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Abstract
Chronic short sleep (CSS) is prevalent in modern societies and has been proposed as a risk factor for Alzheimer’s disease 
(AD). In support, short-term sleep loss acutely increases levels of amyloid β (Aβ) and tau in wild type (WT) mice and 
humans, and sleep disturbances predict cognitive decline in older adults. We have shown that CSS induces injury to 
and loss of locus coeruleus neurons (LCn), neurons with heightened susceptibility in AD. Yet whether CSS during young 
adulthood drives lasting Aβ and/or tau changes and/or neural injury later in life in the absence of genetic risk for AD has 
not been established. Here, we examined the impact of CSS exposure in young adult WT mice on late-in-life Aβ and tau 
changes and neural responses in two AD-vulnerable neuronal groups, LCn and hippocampal CA1 neurons. Twelve months 
following CSS exposure, CSS-exposed mice evidenced reductions in CA1 neuron counts and volume, spatial memory 
deficits, CA1 glial activation, and loss of LCn. Aβ 42 and hyperphosphorylated tau were increased in the CA1; however, 
amyloid plaques and tau tangles were not observed. Collectively the findings demonstrate that CSS exposure in the young 
adult mouse imparts late-in-life neurodegeneration and persistent derangements in amyloid and tau homeostasis. These 
findings occur in the absence of a genetic predisposition to neurodegeneration and demonstrate for the first time that CSS 
can induce lasting, significant neural injury consistent with some, but not all, features of late-onset AD.
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dysfunction

Statement of Significance
Chronic curtailment of sleep is common in modern society, yet the long-term consequences on brain health are unknown. 
Our results demonstrate that chronic short sleep in the young adult mouse imparts irreversible degenerative changes 
in at least two brain regions susceptible to Alzheimer’s disease, the locus coeruleus and hippocampus, present a year 
after sleep loss exposure. Moreover, a genetic predisposition is not necessary for chronic short sleep to induce significant 
lasting injury.
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Introduction

There are approximately 50 million individuals worldwide with 
dementia, most of whom have Alzheimer’s disease (AD) [1], and 
as the population ages, the number of individuals with AD is 
expected to increase significantly [2]. Unfortunately, interven-
tions to effectively treat or prevent AD remain elusive [3]. Several 
clinical studies indirectly support the possibility that insuffi-
cient sleep may negatively influence AD. Specifically, poor sleep 
quality and short sleep duration are associated with amyloid-β 
(Aβ) plaque burden and cognitive impairment [4–6], while sleep 
disruption predicts a more rapid cognitive decline and incident 
dementia [7]. Chronic short sleep (CSS), defined as ≤6 h sleep/
night, is present in approximately 10% of American adults and 
is also observed commonly in many other developed countries 
[8, 9]. Critically, the number of working adults regularly experi-
encing CSS has increased over the last few decades [10]. Thus, 
determining whether CSS can impart lasting significant neural 
injury or hasten the development of any features of AD is of 
heightened importance.

AD is defined pathologically by the presence of extra-
cellular amyloid plaques, intraneuronal aggregates of 
hyperphosphorylated tau protein and significant brain atrophy. 
Although specific mechanisms by which the pathologies occur 
are not known, a largely accepted hypothesis is the amyloid 
cascade hypothesis, which posits that increases in Aβ set off a 
chain of events including glial inflammation, tau modifications 
and degeneration [11–13]. A substantive body of research impli-
cates soluble Aβ and tau oligomers in AD neural injury, more 
so than the diagnostic pathological aggregates [14–19]. There is 
also evidence that soluble Aβ and tau may act additively and/or 
synergistically in synaptic dysfunction, cognitive impairments 
and neuron loss [19–21]. Intriguingly, sleep deprivation in both 
humans and mice has been shown to acutely increase levels 
of Aβ and tau in the hippocampal extracellular space in mice 
and cerebrospinal fluid in humans [22–24]. Wake elevations in 
Aβ and tau both appear to occur in part due to increased neur-
onal activation in wakefulness [24–26]; although slowing of 
clearance across the interstitial space in wakefulness may also 
contribute [27]. Recently an Aβ feed-forward cycle has been de-
scribed in the hippocampus (an AD-vulnerable brain region), 
where increased Aβ increases neuronal activation, which in turn 
increases Aβ production [28, 29]. Notably, earlier studies in WT 
rats showed that total sleep deprivation across several weeks 
resulted in systemic injury and ultimately death, yet minimal 
effects were evident in the brain immediately following sleep 
deprivation [30]. We, therefore, hypothesized that CSS exposure 
in the young adult mouse might initiate a slow, but progressive, 
Aβ and tau dyshomeostasis, manifesting as insidious neural in-
jury in AD-susceptible brain regions late-in-life.

Methods

CSS protocols

Studies were performed at the University of Pennsylvania 
in accordance with the National Institutes of Health Office 
of Laboratory Animal Welfare Policy and the University of 
Pennsylvania’s Institutional Animal Care and Use Committee. 
Male and female C57BL/6J (Jackson Laboratory) mice were 
studied with equal numbers of each sex used in all experiments. 

Mice were 8−9 weeks at the start of CSS or rest control condi-
tions. Figure 1, A summarizes the complete study protocol. CSS 
was performed by placing mice and their littermates in novel 
enriched environments (as shown in Figure 1, B), where climbing 
toys were exchanged whenever a mouse in the paradigm became 
quiescent [31, 32]. Across the CSS exposures, mice were continu-
ously visualized by one or two researchers, each watching mice 
directly for 1–2 h shifts to ensure eight continuous hours of ac-
tive wakefulness in each CSS mouse. This CSS paradigm does 
not elevate blood corticosterone levels [33]. CSS exposures (five 
females and five males) occurred on 3 consecutive days of each 
week for the first 8 h of the lights-on period, when mice typically 
sleep. Using this same paradigm, we have previously reported 
the long-term effects on sleep after CSS to include a small in-
crease in wake time during the lights-on period and a blunted 
diurnal ratio for wake activity [34]. Rested controls (five females 
and five males) were exposed to the same environment for 1 h/
day for 3 days/week for 12 weeks. CSS and rested control condi-
tions were administered for 12 weeks within a 16 week period 
(weeks 1–8 and weeks 12–16) with mice returned to their home 
cages after each sleep loss exposure and at the end of the 12th 
week of CSS or rest conditions for 12 uninterrupted months to 
be examined at 18 months of age (CSS12wk + Rec12mo). Throughout 
the study, including CSS exposures, mice were maintained on 
the same 12 h:12 h light:dark schedule, same ambient lighting 
and temperature, and fed ad libitum standard rodent chow 
and water.

Histology, microscopy and stereology

At 18  months of age, 12  months after the last CSS exposure, 
mice were anesthetized with sodium pentobarbital and 
transcardially perfused with 4% paraformaldehyde. Extracted 
brains were cryopreserved, coronally sectioned at 60  µm, and 
collected in sequential 1:6 series in 24-well plates [35]. For 
immunohistology, selected sections were blocked in Triton−
PBS−1% BSA ± mouse IgG, followed by incubation with pri-
mary antibodies diluted in blocking buffer for 1–3 days at 4°C. 
Primary antibodies used were: Aβ42, AB5078P Millipore; Aβ42 
(12F4), 805501 BioLegend; AT8 tau, (P-Ser202/Thr205), MN1040 
Thermo Fisher; CD68, Ab125212 Abcam; GFAP, 13–0300 Thermo 
Fisher; Iba-1, Ab107159 Abcam; Norepinephrine transporter 
(NET), 1447-NET Phosphosolutions; P231tau, phospho-T231 tau, 
Ab151559 Abcam; and Tyrosine hydroxylase (TH) LS-C124752 
LSB. Both Aβ 42 antibodies target the carboxy-terminus of Aβ 42, 
and thus do not detect full-length amyloid precursor protein. 
Sections from APP− /− (B6.129S7 APPtm1dbo/J and Tau− /− (B6.129X1 
mapttm1Hnd/J) mice were used (both from Jackson Laboratory) to 
confirm Aβ and tau antibody specificity. A  mouse strain with 
robust amyloid plaques (B6SJL-Tg(APPSwFlLon,PSEN1*M146L*L
286V)6799Vas/Mmjax, Jackson Laboratory) was used as a posi-
tive control for Thioflavin labeling as below. No primary anti-
body controls were used to normalize for non-specific labeling 
and autofluorescence. For light microscopy immunohistology, 
secondary antibodies were labeled with Vector blue alkaline 
phosphatase. For confocal microscopy, secondary antibodies for 
immunofluorescence were conjugated with Alexa Fluor probes: 
488, 555, 594 and 647(Invitrogen). Imaging was performed with 
Leica DM5500B (light microscopy) and DM4B (stereology) and 
Leica SP5/AOBS (confocal). Confocal laser intensities, nm range, 
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detector gain, exposure time, amplifier offset, and depth of the 
focal plane within sections per antigen target were standard-
ized across compared sections [35]. Thioflavin-T (T3516, Sigma-
Aldrich) was used according to the manufacturer’s protocol to 
detect amyloid plaques and fibrils in two dry-mounted sections/
mouse of hippocampus and rostral cortex (Bregma AP −2.30 mm 
and 1.34  mm, respectively). Image analysis was performed 
using ImageJ software on converted 8-bit grayscale inverted im-
ages, with a detection threshold standardized across all images 
to detect percent areas and synaptic protein densitometry.

Microglial dystrophy in the hippocampus has been defined in 
AD by the presence of fragmented, de-ramified, beaded and/or 
spheroidal microglial processes [36]. These characteristics were 
used to define the percentage of microglial cells in CA1 and CA3 
with any dystrophic features within the bilateral CA1 and CA3 
regions of two mid-HC section/mouse (Bregma AP −1.8–2.0 mm). 
Counts were obtained from confocal microscopy images ac-
quired across 4 µm, using 40× oil magnification to obtain six im-
ages per mouse.

Total LCn count estimation of TH antibody labeled neurons 
with Giemsa stained nuclei was performed using optical 
fractionator stereology [37] modified for the LC using a 1:2 
series of sections (three of six LC wells, covering Bregma AP 
−5.02  mm to −5.80  mm) twelve months following CSS or Rest 
exposures (n = 4−7 mice/group), using our previously described 
protocol [33]. Stereology was performed using a Leica DM4B 
microscope equipped with a Stereo Investigator workstation 

(MicroBrightField, v.11.09) [37]. The 100× oil objective was used 
to count cells, within the probe boundaries, with nuclear chro-
matin in TH-labeled cytoplasmic cell bodies with diameters 
>15 µm. A sampling scheme with a 0.25 area sampling fraction 
and 0.80 thickness sampling fraction was used. This strategy 
provided >200 counts/mouse across 8–9 sections and Gundersen 
coefficients of error <0.10 for every animal. Scorers were blinded 
to age and sleep conditions.

CA1 neuron count estimates were performed with optical 
fractionator stereology counts of Cresyl violet labeled nucleoli 
in pyramidal neurons (with no additional staining) [37], using 
a 1:3 series of sections (using two wells of hippocampal level 
sections, covering Bregma AP −0.82 to −4.04 mm), incorporating 
an area sampling fraction of 0.004 (9.5  × 9.5  µm counting 
frame = 90.25 µm2 aframe, 150 × 150 µm distance between counting 
frames = 22,500 µm2 astep, aframe /astep = 0.004 area sampling frac-
tion) and a thickness sampling fraction of 0.79 (dissector height 
15 µm × average mounted section thickness 19.1 µm). This sam-
pling strategy in CA1 also provided in >200 counts/mouse and 
Gundersen coefficients of error <0.10.

Hippocampal (HC) (CA1, CA2, CA3, and dentate gyrus, DG) 
and lateral ventricular volumes were measured in CSS12wk + 
Rec12mo mice and rested controls using the Cresyl violet stained 
sections used for stereology. We implemented a Cavalieri esti-
mator approach using the same 1:3 HC series of coronal 60 µm 
sections through the hippocampus (Bregma −0.82 to −4.04). 
Using the Stereo Investigator workstation, regions of interest 

Figure 1.  Study design overview and experimental setting. (A) The Chronic short sleep (CSS) experimental paradigm week for sleep loss (upper) and rested control 

(lower). All mice are maintained throughout the study on the same 12 h:12 h light−dark schedule (white, black bars). Mice were randomized to 8 h of sleep loss (CSS, 

light blue bars) or 1 h in the same environment (rested controls, red bars) at the beginning of the lights-on period for 3 consecutive days each week. At the completion 

of exposures and on non-exposure days mice were returned to the animal colony. This pattern was performed for 8 consecutive weeks. Mice were then given a 4-week 

long break during which spatial memory testing was performed, followed by 4 consecutive weeks of CSS or rested conditions. All mice were returned to the animal 

colonies for 12 months prior to repeated memory testing and perfusions for histology. (B) Overhead image of one of the enriched environments for the study with three 

climbable objects. Additional object were substituted in when any mouse was observed to be still.
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were outlined as previously described [38]; areas were meas-
ured, volumized for section original thickness, and corrected 
for the 1:3 sampling. Lateral ventricle volumes were measured 
across the same set of sections selected for HC volumes.

Object-place memory recognition test

Rest and CSS mice were assessed at 4  months of age (after 8 
weeks CSS and 3 days recovery) and again at 18 months (after 
12 weeks CSS and 12  months recovery) for a hippocampal-
dependent learning/memory task (spatial object recognition). 
The spatial recognition protocol was adapted from a detailed 
published protocol [39]. We performed the test in red light at the 
beginning of the lights-on period. Mice were handled and ha-
bituated to handlers and the experimental environment (60 cm 
× 50 cm × 30 cm) without objects, 10 min for three consecutive 
mornings. One day prior to testing tails were marked to distin-
guish each mouse within a single cage. On the test day, mice 
were video recorded as they received a 10 min training session, 
followed by a test session 90 min later in which one of the two 
objects was moved. Between training and testing sessions mice 
were left unperturbed in their home cages. Scorers reviewing 
videos were blinded to the conditions of mice. Place preference 
for each of the two objects was determined as the percentage 
time (3 min) spent in the observation field attending to the ob-
ject to be moved, relative to both objects (trial), and percentage 
of time with the moved object, relative to time spent with both 
objects (test).

Statistical analysis

All statistical analyses were performed using GraphPad stat-
istical software (Prism, version 6.0). To compare distinct CSS 
and rested responses in WT mice, for normally-distributed 
data (Shapiro–Wilk normality test confirmed) unpaired t-tests 
were used. For non-normal data sets, the Mann–Whitney U 
test was performed. When multiple brain regions were ana-
lyzed, one-way ANOVA was used, implementing Sidak’s post 
hoc analysis to control for multiple comparisons. Within-
animal Pearson’s linear correlations were performed for CA1 
versus LCn counts within animals and CA1 cell counts and 
CA1 volumes. Within animal memory testing was performed 
using repeated-measures two-way ANOVA with Sidak’s post-
hoc (t) analyses. To analyze the effects of brain region (CA1, 
CA3) and sleep condition (rest, CSS), two-way ANOVA was 
used with Tukey’s pre-specified multi-comparison post hoc (q) 
test. The cutoff for significant statistical power for all analyses 
was a corrected p < 0.05.

Results

HC and LCn degeneration are evident 1 year after 
early adulthood CSS

The CA1 subregion of the HC is particularly vulnerable to 
early injury and degeneration in AD [40]. Loss of HC neurons 
in AD can be accurately assessed using stereological esti-
mates of non-immunolabeled stained neurons [41]. We, there-
fore, performed CA1 neuron counts using optical fractionator 
stereology to count Cresyl violet-labeled pyramidal nuclei in 

mice at age 18  months, 12  months after CSS. Experiments 
were not sufficiently powered (7%) to discern sex-dependent 
differences with n  =  4–5 mice/sex and sleep condition). 
Thus, responses are reported as collective males and fe-
males. Remarkably, young adulthood CSS exposure resulted 
in a reduction in CA1 neurons at 18 months (df = 19, t = 2.6, 
p < 0.018, Figure 2, A). Representative examples of CA1 pyram-
idal neurons in Rested and CSS-exposed mice are shown in 
Figure 2, B. Noradrenergic locus coeruleus neurons (LCn) are 
also susceptible to early injury and degeneration even in the 
prodromal phase of AD [42], and previously we found that CSS 
results in loss of LCn, detected 4 weeks after CSS [34]. Several 
mice had LC sections unsuitable for stereological counts, due 
to cracks in the tissue near the fourth ventricle. LCn counts 
were reduced 12 months after CSS (df = 14, U = 4.0, p = 0.002, 
Figure 2, B and C). Notably, within animal LCn counts pre-
dicted CA1 counts (linear regression, df = 14, r2 = .33, p < 0.019, 
Figure 2, D). To lend further support for degeneration within 
the CA1, we next examined CA1 volume, finding a reduction 
in CA1 volume (df = 19, t = 2.4, p < 0.05, Figure 2, E). The within 
animal CA1 cell counts predicted within animal CA1 volume 
(df = 17, r2 = 0.25, p < 0.030, Figure 2, F).

We next turned to address whether CSS injury occurs simi-
larly throughout sub-regions of the hippocampus, or whether 
only select regions evidence injury, as is evident in AD. Here, 
we compared rest and CSS volumes in CA1, CA2, CA3, and 
DG, using ordinary one-way ANOVA with the Sidak post-hoc 
t-test. Overall, there was an effect of CSS on volumes (F = 891, 
p < 0.0001); however, the only region showing a reduction in 
volume was CA1 (df = 85, t = 3.5, p < 0.003, Figure 3, A). While 
examining HC sub-region volumes and CA1 cell counts we 
noted incidentally larger lateral ventricles in some of the CSS 
mice. Using Cavalieri’s estimator approach, we measured lat-
eral ventricle volumes in CSS and Rest mice. CSS mice, rela-
tive to age-matched Rest control mice exhibited large lateral 
ventricles (df = 19, t = 2.5, p = 0.022, Figure 3, B). Examples of 
the ventricular area at Bregma AP −2.18 mm are presented in 
Figure 3, C.

Spatial learning/memory impairments persist 1 year 
after CSS

Spatial contextual memory is dependent on HC function [43, 
44], and notably smaller HC volumes predict memory impair-
ment in both mild cognitive impairment and AD [45]. Using 
a spatial object recognition assay, as illustrated in Figure 3, 
D, mice were tested at 4  months of age (after 8 weeks CSS 
or Rest exposures) and again at 18  months of age following 
CSS12wks + Rec12mos or Rest conditions. At 4 months of age, there 
was an overall trail-test factor (df = 15, F = 16.5, p = 0.001). The 
4-month-old rested mice showed place preference for the 
moved object (df  =  15, t  =  3.6, p  =  0.005), while CSS exposed 
mice did not (df = 15, t = 2.3, p = 0.076, Figure 3, E). Similarly, 
there was an overall time factor for mice at 18 months of age 
(df = 17, F = 17.8, p = 0.001). At 18 months of age rested mice 
showed place preference for the moved object (df = 17, t = 3.7, 
p < 0.004), while CSS-exposed mice showed no preference for 
the moved object (df = 17, t = 2.2, p = 0.076, Figure 3, F). Thus, 
spatial learning and/or memory impairments develop fol-
lowing CSS and persist late-in-life.
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Aβ 42 is increased in CA1 1 year after CSS, co-
localizing with microglia, but not evident as plaque

Prior to the development of amyloid plaque in mouse models 
of AD, a punctate pattern of Aβ 42 may be observed in sev-
eral brain regions including the HC in AD transgenic mice 
[46], suggesting that this punctate pattern of Aβ 42 in CA1 
is a pre-plaque finding in AD. Here, we found that young 
adult CSS exposure resulted in a marked increase in late-
in-life CA1 punctate Aβ42 immunoreactivity (df = 18, U = 8.0, 

p < 0.0001, Figure 4, A. Representative confocal images of Aβ 42 
immunoreactivity 12  months after rest and CSS conditions 
are presented in Figure 4, B. We next determined whether 
Aβ 42 co-localized with glial cells. A clear relationship was evi-
dent in all mice, where Aβ 42 co-localized with Iba-1+ micro-
glial cells (Figure 4, C). In contrast, Aβ 42 did not show increased 
co-localization with GFAP. Two of the CSS mice showed clus-
ters of microglial cells also with strong Aβ 42 co-localization, 
suggestive of diffuse amyloid plaques. In contrast, astrocytes 
were absent from the microglia and Aβ 42 clusters and tended 

Figure 2.  CA1 hippocampus (HC) and locus coeruleus (LC) degeneration is evident 1  year after CSS exposure. CA1 neurons and volume and LCn were examined 

12 months after CSS or Rest exposures. (A) Optical fractionator stereological counts of CA1 pyramidal neurons in controls (Rest, black bars) and CSS exposed mice (CSS, 

blue bars), t test, n = 9–10 mice/group. (B) Representative images of Cresyl violet stained sections in CA1 (upper panels) and tyrosine hydroxylase (dark blue) labeled LC 

neurons counterstained with Giemsa in Rest and CSS mice (lower panels) 1 year after CSS and Rest exposures. (C) Optical fractionator stereological counts of LCn in the 

same groups as in A, Mann−Whitney U, n = 4–7 mice/group. (D) Within-animal relationship between CA1 neuron number and LCn number with linear regression best 

fit line (n = 16 mice). (E) Cavalieri’s estimator volumes of CA1 (t test, n = 9–10/group) in control (Rest, black bars) and CSS-exposed (CSS, blue bars) mice also 12 months 

following CSS or Rest exposure. (F) Within-animal Pearson’s relationship (n = 19 mice) of CA1 cell count and CA1 volume with linear regression best fit line. Data in A, 

C, and E are presented as mean ± SE, *p < 0.05 and **p < 0.01. Calibration marker, B, 25 μm for all panels.
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to surround areas of intense Iba-1 and Aβ 42 labeling. To ascer-
tain whether the increased Aβ after CSS formed fibrillization, 
sections were labeled with Thioflavin-T. Thioflavin-T labeling 
of fibrils was not detected in either Rest of CSS exposed mice 
in the HC or rostrally, while robust signaling was evident in 
the 5×Tg AD mouse model (positive control); images are pro-
vided in Figure 4, D.

Phosphorylated tau is upregulated in the CA1 and 
entorhinal cortex 1 year after CSS.

In transgenic (P301S) tauopathy mice, CSS results in sustained 
phosphorylation tau (p-tau) in the HC, particularly in CA1 [47]. 
The entorhinal cortex (EC) is considered an early site of tau 
phosphorylation in tauopathies, including AD [48] and is con-
sidered the source of HC p-tau [49]. AT8 antibody recognizes 
tau isotopes P-Ser202 and P-Thr205 and is used for Braak sta-
ging in AD [50]. Thus, we measured AT8 immunoreactivity 
in both the CA1 and EC. An overall ANOVA CSS-interaction 
was identified for AT8 immunoreactivity, degrees of freedom 

divisor (DFd)  =  35, F  =  8, p  =  0003. AT8 immunoreactivity in 
the HC was increased in CSS-exposed mice (df  =  35, t  =  2.4, 
p = 0.043, Figure 5, A), and EC AT8 increased in mice exposed 
to CSS (df = 35, t = 4.2, p = 0004, Figure 5, A). Representative AT8 
images for both CA1 and EC are shown in Figure 5, B. A second 
phosphorylation modification of tau, P-Thr231, is observed in 
higher levels in the cerebrospinal fluid of persons with AD, 
relative to cognitively normal age-matched adults [51]. This 
post-translational modification imparts a cis form of tau that 
is not only neurotoxic but may spread to other brain regions 
[52]. Thus, we examined whether CSS also influenced levels 
of P-Thr231 in both the EC and CA1 HC. Overall CSS differ-
ences were observed for P-Thr231 immunoreactivity, F  =  35, 
p < 0.0001. P-Thr231 tau was increased in response to CSS, rela-
tive to rest controls in both the CA1 (df = 35, t = 7.9, p < 0.0001) 
and EC (df = 35, t = 4.2, p = 0.0001), summarized in Figure 5, C. 
A representative image for each region and condition is shown 
in Figure 5, D. In summary, 1 year after exposure to CSS across 
young adulthood in WT mice, tau hyperphosphorylation is evi-
dent in regions of the brain vulnerable to p-tau changes in AD.

Figure 3.  Volumetric and memory effects of CSS. (A) Cavalieri’s estimator volumes for HC subregions CA1, CA2, CA3, and dentate gyrus (DG) (n = 9–10 mice/group) were 

compared in controls (Rest, black bars) and CSS-exposed mice (CSS, blue bars) at 18 months of age (12 months after CSS, Rest conditions), one-way ANOVA, with overall 

CSS effect (F = 891, p < 0.0001). (B) Cavalieri volumes for lateral ventricles (Lat Vent, C) in the same mice HC subregions were measured, unpaired t-test. (C) Cresyl violet 

stained 60 μm coronal sections in Rest (left) and CSS-exposed mice (right) at Bregma AP −2.18 mm. (D) Diagram illustrating the training/testing environment for spatial 

object recognition testing. Training (Trial) and testing conditions (Test) were interspersed with a 90 min interval in home cage. (E, F) Percentage of time spent attending 

to the object prior to moving (trial, black bar) and after moving (test, red/white bar) in mice exposed to Rest or CSS conditions at 4 months of age (after 8 weeks CSS, 

E, n = 7–10 mice/group) and 18 months of age (after 12 weeks CSS and 1 year recovery, F, n = 9–10 mice/group), measured with two-way ANOVA. Data are presented as 

mean ± SE. *p < 0.05; **p < 0.01. Calibration bar, C, 1 mm.
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Figure 4.  Aβ 42 is increased in CA1 1 year following CSS exposure and localizes with microglia. (A) Aβ 42 immunoreactivity in CA1in mice at 18 months of age, 12 months 

after exposure to Rest (black bar and CSS conditions (blue bar) for n = 9–10/group, analyzed with an unpaired t-test. (B) Representative confocal images of Aβ 42 (488, 

green) punctate patterns in CA1. (C) High power confocal images in CA1 to show relationship between Aβ 42 (green) and microglia (Iba-1, 594, red) and astrocytes (GFAP, 

647 purple) with upper row (rest) and lower two rows (CSS). Arrows highlight Aβ 42 outlining membranes of Iba-1 microglia. (D) Thioflavin-T fluorescence (488, green) in 

HC in mice at 18 months after Rest (left panel), CSS (middle panel) and positive control AD murine model 5XTg (right panel). Data are not summarized in graph form, 

as no thioflavin was detected in any Rest or CSS WT mice. Calibration bars, B, 100 μm; C, 25 μm; and D, 200 μm.
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Figure 5.  Increased tau phosphorylation is evident in CA1 and entorhinal cortex (EC) 1 year following CSS exposure. (A) Area percentage of AT8 tau (PSer202/Thr205) 

immunoreactivity in CA1 and EC (n = 9–10/group) in Rest (black bar) and CSS (blue bar). (B) Representative image of AT8 immunoreactivity (blue) in HC (upper panels) 

and EC (lower panels) in Rest and CSS mice. (C) Area percentage of tau with phosphorylation at Thr231 (P-T231) tau immunoreactivity in CA1 and entorhinal cortex (EC) 

in Rest (black bars, n = 9) and CSS exposed mice ((blue bars, n = 10). (D) Representative confocal images of P-T231 tau (488, green) in HC (upper) and EC (lower) in Rest 

and CSS-exposed mice 12 months after CSS and Rest exposures. Data (A, C) were analyzed with one-way ANOVA and where overall CSS effects were observed Sidak’s 

post-hoc tests were performed. (D) *p < 0.05; ***p < 0.001; ****p < 0.0001. SR, stratum radiatum; LMol, laconosum moleculare; DG, dentate gyrus; LV, lateral ventricle. 

Calibration bars, B, 250 µm and D, 50 μm.
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CA1 glial activation and is evident 1 year after CSS 
exposure

Glial responses in CA1 were also examined 12 months after CSS 
exposures to relate to cell and volume loss and Aβ and p-tau 
changes. Both Iba-1 and CD68 were examined to characterize 
the microglial response to CSS in CA1, and GFAP was examined 
for astrocyte response. Using one-way ANOVA to test CSS ef-
fects on the three glial markers, we observed overall differences 
across sleep conditions, DFd  =  51, F  =  11, p  <  0.0001. A  robust 
increase in Iba-1 percentage area was observed in response to 
CSS (DFd = 51, t = 5.2, p < 0.0001 Figure 6, A and B). CD68 also 
increased in response to CSS (DFd = 51, t = 2.9, p = 0.0124, Figure 
6, A and B). To characterize the astrocyte response to CSS, GFAP 
percentage area was measured in CA1 across rest and CSS mice. 
CSS resulted in increased GFAP labeling in CA1 (DFd = 51, t = 3.9, 
p = 0.0004, Figure 6, A and B). These striking increases in Iba-1, 
CD68, and GFAP were observed in CA1 without an increase in 
adjacent brain regions, as shown in Figure 6, A. Overall, early 
adulthood CSS resulted in late-in-life evidence of glial activation 
within the HC, particularly in CA1. Having identified a reduction 
in CA1 volume without a parallel reduction in CA3 in response 
to CSS, we next compared the CSS Aβ and glial responses for 
CA1 and CA3. There were overall differences in glial responses 
for sleep conditions and HC region (DFd = 68, F = 6.5, p = 0.0004). 
Relative to Rest responses, increases were observed for Aβ (df=68, 
t = 6.5, p < 0.0001) and CD68 (df = 68, t = 3.2, p < 0.008) in CA1, 
relative to CA3, while Iba-1 and GFAP responses only trended 
towards increases in CA1 (as summarized in Figure 6, C). Overall, 
there were sleep and regional differences in the percentage of 
dystrophic microglia (DFd  =  36, F  =  16, p  =  0.0003). Microglial 
morphology was distinct in CSS-exposed mice, with many more 
microglial cells in both CA1 showing fragmented projections, 
enlarged cell size, and/or spheroid tips on projections (df = 36, 
q = 12, p < 0.0001) and CA3 (df = 36, q = 4, p = 0.034); however, a 
greater percentage of dystrophic microglia was observed in CA1 
than in CA3 (df = 36, q = 8.4, p < 0.0001) as summarized in Figure 
6, D. Examples of dystrophic microglia are shown in Figure 6, E.

Discussion
Extended periods of wake across school nights or during work 
weeks are common in modern society, where it is presumed that 
catch up sleep on weekends alleviates impairments following 
sleep loss. Experiments presented here demonstrate that chronic 
wake extension in the young adult mouse imparts significant 
late-in-life neural injury in parallel with a lasting hippocampal 
learning/memory impairment. Notably, the observed neural in-
jury from CSS does not require any known genetic predispos-
ition to a neurodegenerative process. The composite findings of 
CSS-induced loss of HC CA1 volume, loss of LC and CA1 neurons, 
glial activation, increased lateral ventricle volume and learning/
memory impairment provide strong evidence that CSS can re-
sult in a neurodegenerative process, involving at least the LC 
and HC. While CSS in the WT mouse does not result in classic 
AD pathology, for example extracellular amyloid plaques and 
intraneuronal tau tangles, CSS results in strikingly long-term 
disturbances in amyloid and tau processing and abnormal glial 
activation, indicative of dramatic reprogramming of metabolic 
and inflammatory responses following young adult CSS ex-
posure in addition to the irreversible injury.

LCn are susceptible to degeneration in AD [53, 54], but 
whether LCn loss is an important modulator in AD has not been 
established. Here, we found that 1 year after CSS exposure, LCn 
counts were reduced, relative to age-matched rested control 
mice. CSS of just 1 week duration also results in a loss of LCn 
of similar magnitude to the loss observed in the present study 
[33]. Collectively, these findings show that while there is no fur-
ther loss of LCn during longer exposures to, or after, CSS, there 
is a clear persistence of loss, consistent with an irreversible de-
generative process. LCn are the sole source of noradrenaline for 
the cortices [55], including the HC, and noradrenaline has been 
shown to suppress glial inflammatory responses [56, 57] and 
promote Aβ clearance [58]. Thus, the question arises, is a par-
tial loss of LCn, in response to CSS, sufficient to explain the HC 
injury observed in the present study? In support, we find that 
reductions in LCn counts predicted reductions in CA1 counts, 
and in a previous study, LCn lesioning in a murine model of AD 
promoted glial activation, CA1 neuron loss and plaque density 
[59]. However, LCn lesioning in WT mice, did not modify glial re-
sponse and CA1 neuron loss was not evident [59, 60]. Moreover, 
in WT rats, lesioning LCn reduced, rather than increased, Aβ 42 in 
the forebrain, at least acutely [61]. Thus, we propose that while 
LCn loss in CSS may contribute to the observed neural injury, the 
composite CSS injury observed in the present study is more likely 
a multi-hit injury where additional CSS responses including in-
creased Aβ 42, tau phosphorylation and/or glial dysfunction may 
act in concert with LCn loss to promote late-in-life injury.

In young adult WT mice, acute sleep loss (across several 
hours) has been shown to increase extracellular Aβ 42 in the HC, 
yet levels normalize upon recovery sleep [22]. In the present 
study, CSS resulted in increased Aβ in the HC, observed 1 year 
after CSS exposure, with a larger increase in CA1 relative to CA3, 
demonstrating both lasting disruptions in Aβ homeostasis and 
regional variations in the CSS Aβ response. The observed in-
crease in HC Aβ in CSS mice 1 year after exposure indicates not 
only a persistent mismatch between Aβ production and clear-
ance but additionally persistently inadequate clearance. The 
latter provides a clue to the mechanisms of the chronic disturb-
ance. In the healthy brain, microglial cells play essential roles in 
Aβ clearance: uptake, degradation, and brain efflux [58], where 
soluble Aβ is taken into microglial cells by micropinocytosis 
and fibrillar Aβ by phagocytosis [62]. In the present study in CSS 
mice, Aβ was higher in CA1 than CA3. Dystrophy is used as an 
index of microglial dysfunction [63], and here we found that a 
greater percentage of microglia in CA1, relative to CA3, were 
dystrophic (fragmented, spheroid, and de-ramified processes). 
Microglial dysfunction is implicated in late-onset AD. Indeed, 
many of the genetic variants that strongly associate with AD are 
preferentially expressed in microglia [64–68]. We propose that 
CSS-induced microglial dysfunction and impaired uptake and 
clearance of Aβ may contribute to the lasting Aβ dyshomeostasis 
where circadian cycles of increased Aβ production across periods 
of spontaneous wakefulness may each be insufficiently cleared 
resulting in a gradual accumulation. Specifically, CSS may influ-
ence AD temporal progression and outcomes, at least in part, by 
disrupting microglial function.

Intriguingly, the CA1 region of the HC, is also affected acutely by 
sleep loss, where reductions in synaptic spine densities are appre-
ciable after just 5 h of sleep deprivation, while CA3 appears largely 
unaffected [69]. Synapse loss in CA1 in response to acute sleep loss 
is, however, a reversible process in that after 3 h of recovery, CA1 
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Figure 6.  Late-in-life glial activation is evident in the HC after young adult CSS. (A) Confocal images of HC at Bregma AP −2.18 mm showing Iba-1 (488, green, left panels), 

CD68 (488, green, middle panels), and GFAP (594, red, right panels) labeling in mice 1 year after CSS (lower panels) and Rest (upper panels) exposures. (B) Percentage area 

in CA1 for Iba-1, CD68 and GFAP across Rest (black bars) and CSS conditions (blue bars). (C) Percent increase (relative to Rest) in CSS-exposed mice in the area covered 

for Aβ and glial markers (Iba-1, CD68 and GFAP), comparing CA1 (dark blue) and CA3 (blue/white striped). (D) Percentage of Iba-1-labeled microglia with dystrophic 

features in CA1 and CA3 in CSS-exposed mice. (E) High power confocal images of Iba-1-labeled (red) microglia with DAPI (blue) labeled nuclei in Rest (left panel) and 

CSS (middle and right panels) mice reveal dramatic changes in morphology of microglia. Arrow highlights an amoeboid microglial cell (middle panel) and arrow heads 

reveal vacuolar changes in CSS microglia (right panel). CC, corpus callosum; Or, oriens layer, SR, stratum radiatum; ML, moleculare lacanosum, DG, dentate gyrus. Data 

are mean ± SE and were analyzed in B, D by one-way ANOVA using Sidak’s post hoc comparisons for sleep condition effects and in C by two-way ANOVA with selected 

post-hoc Tukey analyses for region. *p < 0.05, ***p < 0.001; ****p < 0.0001. Calibration bars, A, 200 µm, C, 25 µm.
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sleep spine density normalizes [69]. Mechanisms underlying the 
acute CA1 synapse loss upon short-term sleep loss require activa-
tion of cofilin, a protein that breaks down actin infrastructure in 
synaptic spines [69]. Notably, Aβ oligomers also activate cofilin to 
reduce HC spine densities, and like acute sleep loss effects, spine 
density normalizes when Aβ is effectively cleared from the extra-
cellular space [70]. Cofilin injury in AD, however, extends beyond 
synapse loss to include axonal transport deficits and mitochon-
drial injury, which may contribute to irreversible neural injury [71]. 
Here, we found that exposure to CSS in the young adult mouse re-
sulted in late-in-life degeneration of CA1 neurons, as evidenced by 
both reduced cell counts and volume, and supported by regional 
gliosis and spatial memory impairment and that CA3 volume was 
less affected by CSS. While the goal of the present study was to 
define the extent of late-in-life HC injury after young adult CSS ex-
posure, the observed CA1 differential vulnerability and common-
ality of Aβ in the context of established mechanisms of acute sleep 
loss CA1 injury unveil a likely pathway of injury to now explore.

It is not surprising that CSS mice developed neither amyloid 
plaques nor tau tangles. Species differences in Aβ sequence, and 
more importantly in APP processing of Aβ fragments, render 
the murine Aβ less prone to fibrillization and β-sheet forma-
tion, critical steps in the development of amyloid plaques [72]. 
Similarly, mice have alternate splicing differences in the tau 
isoforms, relative to humans, where normal WT adult mice lack 
tau 3R isoforms and do not develop intraneuronal aggregated 
tau. Nonetheless, work in the present study demonstrates that 
significant neural injury may occur in response to CSS, inde-
pendent of amyloid plaques and tangles.

In conclusion, neural injury from exposure to CSS is evident 
a remarkably long time after exposure to sleep loss in the young 
adult, and the injury pattern shares some overlap with features 
in AD, yet occurs independently of the classic AD pathologies, 
tau tangles and amyloid plaques, lending further support to the 
concept that such pathologies are not necessary for significant 
neural injury. While the present findings in mice cannot be ex-
trapolated to humans because of species differences in sleep 
patterns, Aβ and tau processing, and aging responses, the find-
ings support early life sleep loss as a significant threat for late-
in-life neural health and highlight the need to understand the 
long-term risks of chronic sleep curtailment in humans.
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