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Abstract: Homeostatic systems (nervous, immune, and endocrine) and their communications
network are crucial for health and aging rate. The triple transgenic mice for Alzheimer’s disease
(3xTg-AD) offer a valuable model to study the pathogenesis of AD, in which oxidative-inflammatory
stress is involved. We previously reported behavioral and peritoneal leukocyte function
alterations and oxidative-inflammatory stress in young female 3xTg-AD compared to age-matched
non-transgenic (NTg) controls. However, it is not known how the deterioration of the homeostatic
system interplay occurs at prodromal stages and the effects of sex. Here, we carried out an integrative
analysis of the behavioral profile, splenic and thymic leukocyte functions, splenic oxidative-
inflammatory state and plasmatic corticosterone in male and female 3xTg-AD at 4 months, compared
to NTg counterparts. At this prodromal stage, characterized by anxiety-like behaviors and disrupted
exploration, the 3xTg-AD mice exhibited reduced chemotaxis, natural Kkiller activity, and
lymphoproliferation—especially in the spleen. These changes were accompanied by lower anti-
inflammatory and higher pro-inflammatory cytokine concentrations, and oxidative (higher oxidants
and lower antioxidants) stress, indicating a breakdown of neuroimmune and redox-inflammatory
homeostasis. Notably, several of these alterations displayed sex-dependent differences. These
findings suggest that neuroimmune and redox-inflammatory dysfunctions emerge at the prodromal
stage, preceding endocrine changes, and may act as early indicators of premature aging in
Alzheimer’s pathology.

Keywords: Alzheimer’s Disease; 3xTg-AD mice; prodromal stage; premature aging;
neuroimmunoendocrine communications; behavior; immune functions; oxidative-inflammatory
stress; spleen; thymus; sex effect; males and females

1. Introduction

More than 30 million individuals suffer from Alzheimer’s disease (AD), the most prevalent
chronic neurodegenerative disorder, which is primarily distinguished by extracellular amyloid beta
plaques and intracellular neurofibrillary tangles, resulting in impaired synaptic function, neuronal
loss, cognitive decline, and neuropsychiatric symptoms [1]. In the coming years, the burden of AD
and its economic impact will dramatically increase with the aging of the population [2]. Despite
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decades of research, there are no effective therapies to deal with the many cellular and molecular
alterations of this neurological disorder [3, 4]. For this reason, an increasing number of studies have
focused on the disclosure of AD pathology before the onset of dementia, trying to find prodromal
peripheral markers that allow intervening before the disease is in an advanced stage [5-7].

In this context, we must consider the essential role of the homeostatic systems, such as the
nervous, immune, and endocrine systems, and their communication to ensure adaptive mechanisms
and, therefore, health maintenance. This neuroimmunoendocrine network is fundamental for
successful aging and longevity. Thus, its deterioration, which is underpinned by an oxidative-
inflammatory stress state, generated in part by the immune system, supposes a premature or
accelerated aging as well as an increased risk of morbidity and mortality [8].

Currently, there is emerging research on the relevance of immunity in Alzheimer’s disease,
contributing to neuroinflammation and oxidative stress, both within the central nervous system and
in the periphery. Thus, the role of the peripheral immune system in this neurodegenerative disease
seems evident. In fact, it has been proposed that the involvement of the bidirectional communication
between peripheral immune cells and the central nervous system (CNS) accelerates
neuroinflammation and cognitive decline [9-13]. Moreover, we have found that several functions of
peripheral blood immune cells can serve as markers of AD progression [14].

The late clinical onset of AD in most affected people is a limitation for clinical research when
deciphering the cellular and molecular changes at the preclinical (asymptomatic and prodromal)
stages of the disease. For this reason, animal models, especially genetic mouse models of AD, are very
useful for studying its pathogenesis. Although there are many mouse models of AD [15, 16], the
triple-transgenic mouse for Alzheimer’s disease (3xTg-AD), harboring PS1IM146V, APPSwe, and
tauP301L transgenes, represents an interesting model [17]. It mimics many critical hallmarks of AD
neuropathology, such as both amyloid-beta and tau neuropathology in an age-dependent manner
and disease-relevant brain regions, reproducing a similar temporal and anatomical specific profile
observed in humans. This model presents synaptic and cholinergic deficits, the characteristic reactive
gliosis inflammatory profile, as well as cognitive impairment [18-25] . In addition, since our first
reports [26], we have consistently proposed the 3xTg-AD mouse as a model of special interest to
study neuropsychiatric-like symptoms of dementia since it exhibits several behavioral alterations
already before the early signs of intraneuronal beta-amyloid that worsen in an age-dependent
manner along with changes at the neuroanatomical level [27].

The crosstalk between behavior (an indicator of nervous function) and the peripheral immune
system plays a crucial role, particularly during the prodromal stages of disease [28]. In a previous
longitudinal study carried out only in female 3xTg-AD mice we analyzed several functions of
peritoneal immune cells [29, 30], but the functional state of spleen and thymus leukocytes was
assessed in older animals, at the end point [31, 32]. Moreover, in this model, splenomegaly,
histopathological changes and splenic dysfunction have been associated with advanced stages of
disease [33-35]. However, the state and interplay of the components of the neuroimmunoendocrine
system in these 3xTg-AD mice have not been studied in an integrated way at an early stage of the
disease.

As mentioned before, oxidative stress has been considered a crucial central factor in the
pathogenesis of AD, as a bridge that connects the different mechanisms of this disease [36], being an
early event in AD progression. Thus, with respect to the corresponding NTg, peritoneal immune cells
of 2-month-old 3xTg-AD female mice showed oxidative stress and higher lipid peroxidation [29, 30].
Moreover, a higher presence of oxidants has been observed in the brain and serum [37, 38] of these
animals at 2-3 months of age. However, in several parameters, these differences disappear after 6
months of age. In addition, inflammatory stress (higher presence of pro-inflammatory than the anti-
inflammatory compounds), a process associated with oxidative stress [39], is a common feature in
both the brain and the peripheral immune system, contributing to pathogenesis and progression of
AD [40]. In the 3xTg-AD mice, higher brain pro-inflammatory mediator expression has been observed
at 6 and 12 months of age following parasitic infection [41]. In peritoneal immune cells of 3xTg-AD
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female mice, higher ratios of proinflammatory/anti-inflammatory concentrations in 3xTg-AD than in
NTg mice at 2 and 4 months have been observed [30]. Nevertheless, the oxidative and inflammatory
stress in immune organs at a prodromal stage of the disease is unknown. Finally, a relevant endocrine
component in neuroimmune communication, the corticosterone hormone, which is also related to an
inflammatory state, has been studied in 3xTg-AD mice at old ages [31] or in a social isolation stress
response [42], but its plasma concentrations in these mice at 4 months of age have not been analyzed.

The typical age-related deterioration of the homeostatic systems and their communication,
which is associated with an oxidative-inflammatory stress, is involved in the rate of aging and
longevity [8] and can appear at a young age and in adults. Thus, in several murine models of
premature aging, which is related to a shorter lifespan of these animals than that of their age-matched
controls, premature alterations in behavioral responses, immunosenescence, and oxi-inflammaging
have been observed [39, 43]. However, in these young or adult animals that prematurely age,
intervention with healthy lifestyle strategies allows their successful aging and greater longevity [39].
In this context, it is interesting to know the peripheral markers of immune and redox, and
inflammatory state at early ages in 3xTg in order to have a better basis to test strategies to prevent or
delay the symptoms of this disease.

Regarding sex-dependent differences observed in AD [44, 45], these are relevant to
neuroimmunoendocrine communication and the longevity of animals, including humans and mice
[34, 46]. In 3xTg-AD mice, sex differences have been observed in cerebral pathology, behavioral
responses, as well as in several aspects of immunity and oxidative-inflammatory state [47-52].

For all the above-mentioned, the present work aimed to do an integrative study on the
emergence of dysfunctions in the different components of the psychoneuroimmunoendocrine
network in male and female 3xTg-AD mice at the prodromal stage (4 months of age) of the disease.
Thus, their prodromal state was verified by several behavioral parameters, the endocrine system
analyzing plasma corticosterone concentrations and weight of adrenal glands, and the immune
system studying several leukocyte functions (chemotaxis, natural killer activity, lymphoproliferation,
and cytokine release). Moreover, since the base neuroimmunoendocrine alterations are an oxidative-
inflammatory stress, several markers of this stress were also measured.

2. Materials and Methods

2.1. Animals

Four-month-old male and female 3xTg-AD mice from the Spanish colony of homozygous 3xTg-
AD mice, established in the Medical Psychology Unit, Universitat Autonoma de Barcelona, were used
in the present study. The 3xTg-AD mouse strain harboring the familial AD mutations PSIM146V,
APPswe, and tauP301L transgenes was genetically engineered at the University of California Irvine,
as previously described [17, 18]. The non-transgenic (NTg) mouse colony had the same genetic hybrid
background (129 x C57BL6) as 3xTg-AD. Genotypes were confirmed by polymerase chain reaction
(PCR) analysis of DNA obtained from tail biopsies. Three to five littermates of the same genotype
and sex were maintained in Macrolon cages (Techniplast, Buguggiatta, Italy, 35 x 35 x 25 cm) under
standard laboratory conditions of food and water ad libitum, temperature (22 + 2 °C) and humidity
(50-60%), on a 12/12 hour light/dark cycle (lights on at 08:00). Estrous cycle of the female mice was
not determined to avoid stressing the animals by the vaginal smear analyses. However, it is known
that most female mice housed in groups in the same room spontaneously synchronize their estrous
cycles [53]. This reduced the possibility of a hormone bias in the comparison of the different
experimental groups.
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2.2. Experimental design

Thirty-eight 3xTg-AD mice and sex- and age-matched NTg mice were assessed for behavior
responses in the corner test (CT), open-field (OF), and T-maze (TM) [26], which were evaluated by
direct observation and VideoTrack analysis system (ViewPoint Behavior Technology, Lyon, France).
Experiments were conducted under dim white-light conditions (16-20 lux) from 10:00 a.m. to 1:00
p-m. Two days after the behavioral assessment, the animals were sacrificed by decapitation to obtain
blood immediately, and the target samples (thymus, spleen, and adrenal glands) were removed and
rapidly frozen, and stored at -80 °C until the assays were performed.

All the experiments were conducted in accordance with the Spanish legislation on “Protection
of Animals Used for Experimental and Other Scientific Purposes” and the EU Directive (2010/63/EU)
on this subject, and the Ethical Commission of the Universitat Autonoma de Barcelona (Protocol
Number CEEAH/00759 3588/DMAH 9452).

2.3. Prodromal behavioral profile

The prodromal behavioral state of animals was assessed by means of a battery of three tests:

Corner test (CT) for neophobia: The fear of a new home-cage was assessed by introducing the
animal into the center of the standard cage (Macrolon, 35 x 35 x 25 cm) and counting the number of
visited corners and rearing during a period of 30 s. Latency to the first rearing was also recorded [26].

Open-field test (OF): Mice were placed in the center of the apparatus (homemade, wooden,
white, 50 x 50 x 25 cm high) and observed for 5 min [51]. Horizontal (crossings of 10 x 10 cm squares)
and vertical (number of rearing) locomotor activities were recorded for each minute of the test. We
also recorded the ethogram, the latency of the sequence of the following behavioral events: initial
freezing (latency of initial movement), thigmotaxis or discrimination of unprotected/protected areas
in the test (latency of leaving the central 10 x 10 cm square and that of entering in the peripheral ring
5 cm to the walls), and self-grooming behavior (latency, number, and duration of grooming).
Emotionality (defecation and the presence/absence of urine) was also measured.

T-maze (TM): The spontaneous exploratory behavior and alternation of mice were tested in a T-
shaped maze with “horizontal” arms 25 cm in length. Animals were placed inside the “vertical” arm
of the maze (35 cm in length) with their head facing the end wall. The copying with stress strategies
performance was evaluated by determining the time elapsed until the animal crossed (four-paw
criteria) the intersection of the three arms [43]. The test was completed once the animal had finished
exploring the two “horizontal arms”. The exploratory efficiency was measured by means of different
variables: the total time invested to complete the maze exploration, the number of errors (revisiting
an arm) made, and the ratio between arms (time needed to complete the test divided by the latency
to reach the intersection). Emotionality (defecation and the presence/absence of urine) was also
recorded.

2.4. Organometrics

The size (weight in mg) and relative size (% vs. body weight) of peripheral immunoendocrine
organs, including the thymus, spleen, and adrenal glands, were recorded during the harvesting,
before the analysis of peripheral immune functions and corticosterone assay [51].

2.5. Immune functions

2.5.1. Collection of lymphocyte suspensions

Spleen and thymus were removed aseptically, freed of fat, minced with scissors, and gently
pressed through a mesh screen (Sigma-Aldrich, St. Louis, USA). The collection of lymphocytes was
assessed according to the method previously described [43]. Spleen suspensions, due to their high
concentration of erythrocytes, were centrifuged in a gradient of Ficoll-Hypaque (Sigma-Aldrich) with
a density of 1.070g/mL. Cells were recollected from the interface and resuspended in complete
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medium [containing RPMI 1640 enriched with L-glutamine and phenol red and supplemented with
10% heat-inactivated (56°C, 30 min) fetal calf serum (Hyclone, GE Healthcare, USA) and gentamicin
(100 mg/mL, Sigma-Aldrich)]. Lymphocytes were washed, and their number was determined, and
adjusted to 10¢ cells/mL. Cellular viability, routinely measured before and after each experiment by
the Trypan-Blue exclusion test, was higher than 98% in all experiments. All incubations were
performed at 37°C in a humidified atmosphere of 5% CO..

2.5.2. Chemotaxis assay

The induced mobility or chemotaxis of leukocytes was evaluated according to the method
previously described [43]. Chambers with two compartments, separated by a 3 um pore diameter
filter (Millipore, Ireland), were used. Aliquots of 300 pL of splenic or thymic lymphocyte suspensions
adjusted to 10¢ cells/mL in Hank’s medium were deposited in the upper compartment, and 400 pL of
the chemoattractant agent formyl-methionyl-leucine-phenylalanine (f-met-leu-phe, Sigma-Aldrich)
at a concentration of 10-8 M was deposited in the lower compartment. The chambers were incubated
for 3 h, the filters were fixed and stained, and the number of lymphocytes on one-third of the lower
face of the filter (corresponding to five scans of 5 mm) was counted using an optical microscope (x100
magnification) and recorded as Chemotaxis Index (C.L).

2.5.3. Natural Killer (NK) cytotoxicity assay

The NK cell cytotoxicity, which is the main antitumoral protection of the organism, was
measured by an enzymatic colorimetric assay (Cytotox 96 TM Promega, Boehringer Ingelheim,
Germany) based on the determination of lactate dehydrogenase (LDH) released by the cytolysis of
targets cells (YAC-1 cells from a murine lymphoma), using tetrazolium salts (ID) [43]. Briefly, target
cells were seeded in 96-well U-bottom culture plates (Nunclon, Denmark) at 10* cells/well in 1640
RPMI medium without phenol red (Gibco). Effector cells (splenic or thymic lymphocytes suspensions
adjusted to 10¢ cells/ mL) were added at 105 cells/well, obtaining an effector/target rate of 10/1. The
plates were centrifuged at 250 g for 5 min to facilitate cell-to-cell contacts and were incubated for 4 h
at 37°C. After incubation, LDH activity was measured in 50 uL/well by adding the enzyme substrate,
with absorbance recorded at 490 nm. The results were expressed as the percentage of tumor cells
killed (% lysis).

2.5.4. Lymphoproliferation assay

The proliferation capacity of lymphocytes was evaluated by a standard method, previously
described [43]. The assay was assessed in basal and stimulated conditions using the mitogens
concanavalin A (Con-A) and lipopolysaccharide (LPS). Aliquots of 200 uL of splenic or thymic
leukocyte (mainly lymphocytes) suspensions adjusted to 10¢ cells/mL in complete medium were
dispensed into 96-well plates (Nunclon, Denmark). 20 uL of complete medium (basal
lymphoproliferation), Con-A or LPS (1 pg/mL, Sigma-Aldrich) was added to each well. After 48 h of
incubation at 37°C in a sterile and humidified atmosphere of 5% CO: 0.5 pCi 3H-thymidine
(Hartmann Analytic, Germany) was added to each well. Previously, 100 pL of culture supernatant
from each well was collected and stored at —80°C until used for harvesting in a semiautomatic
harvester (Skatron Instruments, Norway). Thymidine uptake was then measured using a beta
counter (LKB, Uppsala, Sweden) for 1 min. The results were calculated as 3H-thymidine uptake
(counts per minute, c.p.m) for basal and stimulated (with mitogens) conditions and were also
expressed as lymphoproliferation capacity (%), giving 100% to the c.p.m in basal conditions.

2.5.5. Cytokine concentrations in cultures of spleen leukocytes

The release of interleukin-2 (IL-2), interleukin-10 (IL10), interleukin-1beta (IL-1f) and tumor
necrosis factor alpha (TNF-a) were measured in culture supernatants of splenic lymphocytes after 48
h of incubation in the presence of Con-A (1pg/mL) or LPS (1 ug/mL) as described above. Levels of
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IL-2, IL-10, IL-1B, and TNF-a were measured simultaneously by multiplex luminometry
(MILLIPLEX® MAP Mouse Cytokine/Chemokine kit, Inmunoassay, Millipore, Billerica, MA, USA).
Each assay was run in duplicate. The minimum detectable concentration of IL-2, IL-10, IL-1(3, and
TNF-a was 3.2 pg/mL. The results were expressed as pg/mL.

2.6. Redox-inflammatory state

2.6.1. Glutathione peroxidase (GPx) activity

The GPx activity was spectrophotometrically evaluated in homogenates of the spleen according
to the method described by Lawrence and Burk [54], with some modifications. Briefly, tissue samples
of spleen were homogenized (50 mg/mL) with tampon phosphate (50 mM, pH 7.4), being maintained
on ice during the entire process. Thereafter, homogenates were centrifuged at 3200g for 20 min at
4°C. Aliquots of the supernatants were measured in the spectrophotometer using cumene
hydroperoxide (cumene-OOH, Sigma-Aldrich) as substrate, which carried out the oxidation of
glutathione, which is regenerated by the addition of 3-nicotinamide adenine dinucleotide phosphate,
in its reduced form (3-NADPH, Sigma-Aldrich), in the presence of glutathione reductase (GR, 10
U/mL, Sigma-Aldrich). The reaction was monitored spectrophotometrically by measuring the
decrease in absorbance at 340 nm every 40 s over 5 min. The results were expressed as international
milliunits of enzymatic activity per mg of tissue (mU GPx/mg tissue).

2.6.2. Glutathione reductase (GR) activity

The GR activity was spectrophotometrically assessed in homogenates of the spleen according to
the method described by Massey and Williams [55], with some modifications. Briefly, tissue samples
of the spleen were homogenized in a tampon phosphate solution (50 mM, pH 7.4) containing EDTA
(6.3 mM). Homogenates were centrifuged at 3200 g for 20 min at 4°C. Aliquots of the supernatants
were measured in the spectrophotometer using the 3-NADPH (6 mM) and oxidized glutathione
(GSSG, 80 mM, Sigma-Aldrich) reagents. The reaction was monitored spectrophotometrically by
measuring the decrease in absorbance at 340 nm every 40 s over a 4-minute period. The results were
expressed as international milliunits of enzymatic activity per mg of tissue (mU GR/mg tissue).

2.6.3. Total glutathione (GSH) content

Total glutathione (GSH), the main non-enzymatic reducing agent of the organism, was assayed
by the enzymatic recycling method previously described by monitoring the change in absorbance at
412 nm, with some modifications in organs [43]. Briefly, samples of spleen were homogenized (50
mg/mL) with 5% trichloroacetic acid (TCA, Panreac) and 0.01 N HCl (Panreac), being maintained on
ice throughout the process. Homogenates were centrifuged at 3200 g for 5 min at 4°C. Aliquots of the
supernatants were measured in the spectrophotometer using the following reaction mixture: 5,5'-
dithiobis-(2-nitrobenzoic acid) (DTNB, 6 mM, Sigma-Aldrich), -nicotinamide adenine dinucleotide
phosphate, reduced form (3-NADPH, 0.3 mM, Sigma-Aldrich), and glutathione reductase (GR, 10
U/mL, Sigma-Aldrich). The reaction was monitored for 240 s, and the results were expressed as
nanomoles of GSH per mg of tissue (nmol GSH/mg tissue).

2.6.4. Xanthine oxidase (XO) activity

The XO activity was assayed in homogenates of spleen by fluorescence using a commercial kit
(Amplex Red Xanthine/Xanthine Oxidase Assay Kit, Molecular Probes, Paisley, UK) [43]. In the assay,
XO catalyzes the oxidation of purine bases (xanthine) to uric acid and superoxide. The superoxide
spontaneously degrades in the reaction mixture to H202, which in the presence of horseradish
peroxidase (HRP), reacts stoichiometrically with Amplex Red reagent to generate the red-fluorescent
oxidation product, resorufin. Tissue samples of the spleen were homogenized in phosphate buffer
(50 mM, pH 7.4) containing EDTA (1 mM) and normalized according to total protein. The
homogenates were centrifuged at 5000 g for 30 min at 4°C. Aliquots of the supernatants (50 puL) were
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incubated with 50 uL working solution of Amplex Red reagent (100 uM) containing HRP (0.4 U/mL)
and xanthine (200 uM). After 30 minutes of incubation at 37 °C, fluorescence measurement was
performed using a microplate reader (Fluostar Optima, BMG Labtech, Biomedal, Spain) with
excitation at 530 nm and emission detection at 595 nm. The XO supplied in the kit was used as the
standard, and XO activity was measured by comparing the fluorescence of the samples with that of
the standards. The protein content of the same samples was evaluated using the bicinchoninic acid
protein assay kit protocol (Sigma-Aldrich), with serum albumin (BSA, Sigma-Aldrich) as the
standard. The results were expressed as international milliunits (mU) of enzymatic activity per
milligram of protein (mU XO/mg protein).

2.7. Plasma corticosterone.

Samples of about 1mL of whole trunk blood were collected at the time of sacrifice into
heparinized tubes and centrifuged immediately at 10,000 xg for 2min. The plasma obtained was
stored at-20-C. Corticosterone content (ng/mL) was analyzed using a commercial kit (Corticosterone
EIA Immunodiagnostic Systems Ltd, Boldon, UK) and ELISA EMSReader MFV.2.9-0. 2.6. [51].

2.8. Statistical analysis

Statistical analysis was performed in SPSS IBM 29.0 (SPSS, Chicago, USA) and GraphPad Prism
10.1.1 (LLC, San Diego, CA, USA). The results are presented as the mean *+ standard error (SEM).
Normality of the samples and homogeneity of the variances were checked by the Kolmogorov—
Smirnov test and Levene’s test, respectively. All tests were two-tailed. Differences were studied
through two-way ANOVA. The factors were genotype and sex. The Tukey test was used for post-hoc
comparisons when variances were homogeneous, whereas its counterpart, the Games-Howell
analysis, was used in the case of unequal variances. In all cases, p < 0.05 was taken as statistically
significant.

3. Results

3.1. Prodromal behavioral state of 4-month-old male and female 3xTg-AD mice

The study first verified the prodromal behavioral state of the 3xTg-AD as compared to sex-
matched counterparts. Thus, the behavioral profile exhibited by the animals in the three behavioral
tests was analyzed in terms of genotype, sex, and interaction effects, as summarized in Table 1.
Thereafter, among the main variables showing statistically significant effects (as illustrated in Figure
1), the most sensitive variables to these factors were identified.

The first BPSD-like symptoms were already apparent in the 3xTg-AD mice. The sensitivity of
the corner test to define the prodromal stage of 3xTg-AD mice was shown as a higher neophobia than
the NTg mice, which could be measured not only by the latency (see Table 1, G**, p < 0.01) but also
by a lower number of rearings (Table 1, G***, p < 0.001). As illustrated in Figure 1 a, this neophobia
reached the highest levels in male 3xTg-AD mice as compared to all the other groups (**, p <0.01 vs.
NTg counterparts; ++ p < 0.01 vs. female counterparts).

When the animals were confronted with the open-field test, 3xTg-AD mice showed higher
latencies in most of the behavioral events (Table 1, G*, p <0.05). The incidence of bizarre behavior in
the male and female 3xTg-AD mice was higher than in NTg mice (males, p < 0.001 and females, p <
0.5, respectively). Statistically significant differences in the time course of the vertical component
(rearings) were recorded, mostly in females in minutes 2 and 3 (p < 0.05). Exhibition of emotional
behaviors was lower in 3xTg-AD mice (Table 1, G*, p < 0.05) and male sex (5**, p < 0.01). Here and in
the T-maze, NTg females showed a statistically significant higher number of defecation boli in the
open-field test as compared to all the other groups (p < 0.05).

In the T-maze, genotype differences were observed in the latency to reach the intersection (Table
1, Figure 1h, p < 0.05). Post-hoc tests indicated that in this test were 3xTg-AD female mice who
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exhibited statistically significantly higher values compared to all other groups. The genotype effect
can also be observed when the ratio between the time spent in the vertical and horizontal arms is
considered (Table 1, p <0.05), while the total time invested in completing the maze exploration (Table
1) did not differ between groups. A genotype x sex effect could be found in the number of errors
(Figure 1i, Table 1, G x S*, p < 0.05). The emotional behavior showed sex differences with females
doing more defecation boli and exhibiting a higher incidence of urination. This sex effect was
primarily due to female NTg mice, which exhibited higher emotional behaviors compared to all other
groups (Figure 1j, Table 1, p < 0.05).

Therefore, the factorial analysis (as detailed in Table 1) pointed out to the strong predominance
of genotype factor, as it was observed in most of the variables studied, but also revealed their
different magnitudes of sensitivity to these factors (Table 1, from G*, p < 0.05 to G***, p < 0.01). Sex
differences (5**, p < 0.01) were found in emotional related variables such us the latency of vertical
activity in the corner test (Figure 1a, Table 1, S** p < 0.01), the incidence of bizarre behaviors in the
open field test (Figure 1b, Table 1, 5** p <0.01) and the defecatory behavior in the open field test and
the T-maze (Figure 1g and 1j, respectively; Table 1, S** p < 0.01). With regards to variables sensitive
to one, both factors or their interaction, the time course of the vertical activity (Figure 1le) was sensitive
to genotype (rearing on minute 2, and 3, both G¥, p <0.05) and sex (rearings on minute 4, S¥, p <0.05).
Some variables also showed genotype per sex interaction effects (G x S*, p <0.05 and G x 5**, p<0.01).

Among all the behavioral variables studied in the three behavioral tests to characterize the
prodromal stage of 3xTg-AD mice, two were the most sensitive to genotype, sex and interaction
effects: 1) The latency of rearing in the corner test (Figure 1a and Table 1), with genotype ( G**, p <
0.01), sex (5**, p < 0.01) and genotype per sex interaction effects (G x S*, p < 0.05) and male 3xTg-AD
exhibiting statistically significant higher latencies than all the other groups (Figure 1a, post-hoc, * and
+, both p < 0.05); 2) The incidence of bizarre behaviors in the open-field test, with genotype (G***, p <
0.001), sex (5**, p < 0.01) and genotype-by-sex (G x S**, p < 0.01) interaction effects, with male 3xTg-
AD mice exhibiting statistically significant higher incidence than all the other groups (Figure 1a, post-
hoc, *** p <0.001 and ++, p <0.01).

Table 1. Behavioral profile of 3xTg-AD mice indicates BPSD-like behaviors in both sexes already at 4 months of age.

NTg 3xTg-AD Statistical Factor Analysis
BEHAVIORAL TESTS Females Males Females Males G, genotype
(n=11) (n=9) (n=8) (n=10) S, Sex

CORNER TEST

Sequence of behavioral events

Vertical activity (latency, s) see Fig. 1a G**,5%*, GxS*

Locomotor activity

Horizontal activity (corners, 13.73 = 11.89 = 11.25+
n) 0.98 1.29 266 820+142 n.s.n.s.n.s.

Vertical activity (rearings, n) 636+047 722+126 438+1.02 230+0.63 G*** n.s,n.s.
OPEN FIELD TEST

Sequence of behavioral events

Initial movement (latency,s)  1.36£0.28  0.33+0.17 250 z 053 1.10+0.38 G* n.s., n.s.
(Ol/r;cidence of bizarre behavior see Fig. 1b G** S GxSH*
S)Ex1t from the centre (latency, see Fig. 1c G* n.s, n.s.

Entrance to periphery 1936+ 4944165 488+276 242505 n.s,n.s, GxS*™
(latency, s) 2.04

2.18 + 72.1+27.1
Vertical activity (latency, s) 3 ) 8?; 462+10.2 ; 746+210 G* n.s., n.s.
Self-grooming (latency, s) see Fig. 1d G* n.s., n.s.

Locomotor activity

Vertical activity per minute see Fig. 1e G* ns., n.s./
(rearings, n) & G*(r2,r3) S*(r4) n.s.
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. see Fig. 1f n.s., n.s., N.S.
(rearings, n)
Self-grooming behavior
Self-grooming episodes (n) 136+020 133+0.37 0.75+025 120+025 n.s,n.s.,ns.
Total self- i i
(s)om self-grooming duration 4 oo (173 400+085 2504076 440+079 n.s.,n.s,ns.
Emotional behaviors
Defecation boli (n) see Fig. 1g G* 5%, n.s.
Urination (incidence) 0.27+0.14 0+£0 025+0.16 0.30+0.15 n.s.n.s.n.s.
T-MAZE
Sequence of behavioral events
Reaching intersection see Fig. 1h G* ns., n.s.
(latency, s)
Explorat ffici ti 4455 +
9 xploratory efficiency (time, 9 3+ 560+12.6 88.0+273 363+120 n.s., NS, N.S.
2.86+0. 2.69+0.37
Ratio Time in the arms (s) 4314077 490+072 56%063 269 : 037 Gw ns, ns.
Errors (n) see Fig. 1i G**, n.s., GxS*
Emotional behaviors
Defecation boli (n) see Fig. 1j n.s., S**, n.s.
Urination (incidence) 0.55+0.21 0+0 0.12+0.12 010+0.10 n.s., n.s., n.s.

Results are the mean + SEM of 8-11 animals. Statistics: Factor analysis: * p < 0.05, ** p < 0.01, and *** p <0.001 vs.
NTg (Genotype effects, G), or female mice (Sex effects, S), or in the comparison to genotype x sex effects (G x S);
n.s. non-statistical differences. Post-hoc analysis: a p < 0.05 vs. NTg group with the same sex; b p <0.05 vs. female
group with the same genotype; * vs. all the groups. NTg: non-transgenic mice; 3xTg-AD: triple transgenic mice

for Alzheimer's disease.

Corner test

a)

Vertical activity

Open Field test

b)

Bizarre incidence

—mtg
-5 WTAD

L]

Number of rearings

—o FagAn

" Tima (min)

T-Maze test
h)

Time to reach the intersection

Latency to leave the centre

Latency of groaming behaviors

Total vertical activity

Total number of rearings

Figure 1. Prodromal behavioral profile of 4-month-old male (M) and female (F) non-transgenic (NTg) and

3xTg-AD mice. Results are mean + SEM. Corner test: (a) Latency of vertical activity (rearings); Open-field test:
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(b) bizarre incidence (%); (c) latency to leave the center; (d) latency of grooming; (e) vertical activity (number
of rearings in each minute of the test); (f) total vertical activity (total number of rearings), (g) number of
defecation boli. T-maze: (h) Latency to reach the intersection; (i) number of errors; (j) number of defecation boli.
Experimental groups: NTg mice: 11 females; 9 males; 3xTg-AD: 8 females; 10 males. Statistics: * p < 0.05, ** p <
0.01 and ** p < 0.01 vs. the corresponding sex-matched NTg group; + p < 0.05, ++ p < 0.01 vs. the corresponding

females.

3.2. Changes in physical condition, organometrics, and the endocrine system are sex-dependent and also
observed at 4 months of age in male and female 3xTg-AD.

The weight of animals as well as the size (weight in mg) and relative size (% vs. body weight) of
peripheral immunoendocrine organs, thymus, spleen, and adrenal glands, were recorded before the
analysis of peripheral immune functions and the endocrine system. The results (Table 2) confirmed
sexual dimorphism in body weight, with males being heavier than females (p < 0.001). Additionally,
the overweight phenotype described for 3xTg-AD mice [16, 26] was already present at this age
(genotype effect, p < 0.001) and was attributed to a higher relative weight of white adipose tissue
(WAT) (genotype and sex effects, both p < 0.001). Genotype differences were also observed in the
relative weight of immunological organs, with a lower weight of thymus and a higher weight of
spleen in 3xTg-AD mice (genotype effect, both p < 0.001). The effect of sex was also observed in the
weight of the thymus, which was smaller in male than female mice (p < 0.05).

At the endocrine level, although the weight of the adrenal glands did not differ between
genotypes or sexes, a statistically significant genotype-by-sex effect (p < 0.05) was found, indicating
a higher weight of this endocrine gland in male 3xTg-AD mice. A slight trend of higher plasma
corticosterone concentrations in 3xTg-AD mice was observed, albeit it did not reach statistical
significance (p > 0.05).

Table 2. Physical condition, organometrics and endocrine system in 4-month-old female and male 3xTg-AD and

NTg mice.
NTg 3xTg-AD Statistics
Factor Analysis
Females Males Females Males G, genotype
(n=11) (n=9) (n=8) (n=10) S, sex
Physical condition
Body Weight (g) 21.7 +1.00 26.7+0.50 b 263+060a 345+090ab  G**,S™ ns.
% WAT in body weight 1.01+0.06 0.80 £0.03 1.39+0.04a 1.22+0.14a G*™*, S** n.s.
Peripheral immune system
% Thymus in body weight 0.18 +0.06 0.12+0.01 0.15+0.00 0.10+0.00 G**, 5%, n.s.
% Spleen in body weight 0.38 +0.01 0.32+0.01 0.52+0.02a 0.45+0.07a G**, 5%, n.s.
Endocrine system
Adrenal glands (mg) 8.2+0.2 740 +0.5 73+0.2 94 +0.6 n.s., n.s., G x §**
Plasma corticosterone (ng/mL) 355+8.3 289+7.2 433 +5.7 42.6+7.8 n.s., n.s., n.s.

Results are the mean + SEM of 8-11 animals. Statistics: Factor analysis, **p <0.01 and ** p
<0.001 compared to NTg (G, genotype), or female mice (S, sex), or in the comparison to
genotype x sex (GxS); n.s. non-statistical differences. Post-hoc: 2 p < 0.05 vs NTg group with
the same sex; b p <0.05 vs. female group with the same genotype. F: females; M: males; NTg:
non-transgenic mice; 3xTg-AD: triple transgenic mice for Alzheimer's disease. WAT: white
adipose tissue.
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3.3. An impairment of the immune functions is presented in 4-month-old female and male 3xTg-AD mice

Several immune function parameters were studied in splenic and thymic leukocytes from female
and male 3xTg-AD and NTg mice. The results are shown in Figures 2-4 and Tables 3-4. In general, at
4 months old, 3xTg-AD mice showed an impairment of the immune functions in their splenic and
thymic leukocytes.

Regarding chemotaxis (Figure 2), our results showed that female and male 3xTg-AD mice had
lower values of chemotactic index in their spleen (p<0.05 and p < 0.001 in females and males,
respectively; Figure 2a) and thymus (p <0.01 and p < 0.001 in females and males, respectively; Figure
2b) leukocytes, than those observed in gender-matched NTg mice. Regarding gender differences, the
lower values of chemotaxis observed in leukocytes of 3xTg-AD mice were more pronounced in males
than in females (p < 0.001). By contrast, male NTg mice showed higher chemotaxis index in their
splenic leukocytes than NTg female mice (p < 0.05), whereas no gender differences were observed in

thymic lymphocytes
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Figure 2. Chemotactic index of spleen (a) and thymus (b) leukocytes, and Natural killer (NK) cell activity (%
lysis of tumor cells) of spleen (c) and thymus (d) leukocytes in 4-month-old female (F) and male (M) non-
transgenic (NTg) and triple transgenic for Alzheimer's Disease (3xTg-AD) mice. Each column represents the
mean + SEM of 8-11 values corresponding to the same number of subjects (11 NTg female; 9 NTg male; 8 3xTg-
AD female; 10 3xTg-AD male). Each value is the mean of duplicate assays. Statistics: * p < 0.05, ** p <0.01, *** p
<0.001 vs. the corresponding gender-matched group; + p <0.05, ++ p <0.01, +++ p <0.001 vs. the corresponding

females.

An early impairment of NK cytotoxic activity (Figure 2) was also observed for spleen cells from
female (p < 0.05) and male (p < 0.01) 3xTg-AD mice compared to gender-matched NTg (Figure 2c),
whereas no statistical differences in NK activity were found in thymus lymphocytes between both
groups of mice (Figure 2d). Regarding gender differences, both male NTg and 3xTg-AD mice
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exhibited higher NK activity in their splenic (p < 0.05, in NTg) and thymic (p < 0.001) leukocytes
compared to female mice.
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Figure 3. Proliferation in basal (counts per minute; cpm) and concanavalin A (Con A) and lipopolysaccharide
(LPS) stimulated (% stimulation) conditions of spleen (a) and thymus (b) leukocytes, in 4-month-old female (F)
and male (M) non-trasngenic (NTg) and triple transgenic for Alzheimer's Disease (3xTg-AD) mice. Each column
represents the mean + SEM of 8-11 values corresponding to the same number of subjects (11 NTg females; 9 NTg
males; 8 3xTg-AD females; 10 3xTg-AD males). Each value is the mean of triplicate assays. Statistics: ** p <0.01,
** p < 0.001 vs. the corresponding gender-matched group; + p < 0.05, ++ p < 0.01, +++ p < 0.001 vs. the

corresponding females.

With respect to basal proliferation (Figure 3a.1-b.1), which is what takes place in the absence of
a proliferative stimulus, there was a significantly lower value (p<0.01) in spleen cells from male 3xTg-
AD mice as compared to male NTg mice, while no differences between 3xTg-AD and NTg female
mice were observed (Figure 3a.1). Moreover, no statistical differences were found in basal
proliferation of thymus lymphocytes between 3xTg-AD and NTg mice (Figure 3b.1). Interestingly, in
both splenic and thymic leukocytes, male NTg mice showed higher basal proliferation (p < 0.001 in
spleen; p < 0.01 in thymus) than female NTg mice. Similar results were also observed in thymic cells
of male 3xTg-AD (p <0.001) compared to female 3xTg-AD mice (Figure 3b.1).

The results of the lymphoproliferation after incubation with the mitogens LPS and ConA, which
are specific for B and T lymphocytes, respectively, showed an impairment of this function in 3xTg-
AD mice. In fact, significantly lower LPS-proliferative responses in spleen cells have been observed
in 4-month-old female (p <0.001; Figure 3a.2) and in thymic cells of female and male (p < 0.001; Figure
3b.2) 3xTg-AD mice than in NTg mice. With ConA, in the case of splenic leukocytes, these lower
values of proliferative response were only observed in female 3xTg-Ad mice (p < 0.01; Figure 3a.3),
but in thymic leukocytes in both female and male mice (p<0.001; Figure 3b.3). Interestingly, regarding
gender differences, male NTg mice showed higher (p<0.01) and lower (p<0.05) LPS-proliferation
percentage values in splenic and thymic leukocytes, respectively, than those observed in female
animals. In the case of ConA-proliferative percentage, male NTg showed these lower (p<0.001) values
in thymic cells. In male 3xTg-AD mice, LPS- and ConA-proliferative percentages of spleen leukocytes
were higher (p<0.001) than in female, but in thymic cells these 3xTg-AD males showed lower
(p<0.001) values in ConA-proliferation than females.
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Figure 4. Concentrations of IL-2 (a), IL-10 (b), IL-1p (c) and TNF-a (d) in supernatants of cultures of spleen
leukocytes in response to concanavaline A (Con A, 1 pg/mL) in 4-month-old female (F) and male (M) non-
transgenic (NTg) and triple transgenic for Alzheimer Disease (3xTg-AD) mice. Each column represents the mean
+ SEM of 8 values corresponding to the same number of subjects in each group of mice. Each value is the mean
of duplicate assays. Statistics: * p < 0.05, ** p <0.01, ** p <0.001 vs. the corresponding gender-matched group; +
p <0.05, ++ p <0.01, +++ p <0.001 vs. the corresponding females.
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Table 3. Statistical factor analysis of Figures 2, 3, and 4.

Statistics
Factor Analysis
G, genotype

S, sex
Spleen Chemotaxis (C.I.) G** n.s., GxS*
Thymus Chemotaxis (C.1.) G, n.s., n.s.
Spleen NK Activity (% Lysis) G**, n.s., G x §*
Thymus NK Activity (% Lysis) n.s., S*¥, n.s.
Spleen basal lymphoproliferation (c.p.m.) n.s., S***, G x §**
Spleen lymphoproliferative response to LPS (% Stimulation) G***, 5% G x §*
Spleen lymphoproliferative response to ConA (% Stimulation) n.s., S**, G x §***
Thymus basal lymphoproliferation (c.p.m.) n.s., S¥*, n.s.
Thymus lymphoproliferative response to LPS (% Stimulation) G**, 5% n.s.
Thymus lymphoproliferative response to ConA (% Stimulation) G**, 5% n.s.
IL-2 (pg/ml) G*™* , ns., ns.
IL-10 (pg/ml) G¥*, §¥ G x 5
IL-1PB (pg/ml) n.s., $**, G x §¥**
TNF-a (pg/ml) G*, n.s., G x 5
IL-10/TNF-a ratio G, §¥%, G x §F**

Statistics: Factor analysis, * p < 0.05, ** p < 0.01, *** p <0.001 compared to NTg (G, genotype), or female mice (S,
sex), or in the comparison to genotype x sex (GxS); n.s. non-statistical differences. C.I.: Chemotaxis index. NK:

Natural Killer. LPS: Lipopolysaccharide. ConA: Concanavaline A. c.p.m.: Counts per minute.

Cytokines are major mediators of the complex interactions among immune cells, being
responsible for the development and resolution of the immune response. For this reason, we analyzed
the concentrations of several cytokines, including IL-2, IL-10, IL-13, and TNEF-a, secreted ex vivo by
splenic leukocytes cultured for 48 hours under conditions stimulated by Con A and LPS. In general,
the results of our study showed that the release of these cytokines suffers impairments in 3xTg-AD
mice, especially in females. Thus, as shown in Figure 4 and Table 4, under Con A- and LPS-stimulated
conditions, lower concentrations of IL-2 and IL-10 were observed in female (Con A: p <0.001 and p <
0.05, respectively; LPS: p < 0.01 for both) and male (ConA: p<0.05 and p < 0.001, respectively; LPS:
p<0.001 in IL-10) 3xTg-AD mice in comparison to gender-matched NTg mice. Furthermore, under
Con A-stimulated conditions, this was also accompanied by higher (p<0.001) release of IL-13 and
TNF-a only in females 3xTg-AD (Figure 4c-4d). However, no differences were observed in these
cytokines under stimulation with LPS (Table 4). Regarding gender differences, male NTg mice
showed higher IL-13, TNF-a and IL-10 concentrations (p<0.01, p<0.05 and p < 0.001, respectively) in
ConA presence, and higher IL-10 (p<0.001) with LPS stimulation. However, male 3xTg-AD mice
showed lower IL-13 and TNF-a concentrations under ConA-stimulated conditions (p < 0.001 and p
<0.01, respectively; Figure 4c-4d) and higher IL-2 and IL-10 concentrations with LPS (p<0.001. Table
4) than those observed in female 3xTg-AD mice.

The IL-10/TNF-a ratios under Con A-stimulated conditions (Figure 4e), showed in female and
male 3xTg-AD mice lower values (p < 0.01 and p < 0.001, respectively), compared to their
corresponding gender-matched NTg. Similarly, with LPS stimulation (Table 4) both female and male
3xTg-AD mice showed lower values (p<0.001) than those in the corresponding NTg mice. Moreover,
under Con-A and LPS stimulation, both male NTg (p < 0.001) and 3xTg-AD (p < 0.05 with ConA and
p<0.001 with LPS) mice presented a higher IL-10/TNF-a ratios than females.
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Table 4. Concentrations of IL-2, IL-10, IL-1B, TNF-a, and TNF-a/IL-10 ratio in supernatants of cultures of splenic
leukocytes in response to lipopolysaccharide (LPS) from 4-month-old female (F) and male (M) non-transgenic
(NTg) and triple transgenic Alzheimer's Disease (3xTgAD) mice.

NTg 3xTg-AD Statistics
Factor Analysis
Females (n=11) Méiles Females (1=8) Mfles G, genotype
(n=9) (n=10) S, sex
n.s., S¥*, G x
IL-2 (pg/ml) 33+13 37+15 13+4aa 43 +16 bbb
S***.
G***/S*’(‘*/ G x
IL-10 (pg/ml) 80+15 306 + 78 bbb 20+5aa 112 + 40 aaa, bbb
s***
IL-1B (pg/ml) 5+1 6+2 5+1 6+2 n.s., n.s., n.s.
TNF-a (pg/ml) 18+6 18+4 17+5 16+4 n.s., n.s., n.S.
6.30 £ 1.49 aaa, G ,5%* G x
IL-10/TNF-a ratio 5.23+0.92 14.24+195bbb  1.34+0.44 aaa
bbb S

Results are the mean + SEM of 8-11 animals. Statistics: Factor analysis, *** p <0.001 compared to NTg (G,
genotype), or female mice (S, sex), or in the comparison to genotype x sex (GxS); n.s. non-statistical differences.
Post-hoc: 22 p < 0.01, 222 p < 0.001 vs NTg group with the same sex; Pb® p < 0.001 vs. female group with the same

genotype. F: females; M: males; NTg: nontransgenic mice; 3xTg-AD: triple transgenic mice for Alzheimer's
disease.

2.3. An oxidative stress is present in the spleen of 4-month-old female and male 3xTg-AD mice

As shown in Figure 5, 3xTg-AD mice exhibited higher values of oxidative stress markers at 4
months of age, particularly in male mice, compared to NTg animals. In fact, the values of the
antioxidant enzymes such as GPx and GR activities (Figure 5a-b), as well as of the GSH concentrations
(Figure 5c), were lower in 4-month-old female (GPx: p < 0.01; GR: p < 0.05; GSH: p <0.001) and male
(GPx: p<0.01; GR and GSH: p < 0.001) 3xTg-AD mice than in NTg mice. Moreover, higher values of
the pro-oxidant XO activity were found in female (p < 0.01) and male (p < 0.001) 3xTg-AD mice in
comparison to NTg animals (Figure 5d). Finally, although the oxidative stress was more marked in
male NTg mice, with lower values of GPx activity (p<0.05) and GSH concentration (p<0.001) than in
female animals, in 3xAD-Tg, no statistical differences were observed in relation to sex
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Figure 5. Glutathione peroxidase (GPx) activity (a), glutathione reductase (GR) activity (b), total reduced
glutathione (GSH) concentrations (c) and xanthine oxidase (XO) activity (d) in homogenates of spleens from 4-
month-old female (F) and male (M) non-transgenic (NTg) and triple transgenic for Alzheimer’s Disease (3xTg-
AD) mice. Each column represents the mean + SEM of 8-11 values (the mean of duplicate assays) corresponding
to the same number of subjects (11 NTg female; 9 NTg males; 8 3xTg-AD females; 10 3xTg-AD males). Statistics:
*p <0.05 * p <001, ** p <0.001 vs. the corresponding gender-matched young group; ++ p < 0.01 vs. the

corresponding females.

4. Discussion

According to our knowledge, this study is the first in which an integrative analysis of male and
female 3xTg-AD mice at 4 months of age, when only intraneuronal immunoreactivity to beta-amyloid
can be detected, shows that their prodromal behavioral profile aligns with the first alterations in
several components of the neuroimmune network that prove the premature aging state of these
animals. Moreover, the present work shows, also for the first time, a time lag in the alterations of the
different components of the neuroimmunendocrine system that could suggest that behavioral and
immune alterations precede endocrine ones in these transgenic animals.

It is known that one characteristic of the aging process is the deterioration of homeostatic
systems (nervous, endocrine, and immune systems) and a crosstalk communication among them [8,
39]. Moreover, the parameters analyzed in the present study, which are representatives of the state
of these systems, suffer age-related deterioration [8, 39] and, in several aspects, this is similar to that
observed in 3xTg-AD at 15 months of age [31]. Therefore, we suggest that these animals exhibit
premature aging, as they reach adulthood with neuroimmune characteristics typical of older animals,
and distinct from those of their sex- and age-matched 4-month-old NTg counterparts. This premature
deterioration in behavior and immunity is sex-specific, similarly to what occurs with the
neuroimmunoendocrine impairment observed in male and female 15-month-old 3xTg-AD mice [31].
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At this old age, which mimics advanced stages of Alzheimer’s disease [17, 19] an accelerated
deterioration of the neuroimmune system was observed, especially in males, demonstrating the
relevance of this system in the etiopathogenesis of AD and its relation with the shorter life span of
males than females [31]. Although there are differences in the alterations observed at 15 and at 4-
month-old 3xTg-AD mice, the present results show that neuroimmune defects can be also observed
at prodromic stages of disease. Moreover, corticosterone, a hormone very representative of the
endocrine system state and related to stress response and the neuroimmunoendocrine system [42,
56], didn’t present differences in its plasma concentrations in animals at 4 months of age. In contrast,
the plasmatic values of corticosterone were higher in males at 15 months of age as compared to
controls [31].

In order to study the underlying derangement of the neuroimmunoendocrine system in males
and females, we first verified their prodromal status. Thus, we determined the level of behavioral
disturbances of 3xTg-AD animals at 4 months of age, as compared with sex- and age-matched NTg
mice. This allowed us to provide further evidence on the progressive derangement of the different
components of the immune-endocrine function and to do so in both sexes. At the behavioral level,
the results of the present study show that, at 4 months of age, when early signs of behavioral and
psychological symptoms of dementia (BDSP)-like alterations are observed in the 3xTg-AD mice, as
characterized by [26], a higher level of neophobia as measured by longer latency and lower number
of rearing in the corner test. This was confirmed by changes in coping with stress strategies in the
open-field and T-maze tests. This mouse model has provided evidence for the pathogenic role of
intraneuronal Af in AD [26], and it has shown how this early event relates to other neuropathological
aspects, such as the affectation of the basolateral amygdala and the early appearance of BPSD-like
symptoms [27]. These early BPSD-like symptoms are mostly related to emotionality, stress coping
strategies, and exploratory behaviors, resembling those observed in patients at the pre-clinical stages
of the disease [57 Cerejeira et al 2012] At all pre-pathological stages, disinhibitory behavior and a lack
of ability to cope with mild stressors, such as novelty, are common features of the 3xTg-AD
behavioral phenotype [58] and worsen with the progression of the disease [18, 23]. Thus, these results
resemble the stronger behavioral impairment in 3xTg-AD at advanced stages of disease [31] and
indicate that there are present already at prodromal stages of disease.

In all these tests, genotype was the predominant factor to explain the consistent delay in
ethogram, that is, all the latencies of the behavioral events exhibited by both genders of 3xTg-AD
mice (initial freezing, thigmotaxis, vertical exploratory activity, self-grooming behavior) and the
consequent reduction in exploratory activity developed during the test as compared to NTg mice.
Interestingly, several quantitative measures for exploratory efficiency in the T-maze indicate that
they are, in fact, the result of qualitative differences in the behavioral patterns developed. Thus, both
genotypes invested the same amount of time to complete the test, but this time corresponded to two
different behavioral patterns, as evidenced by the ratio of time spent in the different arms and the
number of errors. The poor ability to confront the test (higher latency to reach the intersection)
exhibited by 3xTg-AD mice was followed by a short exploratory activity of the horizontal arms. In
contrast, in the NTg mice, the ratio indicated a preference for exploring the two horizontal arms,
which is the basis of the spontaneous alternation typical animals’ behavior in this maze [59]
Therefore, it is essential to note that the lack of differences in total exploration time does not align
with the qualitative differences in the behavioral profile, rendering this time variable a non-specific
measure and necessitating caution when studied alone. In addition, it is interesting to note that the
mean time to reach the intersection in the T-maze is a behavioral paradigm related to worse
immunosenescence and reduced survival in prematurely aging mice (PAM) as compared to non-
prematurely aging mice (NPAM) [8, 43].

The higher number of defecation boli and the presence of urination in 3xTg-AD mice are
considered to indicate changes in their emotionality [23]. We have previously reported such changes
at 6, 7, 12, and 18 months of age, but not before, during young adulthood (2 months of age), nor at
the early onset of the symptoms of the disease (4 months of age) [23, 51]. In the present work, we
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found statistically significant differences in defecation between genotypes and sexes, which were
primarily due to a higher number in NTg females. These post-hoc differences may indicate that
female NTg mice are more sensitive to exhibiting the higher emotionality of female sex than 3xTg-
AD mice at this age [51]. Some specific sex and genotype effects could be observed. Thus, on the one
hand, male 3xTg-AD mice were more prone to exhibit BPSD-like alterations, such as neophobia in
the corner test and bizarre behaviors in the open-field test. On the other hand, female 3xTg-AD mice
were the ones to exhibit the most intense initial freezing behavior in the open-field test and the highest
delay to reach the criteria (intersection) at the T-maze, which in both cases are known to be indicative
of higher fearfulness and/or poor coping with stress strategies [39]. Other variables, such as the
number of errors, also indicate differences between genotypes by sex in this respect. Overall, the
behavioral data indicate BDSP-like alterations in 3xTg-AD mice at 4 months of age, during the early
stages of the disease, and highlight the relevance of genotype effects underlying these alterations. In
all the tests, horizontal and vertical exploratory activities were lower than in controls, although
differences only reached statistical significance in the vertical component, which is the one known to
be more sensitive to detect changes in exploratory activity [60].

The present work also demonstrates the relevance of BPSD-like symptoms and the peripheral
immune system as early indicators of disease onset, before cognitive deficits and alterations in plasma
glucocorticoid levels can be detected. As well, no sex differences have been described at the
immunohistochemical level for intraneuronal PA and tau immunoreactivity at this age [25-27, 61]
which reinforces the value of the findings of BPSD-like behaviors and peripheral immune system as
early indicators of the alterations during the onset of the disease.

The overweight described for 3xTg-AD mice, especially in males [26] was already present at this
age, and it could be due to a higher relative weight of white adipose tissue. The organometrics of
peripheral immune organs are relevant to understanding physical variation and changes associated
with disease [28, 31, 51]. Thus, in 3xTg-AD mice, we have reported that both total weight and relative
weight of peripheral immunoendocrine organs such as thymus, spleen, and adrenal glands correlate
with the sex-dependent impairment of neuroimmunoendocrine network described at advanced
stages of the disease, and even at 6 months of age [28, 31, 51]. The present work indicates that these
changes can already be observed at early stages of the disease; however, immunological organs are
more sensitive to exhibiting changes in their organometrics than the endocrine glands.

Regarding immune system functions analyzed in leukocytes from the spleen and thymus,
including functions of innate immunity such as chemotaxis and antitumoral natural killer activity,
and of adaptive immunity (lymphoproliferation in response to Con A and LPS mitogens), the results
provide evidence that there is an impairment in 3xTg-AD mice at early stages of the disease (4 months
of age) in males and females. Thus, both sexes of 3xTg-AD mice exhibited a lower chemotactic index
in spleen and thymus leukocytes compared to NTg mice, with a more pronounced effect in males.
The natural killer activity against tumor cells was lower in leukocytes from 3xTg-AD mice than in
NTg animals, but these differences were only detectable in the spleen, and males were, again, more
affected. It is known that these two functions, representatives of innate immunity, exhibit age-related
changes. In general, these changes are shown as lower values in these functions, which represent
worse innate defense mechanisms [8, 14, 46, 62] in 3xTg-AD mice than in NTg animals.

A lower lymphoproliferative response to the mitogens Con A- and LPS, a typical adaptive
immune function, was shown in 3xTg-AD mice in comparison with NTg mice, in the spleen (only in
females) and in the thymus (in both sexes). This lower proliferation, a characteristic of
immunosenescence [8, 63], in spleen leukocytes from females could be due, at least in part, to the
lower IL-2 release capacity of these cells, a cytokine involved in this proliferative response [64].

These functions altered in leukocytes from immune organs were also affected in peritoneal
immune cells of female 3xTg-AD mice at the age of 4 months compared to NTg controls [29,30].
However, whereas the innate functions of chemotaxis and NK activity were also lower in female
3xTgAD than in NTg mice, similarly to that in leukocytes from immune organs, especially in the
spleen, the proliferation of lymphocytes was higher in peritoneal leukocytes from transgenic animals
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than that of the female controls. These results show that in these transgenic mice, the differences with
controls in the immune functions are different depending on the leukocyte location, at least in
adaptive immunity. Nevertheless, in a model of prematurely aging mice (PAM), we have observed
that all these immune functions in peritoneum of females showed lower values than in the
corresponding non-prematurely aging mice (NPAM) controls, even in young adult animals of 4
months of age, and these PAM show lower lifespan than NPAM [8, 39]. Moreover, these premature
alterations detected in the peritoneum were also observed in immune organs, such as the spleen and
thymus, of these PAM [43].

Regarding cytokines, the pro- and anti-inflammatory cytokines released by spleen leukocytes
showed differences depending on sex and the mitogen used. Thus, with ConA, a mitogen more
specific to T lymphocytes [30], in female 3xTg-AD, the concentrations of proinflammatory cytokines,
such as IL-1p and TNF-a, were higher than in NTg. However, in males, the concentrations of IL-1f3
released by cells from 3xTg-AD were lower than those in NTg, whereas no differences were found in
TNF-a. Nevertheless, since the amounts of the anti-inflammatory cytokine, IL-10, were lower in 3xTg-
AD mice of both sexes, the ratio IL-10/ TNF-a, a good indicator of an appropriate balance anti-
inflammatory/pro-inflammatory and successful aging and longevity [30, 65 Poulios 2025], were also
lower in both sexes of 3xTg-AD than in the corresponding NTg animals. Similarly, with LPS, the
lower concentrations of IL-10 in 3xTg-AD mice resulted in lower ratios of IL-10/TNF-a being
observed in both males and females, as no differences in proinflammatory cytokines were noted. This
loss of anti-inflammatory control, which could explain the incorrect immune response and the
possible arrival of pro-inflammatory compounds in the brain, generating the neuroinflammation
characteristic of these pathologies [7 Malarte], appears to occur at an early age in these 3xTg-AD mice.
Moreover, an inflammatory stress was also observed, with a higher secretion of proinflammatory
cytokines, such as IL-13, and the ratios IL-1/IL-10 and IL-6/IL-10, in peritoneal leukocytes from 4-
month-old 3xTg-AD females [30]. This peripheral inflammation has been linked to AD initiation and
progression in preclinical and clinical studies [7, 40Xie et al., 2022]

In addition, it is known that the presence of both oxidative and inflammatory stress, especially
in immune cells, underlies aging and neurodegenerative processes [8, 14,29]. In this sense, we have
also reported, in a previous study, premature oxidative stress in peritoneal immune cells from 4-
month-old 3xTg-AD females. This stress was characterized by lower antioxidants and higher
oxidants than their age- and sex-matched NTg counterparts, and higher lipid oxidative damage
[29,30]. In the present work, the spleens of 3xTg-AD mice exhibited an oxidative stress situation
compared to the corresponding NTg mice. Thus, antioxidant defenses such as the activity of the
antioxidant enzymes of the glutathione cycle GPx and GR and the concentrations of the endogenous
antioxidant glutathione reduced (GSH), which is related to the immune function [8], were lower in
male and female 3xTg-AD mice than in those NTg counterparts. However, the activity of XO, a pro-
oxidant enzyme, was higher in both sexes of those animals. In previous studies, carried out on
peritoneal leukocytes from female 3xTg-AD mice at 4 months of age, lower concentrations of GSH
[29] and higher activity of XO were also observed [30]. Again, male 3xTg-AD mice are most affected.
In fact, although, in general, male, in comparison with female mice, show worst immune response
and higher oxidative stress, which explains their lower lifespan [46], these sex differences are strain
and age-dependent, being more evident in adult animals [46]. Thus, in spleen and thymus
lymphocytes of male and female old 3xTg-AD mice no differences were found in GSH concentrations
comparing with the corresponding values in NTg animals, although males shown lower
concentrations of this antioxidant than females, at less in spleen [31].

Therefore, the results indicate that at this early stage of the disease, oxidative and inflammatory
stresses are present. This fact, together with the premature immunosenescence, which is associated
with oxidative-inflammatory stress [8, 39], and also with the premature aging of several behavioral
responses, confirms the premature aging of these 3xTg-AD mice and explains their shorter life span
[30,31]. The present study confirms the importance of neuroimmune communication and the
peripheral immunity in the AD pathogenesis [13]. In addition, since the results obtained in 3xTg-AD
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mice seem to be similar to these in human AD patients [14 , 32], our better knowledge on the
interaction between the peripheral immune system and CNS as well as the state of each one of these
homeostatic systems through evaluation of immune functions and of behavioral texts in these
transgenic mice, could encourage the development of new therapeutic strategies. In fact, a treatment
with an anti-TNFSF10 monoclonal antibody in 3xTg-AD mice restrain overshooting central and
peripheral (spleen) inflammation by rebalancing the immune response, mitigating the progression of
AD pathology in these animals [35]. Although the use of transgenic mice to research translational
strategies in AD has been shown to be limited by several authors [66 , 67], 3xTg-AD mice have been
proven useful, in this context, for many others [68 -71].

5. Conclusions

In the 3xTg-AD mice, the impairment of the neuroendocrine-immune network becomes
apparent at the prodromal stage of AD (4 months old), with sex differences. We also demonstrate
that the different regulatory systems involved in this network exhibit distinct sensitivities in
responding to these changes. This study demonstrates the relevance of BPSD-like symptoms,
peripheral immune cell functions, and redox state as early indicators of disease onset in this animal
model, before cognitive deficits and statistically significant changes in plasma corticosterone can be
detected. Thus, we propose these biomarkers, identified at prodromal stages in the 3xTg-AD mice,
as tools of interest at both a translational and clinical level, as they could be useful for risk assessment,
early diagnosis, evaluation of disease progression, and assessment of treatment effectiveness in
clinical trials. In addition, the alterations in behavior and immunity, as well as the oxidative-
inflammatory stress observed in 3xTg-AD mice at this young age, confirm the premature aging of
these animals, explaining their lower longevity.
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