in which immunological status was assessed at 12 months 

of age (i.e., when behavioral profiling was completed). Three AD mice died prematurely 

between 10 and 11 months of age, thus reducing the total sample size to N = 37. Considering 

significant discrepancies in the immune status were observed between the two phenotypes, a 

second cohort of 4 week-old males (n = 10 mice/genotype) were purchased for a cross-

sectional study to assess behavior and immune status before documented AD-like pathology 

(i.e., approximately 1.5 months of age). Upon arrival from the supplier (Jackson 

Laboratories, Bar Harbor, ME, USA), all mice were group-housed (4 mice/cage) and kept 

under standard laboratory conditions: light phase 7 A.M.-7 P.M., room temperature ~22°C, 

humidity ~62%, low fat rodent chow and tap water available ad libitum, and Beta Chip bed-

ding changed twice a week. They were tail-tattooed with an ATS-3 tattoo machine (Animal 

Identification & Marking Systems Inc., http://www.animalid.com) and weighed on a weekly 

basis. All protocols were performed in accordance with the rules and regulations of the 

Canadian Council of Animal Care and approved by the local Animal Research Ethics Board.
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Behavioral testing

After acclimatization and 5-day habituation to experimenters, mice from the first cohort 

underwent a battery of behavioral tests at 3, 6, 9, and 12 months of age. The following 

measures and paradigms were used sequentially: 24-h food/water intake, Rota-Rod test, 

Morris water maze, spontaneous alternation behavior, brief sucrose preference test, step 

down test, olfactory preference, and novel object test. An identical behavioral battery was 

applied to mice in the second, younger cohort between the 7th-10th weeks of life.

Food/water intake—Daily food/water intake was estimated by individually housing mice 

over four days (in our experience, longer social isolation induces prolonged aggression 

among re-housed males). Food intake was measured as the difference in the weight of three 

food pellets (initial weight 11–14 g) left on the home-cage floor over 24 h. Water was 

provided in 150 ml leak-proof bottles and intake was quantified as the weight difference 

over a 24-h period.

Rota-rod—Sensorimotor coordination and motor learning were evaluated with the Rota-

Rod apparatus (MedAssociates, Inc., St. Albans, VT). Mice were placed on top of a rotating 

drum (dia. = 3.2 cm, fall height, H = 16.5 cm), which gradually accelerated from 4–40 r.p.m. 

over 5 min. Mice were tested twice daily for fall latency across 3 days.

Morris water maze (MWM)—The MWM is a paradigm commonly used in the 

assessment of visuo-spatial learning and memory in rodents (reviewed in [32]). An 8-day 

MWM protocol was used to habituate the animals to the apparatus, assess their sensorimotor 

capacity, and examine their ability to form a spatial map. A transparent Plexiglas platform 

(dia. = 15 cm) was used as an escape from a polyethylene pool (dia. = 115 cm; H = 60 cm) 

filled with tap water (~24°C). To evaluate swimming ability and visual acuity, mice were 

trained in four 2-min trials to locate a visible platform cued with a black cylinder on Day 1 

(Cue trials). The cue trial was considered completed when the mouse climbed onto the 

platform, or if 2-min expired. In case of failure, mice were guided to the platform and left to 

stay for ~60 s, as were mice that successfully located it. On Day 2, the platform was kept in 

the same location, but sub-merged and invisible. Blocks of acquisition trials (4 trials/day) 

were performed over the next four days. To examine whether a spatial learning strategy was 

employed in locating the platform, a 2-min probe trial was administered on Day 6. It was 

followed by 3 successive trials to evaluate the rate of response extinction. To assess 

“cognitive” flexibility, 4 cue reversal trials (Day 7) were followed by 4 acquisition reversal 

trials (Day 8). On each day, starting positions (North, South, East, and West) were randomly 

chosen. All behaviors were filmed with a ceiling video camera and scored for latency, speed, 

and distribution of swim paths with EthoVision XT4 tracking software (Noldus Information 

Technology, Leesburg, VA). The “thigmotactic area” (space along the inner side of the pool 

wall) was kept consistently at 16 cm.

Spontaneous alternation behavior—Spontaneous alternation behavior refers to the 

tendency of mice to alternate their non-reinforced choice of maze arms on successive trials. 

The test relies on a rodent's natural, unconditioned response to explore novel habitats and 

environmental stimuli. As the strategy inherently requires the animal to recognize which arm 
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of the maze they had previously explored, alternation rates have been commonly used to 

assess spatial learning and working memory [33]. The current study used the discrete-trial 

procedure, which has been shown to be sensitive to normal and pathological aging [34]. The 

T-maze, made of black Plexiglas, consisted of four perpendicular arms (H = 15 cm × L= 25 

cm × W = 10 cm) and sliding doors that could modify the maze into an L, T, or + shape. 

Two sessions were given daily. Each session consisted of Trial 1 (5 s in a start position and 

entry into an unblocked arm), a 60 s inter-trial period (mouse restrained in the arm), and 

Trial 2, in which both arms were open, so the mouse could choose either the visited or 

unvisited arm after leaving the start position. An arm was considered to be chosen if all four 

limbs were within the arm. Following 5 days of acquisition trials, mice were run in a 

reversal trial on Day 6 to examine whether a spatial learning strategy was indeed employed. 

Trial 1 consisted of placing each mouse in the usual starting position. However, after a 60 s 

inter-trial period in the unblocked arm, Trial 2 was initiated from the arm located 180° from 

the starting position in Trial 1. If external spatial cues were used in memory formation, it 

was expected that the unvisited arm would be chosen by a body turn identical to Trial 1.

Sucrose preference test—Blunted responsiveness to palatable stimulation, as evidenced 

by reduced drinking of sucrose solutions, is proposed to model anhedonia, the second core 

symptom of depression [35]. The brief sucrose preference test was performed as described 

earlier [36, 37]. During the 3-day training, a plastic 10 ml syringe with 3 ml of 4% sucrose 

solution was attached to the cage lid. Following a 24-h sucrose free period, mice had brief 

access to 7 ml of 1, 2, 4, or 8% sucrose solutions, each being available between 9: 30–10: 30 

P.M. in 1 out of 4 consecutive nights. The mass of sucrose ingested was used to calculate the 

dose-response curve.

Step down test—The step down test is designed to assess the readi-ness of a mouse to 

escape from an elevated platform by descending onto a firm, dark surface in a brightly-lit 

room [38, 39]. As such, it is proposed to evoke an anxiety-like response to height and/or 

bright lighting. Each mouse was gently placed in the center of a small platform (W = 10 × L 

= 8 cm) made of wire-mesh, attached to the top of a 7 cm high rectangular Pyrex glass 

container. Latency to step down with all four paws was measured by a stopwatch (max. time 

3 min).

Olfactory tests—These tests were used to compare responsiveness to different attractant 

and repellent olfactory cues. For the olfactory sensitivity tests, habituation to the 

experimental environment was achieved by placing a mouse into a transparent home cage 

15-min prior to the trial. A 5×5 cm piece of filter paper (Whatman Inc., Piscat-away, NJ) 

scented with an odorant (250 J..l) was placed into the opposite corner. An attractant, Smooth 

peanut butter® (Kraft Canada Inc., North York, ON, dissolved in Exact Mineral Oil, 

Loblaws Inc., Brampton, ON) and a repellent, Peppermint Essential Oil (Aura Cacia, 

Urbana, IA, dissolved in distilled water), were applied onto a filter paper at concentrations 

of 0.01, 0.1, 1, and 10%. To measure responsiveness to a neutral stimulus, a drop of water 

was applied onto a filter paper and introduced in a manner identical to both odorants. The 

length of each trial was 3-min. Mice were exposed to a single concentration on each testing 

day. Testing cages were covered with a clear piece of Plexiglas to limit evaporation and 
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entry of external odors. Behavioral performance was digitally recorded and scored by an 

unbiased experimenter using Observer XT software (Noldus). Active investigation was 

defined as directed sniffing within 0.5 cm of the odor source. After each trial, mice were 

returned to their home-cage, while the experimental cage was cleaned with Quatricide® 

disinfectant. In addition to the above tests, the response to a salient odor (pellets of Cap'n 

Crunch cereal) was used to examine whether AD mice develop a loss of smell (anosmia). 

We employed the buried food pellet test, a paradigm proposed to rely on a rodent's intrinsic 

tendency to follow olfactory cues when foraging [40, 41]. Latency to locate a pellet of 

buried cereal was measured in food-deprived mice over four trials (1 trial/day). The detailed 

protocol is described in our recent report [42].

Novel object test—Performance in the novel object test is proposed to reflect exploratory 

and emotional responses in an approach-avoidance situation [38]. Mice were permitted to 

explore an arena (W = 45 × L = 45 × H = 20 cm) for 5 min before a small pyramid was 

positioned in the center of the field for an additional 5 min. Latency to approach the object, 

contact frequency, and duration of direct contact with the object were quantified using 

EthoVision XT 7 software and 3-point detection module (Noldus Information Technology). 

In addition, distance traversed, velocity, and the ratio of time spent in the center versus 

periphery were analyzed in “empty” (no novel object in the arena) and “full” (novel object 

present in the arena) phases. Following each session, the arena was cleaned and disinfected 

with Quatricide®.

Systemic manifestations

Mice were anesthetized with an i.p. injection of a ketamine/xylazine mixture at 12 months 

(the first, older cohort) and ~1.5 months of age (the second, younger cohort).

Serum autoantibody levels—Blood (~1 ml) was collected from the i.p. cavity within 15 

s of severing the vena cava. Using a MasterFlex® peristaltic pump, blood vessels were 

intracardially perfused with ~120 ml of phosphate buffered saline over 5 min. Extracted 

spleens, livers, kidneys, and brains were wet weighed on a Sartorius 2024 MP analytical 

scale (VWR Scientific, Canada).

Anti-nuclear antibody (ANA) levels were measured using a fully-automated IFA system (IF 

Sprinter). Sera were diluted to 1 : 80 in PBS buffer (pH 7.2) and 30 μ.l of the diluted serum 

was pipetted into the corresponding well of HEp-2 cell slides (EUROIMMUN). The slides 

were washed 4 times using PBS-Tween20 after 30 min of incubation at room temperature. 

Thirty μ.l of 1 : 100 diluted rabbit anti-mouse IgG-FITC conjugate (Sigma-Aldrich) was 

pipetted into each well. The slides were washed again as above after 30-min incubation with 

the conjugate. Using 10 μ.l of the mounting medium, the slides were sealed with a cover 

glass. The results were obtained by viewing slides under a LED-fluorescence microscopy 

(EUROStar III). Serum levels of anti-dsDNA autoantibodies were quantified using a fully 

automated ELISA analyzer (EUROIMMUN Analyzer I). Briefly, 100 μ.l of each sample 

(serum 1 : 50 dilution in sample buffer) was transferred into the corresponding 

microtiterplate well (EUROIMMUN pre-coated microtiterplate). Each well contained 

antigen substrate of dsDNA complexed with nucleosomes and coupled to the solid phase. 
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Each sample was incubated for 30 min at room temperature and then washed three times 

with 450 μ.l of working strength wash buffer. One hundred microliters of 1 : 2000 diluted 

rabbit anti-mouse IgG-HRP conjugate (Promega) was pipetted into each of the 

microtiterplate wells, left to incubate, and washed to remove unbound HRP enzyme 

conjugate. Subsequently, 100 μ.l of chromogen/substrate solution (3,3,5,5 

tetramethylbenzidine) was pipetted into each well of the microtiterplate and incubated for 

another 20 min at room temperature. One hundred microliters of stop solution was added to 

each well in the same order and at the same speed as when the chromogen/substrate solution 

was introduced. The microtiterplate was shaken at a speed of 20 Hz for 5 s to ensure a 

homogeneous distribution of the solution. Optical density was determined at a wavelength of 

450 nm and a reference wavelength of 620 nm within 10 min of adding the stop solution. 

Observed results are expressed as relative optical densities.

Hematocrit—Retro-orbital blood samples were taken with hep-arinized Fisher 

microhematocrit capillary tubes. The Standard Adams method was used to measure hema-

tocrit, as described earlier [43]. Briefly, sealed tubes were centrifuged for 10 min in a 

standard microhaema-tocrit centrifuge (Clay-Adams, Parsippany, NJ) and read in a 

Critocaps reader. Low hematocrit (<40%) is often used as a measure of hemolytic anemia 

[44].

T splenocyte distribution—The spleen contains a large number of immune cells, 

including CD4+ and CD8+ T cells [45]. The distribution of splenic lymphocyte subsets is 

different from peripheral blood, implying a distinct role of the spleen in CD4+ and CD8+ T 

cell activation [46]. Considering the spleen is an important organ in the bi-directional 

communication between the nervous and immune systems [47, 48], we selected splenocytes 

to investigate the pathologic factors in neuroinflammation. Splenocyte suspensions were 

prepared and analyzed by flow cytometry, as described earlier [49, 50]. Splenocytes were re-

suspended in FACS buffer (PBS-1% fetal calf serum) and stained for surface markers CD3 

(BD Pharmingen, San Diego, CA), CD4, and CD8 (eBio-sciences, San Diego, CA). Data 

were acquired with Becton Dickinson flow cytometer (Oakville, Canada) and analyzed with 

FlowJo program (TreeStar, Ashland, OR).

Neuropathology

4% Paraformaldehyde-fixed sections were sent to NeuroScience Associates http://

www.neuroscienceassociates.com/, Knoxville, TN) to be cut serially. The right hemisphere 

was embedded in a gelatin matrix, serial coronal sections were cut at 40 μ.m, and placed in 

an antigen preserving solution (PBS, ethylene glycol, and poly-vinyl-pyrrolidone) for long-

term storage at −20°C. Free floating sections containing the hippocampus were selected for 

analysis, using immunohistochemical techniques described previously [51]. In brief, 

sections were stained for Aβ plaques (6E10, Covance, Emryville, CA, 1 : 2000; Aβ 1-42, 

Invitrogen, Carlsbad, CA, 1 : 500), or phosphorylated tau (pSer202/Thr205) (AT8, Thermo 

Scientific, Rockford, IL, 1 : 10,000). When staining for Aβ plaques, a pre-treatment was 

done in 90% formic acid for 3 min [52]. Following an overnight incubation at room 

temperature in primary antibody, the tissue was incubated in biotinylated secondary 

antibody (Vector Laboratories, Burlingame, CA). For mouse primary monoclonal 
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antibodies, a Mouse on Mouse kit (Vector Laboratories) was used. After several washes, 

sections were incubated for 1 h in an avidin-biotin complex and detection was accomplished 

by 3t-diaminobenzidine and hydrogen peroxide, DAB (Vector Laboratories). To 

characterize AT8 in the hippocampus, photos were taken for each animal at 20×. Two 

independent investigators, blind with respect to the group, characterized immunostaining as 

1 (no or little neuronal staining); 2 (scattered immunopositive neurons); 3 (extensive 

neuronal staining). An endstage AD case was included in all experiments as a positive 

control for both 6E10 and AT8 experiments.

Statistical analysis

Raw data were analyzed using SPSS 20 software package (SPSS Inc., Chicago, IL). 

Analysis of variance (ANOVA) was used in the overall analysis, with Group and Age as 

between-group factors, and Trial or Concentration as within-group factors, when applicable. 

If significant interactions were detected, Student's t-test was used in post-hoc comparisons. 

Linear relationships between scale variables were analyzed by Pearson's and Spearman's 

correlations. The significance level was set at p ≤ 0.05 in two-way comparisons. Graphs 

indicate mean values ± SEM, with significant differences of p ≤ 0.05, p < 0.01, and p < 

0.001, shown as *, **, and ***, respectively. To simplify graphical presentation of 

individual measures, results from both age cohorts are shown on single line graphs, instead 

of separate bar graphs.

RESULTS

Body and organ weights

All measures of body and organ weights collected at sacrifice are shown in Table 1. As 

expected, both AD and WT mice gained weight (Age: F1,53 = 217.807, p < 0.001), 

suggesting an absence of malnutrition during the study. However, AD males from the 

younger and the older cohort were ~11-12% lighter than age-matched WT controls (Group: 

F1,53 = 17.541, p < 0.001). Similarly, brain weight increased with age in all mice (Age: 

F1,53 = 19.388, p < 0.001), but was consistently ~9-10% lower in AD mice, in comparison 

to the WT groups (Group: F1,53 = 40.771, p < 0.001). The lack of significant positive 

correlations between body mass and brain mass (for AD group r16 = −0.08, n.s.) suggested 

that the lower brain weight is not directly associated with lower body weight. Although mass 

of kidneys and liver were comparable, spleens were heavier in 2 month-old AD mice than in 

age-matched controls (t18 = 2.339, p = 0.031). This early, yet moderate enlargement in the 

AD group culmi-nated in splenomegaly at 12 months, with spleens ~10–30-fold heavier than 

in the age-matched WT group (shown on Fig. 4A), or when compared to the young AD 

cohort (Group by Age: F1,53 = 18.834, p < 0.001). Although the weight of kidneys was 

comparable at 12 months, liver mass increased in the AD group, suggesting the development 

of age-dependent hepatomegaly in the AD group (Group by Age: F1,53 = 6.613, p = 0.013; 

Table 1). Similarly, unilateral enlargement of the adrenal gland was observed exclusively in 

the group of aged AD mice (Group by Side: F1,30 = 4.846, p = 0.036; Table 1). Taken 

together, the obtained results pointed to age-dependent splenomegaly, hepatomegaly, and 

hyperplasia of the right adrenal gland in AD mice, without signs of generalized organ 

enlargement.
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Behavior

Ingestive behavior—Although daily intake of standard mouse chow was relatively 

constant in the control WT group (~3-4 g/day), it increased in 6-month old AD mice (Group 

by Age: F3,186 = 5.664, p = 0.001). This coincided with higher daily water intake (~5–7 ml) 

in AD mice, but group discrepancies were likely attributable to diminished water 

consumption by WT mice (Group by Age: F3,186 = 3.374, p = 0.022). These differences 

suggested altered metabolic demands in aging AD mice.

Morris water maze—Detailed group performance in the MWM is summarized in Fig. 1. 

When the platform was visible in cued trials (Days 1 and 7), all groups showed comparable 

latency to climb the platform. This suggested that AD mice have no deficits in regards to 

visual acuity and swimming capacity. However, when the platform was submerged, there 

was a trend for a longer escape latency in the 1.5 month-old AD group (Group: F1,18 = 9.28, 

p = 0.054). This was associated with higher swimming speed and increased thig-motaxis 

(swimming along the pool walls) in AD mice on specific response acquisition days [e.g., 

Day 2, Speed: (t18 = 2.539, p = 0.021), Thigmotaxis time (t18 = 2.516, p = 0.022)]. A similar 

response, characterized by prolonged latency, faster swimming, and increased thigmotaxis, 

was observed when a separate cohort of 2.5 month-old AD mice was tested on Acquisition 

Day 1 [Group by Day: Latency F3,108 = 6.13, p < 0.001; Speed (t36 = 3.734, p < 0.001); 

Thigmotaxis (t36 = 2.073, p = 0.045)]. Although a similar response was not seen at later time 

points, the AD group generally showed slower rate of acquisition response than the control 

group when tested at 6, 9, and 12 months of age (Group by Day: F3,180 = 3.515, p = 0.018). 

No significant group differences were observed in the probe trial, suggesting that all cohorts 

located the platform using spatial strategy. Response extinction was comparable between the 

1.5 month-old groups, with AD mice unexpectedly spending less time in the target quadrant 

in one trial (Group by Trial: F2,36 = 3.362, p = 0.046). However, this changed in the opposite 

direction in older AD mice: their response extinction rate was consistently slower than in the 

control group (Group by Trial: F2,180 = 3.403, p = 0.04). When the escape platform was 

moved to the opposite quadrant and remained visible, all cohorts promptly mounted it. As 

seen in the initial acquisition trials, AD mice at 2.5 and 12 months demonstrated an 

increased latency to locate the platform in the opposite quadrant (Group: F1,30 = 13.46, p < 

0.001). A Group by Age trend (F3,90 = 2.405, p = 0.073), and visual inspection of Fig. 1 

suggest that this deficit fluctuates during aging and/or disease development in AD mice. 

Nevertheless, this deficit was largely accounted for by their perseverative response, as 

evidenced by prolonged time spent in the previous goal quadrant (Group: F1,30 = 7.847, p < 

0.01; Group by Age trend F3,90 = 2.46, p = 0.068). Taken together, the above results 

suggested an enhanced emotional response in young AD mice when the escape platform is 

hidden, as well as slower response acquisition rate, slower extinction, and enhanced 

perseveration (“cognitive” inflexibility) from 6 months of age.

Rota-rod—Longer fall latencies in both cohorts exposed to successive Rota-Rod trials 

suggested an improved and comparable performance across all groups (Trials: F5,450 = 

33.37, p < 0.001; data not shown). The lack of significant group differences at all ages (Fig. 

2A) suggested that sensorimotor coordination in the AD groups was comparable to the 

controls.
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Spontaneous alternation behavior—Comparable mean spontaneous alternation rates 

(~66 versus 73%, χ2 = 2.486, n.s.) were observed at 1.5 months. However, at all older ages, 

the spontaneous alternation behavior rate was consistently ~10% lower in the AD group than 

in the controls, most often around 55% (Group: F1,30 = 9.28, p = 0.005; Fig. 2B). Reversal 

trials did not reveal any group differences throughout the study, confirming that all cohorts 

used spatial strategy and not local cues. Taken together, these results pointed to an early and 

steady deficit in the formation of spatial memory in the AD group starting at 3 months of 

age.

Sucrose preference test—No group differences were observed in the brief sucrose 

preference test, suggesting that the responsiveness to palatable stimulation was normal in the 

AD groups.

Step down test—Consistent with the notion of increased anxiety-like behavior, AD 

groups showed prolonged latency to step-down from an elevated platform at both young 

(Group: t18 = 2.156, p = 0.045) and older ages (Group: F1,30 = 10.309, p = 0.003; Fig. 2C). 

The results observed in both cohorts suggested a sustained, enhanced fear of heights/bright 

lighting in the AD group.

Novel object test—No significant group differences were detected when young, 1.5 

month-old mice were exposed to the novel object test. However, after 9 months of age, AD 

mice travelled shorter distances in the arena devoid of the object (Group: F1,29 = 6.042, p = 

0.02). Although they explored novel objects and moved at a speed comparable to WT mice 

(data not shown), their latency to approach the object increased significantly at 12 months of 

age (Group: t20 = 3.108, p = 0.006, Fig. 2D).

Olfactory function—No significant group differences in sniffing duration were observed 

when papers with different concentrations of peppermint were placed into the cage (data not 

shown). Similarly, both groups spent comparable time exploring filter papers soaked in 

water, or scented with increasing concentrations of peanut butter at 1.5 months of age (first 

data point on Fig. 3A–E). With aging, both AD and WT mice increased investigation of 

filter paper impregnated with peanut butter (Age: F3,270 = 24.559, p < 0.001; Fig. 3B–E). 

However, this increase was more profound in AD mice at all concentrations (Group by Age: 

F3,270 = 7.662, p < 0.001). This discrepancy did not seem to reflect impaired sensory input 

considering AD mice located the buried food pellet faster than controls starting at 6 months 

of age (Group by Age F3,261 = 5.143, p = 0.003; data not shown). In summary, when 

exposed to an olfactory attractant, AD mice show age-dependent alterations in olfactory 

function.

Collectively, the above behavioral results suggested an early development of enhanced 

emotional reactivity, which was detected in several paradigms from 1.5 month to 12 months 

of age (e.g., increased thigmotaxis in the MWM, prolonged latency to descend in the step-

down test, increased latency to approach a novel object). This “timid” behavioral profile 

developed in parallel with MCI-like changes in behavior before 6 months of age, as reflected 

by altered olfactory function and fluctuating “cognitive” flexibility. More generalized 
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deficits in response acquisition and learning/memory performance appeared around 12 

months of age.

Immunopathology

FACS analysis—In addition to spleen enlargement (Fig. 4A), profound changes in splenic 

T cell populations were observed in AD mice (representative dot plots are shown in Fig. 

4B). Although group discrepancies differed in magnitude, they were observed at both 2 and 

12 months of age (Fig. 4C). In the young cohort, subtle, but significant group differences 

were noted, including less CD3+ (t8 = 2.439, p = 0.041), CD4+ CD8− (t8 = 2.771, p = 

0.024), and CD4+ CD8+ splenocytes (t8 = −3.437, p = 0.009) in AD mice.

However, more CD4−CD8− splenocytes were seen in 2 month-old AD mice, than in age-

matched WT controls (t8 = −2.237, p = 0.045). This skewed ratio between CD+ and double 

negative subpopulations was exacerbated in the 12 month-old groups. This was evidenced 

by an enhanced reduction in the number of CD3+ (Group by Age: F1,12 = 39.252, p < 

0.001), CD4+ CD8− (Group by Age: F1,12 = 31.716, p < 0.001), CD4+ CD8+ (Group by 

Age: F1,12 = 9.871, p = 0.009), and CD4−CD8+ cells (Group by Age: F1,12 = 57.355, p < 

0.01).

Conversely, the sub population of CD4− CD8− increased further in the aged AD group 

(Group by Age: F1,12 = 52.92, p < 0.01). Overall, the subpopulation of CD4−CD8− 

splenocytes expanded in young AD mice at the expense of CD+ clones and became more 

abundant with age.

Serological measures—While no young WT controls showed ANA staining, serum 

samples from 50% of ~2-month old AD mice showed either nuclear (3/5), homogenous 

(1/5), or cytoplasmic (1/5) staining pattern (Fisher's Exact test, p = 0.032; Fig. 5A). 

Although the intensity of staining increased in the older AD group, this difference was less 

profound because 75% of aged WT controls had developed similar reactivity, ranging from 

very weak to strong. Compared to this qualitative assessment, quantification of anti-dsDNA 

antibodies by ELISA revealed significantly higher serum levels in AD mice, both at 2 and 

12 months of age (Group: F1,48 = 6.35, p = 0.015, Fig. 5B). Interestingly, serum levels of 

anti-dsDNA antibodies increased with age in both groups (Age: F1,48 = 4.695, p = 0.035). 

While there were no significant differences in hematocrits of young cohorts (45–47%), the 

values dropped significantly in aged AD mice, in some cases, as low as 20% (Group by 

Age: F1,43 = 42.364, p < 0.001, Fig. 5C). In the context of increased levels of autoantibodies 

in serum, the latter result suggested development of autoimmune hemolytic anemia in aged 

AD mice.

Neuropathology

To detect Aβ pathology in mice, sections were immunostained using 6E10 (Aβ 1-16 ) after 

formic acid pretreatment to optimize detection. The AD positive control case showed 

extensive Aβ accumulation (Fig. 6A). However, little or no plaque labeling was noted in 

3xTg-AD or WT mice at 12 months of age (Fig. 6C, E, respectively). Expectedly, no Aβ 

was detected in 2 month-old WT mice (data not shown).
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AT8 labeling in the AD case revealed significant intra-cellular neurofibrillary tangle 

formation (Fig. 6B), but was comparable in 12 month-old 3xTg-AD and WT mice (Fig. 6D, 

F, respectively), which was further similar to 2 month-old AD mice (Fig. 6G). Higher 

magnifications showed sporadic neuronal labeling, which did not appear to resemble 

neurofibrillary tangles (Fig. 6H).

DISCUSSION

The present study tested the possibility that immunological changes parallel behavioral 

deficits and neuropathology in 3xTg-AD mice. The obtained results support previous 

evidence on age-dependent behavioral dysfunction, largely in domains of emotional 

reactivity and learning/memory capacity. Although olfactory function in AD mice changed 

significantly with aging, visual acuity and sensorimotor capacity did not seem to be affected, 

as measured by performance in cue trials, Rota-rod test, or walking/swimming speed. Early 

changes in anxiety-related behaviors appear as distinct prodrome to age-related decline in 

learning/memory performance. In the first 6 months of life, AD mice show MCI-like 

changes, as suggested by enhanced emotional reactivity (e.g., “acrophobia” in the step-down 

test, “neophobia” in the novel object test), altered olfactory function, and impairments in 

“cognitive” flexibility when tested in the reversal trials of the water maze. Between 6 and 12 

months of age, more complex performance deficits in learning/memory tasks are 

accompanied by severe manifestations of systemic autoimmunity and inflammation. The 

kinetics of responses suggests that behavioral and immunopathological manifestations in 

AD mice are not inbred. More interestingly, changes in the immune system and behavioral 

performance emerge well before the expected appearance of intra-neuronal damage and 

extracellular deposits [30]. Early alterations in immune status are reminiscent of systemic 

autoimmune/inflammatory disease accompanied by amyloidosis.

Similar to our results, neither learning/memory deficits, nor brain pathology were apparent 

in 3xTg-AD mice at 2 months of age [30]. The deficit in reversed water maze task at 2.5 

months of age manifested as an inability to retain day-to-day information, without signs of 

an overall impairment in learning. Such dysfunction was proposed to resemble human 

aMCI, in which episodic memory is affected, but other cognitive processes are largely 

maintained [53]. Along the same line, significant impairments in attention are documented 

in AD patients and mice [54]. As we observed in the “reversal” trials, AD mice attend less 

accurately to spatial stimuli when the attentional demand of the task was increased, likely 

accounting for more perseverative responses. Enhanced anxiety-like behavior in our young 

AD cohort is consistent with enhanced defection [55] and high swimming navigation speed 

[56]. This notion of increased anxiety is further supported by the evidence of early 

enhancements in innate-and conditioned-fear responses [57]. Along the same line, group-

housed 6 month-old 3xTg-AD mice showed enhanced acoustic startle response, reduced 

locomotion in the open-field, and impaired spontaneous alternation in the Y-maze [58]. As 

in our water maze, they showed normal retention and “cognitive” impairment limited to the 

Y-maze test.

As we observed in aged males, aged AD females exhibit a higher level of fear and anxiety, 

demonstrated by increased restlessness, startle responses, and freezing behaviors [59]. 
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Moreover, the same study could not detect differences between AD and WT mice with 

respect to muscle strength and visuo-motor coordination. Lastly, altered response to an 

attractant scent in AD mice is consistent with reported deficits in odor-based memory 

formation [60]. This deficit may be conceptually related to the early olfactory deficits in 

MCI patients [61], who are at particular risk to develop AD [62, 63]. Taken together, the 

current behavioral model is consistent with previous observations and interpretations. As 

such, it appears valid and comparable to an MCI-like stage of progression.

In the first studies of aged AD mice, intracellular Aβ was observed at 4 months of age in the 

hippocam-pus, cortex, and amygdala, without extracellular AΒ deposits in plaques [30]. At 

6 months, extracellular Aβ plaques in the cerebral cortex and intracellular Aβ accumulation 

were seen within pyramidal neurons of the CA1 region, baso-lateral amygdala, and cortical 

neurons. Typically, AD mice show intracellular phosphorylated tau accumulation after 12 

months of age. In the current study, they did not show AΒ plaque accumulation or 

significant tau phosphorylation. We did observe sporadic neurons positive for AT8, but no 

systematic differences with age or geno-type were observed, suggesting this signal was not 

disease-dependent. The current lack in neuropathology is consistent with delayed disease 

progression in males [64], relatively mild AD-like neuropathology at 12 months [31], and 

appearance of extracellular Aβ 1-42 plaques after 15 months of age [65]. Taken together, the 

neuropathological data suggested a shift to later ages in this mouse line. Alternatively, one 

may hypothesize that extensive behavioral testing lead to a reduction in AD neuropathology, 

as shown in this [66, 67] and other mouse models of AD [68–70].

Several lines of evidence suggest that chronic inflammation [71] and autoimmunity are 

associated with AD pathogenesis [72, 73]. More recently, it was shown that chronic 

peripheral inflammation in 3xTg-AD [74] and even WT mice promotes AD-like 

neuropathology [75]. The notion of sustained inflammatory response in AD-like disease is 

consistent with the evidence that “double-negative” T cells produce pro-inflammatory 

cytokines [76, 77]. However, hemolytic anemia, increased levels of serum autoantibodies, 

and increased number of double-negative T lymphocytes in the aged cohort of AD mice also 

suggest an insidious, ongoing autoimmune process. In addition to elevated levels of 

circulating autoantibodies, an increase in double CD-negative population is characteristic of 

systemic autoimmune conditions [78], such as multiple sclerosis [79], as well as human and 

murine forms of lupus erythematosus [80, 81]. Along the same line, hepatomegaly and 

splenomegaly (seen in our aged AD cohort) are common manifestations of amyloidosis. 

Although the cause of primary amyloidosis in humans is unknown, one may hypoth-esize 

that transfer of human antigens to produce the 3xTg-AD model accelerated this process in 

mice. Since amyloidosis is often associated with excess production of antibodies, in the case 

of the 3xTg-AD model, it may have induced an autoimmune response accompanied by 

inflammation. Several etiological factors may account for aberrant behavior in AD-like 

disease (Fig. 7). They may involve a cascade of various insults, starting with aging, genetic 

abnormality (here induced by the transfer of human genes), and environmental insults (Fig. 

8). In the 3xTg-AD model, one may hypothesize that resulting amyloi-dosis in the spleen 

and liver may induce systemic inflammatory/immune responses which compromise the 

integrity of the blood-brain barrier. Increased permeability of the blood-brain barrier may 

facilitate the entry of autoantibodies into the CNS and promote disintegration of neuronal 
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microtubules, ulti-mately leading to the formation and deposition of neurofibrillary tangles. 

The ensuing CNS inflammation, neuronal death, and disturbed neurotransmission may 

functionally result in diverse behavioral deficits. The immunological changes observed in 

young AD mice are consistent with clinical evidence on increased production of the pro-

inflammatory cytokine TNF-a and decreased production of the anti-inflammatory cytokine 

TGF-β in patients with MCI at risk to develop AD, jointly suggesting that inflammation is 

an early hallmark in the pathogenesis of AD [20]. In addition, serum levels of anti-Aβ and 

anti-RAGE autoantibodies are several times higher in AD patients, showing positive 

correlation with cognitive dysfunction [82]. Consistent with these findings, anti-Aβ 

antibodies were documented in AD patients [83] and aged Aβ PP mice with AD-like 

neuropathology [84]. Moreover, serum from these mice potentiated the neurotoxicity of Aβ, 

prompting the authors to suggest that humoral immune responses may promote neuronal 

degeneration [84]. Along the same lines, significant increase in parenchymal 

immunoglobulin-labeling of degenerating neurons in the entorhinal cortex and hippocampus 

of AD brains points to the presence of anti-neuronal autoantibodies [85].

Although anatomical asymmetry in adrenal gland innervation has been documented in 

rodents [86], increased mass of the right adrenal gland in aged AD mice is an unexpected 

observation. However, it may be consistent with the evidence that 3xTg-AD mice exhibit an 

early activation of the hypothalamic-pituitary-adrenal axis, as evidenced by altered mRNA 

levels of glucocorticoid receptors and corticotropin-releasing hormone in various parts of the 

limbic system [87]. These hormonal changes coincide with early-stage neuropathology and 

mild behavioral deficits, suggesting ongoing neuroendocrine alteration before the emergence 

of severe AD-like pathology and learning/memory deficits.

Despite the wealth of behavioral and immunological measures collected in the current study, 

it is not clear whether early inflammatory/autoimmune man-ifestations cause behavioral 

dysfunction or reflect epiphenomena to an incipient disease process in AD mice. To address 

this issue of causality, the logical step forward would include investigating whether 

generalized suppression of the immune system attenuates systemic disease and prevents 

behavioral deficits in the 3xTg-AD model. Similarly, the etiology of reduced brain weight in 

the AD group remains unknown. Lack of positive correlation with lower body weight would 

suggest that the brains of AD mice undergo bona fide neurodegeneration, but this notion 

seems premature without a time-course and morphometric assessment of cortical thickness, 

brain and ventricle area, as well as, hippocampal size. Future studies are also needed to 

confirm amyloidosis (e.g., Congo-red staining of liver and spleen), and hypothalamic-

pituitary-adrenal axis activation (e.g., corticotropin-releasing hormone and corticosterone 

levels) to support the aforementioned pathogenic mechanisms.

Collectively, autoimmune-like changes, as evidenced by splenomegaly, emergence of 

double-negative T cells, increased serum levels of anti-dsDNA antibodies, and reduced 

hematocrit, suggest an early development of immunological dysfunction in 3xTg-AD mice. 

More interestingly, they antedate overt AD-like brain pathology and coincide with 

behavioral changes, implying a cause-effect relationship between autoimmunity and 

behavioral dysfunction. These findings points to a novel use for the 3xTg-AD model in 

testing the neuroimmunological circuits in AD etiology. Importantly, the results point to the 
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possibility that AD pathogenesis should be broadened beyond the context of CNS-centered 

disease involvement by exploring systemic manifestations in peripheral tissues and organs.
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Fig. 1. 
Performance in the water maze. All groups showed comparable performance in cued trials, 

suggesting AD mice have no deficits in visual acuity and motor capacity. However, 2.5-

month old AD mice displayed longer escape latencies, higher swimming speed, and 

increased thigmotaxis when initially exposed to a pool with a hidden platform (trend seen at 

1.5 months). Expectedly, the AD group generally showed a slower rate of acquisition 

response. This was not due to different learning strategy because their performance in the 

probe trial was comparable to the control group. However, AD mice showed slower 
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extinction rate at several ages. When the task was made more difficult by placing the 

submerged platform in the opposite quadrant, 2.5-month and 12-month-old AD 

demonstrated an increased latency to escape, largely attributable to their perseverative 

response in the previous goal quadrant. Taken together, the above results suggest age-related 

enhancement in emotional reactivity, slower response acquisition rate, impaired extinction 

and cognitive inflexibility in AD mice. Note: Time denotes latency to find the platform in 

cued (Cue) and acquisition (Acq) trials, but reflects time spent in the target quadrant (Q) in 

probe, extinction (Ext) and “reversal” (R) trials. The position of the platform is 

schematically shown under the X-axis.
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Fig. 2. 
Performance in the behavioral battery. A) Comparable fall latencies in Rota-Rod trials 

suggest intact sensorimotor coordination in both cohorts of animals. B) On the other hand, 

age-dependent reduction in the alternation rate of AD mice point to an early onset of spatial 

memory deficits. C) These changes are preceded by sustained anxiety-like response, as 

evidenced by prolonged step-down latency from an elevated platform. D) Similarly, AD 

mice display increased latency to approach a novel object at 12 months of age. Collectively, 

the above results suggest enhanced emotional reactivity precedes the development of spatial 

acquisition and learning/memory dysfunction in the 3xTg-AD model.
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Fig. 3. 
Altered olfactory function. A) Comparable investigation of a wet filter paper across all ages 

in WT and AD mice. B–E) Increased response to different concentrations of peanut butter in 

older mice AD mice suggests the development of disease-dependent alterations in olfactory 

function.
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Fig. 4. 
Alterations in spleen morphology and function. A) Representative photos illustrating 

severity of splenomegaly in AD mice at 2 and 12 months of age. B) Representative FACS 

analysis of differentiating T splenocytes from aged AD and WT mice. Dot plots are 

representative of triplicate experiments. C) Quantitative assessment of T splenocytes points 

to an early, but progressive shift from CD+ clones to CD double negative subpopulations, 

suggestive of an autoimmune-like disease in AD mice.
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Fig. 5. 
Serological changes. A) Representative images revealing increased ANA positivity 

associated with aging and AD-like disease. B) Serum levels of anti-dsDNA increase with 

age in both groups, but AD mice display an early and sustained elevation. C) Significantly 

lower hematocrit in aged AD mice suggests autoimmune hemolytic anemia that develops 

with more severe immunological manifestations. Y, young; O, old.
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Fig. 6. 
AD-like neuropathology in 3xTg-AD and WT mice. A, B) Aβ (left) and neurofibrillary 

tangles (right) detected in the frontal cortex of an AD case that served as a positive control. 

However, 6E10 positive deposits were observed neither in the 12 month old 3xTg-AD mice, 

(C) nor in the 12 month-old WT controls (E). AT8 immunolabeling was similar when 

comparing 12 month 3xTg-AD mice (D), 12 month old WT mice (F) and young 2 month-

old 3xTg-AD mice (G). A higher magnification of AT8 immunolabeling in a 12-month 

3xTg-AD mouse (H), showing scattered neurons positive for phosphorylated tau (arrows) in 

the hippocampus (arrowheads indicate area CA1). Bars in A, B and H are 20 J..m and in C–

G are 500 J..m.
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Fig. 7. 
Observed pathogenic circuitry. Although reported by other researchers in the past, we did 

not observe the link between altered genotype and AD-like pathology with the present 

sample size. One may hypothesize that genetic alterations per se contribute to behavioral 

deficits in the 3xTg-AD model. However, our results suggest a relationship between 

genetics, activation of the immune system, and altered behavior. It remains unknown if 

immunological phenomena contribute to neuropathological events at a later stage of AD-like 

disease or alternatively, early intraneuronal damage triggers a peripheral immune response. 

Note: Solid lines represent observed relationships, while dotted lines represent proposed 

relationships.
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Fig. 8. 
Proposed mechanisms in AD-like disease. Aging, genetic mutations, and environmental 

insults may synergistically underlie pathogenesis of AD and AD-like phenotypes. The aging 

process is known to be accompanied by thymic atrophy and immunosenescence [88, 89], or 

aberrant T cell reactivity to external and self-antigens [90]. In the case of 3xTg-AD mice, 

the transfer of human genes may result in excessive deposition of AΒ in peripheral tissues 

(amyloidosis), such as the spleen and liver. Chronic presentation of Aβ to over-reactive T 

cells may result in low-grade inflammation and autoimmune responses [91], likely aimed to 

clear the abundant protein [56, 92, 93]. The accompanying increase in serum levels of pro-

inflammatory cytokines [94, 95] may compromise the integrity of the blood-brain barrier 

[96], accounting for cerebral amyloid angiopathy in AD patients and the 3xTg-AD model 

[97]. At the same time, circulating cytokines can also activate receptors in the pituitary and 

adrenal glands [98, 99], thus inducing sustained production of steroids [100] to regulate 

inflammation [101]. However, the opening of the blood-brain barrier to large immune 

molecules and sustained binding of steroid hormones to cortical and limbic areas may alter 

emotional reactivity and induce MCI-like deficits at a prodromal stage of disease 

development. Severe cognitive dysfunction at the later stage of AD-like like disease may be 

a consequence of chronic autoantibody reactivity and steroid-induced excitotoxicity, 

resulting in regional brain atrophy [102,103]. Subsequent CNS inflammatory responses 

[104], as evidenced by activation of microglia, complement system and production of 

reactive oxygen species [105] may further add to this insult. Tau-pathology may represent 

“collateral damage” induced by autoantibodies binding to microtubules, leading to their 

disintegration and neurofibrillary tangle formation [106]. However, cerebrospinal fluid 

circulation of AD-related proteins and their presentation in cervical lymph nodes [107] may 
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lead to maintenance and amplification of autoimmune/inflammatory response, thus further 

exacerbating brain damage and behavioral dysfunction [108–110].
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Table 1

Body and organ weights at sacrifice. In both cohorts, AD mice were lighter, had lower brain mass, and 

displayed increased spleen weight in comparison to the WT group. These changes were accompanied by 

hepatomegaly and hypertrophy of the right adrenal gland at an older age. Taken together, age-dependent 

increases in peripheral organ weights suggests an ongoing systemic process in 3xTg-AD mice. (Note: 

Significant group differences are shown in bold)

Strain (sample size) Age (months) Body weight (g) Brain (mg) Spleen (mg) Liver (g) Right 
adrenal 
gland 
(mg)

Left 
adrenal 
gland 
(mg)

Right kidney (g) Left kidney (g)

WT (n = 10) 2 26.67 ± 0.61 491 ± 6 70 ± 4 1.11 ± 0.02 1.12 ± 0.08 1.53 ± 0.1 0.21 ± 0.01 0.2 ± 0.01

AD (n = 10) 23.23 ± 0.46 439 ± 5 90 ± 7 0.97 ± 0.24 1.27 ± 0.12 1.45 ± 0.07 0.19 ± 0.01 0.19 ± 0.01

WT (n = 20) 12 43.61 ± 1.01 522 ± 5 123 ± 9 1.97 ± 0.09 1.35 ± 0.09 1.58 ± 0.11 0.32 ± 0.01 0.31 ± 0.01

AD (n = 17) 38.05 ± 1.14 475 ± 10 2354 ± 404 3.04 ± 0.33 1.89 ± 0.15 1.74 ± 0.16 0.32 ± 0.01 0.31 ± 0.01
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