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Neonatal maternal separation causes 
depressive-like behavior and potentiates 
memory impairment induced by amyloid-β 
oligomers in adult mice
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Abstract 

Background Alzheimer’s disease (AD) is characterized by memory decline and mood alterations. A growing body 
of evidence implicates stress and other social determinants of health as potential contributors to the progressive 
cerebral alterations that culminate in AD. In the current study, we investigated the impact of neonatal maternal 
separation (MS) on the susceptibility of male and female mice to AD-associated memory impairments 
and depressive-like behavior in adulthood, and on brain levels of pro-inflammatory cytokines and neurotransmitters.

Methodology Male and female Swiss mice were exposed to MS for 180 min daily from post-natal day 1 to 10. 
Seventy days post-MS, mice received an intracerebroventricular infusion of amyloid-β oligomers (AβOs), and memory 
and mood were evaluated. Levels of TNF-α, IL-1β, serotonin, dopamine, and related metabolites were determined 
in the cortex and hippocampus.

Results Previous exposure to MS alone did not cause memory impairments in adult mice. Interestingly, however, 
MS increased the susceptibility of adult male mice to memory impairment and depressive-like behavior induced 
by AβOs, and potentiated the inhibitory impact of AβOs on memory in adult females. Females were more susceptible 
to depressive-like behavior caused by a low dose of AβOs, regardless of MS. No changes in IL-1β were found. 
A decrease in TNF-α was selectively found in females exposed to MS that received an infusion of 1 pmol AβOs. MS led 
to an increase in serotonin (5-HT) in the hippocampus of male mice, without influencing the levels of the serotonin 
metabolite, 5-HIAA. Changes in serotonin turnover were predominantly observed in the cortex of female mice. No 
changes in dopamine or its metabolites were induced by MS or AβOs in male or female mice.

Conclusions Neonatal MS enhances the susceptibility of adult mice to AD-associated cognitive deficits 
and depressive-like behavior in a sex-specific manner. This suggests that early life stress may play a role 
in the development of AD.
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Introduction
Alzheimer’s disease (AD) is a progressive 
neurodegenerative disorder that affects memory and 
behavior [1], and is the most common cause of dementia 
in the elderly. AD is characterized by the brain buildup of 
amyloid plaques and tangles, and by the accumulation of 
soluble oligomers of the amyloid-β peptide (AβOs), which 
cause synapse dysfunction and memory impairments [2].

Accumulating evidence suggests that stress and other 
social determinants of health play major roles in the 
progressive brain changes that lead to the development of 
AD [3]. Studies have shown that chronic stress can lead 
to changes in the brain that are similar to those seen in 
AD, including the formation of plaques and tangles [4, 
5]. Importantly, stress affects the hippocampus, a brain 
region that is central for memory and is affected early in 
AD [6–8]. Stress can also lead to brain inflammation and 
changes in levels of hormones and neurotransmitters, 
which can affect brain function and contribute to the 
development of AD [3, 9–12]. Current evidence suggests 
that stress, including early life stress, is a risk factor for 
AD [4], and that there is a sexual dimorphism in the 
relationship between stress and AD [4, 9, 13]. Individuals 
who experienced neglect, stress, or trauma in childhood 
or early adulthood appear more likely to develop AD 
later in life [4, 5, 13]. Moreover, women exposed to early 
life stress appear at higher risk of developing AD, and 
experience more rapid cognitive decline than men [14]. 
However, the complex relationships between stress, sex, 
and cognitive/behavioral alterations in AD remain to be 
fully understood.

Previous studies indicate that stress significantly 
impacts cognitive function, with chronic psychosocial 
stress leading to accelerated cognitive decline and 
increased vulnerability to neurodegenerative processes. 
Notably, sex differences play a crucial role in how stress 
affects cognitive outcomes; for instance, studies have 
reported that females exhibit greater resilience to stress-
related cognitive dysfunction compared to males [15–
17]. This resilience is influenced by hormonal factors and 
neurobiological differences that shape stress responses 
and cognitive trajectories [18]. Furthermore, the 
relationship between stress and cognitive impairment in 
AD is compounded by the effects of early-life adversity, 
which can lead to long-term changes in behavior and 
brain function that differ by sex [18]. Understanding these 
complex relationships is essential for developing targeted 
interventions and improving outcomes for individuals 
affected by AD, and highlights the need for a sex-specific 
approach in research and treatment strategies. In the 
current study, we investigated the impact of neonatal 
maternal separation on the susceptibility of male and 
female mice to AD-associated memory impairments 

and depressive-like behavior in adulthood. We further 
examined changes in pro-inflammatory cytokines and 
neurotransmitters in the brains of adult mice exposed to 
neonatal maternal separation.

Methods
Animals
Memory and mood tests, biochemical and neurochemical 
determinations were performed on 2.5-month-old Swiss 
mice (9–10 animals per group). Mice were randomly 
divided into different experimental groups and were 
housed in groups of five per cage with free access to food 
and water, under a 12 h light/dark cycle with controlled 
room temperature (21 ± 2  ºC). This study was approved 
by the Ethics Committee on the Use of Animals, Health 
Sciences Center, Federal University of Rio de Janeiro 
(protocol 008/23).

Maternal separation
Maternal separation was conducted as previously 
described [19]. In the control group, pups were left 
undisturbed with the dam until the 21st day of life 
(weaning). Dirty sawdust was carefully removed from 
one side of the cage, without disturbing the mother and 
the nest, and replaced by clean sawdust at that side by 
the researcher leading the study. In the group undergoing 
maternal separation, the dam was gently pulled to one 
side of the cage, the pups were removed from their 
home cage and were placed in a clean cage lined with 
clean paper towel. This cage was placed in an incubator 
to maintain ambient temperature at 30–32  ºC. After 
180  min, pups were returned to the original cases with 
their dams, which were in the same experimental room. 
This procedure was performed daily from day 1 to 10 
following birth, and then pups were left undisturbed with 
the dam until weaning.

Preparation of AβOs
Oligomers were prepared from synthetic Aβ1–42 
peptide (Echelon) as originally described [20–22], and 
were routinely characterized by size exclusion high-
performance liquid chromatography (HPLC-SEC) and 
occasionally by Western blotting [23, 24]. Briefly, the 
peptide was first solubilized in hexafluoroisopropanol 
(HFIP), the solvent was allowed to evaporate, and the 
dried films produced were subsequently dissolved in 
sterile anhydrous dimethylsulfoxide (DMSO) to make 
a 5 mM solution. This solution was diluted to 100 µM 
Aβ in ice-cold PBS and incubated for 16  h at 4  °C. 
Thereafter, the preparation was centrifuged at 14,000 × g 
for 10  min at 4  °C to remove insoluble aggregates 
(protofibrils and fibrils), and the supernatants 
containing soluble Aβ oligomers were stored at 4 °C and 
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used within 48 h of preparation. Protein concentration 
was determined using the BCA assay (Pierce-Thermo 
Scientific, Rockford, IL, USA). Characterization by 
HPLC-SEC and by SDS-PAGE/Western blotting using 
6E10 (anti-Aβ antibody, Abcam, Cambridge, UK) or 
NU4 anti-Aβ oligomer antibodies (kindly provided 
by Prof. William L. Klein, Northwestern University) 
revealed that AβOs preparations were devoid of larger 
insoluble aggregates [20, 21, 23].

Intracerebroventricular infusion of AβOs
Seventy days after the end of the maternal separation 
procedure, animals were randomly assigned to two 
groups that received free-hand intracerebroventricular 
(i.c.v.) infusions of AβOs or vehicle (2% DMSO in PBS), 
as previously described [21, 24–26]. The free-hand i.c.v. 
infusion is a technique where injections are made by a 
trained investigator directly into the lateral ventricles 
of the brain without the use of a stereotaxic frame. 
This method relies on visual and tactile landmarks 
to guide the injection [27], and was implemented by 
our group to allow investigation of the impact of Aβ 
oligomers in the mouse  brain [21, 24–26, 28]. Mice 
were anesthetized with 2.5% isoflurane (Cristália; São 
Paulo, Brazil) using a vaporizer system (Norwell, MA) 
and were gently restrained only during the injection 
procedure (between 30 and 60s) [22]. Using anatomical 
landmarks on the skull to estimate the appropriate 
coordinates for the injection site, a 2.5-mm-long 
orthodontic needle attached via plastic tubing to a 5 µL 
Hamilton syringe was unilaterally inserted 1 mm to the 
right of the midline point equidistant from each eye and 
1  mm posterior to a line drawn through the anterior 
base of the eye [24, 27]. AβOs (1 or 10 pmol) or vehicle 
were injected in a final volume of 3 μL by pushing the 
syringe plunger slowly and carefully, and the needle was 
kept in place for an additional 30s to prevent backflow 
[22]. Mice showing any sign of hemorrhage or any signs 
of misplaced injections on the tissue collection (~ 5% 
of animals throughout the study) were excluded from 
further analysis.

Tissue collection
Mice were anesthetized with 1.5  ml/kg of a solution 
containing 10% ketamine and 2% xylazine immediately 
after behavioral tests. Bilateral hippocampi (HPC) 
and frontal cortex (CTX) were collected, immediately 
frozen in liquid nitrogen, and stored at – 80 ºC until use 
for ELISA or HPLC assays.

Behavioral tests
All animals were tested in behavioral tests 62 days after 
the maternal separation protocol and 24h after the AβO 
injection. The protocols for each test are described below.

Open field
Mice were placed at the center of an open field arena 
(30  cm × 30  cm × 45  cm) for habituation, and their 
activity was recorded for five minutes. Crossing and 
rearing behaviors were quantified during the open field 
test. The arena was cleaned with 20% ethanol between 
trials to eliminate olfactory cues.

Novel object recognition test (NOR)
The open field arena was used to conduct the novel 
object recognition test, using two objects affixed to the 
box using tape as previously described [24, 29]. To record 
behavior, the test was captured on video. Animals were 
placed at the center of the arena during both training 
and test sessions, and exploratory behavior towards the 
objects was observed and recorded for 5  min. To avoid 
olfactory cues, the arena was cleaned with 20% ethanol 
between trials. The training session involved the use of 
two identical objects, and during the subsequent test 
session one of the objects used in the training session 
was replaced by a novel object. Sniffing and touching 
the objects were considered exploratory behavior, and a 
trained researcher registered the amount of time spent 
exploring each object [24, 29]. Results are presented 
as discrimination index [30]. The Discrimination 
Index (DI) measures the ability to distinguish between 
novel and familiar objects by calculating the difference 
in exploration time for each. It is calculated using 
the formula [DI = (TN−TF)/(TN + TF)], where TN 
represents the time spent exploring the novel object and 
TF represents the time spent with the familiar object. The 
resulting DI can range from + 1 to −  1: a positive score 
indicates a preference for the novel object, a negative 
score indicates a preference for the familiar object, and a 
score of zero reflects no preference between the two [30, 
31].

Forced swim test (FST)
Mice were placed in a cylindrical container filled with 
water at a temperature of 25  °C, where they could not 
touch the bottom with their paws or tail. The forced 
swimming test involved a 6-min session for each animal. 
After each test, mice were gently dried and placed in a 
heated room. All tests were recorded by a camera and 
scored based on three behavioral categories: immobility, 
swimming, and attempting to climb. Immobility was 
defined as floating with only enough paw movements to 



Page 4 of 15Suman et al. Behavioral and Brain Functions            (2025) 21:8 

keep the head above water, swimming as the movement 
of the front paws horizontally with or without body 
displacement, and climbing as the movement of the front 
paws vertically near the wall or in the center, with or 
without body displacement [32, 33].

Neurotransmitter determinations
Reverse-phase high-performance liquid chromatography 
(HPLC) coupled to electrochemical detection 
(HPLC-ED; Shimadzu, Japan) was used to determine 
levels of monoamines and related metabolites (dopamine, 
DOPAC, serotonin, 5-HIAA) as described [34]. Samples 
(hippocampal or frontal cortex homogenates) were 
deproteinized by the addition of perchloric acid (0.1 M) 
for 30  min followed by centrifugation (10,000 × g for 
10  min) to remove protein pellets. Supernatants were 
used to determine monoamines, and standard curves 
were obtained using commercial reagents of the highest 
grade. For monoamine determination, fast isocratic 
separation was performed using a reverse phase LC-18 
column (Supelco; 5 μm particle size, 250 mm × 4.6 mm) 
with the following mobile phase: 20  mM  sodium 
phosphate dibasic, 20  mM  citric acid, 10% methanol, 
0.12  mM   Na2EDTA, and 566  mg/liter heptanesulfonic 
acid, pH 2.64, as described [35].

Cytokine determinations
Interleukin-1β (IL-1β) and tumor necrosis factor-α 
(TNF-α) were quantified in hippocampal and cortex 
homogenates using mouse ELISA kits (IL-1β: Thermo 
Scientific, Rockford, IL; TNF-α: Biolegend, San Diego, 
CA) following manufacturers’ instructions.

Statistical analysis
Datasets were submitted to the Shapiro–Wilk normality 
test and Levene’s homoscedasticity test. All datasets 
showed normal distribution and were analyzed by Two-
Way ANOVA followed by Bonferroni-Holm correction. 
Differences were considered statistically significant 
with p < 0.05. Data from the NOR task were analyzed by 
ANOVA comparing discrimination indexes of distinct 
experimental groups [21, 24, 25, 28]. All analyses 
were performed using GraphPad Prism 10 (GraphPad 
Software; La Jolla, CA) and JASP (JASP Team, 2024; 
Version 0.19.3). Results are expressed as means ± SEM, 
and corresponding p-values.

Results
Neonatal maternal separation potentiates the impact 
of AβOs on memory in male and female adult mice
Mice were either kept with their mothers or submitted to 
the 3-h/day maternal separation (MS) protocol between 
postnatal days 1–10 (see Methods). On postnatal day 70, 

they received an intracerebroventricular (i.c.v.) infusion 
of 1 or 10 pmol AβOs (or vehicle), and were assessed in 
the novel object recognition (NOR) memory test and 
forced swim test (FST) on the following day. Mice were 
euthanized for brain tissue collection on postnatal day 72 
(Fig. 1A).

Control measurements showed no differences in 
crossing or rearing behaviors induced by MS or by 
infusion of AβOs in male (F (2, 47) = 0.5526; p = 0.5792) 
or female mice (F (2, 46) = 0.6776; p = 0.5128) (Supp. 
Figure  1A-D). We have previously shown that i.c.v. 
infusion of 1  pmol AβOs does not cause detectable 
memory impairment or mood alterations in mice, 
while infusion of 10  pmol AβOs causes significant 
and persistent memory deficits and depressive-like 
behavior [24, 28, 36]. While MS per se did not cause 
memory impairments in the NOR test in either male 
or female mice (Fig.  1B, C), statistically significant 
decreases in discrimination index were observed in males 
that received an infusion of AβOs (F (1, 47) = 7.760; 
p = 0.0077). Interestingly, male mice that had been 
exposed to neonatal MS showed memory impairment 
induced by a low dose (1 pmol) of AβOs (F (2, 47) = 6.440; 
p = 0.0034), which had no effect on control males not 
exposed to MS (Fig. 1B). In line with our previous reports 
[21, 24–26] infusion of 10  pmol AβOs impaired object 
recognition compared to mice receiving an infusion of 
vehicle (p = 0.05). MS led to a trend of further decrease 
in discrimination index in male mice that received an 
infusion of 10 pmol AβOs (Fig. 1B).

Similar to what we observed in males, MS alone or 
infusion of 1 pmol AβOs caused no memory impairment 
in females (Fig.  1C). In contrast with male mice, 
however, infusion of 10  pmol AβOs caused no memory 
impairment in females that were not exposed to MS 
(Fig. 1C), indicating that females are more resilient than 
males to the impact of AβOs on memory. Nonetheless, 
females submitted to MS exhibited impaired memory 
following the infusion of 10 pmol AβOs (p = 0.02) (F (1, 
46) = 6.025; p = 0.0180).

Effect of neonatal maternal separation on depressive‑like 
behavior in adult male and female mice
To assess the impact of neonatal MS on depressive-
like behavior in adulthood, male and female mice were 
submitted to the forced swim test (FST). MS induced a 
statistically significant increase in immobility times in 
male mice (p = 0.0014), and a trend of increase in females 
(Fig. 1D, E), indicating that neonatal maternal separation 
led to depressive-like behavior in adulthood.

Next, we evaluated the impact of MS on the induction 
of depressive-like behavior by AβOs. Depressive-like 
behavior has been reported in transgenic models of AD 



Page 5 of 15Suman et al. Behavioral and Brain Functions            (2025) 21:8  

[37] as well as in AD patients [38]. We have previously 
reported that a single i.c.v infusion of 10  pmol AβOs 
(but not 1  pmol) induces depressive-like behavior 
in male mice [26, 28]. The FST showed a significant 
interaction between maternal separation and AβOs 
(F (2, 59) = 4.633; p = 0.0135) in males. Consistent 
with our previous reports, infusion of 1  pmol AβOs 
did not cause any increase in immobility time in male 

mice not exposed to MS. However, previous exposure 
to MS induced increases in immobility times in male 
mice that received infusions of either vehicle or 1 pmol 
AβOs, indicating depressive-like behavior (Fig.  1D). 
Also, in line with our previous findings, infusion of 
10  pmol AβOs increased immobility times in male 
mice, regardless of whether they had been exposed or 
not to the MS protocol.

Fig. 1 Impact of neonatal maternal separation (MS) and AβOs on memory and mood in adult mice. Mice were exposed to neonatal maternal 
separation (MS) from postnatal day 1 to 10 or were kept under control conditions, and received an i.c.v infusion of vehicle or AβOs (1 or 10 pmol, 
as indicated) at postnatal day 70 (A). Memory performance was assessed 24 h after infusion of AβOs in males (B) or females (C) using the novel 
object recognition (NOR) test. Data are expressed as discrimination index ± SEM. Depressive-like behavior was also tested 1 day after infusion 
of AβOs using the forced swim test (FST) in males (D) or females (E). Data are expressed as immobility times, mean ± SEM. Results were analyzed 
by ANOVA followed by Bonferroni-Holm correction. N = 9–10 animals



Page 6 of 15Suman et al. Behavioral and Brain Functions            (2025) 21:8 

Neonatal maternal separation alters proinflammatory 
cytokines in the hippocampus
No changes in hippocampal IL-1β were caused by 
exposure to MS or infusion of AβOs in either male or 
female mice (Fig. 2A, B). While MS alone had no effect 
on hippocampal TNF-α in male mice, it caused a trend of 
reduction (p = 0.0728) in males that received an infusion 
of 1  pmol AβOs and no effect in mice that received 
an infusion of 10  pmol AβOs (Fig.  2C). In contrast, 
MS caused reductions in hippocampal TNF-α (F (1, 
50) = 6.159, p = 0.0165) in females that received infusions 
of vehicle (p = 0.0669) or 1  pmol AβOs (p = 0.0029) 
(Fig.  2D). Infusion of 10  pmol AβOs per se caused a 
decrease in hippocampal TNF-α in females, but no 
further reduction was induced by MS.

Neonatal maternal separation induces changes in brain 
serotonin levels
Considerable evidence implicates serotonin in 
stress-induced depressive behavior [39], and both 
preclinical and clinical data indicate that serotonergic 
neurotransmission is compromised in AD. This led us 
to hypothesize that the increased susceptibility to AβO-
induced depressive-like behavior in mice exposed to 
neonatal MS could be related to altered serotonergic 
transmission.

To test this hypothesis, we measured levels of 5-HT 
and 5-hydroxyindoleacetic acid (5-HIAA, a 5-HT 
metabolite) in the hippocampus (HPC) and frontal 
cortex (CTX) of male and female mice. An interaction 
between MS and AβOs was observed in HPC of male 

Fig. 2 Impact of neonatal MS or AβO infusion on hippocampal IL-1β and TNF-α in mice. IL-1β (A, B), and TNF-α (C, D) were determined by ELISA 
in hippocampal homogenates obtained 2 days after i.c.v administration of vehicle, 1 pmol or 10 pmol AβOs in males (A, C) or females (B, D) 
that were exposed to the MS protocol or not (as indicated). Data are expressed as means ± SEM. Results were analyzed by ANOVA followed 
by Bonferroni-Holm correction. N = 9–10 animals
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Fig. 3 Maternal separation alters serotonin levels in the hippocampus. Tissue content of 5-HT (A), 5-HIAA (C), and 5-HIAA/5-HT ratio (E) in CTRL 
or MS male mice that received infusions of vehicle or AβOs (1 or 10 pmol). Tissue content of 5-HT (B), 5-HIAA (D), and 5-HIAA/5-HT ratio (F) 
in CTRL or MS female mice that received infusions of vehicle or AβOs (1 or 10 pmol). Data are expressed as means ± SEM. ANOVA followed 
by Bonferroni-Holm correction. N = 9–10 animals
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mice (F (2, 60) = 3.354; p = 0.0416) (Fig.  3). MS per se 
increased hippocampal 5-HT levels (Fig.  3A, p = 0.01). 
Hippocampal serotonin increased in a dose-dependent 
manner in AβO-infused mice subjected to the MS 
protocol: vehicle-infused mice had 51.0 ± 2.6 pmol 5-HT/
mg protein,  hile mice that received 1 pmol AβOs showed 
a mean increase to 64.0 ± 2.4  pmol 5-HT/mg protein 
(p = 0.006), and those receiving 10  pmol AβOs had 
73.02 ± 2.5 5-HT/mg protein (p = 0.0001) (Fig.  3A). MS 
alone had no impact on hippocampal 5-HIAA in vehicle-
infused mice, but it induced reductions in 5-HIAA in 
mice that received infusions of both 1 (p = 0.006) and 
10  pmol (p = 0.004) AβOs (Fig.  3C). Calculation of the 
5-HT/5-HIAA ratio as a measure of serotonin turnover 
revealed that MS alone induced a trend of decrease in 
turnover, and induced significant decreases in turnover 
in 1 pmol (p = 0.04) and 10 pmol (p = 0.02) AβO-infused 
males (Fig. 3E).

MS alone did not impact the levels of 5-HT in the 
hippocampus of vehicle-infused females (Fig.  3B). 
Interestingly, infusion of both 1 and 10  pmol AβOs 
induced decreases in 5-HT levels in females. Similar to 
the result with male mice, MS caused an increase in 5-HT 
in the hippocampi of females that received 10 pmol AβOs 
(Fig.  3B). No differences were found in hippocampal 
5-HIAA levels in females submitted or not to MS and/or 
infused with AβOs (Fig. 3D). In contrast with males, the 
5-HIAA/5-HT turnover ratio showed a trend of increase 
in females receiving an infusion of 1  pmol AβOs, and 
a significant increase induced by infusion of 10  pmol 
AβOs, which was not observed in females submitted to 
neonatal MS (Fig. 3F).

Serotonin turnover was also measured in the CTX of 
males and females. In males, infusion of 10 pmol (but not 
1 pmol) AβOs caused a decrease in 5-HT (p = 0.01) and 
an increase in 5-HIAA levels, resulting in a significant 
increase (F (2, 40) = 7.290; p = 0.0020) in 5-HIAA/5-HT 
ratio (p = 0.01) (Fig.  4A, C, E). These changes were 
abrogated in males submitted to MS. In females, infusion 
of both 1 and 10  pmol AβOs induced reductions (F 
(2, 60) = 7.203; p = 0.0016) in 5-HT and increases in 
5-HIAA/5-HT ratio (F (2, 60) = 7.058; p = 0.0018) 
(Fig. 4B, D, F). These changes were abrogated in females 
submitted to MS that received an infusion of 1  pmol 
AβOs (p = 0.001), but not in those infused with 10 pmol 
AβOs (p = 0.12).

Dopamine turnover is unaffected by neonatal maternal 
separation
We next asked whether MS could affect dopamine 
turnover in AβO-infused mice. We measured levels 
of dopamine (DOPA) and its metabolite dihydroxy 

phenylacetic acid (DOPAC) in the HPC and CTX of both 
male and female mice.

In males, MS caused no changes in either hippocampal 
(Fig.  5A, C, E) or cortical (Fig.  6A, C, E) dopamine, 
DOPAC, or in the DOPAC/dopamine ratio. On the other 
hand, infusion of 10  pmol AβOs caused reductions in 
dopamine content and increases in DOPAC/dopamine 
ratio in both hippocampus and cortex (p = 0.0007 and 
p = 0.02 in HPC and CTX, respectively). The increase 
in DOPAC/dopamine ratio induced by 10  pmol AβOs 
(p = 0.01) was further potentiated in the cortex of males 
submitted to neonatal MS (Fig. 6E).

Similar to males, in females MS caused no changes 
in hippocampal (Fig.  5B, D, F) or cortical (Fig.  6B, D, 
F) dopamine, DOPAC or DOPAC/dopamine ratio. 
Hippocampal DOPAC levels and DOPAC/dopamine 
ratio were only increased in the hippocampus of females 
that received an infusion of 1  pmol AβOs and did 
not undergo MS (Fig.  5D, F). Female cortical levels of 
dopamine and DOPAC, as well as DOPAC/dopamine 
ratio, were not impacted by AβO infusion (Fig. 6B, D, F).

Discussion
In the current study, we investigated whether neonatal 
MS could exacerbate the susceptibility of male or 
female mice to memory impairment and depressive-like 
behavior induced by AβOs in adulthood. To this end, 
we utilized an MS protocol wherein we separated pups 
from their mothers from postnatal day 1–10 for 180 min 
per day. This model of early-life stress was applied 
to investigate brain cytokine and neurotransmitter 
alterations in brain regions affected by AβOs, since stress 
experienced during the neonatal period has been shown 
to exacerbate age-related cognitive decline [40, 41].

We have previously shown that a single 
intracerebroventricular injection of AβOs (10  pmol) 
causes memory impairment [21, 24, 25] and depressive-
like behavior [26, 28] in mice. Further, we have shown 
that increased susceptibility to AβO-induced cognitive 
impairments caused by neonatal infection is linked to 
brain inflammation [42]. We now show that MS per se 
did not cause locomotor or memory impairments in male 
or female mice. On the other hand, we observed that 
exposure to neonatal MS was associated with increased 
susceptibility to depressive-like behavior in male mice 
[43, 44]. We found that, while infusion of 1 pmol AβOs 
did not cause memory impairment or depressive-like 
behavior in male mice not exposed to MS, this low 
dose of AβOs caused both memory impairments and 
depressive-like behavior in males that had been exposed 
to neonatal MS. These results indicate that neonatal MS 
increased the susceptibility of male mice to memory 
impairment and mood alterations induced by AβOs.
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Fig. 4 Maternal separation alters serotonin levels in the cortex. Tissue content of 5-HT (A), 5-HIAA (C), and 5-HIAA/5-HT ratio (E) in CTRL or MS male 
mice that received infusions of vehicle or AβOs (1 or 10 pmol). Tissue content of 5-HT (B), 5-HIAA (D), and 5-HIAA/5-HT ratio (F) in CTRL or MS female 
mice that received infusions of vehicle or AβOs (1 or 10 pmol). Data are expressed as mean ± SEM. ANOVA followed by Bonferroni-Holm correction. 
N = 9–10 animals
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Fig. 5 Effects of maternal separation and AβOs on dopamine levels in the hippocampus. Tissue content of DOPA (A), DOPAC (C) and DOPAC/DOPA 
ratio (E) in CTRL or MS male mice that received infusions of vehicle or AβOs (1 or 10 pmol). Tissue content of DOPA (B), DOPAC (D), and DOPAC/
DOPA ratio (F) in CTRL or MS female mice given infusions of vehicle or AβOs (1 or 10 pmol). Data are expressed as means ± SEM. ANOVA followed 
by Bonferroni-Holm correction. N = 9–10 animals
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Fig. 6 Effects of maternal separation and AβOs on dopamine levels in the cortex. Tissue content of DOPA (A), DOPAC (C), and DOPAC/DOPA 
ratio (E) in CTRL or MS male mice given infusions of vehicle or AβOs (1 or 10 pmol). Tissue content of DOPA (B), DOPAC (D), and DOPAC/DOPA 
(F) ratio in CTRL or MS female mice given infusions of vehicle or AβOs (1 or 10 pmol). Data are expressed as means ± SEM. ANOVA followed 
by Bonferroni-Holm correction. N = 9–10 animals
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Although women who experienced early life stress 
appear at higher risk of developing AD and experience 
more rapid cognitive decline than men [14], previous 
studies have shown that female rats are more resistant 
to behavioral changes induced by stress exposure, 
and that intermittent chronic stress impaired spatial 
memory in male rats but not in females [45]. We here 
found that female mice were more susceptible than 
males to depressive-like behavior caused by a low 
dose of AβOs (1  pmol), regardless of neonatal MS. 
Interestingly, infusion of both 1 and 10  pmol AβOs 
increased immobility times in female mice, regardless 
of whether they had been exposed or not to MS. These 
results suggest that, while female mice appear to be more 
resilient than males to depressive-like behavior induced 
by MS alone, they are more susceptible than males to the 
induction of depressive-like behavior by AβOs.

Taken together, these results are consistent with 
previous reports showing that MS alters behavior in a 
sex-specific manner [46, 47], and that males are more 
susceptible to stress-induced effects than females [43, 
44]. Because the main goal of the current study was to 
evaluate whether and how early life stress might affect 
adult-life cognition and behavior in the offspring, we 
have not investigated possible maternal behavioral 
changes induced by separation. They further underscore 
differential sex responses to AβOs and neonatal MS, 
and are in accordance with studies showing that human 
adolescents exposed to early-life stress present sex-
dependent hippocampal dysfunction with memory 
deficits and the development of depression [48, 49].

Brain inflammation has been identified as a 
key driver of AD [3, 50]. Increased levels of pro-
inflammatory cytokines trigger synapse damage, affect 
neuroplasticity [51] and result in cognitive impairments 
[52, 53]. We have previously demonstrated that AβOs 
increase the secretion of TNF-α, which impairs 
brain insulin signaling and protein synthesis, driving 
synapse dysfunction associated with memory loss 
and depressive-like alterations [25, 28]. Additionally, 
increased brain levels of IL-1β have been linked to 
cognitive dysfunction in rodent models [54], and are 
associated with increased risk of AD [55]. Surprisingly, 
we did not find significant differences in IL-1β levels in 
the hippocampi of male or female mice, indicating that 
neither MS nor AβO administration had a substantial 
impact on this cytokine under our experimental 
conditions. Intriguingly, MS attenuated the increase 
in TNF-α caused by the infusion of 1  pmol AβOs in 
the hippocampus of females. Previous studies from 
our group have shown increases in brain IL-1β levels 
following i.c.v infusion of oligomers [26]. However, 
no significant changes were observed in hippocampal 

IL-1β levels across experimental conditions in both 
male and female mice in the current study. Although we 
are not completely sure what may have caused such a 
difference, one possible explanation is that our previous 
measurements of IL-1β  had been performed 8  days 
after infusion of AβOs, versus 24h in the current study.

Impaired neurotransmission has also been implicated 
in AD pathogenesis [34]. 5-HT levels and serotonergic 
signaling are altered in AD [56, 57], and dopamine 
metabolites are reduced in the CSF of AD patients [34]. 
These alterations in neurotransmitter metabolism are 
recapitulated in animal models of AD [28, 58], and 
altered brain neurochemistry and connectivity have 
been reported in rodent models of early-life stress [15, 
59–61]. We have previously shown that AβOs reduce 
5-HT levels in the mouse brain [28]. Here, we show that 
neonatal MS increased 5-HT in the hippocampus of male 
mice, without affecting levels of 5-HIAA. Furthermore, 
MS potentiated the elevation of 5-HT levels caused by 
AβOs even when a sub-toxic dose was infused, leading 
to a decreased turnover (5-HIAA/5-HT) ratio in the 
hippocampus of male mice. Although changes in 5-HT 
and 5-HIAA in the cortex were observed only in male 
mice infused with 10  pmol AβOs, these alterations 
may be associated with the observation of increased 
immobility time in the FST.

Contrary to males, changes in serotonin turnover were 
found mainly in the cortex of female mice. Additionally, 
reduced levels of 5-HT in both the hippocampus and 
cortex caused by the infusion of a low dose (1 pmol) of 
AβOs may be responsible for the increased immobility 
time observed for females in the FST, indicating sex-
specific susceptibility to the development of depressive-
like behavior.

Dopaminergic signaling plays a central role in the 
connectivity of the hippocampus and brain cortex and 
is involved in numerous cognitive, emotional, and motor 
functions. We show that MS did not appear to alter 
DOPA or DOPAC levels in either the hippocampus or 
cortex, nor did it affect the DOPAC/DOPA ratio. This 
suggests that MS alone does not significantly impact 
dopamine metabolism in these brain regions of both 
male and female mice. On the other hand, AβOs caused 
noticeable reductions in dopamine and increases in 
DOPAC/DOPA ratio in both the hippocampus and 
cortex of male mice. Interestingly, these changes were 
further potentiated in the cortex of males that had been 
exposed to neonatal MS, indicating a possible synergistic 
effect between MS and AβOs.

While MS alone did not alter dopamine or DOPAC 
levels in females, infusion of 1  pmol AβOs increased 
hippocampal DOPAC levels and the turnover (DOPAC/
DOPA) ratio. These results suggest that male mice may 
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be more sensitive to the impact of AβOs on dopamine 
metabolism in the hippocampus.

Changes in serotonergic and dopaminergic signaling 
reported here highlight how early life stress and AD 
pathogenesis in adulthood may interact, contributing 
to hippocampal dysfunction with deficits in memory 
and the development of depression in a sex-dependent 
manner in adulthood.

Although further research is needed to fully elucidate 
the mechanisms by which neonatal MS intersects the 
impact of AβOs on dopamine and serotonin levels 
and turnover, our findings provide initial insight into 
the complex interplay between maternal separation, 
AβOs, sex, and their effects on behavioral and 
neuroinflammatory outcomes in adulthood. Our study 
further highlights the importance of considering sex-
specific responses involved in the neurodegenerative 
processes of AD.
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