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Introduction: Sleep fragmentation often precedes Alzheimer’s disease (AD) diagnosis and represents a potential modifiable risk 
factor, especially among women who have higher prevalence of both sleep disorders and AD.
Methods: This study investigated how chronic sleep fragmentation affects neuroinflammation and amyloid-beta (Aβ) accumulation in 
male and female APPSAA knock-in mice, a physiologically relevant AD model expressing APP at normal levels. APPSAA mice of both 
sexes (N=8/sex/strain, 8 months old) underwent either 5 weeks of chronic sleep fragmentation administered during the light phase 
using an automated sweeper system or undisturbed sleep. Sleep-wake patterns and circadian rhythms were monitored using piezo
electric sensors. Following intervention, we assessed neuroinflammatory markers via immunohistochemistry and multiplex cytokine 
analysis, Aβ levels in different solubility fractions, and Aβ plaque characteristics through digital pathology.
Results: Sleep fragmentation effectively disrupted sleep patterns in both sexes, reducing light-phase sleep and increasing intradaily 
variability. Sleep fragmentation increased GFAP immunoreactivity in both sexes, with larger effects in females than males. 
Surprisingly, sleep fragmentation decreased expression of the microglial activation markers MHCII and Dectin-1 in males. Pro- 
inflammatory cytokines (IL-1β, CCL2, CXCL2) were significantly elevated following sleep fragmentation, with distinct regional and 
sex-specific patterns. In females, sleep fragmentation increased PBS-soluble and formic acid-soluble Aβ in the neocortex and medium- 
sized plaque density in the hippocampus, while males showed decreased detergent-soluble Aβ in the neocortex following sleep 
fragmentation.
Discussion: Chronic sleep fragmentation exacerbates AD-related pathology in APPSAA mice in a sex-dependent manner, with females 
showing greater vulnerability to Aβ accumulation and astrocyte reactivity following sleep disruption. These findings suggest that 
environmental sleep disruptions may contribute to the higher prevalence of AD in women and highlight the importance of addressing 
sleep fragmentation as a modifiable risk factor for AD.
Keywords: neuroinflammation, astrocyte reactivity, circadian rhythm, sexual dimorphism, amyloidosis, environmental stressors

Introduction
Sleep disturbances are a hallmark of Alzheimer’s disease (AD), and disrupted sleep can both result from and contribute 
to AD pathology.1,2 This interaction may create a self-reinforcing process in which early sleep disruption accelerates 
amyloid-beta (Aβ) accumulation and neuroinflammation, further degrading sleep quality and contributing to cognitive 
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decline. In animal models, circadian disruptions can occur prior to Aβ plaque deposition, suggesting a role for soluble Aβ 
or APP in regulating sleep.3,4 Mechanistically, sleep disruption influences AD progression through multiple pathways. 
For example, disrupted sleep impairs clearance mechanisms, potentially leading to Aβ accumulation.5 Beyond Aβ 
dynamics, sleep fragmentation triggers neuroinflammatory responses. Sleep deprivation and fragmentation stimulate 
microglial activation and increase expression of proinflammatory cytokines such as tumor necrosis factor-α (TNF-α), 
interleukin-1β (IL-1β), and interleukin-6 (IL-6).6–8 This heightened inflammatory state could directly contribute to AD 
pathology or accelerate progression from preclinical to symptomatic AD.

While multiple types of sleep disturbances can trigger these pathological mechanisms,sleep fragmentation – char
acterized by frequent awakenings and reduced sleep consolidation rather than solely decreased total sleep duration – has 
been specifically identified as a significant risk factor for AD and cognitive decline in older adults.2,9,10 Sleep 
fragmentation arises from numerous medical and environmental factors, including obstructive sleep apnea, insomnia, 
circadian rhythm disorders, and environmental disruptors such as noise and light pollution. Crucially, environmental 
factors and disruptions caused by caregiving responsibilities can also lead to significant sleep fragmentation.11 Moreover, 
sleep disorders and disruptions disproportionately affect women from caregiving and during the menopausal transition, 
and this sex disparity may partly underlie the higher prevalence of AD in women.9 However, the sex-specific effects of 
sleep fragmentation on AD-related pathology remain inadequately characterized.

Much of our mechanistic understanding of the interplay between sleep disruptions and AD pathology comes from 
animal models and the majority of studies have focused on males.5–8,12–17 However, traditional transgenic mouse models 
overexpressing human amyloid precursor protein (APP) and/or Presenilin-1 (PS1) have inherent limitations. These 
include potential artifactual phenotypes due to APP overexpression and effects of PS1 that are independent of Aβ. 
Moreover, commonly used sleep disruption protocols often involve total sleep deprivation7,12,13 rather than the inter
mittent fragmented sleep patterns more relevant to human experience.

The current study aims to address these critical gaps by investigating how sleep fragmentation, specifically modeling 
environmental disruptions rather than total sleep restriction, impacts neuroinflammation and amyloid-beta accumulation. 
Our early investigations of sleep fragmentation used the 3xTg-AD) model that overexpresses APP, and were restricted to 
females (Duncan et al, 2022). Here we investigated sex differences in the APPSAA knock-in mouse model, which harbors 
humanized Aβ mutations while expressing APP at normal physiological levels, avoiding the confounds of overexpres
sion. We induced chronic sleep fragmentation using an automated motorized sweeper system that mimics the intermittent 
arousals characteristic of human sleep fragmentation, and assessed sleep-wake dynamics using non-invasive PiezoSleep 
monitoring.18 We hypothesized that chronic sleep fragmentation would exacerbate AD-related pathology, including Aβ 
burden and neuroinflammatory markers, and that these effects would be more pronounced in female mice, consistent with 
the higher prevalence of both sleep disorders and AD in women. This research provides crucial insights into the specific 
contribution of sleep fragmentation to AD pathogenesis, potentially identifying avenues for targeted interventions to 
mitigate AD risk and progression, particularly in the context of common environmental sleep disturbances.

Materials and Methods
Animals and Housing
All animal procedures were approved by the University of Kentucky Institutional Animal Care and Use Committee and conducted 
in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (Protocol: 2018–3066). 
APPSAA mice (B6.Cg-Apptm1.1Dnli/J, RRID:IMSR_JAX:034711) of both sexes (N = 8 per sex per strain; mean age = 8.9 ± 0.5 
months SD) were used in this study. The APPSAA strain is a knock-in AD model that expresses three familial AD-linked APP 
mutations on a C57BL/6J background, exhibiting amyloid-beta plaques and microglial activation while maintaining normal 
expression of APP.19 All mice were maintained on a 12-hour light:12-hour dark cycle with food and water available ad libitum. 
Mice were singly housed during week 1 and week 5 for sleep recording, and pair-housed with littermates during week 2 through 
week 4 to reduce isolation-induced stressors.
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Sleep Fragmentation Protocol
Mice were randomly assigned to either undisturbed sleep (US) or chronic sleep fragmentation (SF) conditions using 
a stratified randomization approach to ensure balanced distribution of sex and genotype across treatment groups. The SF 
protocol was administered using a mechanized system (Model 80391, Lafayette Instruments, Lafayette, IN) with 
a sweeping bar that moved horizontally across the cage floor at a speed of 10 cm/second to induce arousal without 
causing stress or restricting movement. The system was programmed to sweep once every 30 seconds during the 
designated SF periods.

The SF condition consisted of four 1-hour intervals of enforced wakefulness distributed throughout the 12-hour light 
phase (ZT0-12) at ZT2-3, ZT4:30–5:30, ZT7-8, and ZT9:30–10:30, providing intermittent disruption while allowing 
opportunity for recovery sleep between intervals. This protocol was administered Monday through Friday for 5 consecutive 
weeks, with mice allowed undisturbed sleep during weekends to prevent habituation to the stimulus. This schedule resulted 
in a total of 25 days of sleep fragmentation (100 hours of enforced wakefulness) over the experimental period.

In the undisturbed sleep condition, the mice were housed in new cages with identical dimensions but no sweeping bar 
apparatus. All mice were acclimated to new cages for one week prior to experiment start. This controlled for potential 
confounding variables such as novel object exposure or changes in housing environment. Room temperature was 
maintained at 22±1°C, and staff activity in the housing room was minimized during the light phase to prevent any 
potential unplanned sleep disruption in both groups.

Sleep and Circadian Rhythm Monitoring
Physiology parameters to determine sleep patterns were monitored using the non-invasive piezoelectric system, which 
detects vibration patterns characteristic of sleep versus wake states, with sleep characterized as almost exclusively 
breathing rhythms.18,20 Sleep recordings were collected continuously during the experimental period when mice were in 
individual cages. Physiology parameters to determine sleep were quantified as the percentage of time spent asleep during 
the light phase, dark phase, and total 24-hour period. In addition, the data collected by the piezoelectric system were 
exported to the circadian rhythm analysis program ClockLab (Actimetrics V 6.1) for analysis of circadian rhythm 
parameters. Data is converted to an activity measure from 0 to 3, with 0 representing sleep and 3 representing continuous 
high activity.20 Cosinor analysis is used to fit a standard sine wave to the data to determine amplitude (difference between 
the peak and the trough of the rhythm, which ranges from 0 to 3), and mean estimating statistic of the rhythm (MESOR), 
or the mean of the model, which ranges from 0 to 3. Also in ClockLab, Non-Parametric Circadian Rhythm Analysis was 
used to determine two additional circadian parameters; intradaily variability (measure of fragmentation, which ranges 
from 0–3), and interdaily stability (measure of day-to day rhythm stability, which ranges from 0–2).21

Tissue Collection and Processing
As previously published 23,24, mice were euthanized using CO2 inhalation followed by rapid decapitation. Brains were 
rapidly removed, with the left hemibrain fixed in 4% paraformaldehyde for 24 hours, then transferred to 30% sucrose for 
cryoprotection. The right hemibrain was dissected into hippocampus and neocortex regions and flash-frozen for 
biochemical analyses. Fixed tissue was coronally sectioned at 30 µm thickness using a microtome, and sections were 
stored at −20°C in cryoprotectant until use. Mice were euthanized at 8:00 ZT.

Immunohistochemistry
Immunohistochemical staining was performed on free-floating brain sections following established protocols.22,23 Every 
10th section between 1.3 mm and 2.5 mm posterior to bregma was selected for analysis to ensure comprehensive 
sampling. The following primary antibodies were used: rabbit anti-glial fibrillary acidic protein (GFAP; 1:10,000, Dako, 
catalog no. Z0334, RRID: AB_10013382) to label astrocytes; rabbit anti-ionized calcium binding adapter molecule 1 
(IBA1; 1:10,000, Wako, catalog no. 019–19741) to label microglia; rat anti-Dectin-1 (1:1000, InvivoGen, catalog no. 
mabg-mdect, RRID: AB_2753143) for disease-associated microglia; rat anti-CD45 (1:1000, BioLegend, catalog 
no. 103102, RRID: AB_312967) to detect microglia/macrophages and lymphocytes; rat anti-I-A/I-E (1:1000, 
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BioLegend, catalog no. 107601, RRID: AB_313317) for MHC class II; and mouse anti-Aβ (clone 6E10; 1:3000, 
BioLegend, catalog no. 803007, RRID: AB_2564657) for detection of amyloid-beta.

To assess the immunoreactivity, entire slides were digitally scanned using a Zeiss AxioScan Z.1, and quantification 
was performed using HALO software (Indica Labs, Albuquerque, NM). Regions of interest, including the neocortex, 
corpus callosum, and hippocampus, were manually outlined on each section. Positive staining was quantified using the 
HALO area fraction algorithm, which normalized positive pixel counts to the outlined area, thereby accounting for 
regional size variation and enabling standardized comparisons across samples. For Aβ immunohistochemistry, plaque 
density (number/mm²) was further stratified by size using the HALO object colocalization algorithm with predefined 
thresholds: small (10–99 μm²), medium (100–399 μm²), and large (≥400 μm²) plaques, as previously described.22,23 

Slides were analyzed in batches using identical algorithm parameters, and color markup outputs were visually inspected 
to confirm appropriate signal detection. Quantification was conducted by observers blinded to treatment condition and 
genotype.

Biochemical Endpoint Analyses
As previously published,22,23 neocortical and hippocampal tissues were extracted to separate protein fractions with 
different solubility characteristics. Tissue was homogenized using an Omni Bead Ruptor 24 in PBS-based lysis buffer 
(1:20 w/v) containing 1 mM EDTA and protease inhibitors (1 mM PMSF, 1 μg/mL leupeptin). Following centrifugation 
at 12,000 × g for 20 minutes at 4°C, the supernatant was collected as the PBS-soluble fraction. The pellet was 
rehomogenized in detergent-containing buffer (tissue protein extraction reagent with Halt Protease and Phosphatase 
Inhibitor Cocktail; Thermo Scientific) at the same volume as the initial homogenization. After centrifugation at 12,000 × 
g for 20 minutes at 4°C, the supernatant was collected as the detergent-soluble fraction. The remaining pellet was 
processed with 70% formic acid and centrifuged at 12,000 × g at 4°C for 20 minutes. The supernatant was neutralized 
1:20 with 1 M Tris (pH 11) and used as the formic acid-soluble fraction, which contains highly aggregated forms of Aβ.

Brain Cytokine and Chemokine Quantification
Neuroinflammatory cytokine and chemokine levels were measured using custom Meso Scale Discovery (MSD) V-PLEX 
panels (K15245D and K15048D) according to manufacturer’s instructions, as previously described.22,23 The custom 
panels quantified the following analytes: IL-1β, IL-6, IL-10, TNF-α, IL-33, IP-10 (CXCL10), MCP-1 (CCL2), MIP-1α 
(CCL3), MIP-2 (CXCL2), and KC/GRO (CXCL1). The PBS-soluble fraction (50 μL containing 100–200 μg protein) was 
incubated in pre-coated MSD plates overnight at 4°C. All incubation steps were performed using a VWR® Microplate 
Shaker at 300 rpm. Plates were washed using a BioTek Microplate Washer 50TS12 with PBS containing 0.05% Tween- 
20. Following addition of detection antibodies and subsequent incubation, plates were analyzed on a MESO QuickPlex 
SQ 120MM instrument. Standard curves were generated using recombinant protein standards (8-point standard curve 
with 4-fold dilutions) and sample concentrations were interpolated from these curves. All measurements were normalized 
to total protein content as determined by BCA Protein Assay (Thermo Scientific).

Aβ Protein Quantification
Sandwich ELISA assays were performed to quantify amyloid-beta levels as previously described.20 Immunoassay wells 
(96- or 384-well Immunolon 4HBX plates) were coated overnight with 1.0 μg of human-specific Aβ1-16 monoclonal 
antibody 42.5 in standard PBS, then blocked with SynBlock (Serotec). Samples from all three fractions (PBS-soluble, 
detergent-soluble, and formic acid-soluble) were diluted in antigen capture buffer (20 mM Na2HPO₄, 0.4 M NaCl, 2 mM 
EDTA, 0.4% BlockAce, 0.2% BSA, 0.05% CHAPS, and 0.05% NaN₃; pH 7.0). Dilution ranges were determined 
empirically through preliminary testing of a subset of samples. Recombinant Aβ42 (rPeptide) was used to establish 
standard curves in the same buffer.

Following overnight antigen capture at 4°C, plates were washed multiple times with PBS containing 0.5% Tween-20, 
followed by PBS alone. Plates were then probed with 1.0 μg/mL of biotinylated monoclonal antibody 4G8 (targeting 
Aβ17-24, Biolegend) in detection buffer (20 mM Na2HPO₄, 0.4 M NaCl, 2 mM EDTA, 1% BSA, and 0.02% thimerosal; 
pH 7.0). After approximately 2 hours of incubation at room temperature, plates were washed as described above and 
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probed with 0.2 μg/mL of Neutravidin-HRP (ThermoFisher) in detection buffer. Following a final series of washes, plates 
were developed using TMB substrate (Kirkegaard & Perry Laboratories), and the reaction was stopped with an equal 
volume of 6% o-phosphoric acid. Optical densities were measured at 450 nm using a BioTek plate reader. Protein 
concentration was estimated via BCA assay relative to BSA standards.

Statistical Analysis
Data were analyzed using two-way analysis of variance (ANOVA) to assess the effects of biological sex and sleep 
condition (undisturbed sleep vs sleep fragmentation) on outcome measures including sleep parameters, neuroinflamma
tory markers, and Aβ levels. Age was included as a covariate in all models. Following the initial two-way ANOVA, data 
were stratified by sex and brain region (or by time point for sleep measures), and planned comparisons were conducted to 
evaluate the effect of sleep fragmentation within each subgroup, while continuing to adjust for age. Assumptions for 
ANOVA were verified prior to analysis. Normality of residuals was assessed using the Shapiro–Wilk test, and homo
geneity of variance was evaluated using Levene’s test. When normality assumptions were violated, data were trans
formed accordingly. Cytokine and chemokine concentrations were normalized using z-score transformations to account 
for differences in dynamic range across analytes. MHCII and Dectin-1 immunoreactivity data were Box-Cox transformed 
to achieve normality. A cumulative inflammatory z-score was calculated to reflect overall inflammatory burden across 
cytokines. Effect sizes were calculated using Cohen’s d, defined as the difference between group means divided by the 
pooled standard deviation, within each sex and brain region. Percent change was calculated as the difference between 
group means (sleep fragmentation vs undisturbed sleep), divided by the undisturbed sleep mean, and multiplied by 100. 
Statistical significance was set at p < 0.05. All analyses were performed using JMP Pro 17 (SAS Institute, Cary, NC). 
Graphs were generated using GraphPad Prism version 10.4.2 (GraphPad Software, San Diego, CA). Data are presented 
as mean ± standard error of the mean (SEM), with individual data points shown in figures, unless noted in the figure.

Results
Sleep Fragmentation Effectively Disrupts Sleep-Wake Patterns and Circadian Rhythms 
in APPSAA Mice
Continuous monitoring of sleep-wake patterns in APPSAA mice using piezoelectric sensors demonstrated clear alterations 
in the 24-hour sleep profile in both sexes, showing that our sleep fragmentation protocol effectively induced sleep 
disruption (Figure 1A). As expected, during the light phase, when the sleep was fragmented, there was a main effect of 
sleep fragmentation at week 1 (F = 2350.93, p < 0.0001) and week 5 (F = 958.23, p < 0.0001) and an interaction of sleep 
fragmentation and sex at week 5 (F = 57.53, p = 0.048). Stratifying the data by sex and week to evaluate the effect of 
sleep fragmentation showed that mice with sleep fragmentation had significantly less sleep across all groups (p < 0.01).

Conversely, in the dark phase (no sleep fragmentation), a main effect of sleep fragmentation (F = 1051.98, p < 
0.0001) and sex (F = 794.01, p = 0.0002) was seen at week 1. By week 5, a main effect of sex (F = 792.81, p = 0.001) but 
not sleep fragmentation was found. During the dark phase at week 1, both female and male mice slept more after sleep 
fragmentation (p < 0.001) (Figure 1B). The overall 24-hour sleep time showed a significant main effect of sleep 
fragmentation at week 5 (F = 10.81, p = 0.0028), with a significant interaction between sex and sleep fragmentation 
(F = 5.18, p = 0.0310), reflecting greater resilience to chronic sleep disruption in females compared to males. At both 
week 1 (F = 12.71, p = 0.0014) and week 5 (F = 11.80, p = 0.0019), there was a main effect of sex with male mice 
sleeping more than female mice.

To assess circadian rhythm integrity, we analyzed several key parameters of the daily activity pattern. Intradaily 
variability (IV), a direct measure of rhythm fragmentation, was significantly increased by the sleep fragmentation 
protocol in both sexes at week 1 (F = 13.29, p = 0.0011) and became even more pronounced by week 5 (F = 53.85, 
p < 0.0001), indicating progressive deterioration of rhythm consolidation (Figure 1C). This effect was observed in both 
females (week 1: p = 0.004; week 5: p = 0.002) and males (week 1: p = 0.03; week 5: p < 0.0001).

Mean 24-hour activity level (MESOR) showed significant main effects of both sex (week 1: F = 5.39, p = 0.0280; 
week 5: F = 9.20, p = 0.0053) and sleep fragmentation condition (week 5: F = 20.19, p = 0.0001), with a significant 
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Figure 1 Sleep fragmentation disrupts sleep-wake patterns and circadian rhythms in APPSAA mice. (A) Twenty-four-hour sleep profiles showing percentage of time spent asleep 
throughout the day (Zeitgeber time) in female (top) and male (bottom) mice at baseline, week 1 of fragmentation, week 4 rest period, and week 5 of fragmentation. Yellow lines represent 
undisturbed sleep (US) controls; purple lines represent sleep fragmentation (SF) groups. Shaded areas indicate the dark phase (active period). Data shown as mean with shaded regions 
representing SD. Vertical dotted lines indicate light-dark transitions. (B) Percentage of time spent asleep during the light phase (left), dark phase (middle), and total 24-hour period (right) 
at weeks 1 and 5. Sleep fragmentation significantly decreased sleep during the light phase while increasing sleep during the dark phase, particularly in females at week 1. (C) Intradaily 
variability (IV), a measure of rhythm fragmentation, showing significant increases with sleep fragmentation in both sexes at weeks 1 and 5. Higher values indicate more disrupted and 
fragmented daily rhythms, a characteristic associated with neurodegenerative conditions. (D) Mean 24-hour activity level (MESOR) showing increased overall activity with sleep 
fragmentation, with a significant sex-by-treatment interaction at week 5. (E) Amplitude of the activity rhythm (peak-to-trough difference) showing pronounced reduction with sleep 
fragmentation, indicating flattening of the circadian rhythm. The effect was more persistent in males at week 5. Data in (A) are presented as mean ± SD. Data in (B-E) are presented as 
mean ± SEM with individual data points (n = 8 per group). P-values from post-hoc analyses between US and SF conditions are indicated.
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interaction at week 5 (F = 4.74, p = 0.0383) (Figure 1D). Post-hoc analysis revealed that sleep fragmentation significantly 
increased overall activity levels in both females and males by week 5, with a more pronounced effect in males (p < 
0.001).

The amplitude of the daily activity rhythm, which reflects the robustness of circadian oscillation, was dramatically 
reduced by sleep fragmentation (Figure 1E). Significant main effects of sleep fragmentation on rhythm amplitude were 
observed at both week 1 (F = 167.47, p < 0.0001) and week 5 (F = 15.35, p = 0.0006), along with significant main effects 
of sex (week 1: F = 12.44, p = 0.0015; week 5: F = 20.80, p < 0.0001) and a significant interaction at week 1 (F = 7.92, 
p = 0.0090). Sleep fragmentation reduced rhythm amplitude in both females (week 1: p < 0.0001; week 5: p = 0.026) and 
males (week 1: p < 0.0001; week 5: p = 0.011).

Sleep Fragmentation Alters Aβ Levels and Plaque Characteristics in a Sex- and Brain 
Region-Dependent Manner
Sleep fragmentation exacerbated Aβ pathology in female APPSAA knock-in mice, revealing important sex differences 
in AD-related mechanisms. Unlike previous studies that used transgenic overexpression models, our examination of 
APPSAA mice, which express Aβ from the endogenous promoter at physiological levels, tests whether sleep fragmenta
tion affects Aβ dynamics.

We used ELISA to measure different fractions of Aβ in the brain (Figure 2A). In the PBS-soluble fraction, which 
represents primarily monomeric and small oligomeric Aβ species, sleep fragmentation significantly increased Aβ levels 
in the neocortex of female mice (p = 0.015), while no significant changes were observed in males or in the hippocampus 
of either sex (Figure 2A, left panel), and no main effect or interactions. The detergent-soluble fraction, which contains 
larger oligomeric Aβ aggregates, showed significant effects of sleep fragmentation in both sexes, but with divergent 
patterns. In the neocortex, sleep fragmentation increased Aβ levels in females (p = 0.05) but decreased them in males (p = 
0.017). In the hippocampus, a significant main effect of sleep fragmentation was observed for detergent-soluble Aβ (F = 
14.67, p = 0.0007), with post-hoc analyses showing consistent decreases in this Aβ fraction in both females (p = 0.01) 
and males (p = 0.057) (Figure 2A). For the formic acid-soluble fraction, which contains highly insoluble fibrillar Aβ 
typically aggregated in plaques, a significant sex-by-sleep fragmentation interaction was found in the neocortex (F = 
6.33, p = 0.0181). Sleep fragmentation significantly increased Aβ levels in the neocortex of female mice (p = 0.001) but 
had no significant effect in the male neocortex or in the hippocampus of either sex (Figure 2A).

Immunohistochemical analysis of Aβ plaques using the 6E10 antibody revealed morphological differences in plaque 
characteristics between experimental groups (Figure 2B). While total Aβ plaque burden (% area) showed no significant 
main effects of sleep fragmentation in either brain region, a significant main effect of sex was detected in the 
hippocampus (F = 5.59, p = 0.0255), with females exhibiting higher plaque burden than males (Figure 2C). A trend 
for a sleep fragmentation effect on plaque burden was also seen in the hippocampus (F = 3.701, p = 0.065).

Further analysis of plaque characteristics by size revealed differences in specific plaque populations. For medium- 
sized plaques (100–399 μm²), sleep fragmentation significantly increased plaque density in the hippocampus of female 
mice (p = 0.034), while no significant changes were observed in other size categories (Figure 2D). Sex was associated 
with differences in plaque counts in multiple size categories, including small plaques in both cortex (F = 6.01, p = 
0.0210) and hippocampus (F = 4.88, p = 0.0358), and medium plaques in both cortex (F = 4.82, p = 0.0369) and 
hippocampus (F = 10.44, p = 0.0032). These findings suggest that sleep fragmentation differentially affects Aβ 
processing and aggregation in male and female APPSAA mice, with female mice showing increased soluble and insoluble 
Aβ in the neocortex, while both sexes showed decreased oligomeric Aβ in the hippocampus following sleep 
fragmentation.

Sleep Fragmentation Increases Neuroinflammatory Cytokines and Chemokines in 
APPSAA Mice
MSD multiplex analysis of brain cytokines and chemokines showed a pattern of greater neuroinflammatory responses to sleep 
fragmentation than undisturbed sleep in APPSAA mice, along with sex and regional differences (Figure 3A). In the neocortex, 
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analysis revealed sleep fragmentation-induced increases in IL-1β (F = 5.17, p = 0.0312), CCL2 (F = 11.04, p = 0.0026), CXCL2 
(F = 11.53, p = 0.0021), CXCL1 (F = 4.58, p = 0.0414), and CXCL10 (F = 4.41, p = 0.0451). A significant sex-by-sleep 
fragmentation interaction was also detected for CXCL2 in the neocortex (F = 5.05, p = 0.0330). In the neocortex, significant main 
effects of sex were observed for TNF-α (F = 9.39, p = 0.0049), CCL2 (F = 8.47, p = 0.0072), and CXCL10 (F = 6.80, p = 0.0147). 
In the hippocampus, fewer markers were significantly altered, with only CXCL2 showing a significant main effect of sleep 

Figure 2 Sleep fragmentation alters Aβ levels and plaque characteristics in APPSAA mice. (A) ELISA measurements of Aβ in PBS-soluble (left), detergent-soluble (middle), 
and formic acid-soluble (right) fractions from neocortex and hippocampus. Sleep fragmentation increased PBS-soluble and formic acid-soluble Aβ in female neocortex while 
decreasing detergent-soluble Aβ in the hippocampus of both sexes. (B) Representative images of 6E10 immunostaining showing Aβ plaques in male and female APPSAA mice 
with undisturbed sleep (US) or sleep fragmentation (SF). Scale bars: 25 μm. (C) Quantification of total Aβ plaque burden (% area) measured by digital pathology using the 
HALO area fraction algorithm. (D) Plaque density (number/mm²) by size category: small (10–99 μm²), medium (100–399 μm²), and large (≥400 μm²) plaques, quantified using 
the HALO object colocalization algorithm with size exclusions. Sleep fragmentation significantly increased medium-sized plaque density in female hippocampus. Data 
presented as mean ± SEM with individual data points (n = 8 per group).
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condition (fragmentation-induced increase, F = 8.98, p = 0.0058). Of all the cytokines measured, only IL-33 was decreased by 
sleep fragmentation in the hippocampus (F = 5.85, p = 0.0226), with this effect being more pronounced in male mice.

To assess the overall inflammatory burden, we calculated a cumulative z-score across all measured cytokines and 
chemokines. Two-way ANOVA revealed robust effects of both sleep fragmentation (F = 16.96, p = 0.0003) and sex (F = 
9.28, p = 0.0051) on the cumulative inflammatory score in the neocortex, without a significant interaction between these 
factors (F = 1.94, p = 0.1749). In contrast, the hippocampus showed no significant main effects of either sleep 
fragmentation (F = 0.69, p = 0.4149) or sex (F = 2.18, p = 0.1515) on the cumulative score. Post-hoc analysis 
demonstrated that sleep fragmentation significantly increased the inflammatory index in both female (p = 0.009) and 
male mice (p = 0.019) in the neocortex (Figure 3B).

To further evaluate the changes in neuroinflammation, we focused on three of the cytokines and chemokines altered 
by sleep fragmentation. IL-1β showed a substantial increase in the neocortex of male mice (49.4% increase, Cohen’s d = 
1.21) but only modest changes in females (12.7% increase, Cohen’s d = 0.45) (Figure 3C). CCL2 demonstrated 
pronounced increases in both female (30.0% increase, Cohen’s d = 1.02) and male (53.6% increase, Cohen’s d = 1.58) 
neocortex (Figure 3D). CXCL2 levels were consistently elevated across both sexes and brain regions following sleep 
fragmentation, with particularly strong and statistically significant effects in the hippocampus of male mice (42.1% 
increase, Cohen’s d = 1.63) (Figure 3E).

Figure 3 Sleep fragmentation increases neuroinflammatory cytokines and chemokines in APPSAA mice. (A) Heatmap displaying z-score normalized levels of cytokines and 
chemokines in the neocortex and hippocampus of female and male APPSAA mice with undisturbed sleep (US) or sleep fragmentation (SF). Yellow-Orange indicates higher 
expression while purple-black indicates lower expression relative to the mean across all groups. Bold and asterisk in the cytokine name indicate the main effect of sleep 
fragmentation (*p<0.05, **p<0.01). In the heatmap boxes, asterisks indicate significant differences (p < 0.05) between US and SF conditions within each sex and brain region. 
(B) Cumulative inflammatory z-score representing the overall cytokine/chemokine burden in neocortex and hippocampus. Sleep fragmentation significantly increased the 
inflammatory index in both female and male neocortex. (C–E) Absolute concentrations (pg/mg total protein) of representative inflammatory mediators: IL-1β (C), CCL2 
(D), and CXCL2 (E). Data presented as mean ± SEM with individual data points (n = 8 per group).
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Sleep Fragmentation Increases Astrocyte Reactivity
Immunohistochemical analysis of GFAP expression revealed significant effects of both sex and sleep condition on astrocyte 
reactivity in APPSAA knock-in mice (Figure 4). In general, higher levels of GFAP expression were associated with the sleep 
fragmentation condition and female sex, in both neuroanatomical regions examined. Concerning the neocortex, two-way 
ANOVA indicated significant main effects of sex (F = 77.45, p < 0.0001) and sleep fragmentation (F = 32.54, p < 0.0001) as 
well as a significant interaction between sex and sleep fragmentation on GFAP-positive area (F = 4.87, p = 0.0361). Thus, 
female sex appeared to exacerbate the stimulatory effect of sleep fragmentation on astrocyte reactivity in the neocortex.

In the hippocampus, two-way ANOVA similarly revealed significant main effects of sex (F = 54.77, p < 0.0001) and 
sleep fragmentation (F = 29.68, p < 0.0001) on GFAP-positive area. However, no significant interaction between sex and 
sleep fragmentation was detected in this region (F = 0.39, p = 0.5372).

Post-hoc analyses examining the effect of sleep fragmentation within each sex showed that sleep fragmentation 
significantly increased GFAP-positive area in both males and females across both brain regions examined. In the 
neocortex, sleep-fragmented female mice showed a significant increase in GFAP immunoreactivity compared to 
undisturbed sex-matched controls (F = 20.04, p = 0.0006, Cohen’s d = 2.47, 52.2% increase), as did sleep-fragmented 
males (F = 9.24, p = 0.0095, Cohen’s d = 1.97, 36.2% increase). In the hippocampus, sleep fragmentation similarly 
increased GFAP immunoreactivity in both females (F = 14.15, p = 0.0024, Cohen’s d = 2.13, 28.1% increase) and males 
(F = 14.65, p = 0.0021, Cohen’s d = 1.44, 20.9% increase).

Sleep Fragmentation Decreases Markers of Reactive Microglia/Macrophages in Male Mice
APPSAA mice displayed robust microglial and macrophage signatures that were selectively affected by sleep fragmenta
tion (Figure 5A–D). IBA1-positive microglia were abundant throughout the neocortex and hippocampus, with intensified 
labeling surrounding amyloid plaques. These plaque-associated microglia displayed reactive morphology characterized 
by enlarged cell bodies and thickened processes, with similar patterns observed in both sexes. Despite this robust 

Figure 4 Sleep fragmentation increases astrocyte reactivity in both male and female APPSAA mice. (A) Representative images of GFAP immunostaining showing distribution 
across brain sections, with higher magnification images of the neocortex and hippocampus from male and female APPSAA knock-in mice with undisturbed sleep (US) or sleep 
fragmentation (SF). Scale bars: 500 μm (top row), 50 μm (middle and bottom rows). (B) Example of HALO digital pathology quantification showing area fraction markup of 
GFAP-positive staining (yellow). Scale bars: 10 μm. (C) Quantification of GFAP-positive area (%) in the neocortex and hippocampus of female and male APPSAA mice with US 
or SF (n = 8 per group). Quantification was performed at 300 μm intervals throughout each brain region using HALO digital pathology software. Data are presented as mean 
± SEM with individual data points shown. Sleep fragmentation increased GFAP immunoreactivity in the neocortex of females (52.2% increase, Cohen’s d = 2.47) and males 
(36.2% increase, Cohen’s d = 1.97), and in the hippocampus of females (28.1% increase, Cohen’s d = 2.13) and males (20.9% increase, Cohen’s d = 1.44). P-values from 
planned post-hoc analyses between US and SF conditions are indicated.
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Figure 5 Sleep fragmentation selectively reduces MHCII and Dectin-1 expression in male APPSAA mice. (A) Representative low-magnification images show the pattern of 
IBA1, CD45, MHCII, and Dectin-1 staining across the neocortex, hippocampus, and deeper structures such as the thalamus, with the most robust staining observed in the 
neocortex and hippocampus. (B) Widefield epifluorescence images show that MHCII colocalizes with IBA1+ microglia but not GFAP+ astrocytes. (C) Dectin-1 also 
colocalizes with IBA1+ microglia but not GFAP+ astrocytes. (D) Representative images illustrate distinct microglial/macrophage phenotypes in APPSAA mice by treatment 
group. IBA1 reveals plaque-associated microglia with hypertrophic morphology; CD45 identifies potential infiltrating leukocytes, particularly in the female hippocampus; 
MHCII labels antigen-presenting cells, predominantly in the male hippocampus under undisturbed sleep; and Dectin-1 marks phagocytic cells associated with damage- 
responsive states. Arrow highlights a Dectin-1+ cell that appears to be engulfing another cell. Halo digital pathological quantification of IBA1 (E), CD45 (F), MHCII (G), and 
Dectin-1 (H) in neocortex and hippocampus. Scale bars: A = 500 μm; B–D = 25 μm.

Journal of Inflammation Research 2025:18                                                                                          https://doi.org/10.2147/JIR.S544625                                                                                                                                                                                                                                                                                                                                                                                                 14335

Hawkins et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



microglial presence, quantitative analysis revealed no significant effects of sleep fragmentation on IBA1-positive area in 
either the neocortex (F = 0.19, p = 0.6651) or hippocampus (F = 1.05, p = 0.3145), and no significant sex-by-sleep 
condition interactions were detected (Figure 5E).

CD45 immunoreactivity displayed a unique pattern of staining, particularly in female mice, where small round CD45- 
positive cells were observed in the hippocampus that were not detected with other microglial markers. These cells were 
morphologically distinct from typical microglia and appeared to be absent or less abundant in male mice. Given that 
CD45 is a leukocyte common antigen, these cells may represent infiltrating lymphocytes present in the APPSAA mice, 
which were present regardless of sleep condition. For CD45, quantitative analysis showed a significant main effect of sex 
in the neocortex (F = 7.37, p = 0.0114, Cohen’s d = 0.97), with females exhibiting higher CD45 immunoreactivity than 
males. However, sleep fragmentation did not significantly affect CD45-positive area in either brain region, and no 
significant sex-by-sleep fragmentation interactions were observed (Figure 5F).

MHCII immunostaining, indicative of antigen-presenting capacity, labeled large bushy cells with a distinctive 
morphology. In the hippocampus of male APPSAA mice with undisturbed sleep, there was notably intense MHCII 
staining compared to other groups, suggesting enhanced microglial priming in these animals. These MHCII-positive cells 
appeared to be concentrated in specific hippocampal subregions, particularly in the CA1 region (Figure 5A and D), rather 
than being uniformly distributed. Interestingly, in the hippocampus of male mice, sleep fragmentation significantly 
decreased MHCII immunoreactivity (p = 0.015, Cohen’s d = 0.74), with mean values decreasing from 0.84% in 
undisturbed sleep to 0.25% with sleep fragmentation (70.2% decrease). This effect was specific to males, as female 
mice showed minimal MHCII expression regardless of sleep condition (Figure 5G).

Dectin-1 is a C-type lectin receptor on myeloid cells, linked to phagocytosis and pro-inflammatory cytokine 
production, and is also a damage-associated (DAM) microglia gene (Clec7A).24,25 Dectin-1 positive cells were less 
abundant compared to the other markers but displayed a distinctive morphology (Figure 5A and D). Some Dectin-1 
positive cells appeared to be in the process of engulfing other cells, consistent with the role of this receptor in 
phagocytosis. The distribution of these cells was patchy rather than uniform throughout the tissue. Similarly to 
MHCII, sleep fragmentation significantly reduced hippocampal Dectin-1 immunoreactivity in male mice (p = 0.018, 
Cohen’s d = 0.67), with mean values decreasing from 0.55% to 0.25% (54.5% decrease). For Dectin-1 in the neocortex, 
two-way ANOVA revealed a significant main effect of sleep fragmentation (F = 4.99, p = 0.0339, Cohen’s d = 0.51), with 
sleep fragmentation generally reducing Dectin-1 immunoreactivity. Additionally, a significant sex-by-sleep fragmentation 
interaction was observed for hippocampal Dectin-1 (F = 6.60, p = 0.0160, Cohen’s d = 0.73), indicating that the effect of 
sleep fragmentation on this marker differed between males and females (Figure 5H). Collectively, these results 
demonstrate that sleep fragmentation selectively reduces markers associated with microglial activation and phagocytosis 
in male APPSAA mice, with minimal effects on overall microglial presence.

Discussion
Here, we show that chronic sleep fragmentation alters neuroinflammation and Aβ pathology in a sex-specific manner in 
APPSAA knock-in mice. Our protocol successfully disrupted the normal daily sleep pattern, reducing sleep during the 
light (rest) phase and increasing it during the dark (active) phase. Circadian rhythm disturbances, including increased 
intradaily variability and reduced rhythm amplitude, accompanied the sleep fragmentation protocol. Increased intradaily 
variability and decreased amplitude have both been identified as risk factors for AD.26 These changes in the daily sleep- 
wake rhythm were associated with different effects on AD-related pathology in males and females. In females, sleep 
fragmentation increased PBS-soluble and formic acid–soluble Aβ in the neocortex, while in males, sleep fragmentation 
decreased detergent-soluble Aβ levels, suggesting sex-dependent differences in Aβ processing and/or aggregation. After 
sleep fragmentation, pro-inflammatory cytokines and chemokines (IL-1β, CCL2, and CXCL2) were elevated in the 
neocortex of both sexes, but hippocampal cytokine levels increased only in males. Unexpectedly, markers of microglial 
activation (MHCII and Dectin-1) were reduced in males, indicating a distinct microglial response to sleep fragmentation. 
GFAP immunoreactivity was elevated in both sexes following sleep fragmentation, with females showing consistently 
higher astrocyte reactivity across conditions. Together, these results highlight sex differences in the brain’s response to 
sleep fragmentation and point to possible mechanisms by which sleep fragmentation could influence AD progression.
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Sleep fragmentation is a common feature of human life, often driven by environmental factors such as caregiving 
responsibilities, shift work, or noise.27 In our mouse model, by 5 weeks of daily sleep fragmentation, female mice 
preserved total daily sleep time by increasing sleep immediately after the intervals of enforced wakefulness and during 
the active phase. Males, by contrast, failed to fully compensate, resulting in reduced total sleep and increased activity, 
which are features suggestive of elevated arousal or inadequate sleep pressure.28–30 Sex differences in response to sleep 
fragmentation may be biologically significant, as persistent arousal has been linked to immune dysregulation and 
metabolic stress in both animal and human studies.31–33 Our data also suggest that the circadian rhythm disruption 
induced by sleep fragmentation, particularly in female mice, may influence AD-related pathology independent of total 
sleep loss. This is consistent with an earlier finding in elderly humans that fragmentation of the daily rest-activity rhythm 
was associated with increased incidence of AD, even when the total daily rest time was accounted for.34 Although the 
relationship between circadian disruption and AD in humans is likely bidirectional,2,9,10 our results support a model in 
which environmental perturbations to circadian rhythms can contribute to AD-related pathology. While this connection 
remains correlative, the parallels to human studies underscore the importance of considering rhythm integrity, not just 
sleep quantity, as a potentially modifiable factor in disease progression. Interestingly, although males showed less 
behavioral compensation for sleep disruption, they exhibited reduced levels of oligomeric Aβ, in contrast to the increased 
Aβ accumulation observed in females. This paradox highlights complex, sex-specific relationships between sleep, 
circadian function, and Aβ metabolism that are not easily explained by sleep duration alone.

Our current findings in the APPSAA mice of both sexes expand upon our previous studies in the 3x-Tg AD female and 
revealed some differences. In the 3x-Tg AD female, sleep fragmentation selectively elevated Aβ levels and neuroin
flammatory markers in the detergent-soluble fraction of the hippocampus without significant effects in the neocortex. 
Overexpression of APP and other genotype differences may modulate the effects of sleep fragmentation on neuropatho
logical changes, as we have also observed with studies of other AD mouse strains.6

The contrasting effects of sleep fragmentation on Aβ pathology in males and females may reflect intrinsic variations 
in how male and female brains respond to sleep disruption at a molecular level, potentially involving sex-dependent 
alterations in glymphatic clearance, Aβ production, or aggregation dynamics. In female APPSAA mice, sleep fragmenta
tion consistently increased Aβ burden, evident across both soluble and insoluble fractions and confirmed by histological 
evidence for a trend of greater plaque density. This suggests that sleep disruption promotes both enhanced Aβ production 
and aggregation in females. In contrast, males exhibited a selective decrease in detergent-soluble Aβ, typically enriched 
for oligomeric species, which are thought to be particularly neurotoxic in AD.35–37 This reduction occurred without 
changes in other Aβ pools or plaque burden, raising the possibility that males activate distinct compensatory mechanisms 
in response to sleep disruption. One potential explanation for this difference lies in the baseline microglial state, as males 
under control conditions showed higher expression of MHCII and Dectin-1 (markers linked to antigen presentation and 
phagocytosis24,38) suggesting a more activated immune profile that could enhance Aβ clearance.39 Although sleep 
fragmentation reduced these markers in males, their overall clearance capacity may still exceed that of females, who 
showed lower baseline expression. Astrocyte reactivity may also contribute to these differences, with females exhibiting 
higher GFAP immunoreactivity, which was further elevated by sleep fragmentation. Increased astrocytic reactivity has 
been associated with mislocalization of aquaporin-4, a key component of the glymphatic system, potentially impairing 
waste clearance during sleep, further reducing glymphatic efficiency associated with sleep fragmentation in females, 
compounding their susceptibility to Aβ accumulation.40–43 Yet, hormonal influences may also play a role, as estrogen 
modulates Aβ metabolism and inflammatory responses.44–46 These sex-specific responses highlight that sleep and Aβ 
pathology are linked through multiple overlapping factors, including immune activity, waste clearance, and hormones, 
which warrant further research.

While our study offers new insight into how sleep fragmentation differentially affects AD-related pathology in 
male and female APPSAA mice, there are several limitations. First, the cross-sectional design restricted our ability to 
assess the temporal progression of pathology or identify early markers of vulnerability. We focused on a single mid-life 
time point (8 months), but the effects of sleep fragmentation may differ across the lifespan, particularly in relation to 
hormonal transitions and age-related changes in clearance mechanisms. We also did not directly measure glymphatic 
function (eg, via in vivo imaging) or track real-time Aβ dynamics (eg, via microdialysis), which limited our 

Journal of Inflammation Research 2025:18                                                                                          https://doi.org/10.2147/JIR.S544625                                                                                                                                                                                                                                                                                                                                                                                                 14337

Hawkins et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



mechanistic insight. While we observed sex differences in neuroinflammatory markers, our study was not designed to 
test whether these immune changes causally drive Aβ accumulation. Lastly, we did not assess functional outcomes 
such as behavior, synaptic integrity, or persistent circadian disruption following the cessation of sleep fragmentation.

Our findings highlight several important directions for future research. First, longitudinal investigations tracking sleep 
architecture, neuroinflammation, and Aβ pathology could identify critical sequences and early vulnerability indicators. 
Second, mechanistic studies should incorporate direct assessments of glymphatic clearance to evaluate whether impaired 
waste removal contributes to sex-dependent Aβ accumulation, and if targeting astrocytic reactivity may reveal whether 
elevated GFAP expression impairs glymphatic function or serves a compensatory role. Third, targeted interventions that 
modulate microglial activation or cytokine signaling could help determine whether neuroinflammation contributes to 
pathological or functional outcomes. Finally, it will be critical to test whether interventions that improve sleep quality or 
stabilize circadian rhythms can mitigate Aβ pathology, particularly in females. These could include pharmacological 
agents that enhance slow-wave sleep, chronotherapeutic approaches to strengthen circadian timing, or environmental 
modifications such as thermoregulation and reducing nighttime light exposure. Such strategies, if effective, may offer 
low-cost, non-invasive options to reduce the impact of sleep and circadian disruption on AD risk.

Conclusion
In sum, our findings demonstrate that chronic sleep fragmentation induces sex-specific changes in Aβ pathology, 
neuroinflammation, and circadian rhythm disruption in an AD-relevant mouse model. These results highlight the 
importance of considering both biological sex and circadian integrity when evaluating the impact of environmental 
sleep disturbances on neurodegenerative disease processes. While additional work is needed to clarify underlying 
mechanisms and long-term outcomes, this study provides a foundation for future investigations into how modifiable 
sleep and circadian factors may influence AD vulnerability and progression.
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