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A B S T R A C T   

Alzheimer’s disease (AD) is the most common neurodegenerative disease. Most cases of AD are considered 
idiopathic and likely due to a combination of genetic, environmental, and lifestyle-related risk factors. Despite 
occurring decades before the typical age of an AD diagnosis, early-life stress (ELS) has been suggested to have 
long-lasting effects that may contribute to AD risk and pathogenesis. Still, the mechanisms that underlie the role 
of ELS on AD risk remain largely unknown. Here, we used 5xFAD transgenic mice to study relatively short-term 
alterations related to ELS in an AD-like susceptible mouse model at 6 weeks of age. To model ELS, we separated 
pups from their dams for 3 h per day from postnatal day 2–14. Around 6 weeks of age, we found that maternally 
separated (MS) 5xFAD mice, particularly female mice, displayed increased amyloid-β-immunoreactivity in the 
anterior cingulate cortex (ACC) and basolateral amygdala (BLA). In anterior cingulate cortex, we also noted 
significantly increased intraneuronal amyloid-β-immunoreactivity associated with MS but only in female mice. 
Moreover, IBA1-positive DAPI density was significantly increased in relation to MS in ACC and BLA, and 
microglia in BLA of MS mice had significantly different morphology compared to microglia in non-MS 5xFAD 
mice. Cytokine analysis showed that male MS mice, specifically, had increased levels of neuroinflammatory 
markers CXCL1 and IL-10 in hippocampal extracts compared to non-MS counterparts. Additionally, hippocampal 
extracts from both male and female MS 5xFAD mice had decreased levels of synapse- and activity-related 
markers Bdnf, 5htr6, Cox2, and Syp in hippocampus. Lastly, we performed behavioral tests to evaluate anxi-
ety- and depressive-like behavior and working memory but could not detect any significant differences between 
groups. Overall, we detected several sex-specific molecular and cellular alterations in 6-week-old adolescent 
5xFAD mice associated with MS that may help explain the connection between ELS and AD risk.   

1. Introduction 

The majority of Alzheimer’s disease (AD) cases are considered idio-
pathic and are likely due to a combination of genetic, environmental, 
and lifestyle-related risk factors. AD is the most common cause of de-
mentia and is defined histopathologically by the presence of amyloid- 
beta (Aβ) plaques and tau neurofibrillary tangles in post-mortem 
brain. Though AD is typically diagnosed in later life, increasing evi-
dence suggests that the pathogenesis occurs decades before notable 

cognitive impairment. Early alterations in AD include accumulation of 
intraneuronal Aβ in neurons, synapse dysfunction and loss, and altered 
neuronal activity and brain metabolism (Gouras et al., 2000; Mori et al., 
2002; Nestor et al., 2003; Scheff et al., 2006; Takahashi et al., 2002, 
2004; Terry et al., 1991). In addition, we and others have found neu-
roinflammatory mechanisms to be important in AD pathogenesis 
(Boza-Serrano et al., 2019, 2022; Jorfi et al., 2023). Therefore, risk 
factors that promote such molecular and cellular events, especially in 
vulnerable brain regions, such structures within the limbic system, may 
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promote the development of AD. 
Despite occurring decades before a typical AD diagnosis, early-life 

stress (ELS) has been associated with an increased risk of AD (Corney 
et al., 2022; Donley et al., 2018; Seifan et al., 2015). However, the 
mechanisms underlying this connection remain largely unknown. Ro-
dent models of ELS have proven useful for understanding how ELS may 
promote AD pathogenesis by showing neuroinflammatory alterations, 
altered neuronal activity, and decreased synaptic activity (Banqueri 
et al., 2021; Delpech et al., 2016; Hoeijmakers et al., 2017; Wang et al., 
2020). Previously, we showed that ELS elicited immediate and 
long-term effects in wildtype (WT) and 5xFAD AD-transgenic mice on 
both the peripheral and brain immune systems in a sex-specific manner 
(Bachiller et al., 2022). Additionally, we observed relatively short-term 
effects in 6-week-old WT mice exposed to ELS in the form of altered 
hippocampal microglia and behavior (Bachiller et al., 2020). Here, our 
aim was to determine the relatively short-term effects that ELS may have 
in an AD-vulnerable model also at 6 weeks of age. 

To model ELS, we used a maternal separation (MS) protocol wherein 
we separated mouse pups from their dams for 3 h a day from postnatal 
day 2–14 and looked for alterations in Aβ pathology, neuroinflammation 
state, synapse- and activity-related gene expression, and behavior. In 
our analyses, we considered potential sex differences as female and male 
were impacted by AD and ELS alterations differently (Bachiller et al., 
2020, 2022). By utilizing 6-week-old 5xFAD AD-transgenic mice, we 
could study whether MS affects early Aβ pathology, including intra-
neuronal Aβ levels, and related alterations, particularly neuro-
inflammation, changes in synapse- and activity-related markers, and 
behavior. 

2. Methods 

2.1. Animals 

Hemizygous 5xFAD mice on a B6SJL background (Jackson Labora-
tory, MMRRC stock #34840) were used in this study. These mice 
overexpress human amyloid precursor protein containing three muta-
tions (Swedish [K670N, M671L], Florida [I716V], and London [V717I]) 
and human presenilin-1 with two mutations (M146L and L286V) that 
are linked to familial Alzheimer’s disease (AD) (Oakley et al., 2006). 
Mice were weaned at postnatal day 30 and then housed in groups of 4–5 
of same sex and litter in a room with a 12 h light/dark cycle. Ad libitum 
access to food and water were provided. Cages were also provided with 
nesting material. Experiments were carried out in accordance with Eu-
ropean directive 2010/63/EU and Swedish rules. Ethical permission was 
given by the Malmö/Lund Ethics Committee on Animal Testing (Dnr. 
5.8.18–01107/2018). 

Breeding was done by pairing wildtype (B6SJL) female mice with 
hemizygous 5xFAD male mice (9–12 weeks old). To determine which 
mice carried the 5xFAD transgenes, DNA from ear punches collected at 
postnatal day 30 was extracted using an Extract-N-Amp™ Tissue PCR Kit 
(Sigma-Aldrich, XNAT2). Amplification was done using PCRBIO HS Taq 
Mix Red (PCRBiosystems, PB10.23) with the primers listed below 
(Table 1). 

2.2. Maternal separation 

Maternal separation (MS) was performed as previously described 
(Bachiller et al., 2020, 2022; Teissier et al., 2020). Pups were separated 
from their dams daily from postnatal day 2–14, 3 h/day (during the 
room’s light cycle, 9:00 a.m.–12:00 p.m.). MS pups were placed together 
into a clean cage supplemented with cotton pieces for warmth, and the 
cage was placed in a separate room to prevent vocalized communication 
between separated pups and dams. At the end of the session, pups were 
returned to their home cage with their dams and left undisturbed until 
the next session. Control (non-MS) pups were handled similarly to MS 
pups but not separated from their dams. At 6 weeks of age, body weight 
was measured and differed significantly between sexes but not 
non-MS/MS groups. 

2.3. Transcardial perfusion and tissue retrieval 

Postnatal day 43 mice (6 weeks old) were anaesthetized with 5% 
isoflurane (Virbac) in air and transcardially perfused with a 0.9% saline 
solution. Brains were split into two hemispheres for different down-
stream processing: One hemisphere was fixed in 4% paraformaldehyde 
in 0.1 M phosphate buffer (PB), pH 7.4 (Histolab, HL96753.1000) 
overnight and then placed in a 30% sucrose solution for 48 h at 4 ◦C for 
later sectioning into 40 μm-thick coronal slices in a series of 6 using a 
sliding microtome (Leica Biosystems, SM2000 R). Sections were stored 
in − 20 ◦C in a cryoprotective solution of 30% sucrose (Merck, 84100) 
and 30% ethylene glycol (Sigma-Aldrich, 102466) in 40% phosphate- 
buffered saline (PBS) to prevent ice crystal formation. For the remain-
ing brain hemisphere, the hippocampus was dissected out and snap 
frozen at − 80 ◦C for later analyses. 

2.4. Immunofluorescence 

Free-floating 40 μm-thick coronal, half-brain sections were first 
rinsed in 0.1 M PBS 3 times for 5 min each to wash away the cryopro-
tective solution. To detect intracellular Aβ, sections were incubated in 
88% formic acid (Sigma-Aldrich, 33015) diluted with distilled water for 
8 min before being rinsed in 0.1 M PBS with 0.3% v/v Triton X-100 
(Sigma-Aldrich, T8787) (0.1 M PBS-Tx). Sections were then blocked in 
0.1 M PBS-Tx for 1 h in 0.1 M PBS-Tx with 3% v/v normal donkey serum 
(Sigma-Aldrich, S30) (NDS). Sections were then incubated with the 
following primary antibodies for 48 h in 0.1 M PBS-Tx with 0.3% NDS: 
anti-amyloid-beta peptide 40/42 (MOAB-2, 1:500, Biosensis, M-1586, 
see Youmans et al., 2012), anti-NeuN (1:1000, Millipore, ABN78), and 
anti-IBA1 (1:1000, Novus Biologicals, NB100-1028). Sections were 
rinsed three times for 5 min each with 0.1 M PBS-Tx before being 
incubated with the respective secondary antibodies for 2 h at room 
temperature under dark conditions: donkey anti-mouse conjugated to 
Alexa Fluor 488 (1:500, Invitrogen, A21202), donkey anti-rabbit con-
jugated to Alexa Fluor 555 (1:500, Invitrogen, A31572), and donkey 
anti-goat conjugated to Alexa Fluor 647 (1:500, Invitrogen, A21447). 
Sections were then rinsed twice with 0.1 M PBS-Tx for 10 min each 
before being incubated with DAPI (1:1000, Sigma-Aldrich, D9542) in 
0.1 M PBS for 10 min. Sections were finally rinsed in 0.1 M PBS twice for 
10 min each before being mounted onto uncharged Superfrost glass 
slides (Epredia, AA00000112 E) in 0.05 M PB. SlowFade Glass 

Table 1 
Primer sequences used for PCR amplification.  

Gene Forward primer sequence (5ʹ - 3ʹ) Reverse primer sequence (5ʹ - 3ʹ) 

Mouse App CTAGGCCACAGAATTGAAAGATCT GTAGGTGGAAATTCTAGCATCATCC 
Human APP AGGACTGACCACTCGACCAG CGGGGGTCTAGTTCTGCAT 
Human PSEN1 AATAGAGAACGGCAGGAGCA GCCATGAGGGCACTAATCAT  
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(Invitrogen, S36917) was then applied, and coverslips were sealed using 
CoverGrip coverslip sealant (Biotium, 23005). 

2.5. Image acquisition, analysis, and visualization 

Images for analysis of amyloid-beta-immunoreactivity and IBA1- 
immunoreactivity were acquired using a Nikon Eclipse 80i upright 
epi-fluorescence microscope using a 20 X objective (air, NA 0.75). Im-
ages for anti-IBA1 morphology analysis and representative IBA1 images 
were obtained using a Leica SP8 laser scanning confocal microscope 
with a 20 X objective (air, NA 0.75×) and 40× objective (oil, NA 1.3), 
respectively. The following Bregma ranges were used for the different 
brain regions: anterior cingulate cortex (ACC) (1.10 to − 0.94 mm), 
basolateral amygdala (BLA) (− 0.58 to − 2.06), and subiculum (dorsal, 
− 2.46 to − 3.80). Image settings were kept constant for all brain regions, 
and the experimenter was blinded to mouse group. 

Image analysis was done in (Fiji is just) ImageJ (Schindelin et al., 
2012) with image import done using the Bio-Formats plugin (Linkert 
et al., 2010). Before applying a binarizing threshold, images were 
pre-processed to improve thresholding accuracy by applying, for 
example, subtract background, gaussian blur, gamma adjustment, 
smooth, despeckle, and unsharp mask. Pre-processing and thresholding 
was kept constant for a given channel/marker and was determined 
empirically as the best fit for a set of images in a given brain region and 
experiment. Thresholding was done using global automatic thresh-
olding. Regions of interest (ROIs) for each brain region were drawn 
using the polygon tool by an experimenter blinded to the groups. The 
number of slices/images used for analysis per brain region per mouse 
were as follows: ≥3 for ACC, ≥2 for BLA, and ≥1 for subiculum. Section 
quality and availability differed between brain regions even within the 
same mouse, and fewer images/slices were available for subiculum due 
to how the tissue was processed. Skeleton analysis was used to investi-
gate microglial morphology from IBA1-immunoreactivity, and the pro-
tocol was adapted from Morrison and Filosa (2013). Values obtained 
from multiple images for a given brain region and mouse were averaged 
for statistical analysis. 

Representative images have the same brightness/contrast for a given 
marker, brain region and experiment. Note that the Aβ channel has been 
gamma adjusted for visualization purposes, and gamma was adjusted 
equally for the images of a given brain region. Original images are 
available upon request. 

2.6. Protein extraction and multiplex immunoassay 

Total hippocampal protein was extracted using TRI Reagent (Sigma- 
Aldrich, T9424) simultaneously with RNA following manufacturer’s 
instructions for protein isolation. Cytokine levels were measured using a 
Meso Scale Discovery V-PLEX Proinflammatory Panel 1 mouse kit ac-
cording to manufacturer’s instructions (Meso Scale Diagnostics, Rock-
ville, Maryland, USA). This kit works as a sensitive ELISA, and measures 
the protein levels of IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, 
KC/GRO (CXCL1), and TNF-α. IFN-γ levels were below the detection 
limit and not reported here. One mouse was excluded from IL-10 anal-
ysis as the IL-10 measurement was below the detection threshold. 

2.7. RNA extraction and quantitative real-time PCR analysis 

Total hippocampal RNA was extracted using TRI Reagent (Sigma- 
Aldrich, T9424) simultaneously with protein following manufacturer’s 
instructions for RNA isolation. RNA concentration was measured using a 
NanoDrop 2000C (Thermo Fisher), and 1 μg of RNA underwent reverse 
transcription to synthesize cDNA using an iScript cDNA Synthesis Kit 
(Bio-Rad, 170–8891). RT-qPCR was performed at a final reaction vol-
ume of 10 μl, which contained 5 μl of SensiFAST™  SYBR No-Rox Kit 
(Bioline reagents), 0.4 μl of each forward and reverse primer sequence 
for a given gene, and 4.2 μl of cDNA. Quantitative PCR was performed in 

triplicate using a CFX96 Touch Real-Time PCR Detection System (Bio- 
Rad) using the primers listed below (Table 2). Amplification conditions 
were as follows: 95 ◦C for 2 min followed by 40 cycles of 95 ◦C for 5 s, 
65 ◦C for 10s, and 72 ◦C for 20 s before a final step of 72 ◦C for 7 min. 
Gene expression was normalized to beta-actin and presented as ΔCT. 

2.8. Behavioral tests 

Behavioral tests (see Fig. 1A) were performed during their light 
phase by the same researcher blinded to the maternal separation pro-
cedure. Mice were habituated and handled from postnatal day 37–39. 
Before conducting a test, mice were left in the test room for at least 1 h in 
order acclimate to the room. Temperature in the testing room was kept 
constant. Equipment was thoroughly cleaned in between mice with 70% 
ethanol and dried carefully. Sessions were recorded for later analysis by 
a researcher blinded to the groups. 

2.8.1. Elevated plus maze 
To evaluate anxiety-like behavior, we used the elevated plus maze. 

Postnatal day 41 mice were first placed in a closed arm facing away from 
the center of the maze and then allowed to explore the maze for 5 min. 
An anxiety index number was calculated based on the proportion of time 
and entries in the open arms as previously reported (Cohen et al., 2008). 
Results were calculated from the following equation: anxiety index = 1 – 
([(Time spent in open arms/Total test time) + (Number of entries into 
open arms/Total number of entries)]/2). 

2.8.2. Tail suspension test 
To assess depressive-like behavior, the tail suspension test was per-

formed. Postnatal day 42 mice were suspended by the tail 50 cm above 
the ground for 5 min. Adhesive tape was used to suspend the mice. Mice 
were scored based on time spent immobile, defined as hanging 
passively, lack of body movement, and motionless. 

2.8.3. Y-maze 
To assess spatial working memory, we used the Y-maze as previously 

reported (Bachiller et al., 2020). Postnatal day 40 mice were first placed 
at the end of an arm facing away from the center of the maze. Mice were 
then allowed to explore the maze for 5 min and were scored on pro-
portion of spontaneous alterations to total alternations. A spontaneous 
alteration was defined as entry into each of the three arms of the maze 
over three consecutive alterations. 

2.9. Statistics 

Statistical analysis was done using GraphPad Prism Version 9 for 
macOS (GraphPad Software). Two-way ANOVA with an interaction term 
was performed with the main factors being maternal separation and sex. 
Multiple comparisons were then performed within the sexes (non-MS – 
MS) using the Šidák correction. Alpha was set at 0.05. Data is presented 
as mean ± SD. 

Table 2 
Primer sequences used for RT-qPCR.  

mRNA Forward primer sequence (5ʹ - 3ʹ) Reverse primer sequence (5ʹ - 3ʹ) 

5ht6r CTTCCTGCTATGCTTGGTGGT TGTTAGGGTTGAGGTTCAGTCT 
Bdnf GCGGACCCATGGGACTCT CTGCTGCTGTAGTGACCGA 
Cox-2 CCAGCACTTCACCCATCAGTT ACCCAGGTCCTCGCTTATGA 
Gfap TCCTGGAACAGCAAAACAAG ATGAAACCAACCTGAGGCTG 
Syp TCTTTGTCACCGTGGCTGTGTT TCCCTCAGTTCCTTGCATGTGT  
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3. Results 

3.1. Maternal separation exacerbates early amyloid-β pathology in young 
female 5xFAD mice 

We previously observed an increase in Congo red-positive plaques in 
the prefrontal cortex of maternally separated (MS) four-month-old fe-
male 5xFAD mice compared to their respective controls (Bachiller et al., 
2022). Here, we wondered whether alterations in amyloid-β (Aβ) in 
relation to MS could be detected earlier in 5xFAD mice. 5xFAD mice 
were subjected to MS from postnatal day (P) 2–14 for 3 h each day 

(Fig. 1A). At 6 weeks of age (~P42), using the anti-Aβ antibody MOAB-2, 
we found that the anterior cingulate cortex (ACC) and basolateral 
amygdala (BLA) in MS mice had increased Aβ-immunoreactivity (IR) 
region-wide compared to non-MS mice (ACC: F1,17 = 7.42, P = 0.0144; 
BLA: F1, 19 = 4.70, P = 0.0432; Fig. 1B–C, Supp. Table 1). Multiple 
comparisons testing showed that MS females had significantly increased 
Aβ %area in ACC (P = 0.003, Fig. 1B) and BLA (P < 0.001, Fig. 1C) 
compared to non-MS females, and a significant interaction effect was 
detected for ACC (F1, 17 = 8.60, P = 0.0093, Supp. Table 1). No statis-
tically significant differences were detected in Aβ %area in subiculum 
(Fig. 1D). 

Fig. 1. Maternal separation exacerbates amyloid-β pathology in female 6-week-old 5xFAD mice. (A) Schematic with timeline pointing out maternal separation (MS) 
and endpoint behavioral testing and tissue collection. EPM = elevated plus maze. TST = tail suspension test. (B–D) Amyloid-β (Aβ)-immunoreactivity using anti-Aβ 
antibody MOAB2 was measured in anterior cingulate cortex (ACC, B), basolateral amygdala (BLA, C), and subiculum (D). Representative images (left) with inset 
images (upper right box, solid red line). Red dotted box indicates area blown up in the inset. Solid white arrowheads point to extra-NeuN Aβ-IR. Empty white 
arrowheads in inset boxes point to intraneuronal NeuN-positive Aβ. Very few/low intensity intraneuronal Aβ puncta were noted in ACC of males and non-MS females. 
Representative image scalebar = 40 μm. Inset scalebar = 10 μm. Aβ-IR was measured for the whole region (Aβ %area, left graph) and within a NeuN, region-specific 
mask (Aβ/NeuN %area, right graph). Data points represent an individual mouse. Unfilled black circles represent non-MS mice. Unfilled pink squares represent MS 
mice. n = 7–9 non-MS/sex/region, 3–4 MS/sex/region. P values from multiple comparisons testing are indicated at the tops of graphs. Error bars indicate mean ± SD 
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We then measured Aβ-IR within an anti-NeuN-positive, region-spe-
cific mask to determine whether MS was associated with altered intra-
neuronal Aβ levels in 5xFAD mice. We detected significantly different 
Aβ/NeuN %areas in ACC between MS and non-MS mice (F1, 16 = 17.2, P 
= 0.0008) and sexes (F1, 16 = 4.96, P = 0.0407) as well as a statistically 
significant interaction effect (F1, 16 = 9.04, P = 0.0084) (Supp. Table 1). 
In particular, female MS mice had increased Aβ/NeuN %area compared 
to female non-MS mice (P < 0.001, Fig. 1B). Taken together, our data 
suggests that early-life stress (ELS) can increase both intraneuronal and 
extracellular Aβ levels in AD vulnerable models and especially in 
females. 

3.2. Maternal separation promotes limited microglial and cytokine- 
related neuroinflammatory alterations in young 5xFAD mice 

We next wondered whether we could detect any neuroinflammatory 
alterations associated with MS in these young mice. We first looked at 
overall IBA-IR and detected no differences in IBA %area in relation to 
MS in ACC, BLA, nor subiculum (Fig. 2A–C, Supp. Table 2) though we 
did detect a significant interaction effect (F1, 21 = 6.54, P = 0.0183) on 
IBA-IR in BLA. In addition, sex was a significant main effect on IBA % 
area in subiculum (F1, 18 = 5.06, P = 0.0373, Fig. 2C). We then looked at 
microglial density by counting DAPI-positive nuclei within an IBA1-IR 
mask and normalizing by the area of the region of interest. There we 
found that MS had a significant effect on microglial density in ACC 
(F1,14 = 5.43, P = 0.0353) and BLA (F1,14 = 33.5, P < 0.0001) but not 
subiculum (Supp. Table 2). Multiple comparisons testing showed that 
MS had a significant effect on microglial density in female (P < 0.001) 
and male (P = 0.005) 5xFAD mice but only in BLA (Fig. 2B). Following 
this, we examined whether microglial morphology was affected by MS, 
using IBA1-IR branch length and number of process endpoints normal-
ized to cell counts as measures. In BLA, MS had a significant effect on 
branch length per cell (F1,14 = 20.5, P < 0.001), and both sex (F1,14 =

4.74, P = 0.047) and MS (F1,14 = 35.9, P < 0.001) were significant main 
effects on number of process endpoints per cell (Supp. Table 2). 
Furthermore, multiple comparisons testing noted that IBA1-IR microglia 
in ACC of female MS mice had fewer process endpoints per cell 
compared to non-MS female mice (P = 0.042, Fig. 2A). In BLA, branch 
length and number of endpoints per cell were significantly decreased in 
both female (P = 0.002 and P < 0.001, respectively) and male MS mice 
(P = 0.048 and P = 0.033, respectively) compared to non-MS counter-
parts (Fig. 2B). 

To look at possible cytokine alterations, we extracted total protein 
from hippocampal tissue and analyzed neuroinflammatory marker 
levels in a multiplex immunoassay. Of the markers tested, CXCL1 had a 
statistically significant interaction factor (F1, 15 = 7.07, P = 0.0179, 
Supp. Table 3). Multiple comparisons showed that MS within male but 
not female mice had significant effects on CXCL1 (P = 0.014, Fig. 3) and 
IL-10 (P = 0.041, Fig. 3) levels, though no statistically differences in IL- 
10 levels were detected at the factor level (Supp. Table 3). In sum, these 
data suggest sex-specific microglial and cytokine responses to ELS with 
female mice altering microglial density and form and male mice 
exhibiting increased cytokine levels. 

3.3. Maternal separation reduces expression of synapse- and activity- 
related markers in hippocampus 

We previously observed significantly decreased Cox2 and Syp gene 
expression with MS in both female and male 6-week-old WT mice 
(Bachiller et al., 2020). Additionally, we observed decreased Bdnf 
expression in MS male 4-month-old WT and 5xFAD mice (Bachiller 
et al., 2022). Therefore, we wondered whether these expression patterns 
would be similar in 6-week-old 5xFAD mice. Of the genes that we tested, 
5ht6r (F1, 13 = 30.5, P < 0.0001), Bdnf (F1, 13 = 21.3, P = 0.0005), Cox2 
(F1, 13 = 20.1, P = 0.0006), and Syp (F1, 13 = 24.1, P = 0.0003) 
expression but not but not Gfap expression were significantly decreased 

in MS 5xFAD mice compared to non-MS 5xFAD mice (Fig. 4A–E, Supp. 
Table 4). Of the markers with significantly decreased expression, mtu-
liple comparisons testing showed that the following markers were 
significantly different in both female and male MS mice compared to 
their non-MS counterparts: 5ht6r (female: P = 0.005; male: P = 0.002), 
Bdnf (female: P = 0.021; male: P = 0.007), and Syp (female: P = 0.023; 
male: P = 0.003) (Fig. 4A and B,E). Only female MS mice exhibited a 
significant decrease of Cox2 expression compared to non-MS female 
mice (P = 0.003) (Fig. 4C). 

3.4. Maternal separation does not significantly affect behavior by 6 weeks 
of age 

Lastly, we looked at whether the cellular and molecular alterations 
observed with MS could affect behavioral outcomes measured in 6- 
week-old 5xFAD mice. First, working memory was evaluated using the 
Y-maze (Fig. 5A). Contrary to what we observed in 6-week-old WT MS 
male mice (Bachiller et al., 2020), we did not find a significant differ-
ence in spontaneous alternations (%) in the 5xFAD mice in relation to 
MS nor sex (Supp. Table 5). Using the elevated plus maze, we observed 
no sex- nor MS-related differences in the anxiety index (%) in 5xFAD 
mice (Fig. 5B, Supp. Table 5). Finally, with the tail suspension test, we 
measured the percentage of the time spent immobile as an indicator of 
depressive-like behavior but found no significant differences between 
groups (Fig. 5C, Supp. Table 5). Overall, our results suggest that MS did 
not have a significant effect on short-term behavioral outcomes in 
6-week-old 5xFAD mice. 

4. Discussion 

In this study, we sought to understand whether maternal separation 
(MS) could exacerbate pathological processes in 6-week-old Alzheimer’s 
disease (AD)-vulnerable model mice. To that end, we utilized an MS 
protocol wherein we separated pups from their dams from postnatal day 
(P) 2–14 for 3 h per day. We applied this model for early-life stress (ELS) 
to 5xFAD AD-transgenic mice and probed for molecular and cellular 
alterations as well as behavioral differences at 6 weeks of age. Here, we 
measured Aβ labeling in the anterior cingulate cortex (ACC), basolateral 
amygdala (BLA), and subiculum of 6-week-old 5xFAD mice. ACC and 
BLA are vulnerable regions in ELS (Qin et al., 2021; Zhai et al., 2019), 
and the subiculum is a region affected particularly early in 5xFAD mice 
(Oakley et al., 2006). We observed that, in female mice, MS was asso-
ciated with overall increased Aβ labeling in ACC and BLA. Additionally, 
MS mice showed an increase in intraneuronal Aβ levels in ACC neurons. 
We had previously seen immediate (P15 mice) and long-term 
(4-month-old mice) neuroinflammatory alterations in WT and 5xFAD 
mice with MS in a sex-dependent manner (Bachiller et al., 2020, 2022), 
so here we measured microglial coverage and morphology and cytokine 
expression in these adolescent 6-week-old 5xFAD mice. We found an 
effect of MS on microglial density and morphology, especially in ACC 
and BLA of female mice, and increased CXCL1 and IL-10 levels specif-
ically male mice. Moreover, we found significant decreases in synapse 
and activity-related gene expression of 5ht6r, Bdnf, Cox2, and Syp. Ul-
timately, though we observed molecular and cellular alterations in mice 
subjected to MS, the combined effect was not likely sufficient to induce 
changes that we could detect on the behavioral level. 

5xFAD AD-transgenic mice are often considered an aggressive model 
in terms of pathological development as they are known to develop 
amyloid-β (Aβ) plaques beginning around 2 months of age (Oakley et al., 
2006). Prior to plaque formation, aggregated intracellular Aβ can be 
detected in neurons around 1.5 months of age, especially cortical layer V 
and subicular pyramidal neurons. This rapid pathological development 
is practical when studying early Aβ pathology, especially intracellular 
Aβ. Plaque load is often used as a metric for degree of pathology, but 
plaques are a poor correlate of cognitive decline in AD (Nelson et al., 
2012). In contrast, synapse loss is a better correlate of cognitive decline 
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Fig. 2. Maternal separation alters IBA1 morphology in 6- 
week-old 5xFAD mice. (AC) IBA1-immunoreactive micro-
glia were measured in anterior cingulate cortex (ACC, A), 
basolateral amygdala (BLA, B), and subiculum (C). Repre-
sentative images are maximum intensity projections. Red 
square indicates a blow up of a representative IBA1- IR 
microglial cell. Lower magnification image scale bar = 100 
μm. Blow up image scalebar = 20 μm. Data points represent 
an individual mouse. Unfilled black circles represent non- 
MS mice. Unfilled pink squares represent MS mice. n =
4–9 nonMS/sex/region, 3–5 MS/sex/region. P values from 
multiple comparisons testing are indicated at the tops of 
graphs. Error bars indicate mean ± SD   
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(Terry et al., 1991), and intraneuronal Aβ correlates with synaptic 
dysfunction (Bayer and Wirths, 2010; Takahashi et al., 2002). Therefore, 
we also measured intracellular Aβ in addition to overall Aβ and found 
increased Aβ in ACC and BLA in MS subjected groups. Additionally, we 

noted decreased gene expression of serotonin 6 receptor (5ht6r), brain 
derived neurotrophic factor (Bdnf), cyclooxygenase-2 (Cox2), and pre-
synaptic protein synaptophysin (Syp) in hippocampal extract from MS 
5xFAD mice compared to non-MS 5xFAD mice. Though we did not note 

Fig. 3. Maternal separation alters cytokine levels in 6-week-old male 5xFAD mice. Multiplex immunoassay results using total protein extracted from hippocampal 
tissue. Data points represent an individual mouse. Unfilled black circles represent non-MS mice. Unfilled pink squares represent MS mice. n = 4–6 non-MS/sex, 3–5 
MS/sex. P values from multiple comparisons testing are indicated at the tops of graphs. Error bars indicate mean ± SD 

Fig. 4. Maternal separation reduces synapse and 
activity-related gene expression in hippocampus of 6- 
week-old 5xFAD mice. Gene expression levels of 
5ht6r (A), Bdnf (B), Cox2 (C), Gfap (D), and Syp (E) 
were measured from total mRNA extracted from 
hippocampal tissue from 6-week-old 5xFAD mice by 
RT-qPCR. Data points represent an individual mouse. 
Unfilled black circles represent non-MS mice. Unfilled 
pink squares represent MS mice. n = 4–7 non-MS/sex, 
3 MS/sex. P values from multiple comparisons testing 
are indicated at the tops of graphs. Error bars indicate 
mean ± SD   
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increased intraneuronal Aβ in subiculum, a component of the hippo-
campal formation, a limitation in measuring intraneuronal Aβ is 
focusing on the cell soma. It may be more informative to measure 
intraneuronal Aβ levels in synaptic terminals as this is where intra-
neuronal Aβ may have greater pathological impact (Takahashi et al., 
2002, 2004). However, measuring intraneuronal Aβ in vivo in the cell 
soma is relatively easier as detection in synapses often require more 
specialized or advanced techniques, such as electron microscopy (Gou-
ras et al., 2012). 

Interestingly, another study looking at the effects of ELS on APP/PS1 
AD-transgenic mice also looked at intracellular Aβ, which they referred 
to as cell-associated amyloid, and found decreased immunoreactivity in 
dentate gyrus of 4-month-old ELS mice (Hoeijmakers et al., 2017). 
However, it is important to note that, aside from the different model, 
their use of the antibody 6E10 to detect Aβ confounds their results as this 
antibody clone cross-reacts with full-length amyloid precursor protein 
(APP) and β-cleaved C-terminal fragment (βCTF) (Horikoshi et al., 
2004). βCTF is a product of β-processing of APP, and Aβ is produced after 
γ-cleavage of βCTF. Both APP and βCTF likely have their own roles to 
play under physiological and pathological conditions (Martinsson et al., 
2019; Nixon, 2017). Considering this, interpretation of their results 
relative to ours would need to be done with caution. 

One way that ELS could impact Aβ levels is via synaptic activity. 
With ELS, neural activity has been observed to be altered long-term, 
often leading to hyperexcitability in stress-vulnerable regions (Fóscolo 
et al., 2022; Lesuis et al., 2021; Qin et al., 2021). In conjunction with 
this, synaptic activity or the lack thereof has been known to affect APP 
processing and Aβ clearance (Cirrito et al., 2005, 2008; Hettinger et al., 
2018; Tampellini et al., 2009, 2010). Indeed, acute and chronic stress in 
Tg2576 AD-transgenic mice has been observed to increase interstitial 
fluid levels of Aβ, and pharmacologically decreasing neuronal activity 
before acute stress prevents the interstitial Aβ increase (Kang et al., 
2007). Here, we looked at intraneuronal Aβ in addition to extracellular 
Aβ. Given that we found increased intraneuronal Aβ in ACC in female 
mice and that APP processing to produce Aβ occurs within the 
endosome-lysosome system (Das et al., 2016; Koo and Squazzo, 1994), 
we speculate that MS increased Aβ production via altered neuronal ac-
tivity to the extent that Aβ could aggregate within endosomal com-
partments and impair neuronal function. Such an event in the human 
brain may not directly cause AD but may compound with other factors to 
promote the disease process. 

Alongside Aβ pathology, neuroinflammation is involved in AD pa-
thology and has also been noted as being promoted by ELS. Regarding 
AD, large population-based studies have shed light on factors that 
modulate AD risk that are associated with the neuroimmune system, and 
experimental studies that have furthered our understanding of the 
mechanisms underlying the microglial role in the pathology (for a re-
view, see Leng and Edison, 2021). Additionally, studies in rodent models 
of AD have suggested neuroinflammatory alterations begin even before 
the appearance of plaques, though the specific triggers remain largely 

unknown (Boza-Serrano et al., 2018; Hong et al., 2016; Welikovitch 
et al., 2020). Like Aβ processing, microglia are sensitive to changes in 
synaptic activity and have roles in regulating it (Umpierre and Wu, 
2021). Moreover, experimental studies have shown that ELS can alter 
microglial development, promote microglial reactivity, and even affect 
the peripheral immune system (Bachiller et al., 2020, 2022; Delpech 
et al., 2016; Hoeijmakers et al., 2017; Roque et al., 2014, 2016). Taken 
together, microglia impacted by ELS may then have an altered capability 
to react to and modulate synaptic activity as well as other events within 
the brain. Given this, neuroinflammation may be another important link 
connecting ELS and AD risk. 

Moreover, sex-related differences are evident in both AD and ELS as 
well as throughout the brain. With AD, women are disproportionately 
affected and have faster cognitive decline compared to men (for a re-
view, see Ferretti et al., 2018). With ELS, both females and males are 
affected though in different ways. Rodent models shed light sex-specific 
effects in response to ELS, such as altered prefrontal cortex neuro-
chemistry and connectivity (Colich et al., 2017; Farrell et al., 2016; 
Perry et al., 2021; White et al., 2020) and central and peripheral im-
mune activation (Bachiller et al., 2020, 2022). Interestingly, in relation 
to sex-differences in the prefrontal cortex, BLA-projecting neurons 
showed increased dendritic arborization in response to stress in 
estrogen-treated ovariectomized female rats with no such remodeling 
seen in the same neurons in male rats due to stress (Shansky et al., 2009, 
2010). Synaptic activity plays a large role in dendritic growth and 
remodeling (McAllister, 2000; Wong and Ghosh, 2002), and as 
mentioned previously, neuronal activity affects APP/Aβ production and 
metabolism. Therefore, it is tempting to speculate that the increased Aβ 
levels in ACC and BLA of female MS mice that we observed is consistent 
with the observations that Shansky et al. have made. Nevertheless, 
beyond ELS and AD, sex differences are prevalent throughout the brain 
and are important to consider in research and beyond (McEwen and 
Milner, 2017). 

Though AD is the most common cause of dementia, reliable treat-
ments that can prevent or modify the progression of the disease, for the 
most part, do not exist. Recently, the Food and Drug Administration in 
the US accelerated approval for lecanemab, an antibody treatment tar-
geting soluble Aβ protofibrils, for early AD (Commissioner, 2023). In 
addition to reducing amyloid burden, lecanemab had a moderate effect 
on slowing cognitive decline, which is ultimately the goal of an AD 
treatment (Eisai Co., Ltd., 2022; van Dyck et al., 2023). However, given 
that idiopathic AD is multifactorial, understanding the factors that in-
crease AD risk and the mechanisms underlying their impact is important 
in future attempts to modulate the disease. Similar to how the etiology of 
AD is complex, the sequalae of ELS in humans will likely vary due to a 
number of factors, such as genetic background, ethnicity, cultural 
background, and socioeconomic status (Gilsanz et al., 2019; Zuelsdorff 
et al., 2020). Ultimately, the mechanisms that the brain adopts in 
response to ELS worth understanding to advance towards a more 
effective AD therapy. 

Fig. 5. Maternal separation does not affect behav-
ioral outcomes in 6-week-old 5xFAD mice. (A) 
Elevated plus maze was used to assess anxiety-like 
behavior via anxiety index. (B) Tail suspension test 
was used to evaluate depressive-like behavior by 
measuring percent of time spent immobile. (C) Spatial 
working memory was assessed using Y-maze and 
analyzed by spontaneous alterations. Data points 
represent an individual mouse. Unfilled black circles 
represent non-MS mice. Unfilled pink squares repre-
sent MS mice. n = 6–8 non-MS/sex, 7–10 MS/sex. P 
values from multiple comparisons testing are indi-
cated at the tops of graphs. Error bars indicate mean 
± SD   
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