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BASIC SCIENCE

Loss of Sleep Affects the Ultrastructure of Pyramidal Neurons in the 
Adolescent Mouse Frontal Cortex
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Study Objective: The adolescent brain may be uniquely affected by acute sleep deprivation (ASD) and chronic sleep restriction (CSR), but direct evidence 
is lacking. We used electron microscopy to examine how ASD and CSR affect pyramidal neurons in the frontal cortex of adolescent mice, focusing on 
mitochondria, endosomes, and lysosomes that together perform most basic cellular functions, from nutrient intake to prevention of cellular stress.
Methods: Adolescent (1-mo-old) mice slept (S) or were sleep deprived (ASD, with novel objects and running wheels) during the first 6–8 h of the light period, 
chronically sleep restricted (CSR) for > 4 days (using novel objects, running wheels, social interaction, forced locomotion, caffeinated water), or allowed to recover 
sleep (RS) for ~32 h after CSR. Ultrastructural analysis of 350 pyramidal neurons was performed (S = 82; ASD = 86; CSR = 103; RS = 79; 4 to 5 mice/group).
Results: Several ultrastructural parameters differed in S versus ASD, S versus CSR, CSR versus RS, and S versus RS, although the different methods 
used to enforce wake may have contributed to some of the differences between short and long sleep loss. Differences included larger cytoplasmic area 
occupied by mitochondria in CSR versus S, and higher number of secondary lysosomes in CSR versus S and RS. We also found that sleep loss may unmask 
interindividual differences not obvious during baseline sleep. Moreover, using a combination of 11 ultrastructural parameters, we could predict in up to 80% of 
cases whether sleep or wake occurred at the single cell level.
Conclusions: Ultrastructural analysis may be a powerful tool to identify which cellular organelles, and thus which cellular functions, are most affected by 
sleep and sleep loss.
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INTRODUCTION
Sleep loss impairs many cognitive functions, from attention 
and learning ability to verbal fluency and inhibitory control,1,2 
but the underlying mechanisms are poorly understood. Animal 
studies have identified many molecular, biochemical, and elec-
trophysiological correlates of sleep deprivation, including the 
cortical induction of stress response genes,3,4 the build-up of 
extracellular glutamate5 and adenosine,6 as well as the occur-
rence of microsleeps, short sleep events that only last a few 
seconds but may have disastrous consequences for perfor-
mance.7 Most experiments so far have focused on acute total 
sleep deprivation, but there is increasing interest in the effects 
of chronic sleep restriction (CSR), a more common condition 
in modern society. Studies in humans have shown that CSR 
causes cumulative deficits in performance and exacerbates the 
cognitive effects of acute total sleep loss,8,9 but very few animal 
studies have investigated the cellular consequences of CSR.10 
It is also generally assumed that the negative consequences of 
acute sleep loss and CSR would be more marked during sensi-
tive periods such as adolescence, when the brain is undergoing 
substantial remodeling, but direct evidence is lacking.

Molecular studies have suggested that several cellular func-
tions in the brain may be sensitive to sleep and wake, with 
neurons preferentially carrying out certain functions in one 
of the two behavioral states. Thus, protein and lipid synthesis 
and membrane formation may be favored by sleep, energy 
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Significance
To our knowledge, this is the first study that used electron microscopy to measure the effects of acute sleep deprivation and chronic sleep restriction 
on the adolescent brain. Sleep loss is common, and it is assumed that its negative effects are more devastating in the young brain. Yet, direct evidence 
is lacking. In frontal cortex of adolescent mice, we found that after chronic sleep restriction pyramidal neurons show signs of lysosomal activation and 
deposition of lipofuscin granules. We also found that chronic sleep loss may unmask inter-individual anatomical differences not obvious during baseline. 
Finally, using a combination of ultrastructural parameters we could predict, at the single cell level, whether a mouse has been awake or asleep, and for 
how long.

production and synaptic growth may occur mainly during wake, 
and extended wake may lead to signs of cellular stress.3,11–13 
One approach to understand why sleep loss is detrimental to 
the brain is to examine its effects on the ultrastructure of brain 
cells, and specifically on the organelles that mediate cellular 
functions that are sensitive to sleep or lack of sleep. This anal-
ysis requires the high spatial resolution only afforded by elec-
tron microscopy (EM). EM, however, has rarely been used in 
sleep studies and never, to our knowledge, to assess the effects 
of CSR on the adolescent brain. New findings in rodents also 
suggest that sleep may not be as global as previously thought, 
with groups of neurons being “offline” when the rest of the 
brain is awake.14,15 During this phenomenon of “local” sleep, a 
few neurons during wake are experiencing short down states 
resembling those normally observed during nonrapid eye 
movement (NREM) sleep, perhaps in response to excessive 
neuronal activity and/or plasticity.16 Yet, the evidence for local 
sleep comes from extracellular recordings that lack single cell 
resolution, and the exact “cost” of activity and plasticity for 
brain cells remains unknown.

The primary goal of this study was to use EM to assess the 
effects of acute sleep deprivation (ASD) and chronic sleep 
restriction (CSR) on the ultrastructure of cortical pyramidal 
neurons in the frontal cortex of adolescent mice, and to do so 
we compared each wake condition to the same sleep group (S). 
In the cell bodies of these glutamatergic cells, which represent 
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~80% of all cortical neurons, we measured mitochondria and 
various components of the endocytotic pathway–early endo-
somes (EE), multivesicular bodies (MVBs), and lysosomes–
which together carry out most basic cellular functions, from 
nutrient intake and membrane turnover to energy production 
and prevention of metabolic and oxidative stress.17,18

METHODS

Experimental Groups
All animal procedures followed the National Institutes of 
Health’s Guide for the Care and Use of Laboratory Ani-
mals. Facilities were reviewed and approved by the Institu-
tional Animal Care and Use Committee of the University of 
Wisconsin-Madison, and were inspected and accredited by 
AAALAC (Association for Assessment and Accreditation 
of Laboratory Animal Care). Adolescent (~1 mo old) Yellow 
Fluorescent Protein line H mice (YFP-H mice, Jackson 
Laboratory, Bar Harbor, ME) were used because the sleep 
pattern in this strain is well characterized, including during 
adolescence.19 Moreover, the current study is part of a larger 
effort to measure sleep/wake dependent changes in cortical 
synapses at the ultrastructural level, and previous studies in 
our laboratory have used confocal and two-photon in vivo 
microscopy in YFP-H mice to characterize sleep/wake-de-
pendent20 and development-related21 changes in spine density. 
Mice were housed in environmentally controlled recording 
chambers with free access to food and water (12 h:12 h light-
dark cycle; lights on at 08:00). They were divided in four 
experimental groups (n = 17, 8 females): sleeping (S) mice 
had access to a running wheel and novel objects during the 
dark phase, and then could sleep during the first 6–8 h of 
the light phase before sacrifice (the presence of novel objects 
did not affect sleep duration at night, which was 4.6 ± 0.15 
h, mean ± standard deviation); ASD mice also were sponta-
neously awake most of the night, and then were kept awake 
for the first 6–8 h of the day by giving them access to a 
running wheel and novel objects; CSR mice were sleep re-
stricted for > 4 days (102 h; see next paragraphs); recovery 
sleep (RS) mice were allowed to rest undisturbed for ~32 h 
after 4 days (96 h) of CSR. Sleep and wake behavior was as-
sessed by direct visual observation and using motion detec-
tion monitored with infrared video cameras, and quantified 
at 1-sec time resolution. All mice were sacrificed between 
14:40 and 18:00 to maintain the time of brain collection 
within the same 3-h circadian window for all experimental 
groups. RS mice underwent 96 h of CSR, not 102 h as did the 
CSR mice, to allow sleep ad libitum for almost two complete 
light periods after CSR while maintaining the time of sacri-
fice in the late afternoon.

Chronic Sleep Restriction
CSR started at postnatal day 26 (P26, day 1) at lights on and 
ended after the first 6 h of the light phase on day 5 (P30). 
During the light period animals were kept awake using expo-
sure to novel objects, a running wheel, social interactions with 
their siblings, and by changing cages and bedding. Mice were 
given caffeinated water at 0.1 mg/mL (~15 mg/kg). Previous 

studies showed that this concentration results in plasma 
levels of caffeine in mice similar to those in the plasma of 
most coffee drinkers.22 Administration of caffeinated water 
ceased during RS in the RS group. During CSR room lights 
were also turned off for brief periods in the first 6 h of the 
light period (~20 min/h for a total of 2 h) to provide an addi-
tional stimulus to stay awake. At night, mice were transferred 
for several hours a night to a conveyer over water apparatus23 
that runs continually at slow speed, allowing the animals to 
sleep for brief periods (< 8 sec) before being forced to move 
or fall into the water. In a pilot study, seven mice at P21 were 
implanted for chronic EEG recordings under isoflurane anes-
thesia (1–2% in 100% O2), as detailed in the study by Nelson 
et al.19 Mice then underwent CSR for 4 days (from P26 to 
P29), during which electroencephalography (EEG) and mo-
tion detection were recorded continuously, followed by 2 days 
of recovery sleep. Nonrapid eye movement (NREM) sleep, 
rapid eye movement (REM) sleep, and wake were scored by 
visual inspection of 4-sec epochs (SleepSign; Kissei Comtec, 
Nagano, Japan) according to standard criteria. Wake was 
characterized by low voltage, high-frequency electroen-
cephalography (EEG) pattern and phasic electromyographic 
activity. NREM sleep was characterized by the occurrence 
of high amplitude slow waves and low tonic muscle activity. 
During REM sleep, EEG pattern was similar to that during 
wake, but only heart beats and occasional twitches were evi-
dent in the electromyography signal.

Tissue Preparation for Electron Microscopy
Under deep anesthesia (3% isoflurane), mice were perfused 
intracardially with a solution of 0.05 M phosphate buffered 
saline (PBS) followed by 2.5% glutaraldehyde and 4% para-
formaldehyde dissolved in 0.1M sodium cacodylate buffer 
(41°C and pH 7.4). Brains were removed and kept in the same 
fixative overnight at 4°C. Tissue slices (120 μm) were cut on a 
vibratome and kept in a cryoprotectant solution until the day 
of processing. Sections were rinsed in cacodylate buffer, and 
incubated for 1 h on ice with a solution of 1.5% potassium fer-
rocyanide/2% osmium tetroxide. Then, they were exposed to a 
solution of 1% thiocarbohydrazide for 20 min at room tempera-
ture. Sections were placed in 2% osmium tetroxide for 30 min, 
and incubated overnight with 1% uranyl acetate at 4°C. The 
following day, the tissue was stained with a solution of lead 
aspartate for 30 min at 60°C (pH 5.5), and dehydrated using 
ice-cold solutions of freshly prepared 35%, 50%, 75%, 80%, 
90%, 95%, and 100% ethanol. Sections were placed in pro-
pylene oxide for 10 min and then impregnated with 25%, 50%, 
75% Durcupan ACM resin (Electron Microscopy Science, 
Hatfield PA) mixed with propylene oxide (2 h each). Tissue 
was placed in 100% Durcupan overnight and then into fresh 
Durcupan for 2 h. Sections were flat embedded with ACLAR 
embedding film (Electron Microscopy Science) and placed in 
a 60°C oven for 48–72 h. After polymerization, small squares 
of resin embedded tissue (1 mm2) from frontal cortex (1.85 mm 
anterior to bregma, 1.5 mm lateral) were excised under a ste-
reomicroscope and glued on the tip of the metal pin. The block 
of tissue was trimmed and coated with silver paint to minimize 
specimen charging during imaging.
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Image Acquisition
Images were obtained using a ΣIGMA VP field emission scan-
ning electron microscope (Carl Zeiss NTS Ltd, Thornwood, 
NY) equipped with a backscattered electron detector. Images 
were acquired using an aperture of 30 μm, high vacuum, ac-
celeration voltage of 1.2 kV; image resolution (xy plane) was 
between 1 and 3 nm. Pyramidal neurons were sampled in layer 
II of frontal cortex using established ultrastructural features 
of the perikaryon to distinguish them from non-pyramidal 
neurons.24–26 Specifically, neurons included in the analysis had 
a triangular shape with one apex directed toward layer I and 
often tapering into an apical dendrite, a large nucleus with 0 or 
1 small indentation along one side, a gradual demarcation be-
tween cell body and basal dendrites, a widespread endoplasmic 
reticulum. Pyramidal neurons were often observed in small 
groups, with adjacent perikarya in direct apposition and con-
taining a multilaminar subsurface complex.24 For each neuron, 
one section that included a large nucleus fully surrounded by 
cytoplasm was selected for analysis and used to count mito-
chondria, EEs, MVBs, and lysosomes and to measure their 
area. Segmentation was done manually by three people who 
were blind to experimental condition. All data were tested 
for accuracy and consistency by the same experienced tracer 
(LdV). Quantitative analysis was carried out with open source 
software Fiji.27

Regression Analysis
Raw measurements of density and percentage for each cell 
were pooled and standardized (z-score) in MATLAB (Math-
Works, Natick MA) before applying binary logistic regression 
analysis. One dependent binomial variable (i. S = 1, ASD = 0; 
ii. S = 1, CSR = 0; iii. S = 1, RS = 0; iv. ASD = 1, CSR = 0; 
v. RS = 1, CSR = 0) and 11 continuous independent variables, 
i.e., ultrastructural parameters that showed changes across 
groups, were used to build each regression model. A backward 

stepwise procedure was used to remove nonsignificant predic-
tors from the final model.

Statistical Analysis
Nonparametric statistics was used to compare the ultrastruc-
tural features from different experimental conditions. Kruskal-
Wallis (KW) analysis of variance was used to compare more 
than two groups. Wilcoxon rank sum test (W) was used as 
a post hoc test, with α value of significance set at 0.05. The 
statistical variance component analysis was performed sepa-
rating, in each experimental group, the between-mice variance 
σ2

bm from the within-mice variance σ2
wm by means of a linear 

mixed model in R. All mixed models were estimated with a 
restricted maximum likelihood method. To quantify traitlike 
interindividual variability we assessed the ratio of between 
mice variance σ2

bm to the total variance σ2
bm + σ2

wm (Rσ2
bm). 

To test the hypothesis Rσ2
bm = 0, a nonparametric bootstrap-

ping procedure was utilized. We fitted a null model without 
the random subject effect, and then bootstrapped observations 
were generated by resampling the estimated residuals from 
this model. Statistical significance of the Rσ2

bm values was as-
sessed by comparing the estimated within-subject variance in 
the full model, to the within-subject variance in the null model. 
If the within-subject variance was significantly lower in the 
full model than the null model, then there was evidence that 
the Rσ2

bm > 0.

RESULTS
We studied four groups of adolescent mice (~1 m old) that were 
either allowed to sleep during the first 6–8 h of the light period 
(S mice), sleep deprived during this time (ASD mice), chroni-
cally sleep restricted for more than 4 days (102 h, CSR mice), 
or allowed to recover sleep ad libitum for ~32 h after 4 days 
of CSR (RS mice) (Figure 1A). As detailed in the Methods, 
all mice were sacrificed within the same 3-h window in the 

Figure 1—(A) Experimental groups used in the electron microscopy (EM) study. The arrow indicates the time of brain collection, which in all groups 
occurred between ~15:00 and 18:00. Recovery sleep (RS) mice were sacrificed at postnatal day P31, to allow sleep ad libitum for ~32 h after the end of 
chronic sleep restriction (CSR). The comparisons shown to the right are those discussed in the main text. Figures S1–S4 (supplemental material) also 
include the comparison ASD vs. CSR. (B) Changes in sleep duration during and after 4 days of CSR (between P26 and P29) in a pilot experiment using 
mice (n = 7) implanted with electroencephalography (EEG) electrodes. Baseline values of nonrapid eye movement (NREM) and rapid eye movement (REM) 
sleep duration at P26 were 517 ± 17 min and 131.3 ± 3 min (mean ± standard error) respectively, consistent with published values.19
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afternoon. To maximize the chances of seeing significant ul-
trastructural changes, we required both ASD and CSR to be 
highly effective in enforcing wake. Crucially, we also wanted 
these methods to enforce wake in a realistic manner. Thus, the 
ASD protocol consisted in 6 to 8 “intense” hours of continuous 
wake with enhanced locomotion and exploration, whereas the 
CSR protocol used a combination of enhanced locomotion and 
exploration, as well as social interactions, caffeine and short 
changes in light schedule to produce a consistently severe 
sleep loss for 4 days. Of note, the use of additional strategies 
to enforce wake in the CSR groups was inevitable, because in 
pilot experiments we found that the exposure to novel objects 
and the voluntary use of a running wheel keep mice awake 
only for a few hours.

To first validate the method to enforce CSR, seven mice 
were implanted with EEG electrodes and sleep restricted for 
4 days (between P26 and P29) by exposure to novel objects, 
social interaction, access to a running wheel, caffeinated water, 
and forced locomotion. This paradigm decreased total sleep 
time across the 4 days by ~70% (first day 80%; last day 63%), 
corresponding to a decline of 68% in NREM sleep and 79% in 
REM sleep relative to an undisturbed baseline day (Figure 1B). 
The sleep obtained during CSR was also more fragmented than 
during baseline, with shorter NREM sleep bouts and more fre-
quent brief arousals during NREM sleep (Figure 1B, Table 1). 
As expected, a rebound in sleep time was present in RS mice 
during the first 24 h after CSR, with increases above baseline 
in total sleep (+18%), NREM sleep (+14%), and REM sleep 
(+39%) (Figure 1B, Table 1).

For the EM experiments, mice were not implanted with 
EEG electrodes to avoid possible damage to the cortex. In-
stead, they were constantly monitored by direct visual inspec-
tion and with infrared cameras, and overall motor activity was 

quantified and used to estimate sleep/wake amounts. We pre-
viously demonstrated that although this method cannot distin-
guish NREM sleep from REM sleep, it consistently estimates 
total sleep time with ~93% accuracy.20 As expected, S and 
ASD mice spent most of their last 8 h asleep (~80%) or awake 
(> 95%), respectively. Estimated sleep and wake amounts in 
CSR and RS mice were consistent with those found in the pilot 
EEG experiments, with a ~70% decrease in overall sleep dura-
tion during CSR and a sleep rebound during recovery.

For EM analyses we focused on layer II of the frontal cortex 
for several reasons. In both humans and rodents, the slow wave 
activity (SWA) of NREM sleep is largest in frontal areas. SWA 
reflects the propensity for sleep, as its levels increase with 
wake duration and decline during sleep. SWA is also a marker 
of sleep intensity, because arousal thresholds during sleep are 
higher when SWA is higher.28 Thus, frontal cortex may ac-
cumulate the largest need for sleep, may be most sensitive to 
the effects of sleep loss, and/or the changes in neural activity 
that underlie the occurrence of slow waves may be most pro-
nounced in this area. We focused specifically on layer II be-
cause sleep need increases not only with the duration of wake 
but also with its “intensity,” i.e. depending on the extent of 
wake-related learning and synaptic plasticity, and supragran-
ular layers are known to be highly plastic.29–31

A total of 350 pyramidal neurons were analyzed in 17 mice, 
~20 neurons/mouse, including 82 in S (n = 4 mice), 86 in ASD 
(n = 4), 103 in CSR (n = 5), and 79 in RS (n = 4) conditions. In 
the cytoplasm of each cell body we counted mitochondria, EEs, 
MVBs, and lysosomes and measured their area (one section/
cell). In all analyses we compared each wake condition (ASD 
or CSR) to the same S group. RS mice were compared to CSR 
and to S groups, to test the extent to which RS could reverse 
the effects of CSR (Figure 1A).

Table 1—Sleep electroencephalographic analysis of chronic sleep restriction. 

BASELINE CSR1 CSR2 CSR3 CSR4 REC1
NREM sleep (min) 517 ± 17 126.3 ± 21 164.6 ± 25 190.4 ± 32 190.9 ± 18 586.4 ± 41
REM sleep (min) 131.3 ± 3 3.1 ± 1 20.5 ± 2 42.5 ± 6 46.2 ± 5 180.7 ± 6
Total sleep (min) 648.4 ± 15 129.4 ± 22 185.1 ± 27 232.9 ± 37 237.1 ± 20 767.1 ± 39
No. of NREM episodes 194.7 ± 8 165.3 ± 25 203.4 ± 13 276.6 ± 36 303.7 ± 36 214.9 ± 20
NREM episodes length (min) 2.80 ± 0.09 1.01 ± 0.19 0.97 ± 0.17 0.87 ± 0.12 0.81 ± 0.11 2.88 ± 0.17
Brief arousal/min 0.37 ± 0.03 1.66 ± 0.31 1.13 ± 0.17 1.46 ± 0.30 1.31 ± 0.36 0.23 ± 0.02
% of sleep that is REM 20.35 ± 0.9 2.12 ± 0.4 12.06 ± 1.7 18.72 ± 2.2 19.88 ± 2.0 23.97 ± 1.5
P values BASELINE CSR1 CSR2 CSR3 CSR4 REC1

NREM sleep (min) 6.2E-09 8.1E-08 1.2E-06 1.9E-08 1.5E-01
REM sleep (min) 9.5E-14 2.3E-12 8.2E-08 1.3E-08 3.0E-05
Total Sleep (min) 2.3E-10 3.9E-09 2.3E-07 1.9E-09 1.5E-02
No. of NREM episodes 3.0E-01 6.0E-01 4.7E-02 1.3E-02 3.8E-01
NREM episodes length (min) 1.8E-06 6.2E-07 3.4E-08 7.6E-09 7.0E-01
Brief arousal/min 1.5E-03 8.0E-04 3.7E-03 2.3E-02 3.6E-03
% of sleep that is REM 2.7E-10 9.0E-04 5.1E-01 8.4E-01 6.3E-02

Sleep parameters before, during, and after 4 days of chronic sleep restriction (CSR, between postnatal day 26 and 29) in a pilot experiment using mice 
(n = 7) implanted with electroencephalographic electrodes. Mean ± standard error. Rec1, first day of recovery after CSR; CSR, chronic sleep restriction; 
NREM, nonrapid eye movement; REM, rapid eye movement.
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Mitochondrial Changes after Chronic Sleep Loss
More than 3,000 mitochondria were measured in each ex-
perimental group (S = 3,532; ASD = 3,817; CSR = 4,390; 
RS = 3,620). Their density did not change across groups (KW, 
P = 0.31), but in CSR and RS there was a shift of the mito-
chondrial population toward bigger sizes (KW, P < 0.0001;  
W: S versus CSR, P < 0.0001, S versus ASD, P = 0.82, CSR 
versus RS, P = 0.31, S versus RS, P = 0.0034). The shift oc-
curred preferentially in mitochondria of small (< 0.05 µm2, 
KW, P = 0.0033, S versus CSR, P = 0.0033, CSR versus RS, 
P = 0.0019, RS versus S, P = 0.78) and medium size (0.051–
0.25 µm2, KW, P = 0.034, S versus CSR, P = 0.039 CSR 
versus RS, P = 0.788, RS versus S, P = 0.027; Figure 2A), 
which together accounted for ~95% of all mitochondria, with 
no change in large mitochondria (> 0.25 µm2, KW P = 0.45). 
Moreover, extra-large mitochondria, defined as those with 
area ≥ 1 µm2 (Figure 2B), were present in a minority of cells 
in ASD (maximum 0.99 µm2), CSR (maximum 1.13 µm2), and 
RS (maximum 1.16 µm2) but never observed in S (maximum 
0.78 µm2). These extra-large mitochondria did not show ab-
normal features such as loss of matrix density or decrease in 
cristae number. In fact, obvious mitochondrial abnormalities 
such those associated with cellular stress (e.g., donut or blob 
shapes32) or neurodegeneration (e.g., pale and patchy matrix, 
few cristae, and discontinuous outer membrane in Parkinson 
disease and Alzheimer disease33) were not seen in any ex-
perimental group. The increased mitochondrial size in CSR 
and RS led to a higher percentage of cytoplasm occupied by 
mitochondria in these two groups relative to S (CSR +14%, 
RS +10.4%; KW, P = 0.003, W: S versus CSR, P = 0.0013, S 
versus RS, P = 0.0016; CSR versus RS, P = 0.89, S versus ASD, 
P = 0.06, Figure 2C). Finally, a small minority (0–10%) of 
mitochondria had an hourglass shape (Figure 2D). Although 
present in all experimental groups, hourglass mitochondria 
represented a smaller proportion of the entire mitochondrial 
population in S than in all other groups (KW, P = 0.011, W: S 
versus ASD, P = 0.048, S versus CSR, P = 0.0015, CSR versus 
RS, P = 0.51, S versus RS, P = 0.011).

In summary, we found three mitochondrial parameters that 
changed due to sleep and wake. CSR differed from S in all 
three: more cytoplasmic area occupied by mitochondria, pres-
ence of very large mitochondria, and greater proportion of 
hourglass mitochondria. All three parameters were also sig-
nificantly different in RS relative to S, whereas the last two 
differed between ASD and S.

Effects of Sleep and Wake on the Early Endocytic Pathway
The endocytic recycling pathway starts at the plasma mem-
brane and ends in lysosomes. Between these two extremes 
lies a continuum of intermediate endosomal compartments, 
a dynamic population of organelles that exchange their con-
tent while also undergoing gradual maturation.17,34,35 EEs are 
considered the first step of the endocytic pathway, where most 
molecules are sorted to be either quickly recycled back to the 
plasma membrane or directed to lysosomes for degradation 
and slow recycling.18,36 MVBs represent a second sorting sta-
tion, originating both from the maturation of EEs and from the 
exchange of material with other endosomal compartments.17 

We defined EEs as spherical membrane delimited compart-
ments with a clear lumen and containing amorphous material 
or 1 internal vesicle (Figure 3A, left), and MVBs as organ-
elles characterized by a single outer membrane that enclosed 
more than one vesicle (Figure 3A, right). Because endosomal 
compartments differ for content, morphology, molecular com-
position, and internal pH, our classification is probably a sim-
plification of a more complex pathway.

We found that the size of EEs was similar across all condi-
tions, ranging from 0.024 µm2 to 0.53 µm2, but their density 
was lower in CSR than in S and RS (KW, P = 0.0001, W: 
CSR versus S, P = 0.010, CSR versus RS, P = 0.0001; Figure 
3B). As a result, the percentage of cytoplasm occupied by 

Figure 2—Mitochondrial changes in response to sleep loss. (A) 
Cumulative distribution of size for small (left) and medium (right) 
mitochondria. (B) Distribution of extra-large mitochondria in the 
four experimental conditions. The micrograph shows an example 
of an extra large mitochondrion (asterisk), scale bar = 0.5 μm. (C) 
Cumulative distribution of the percentage of cytoplasm occupied by 
mitochondria in S (3,532 mitochondria), ASD (3,817 mitochondria), CSR 
(4,390 mitochondria), and RS (3,620 mitochondria). (D) Percentage 
of mitochondria with an hourglass shape. The micrograph shows an 
example of an hourglass mitochondrion (asterisk). CSR, chronic sleep 
restriction; RS, recovery sleep; S, sleep; ASD, acute sleep deprivation. 
Scale bar = 0.5 μm. *P < 0.05, **P < 0. 01.
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EEs was lower in CSR than in S and RS (KW, P = 0.0004; 
W: CSR versus S, P = 0.0054, CSR versus RS, P = 0.0002; 
Figure 3C).

We found no significant difference in MVBs across condi-
tions, neither in size or density nor in the percentage of occu-
pied cytoplasm. What changed across groups, however, was 
the relative proportion between EEs and MVBs, which in S 
mice favored MVBs (Figure 3D). This imbalance was lost in 
ASD, where EEs and MVBs were present in equal percentage 
(MW, P = 1) and augmented in CSR, where MVBs largely 
outnumbered EEs (MW two-tailed test: S, P = 0.03, CSR, 
P = 0.016) and accounted for almost 70% of all endosomal 
compartments.

With time, MVBs enlarge, increase the number of internal 
vesicles, and become more electron dense. Formation of MVBs 
internal vesicles is thought to occur through invagination of 
the endosomal limiting membrane and endocytosis of soluble 
cell components from the cytoplasm.17 The cargo of MVBs 
vesicles can then be degraded inside lysosomes, undergo back-
fusion, and be recycled to the plasma membrane, or be released 
extracellularly in intact vesicles. We observed both invagina-
tion and back-fusion in EEs and MVBs (Figure 3E). These 
events occurred at similar rates in S and RS, whereas after 
ASD and CSR back-fusion events became at least twice as fre-
quent as invaginations (MW: ASD, P = 0.028, CSR, P = 0.0079; 
Figure 3F). Although the fate of back-fusing vesicles needs to 
be established, this result suggests that wake increases the 
need to quickly recycle cell components, perhaps receptors 
and membrane lipids.

Evidence for Past Lysosomal Activation after Chronic Sleep Loss
Lysosomes receive and degrade macromolecules from the 
endocytic and autophagic membrane-trafficking pathways 
and are divided in primary and secondary lysosomes based 
on their appearance. Primary lysosomes were defined here as 
membrane delimited organelles with homogenous electron-
dense lumen24 (Figure 4A). They were often observed close 
to the cisternae of the endoplasmic reticulum, MVBs, or the 
Golgi apparatus, from which they originate, but never in di-
rect contact with the plasma or nuclear membrane. They had 
different sizes (range 0.014–0.637 µm2) and shapes, the most 
common being ovoidal, but sometimes protrusions and invagi-
nations were evident. In ASD mice, primary lysosomes were 
significantly larger than in S (38% increase; KW, P < 0.0001, 
W: ASD versus S, P < 0.0001; Figure 4B), but also significantly 
less numerous (KW, P = 0.0012, W: ASD versus S, P = 0.0024; 
Figure 4C). Overall, the percentage of cell cytoplasm occu-
pied by primary lysosomes was similar across all conditions 
(0.48%, KW, P = 0.21).

Secondary lysosomes are believed to derive from primary 
lysosomes after invagination of a cytosolic substrate,37 after 
the fusion of primary lysosomes with late endosomes or 
autophagosomes,38 or through the fusion of endosomes with 
vesicles coming from the trans-Golgi network and containing 
hydrolytic enzymes necessary for substrate digestion.35 
Secondary lysosomes are considered markers of past lysosomal 
activation and were defined here as membrane delimited 
organelles with heterogeneous dark lumen containing whorls 
of membranes and granules of different size and density 

Figure 3—Effects of sleep and wake on the endosomal compartments. (A) Left panel: example of an early endosome (EE); right panel: example of a 
multivesicular body (MVB). (B) Box plot representing the density of EEs across experimental groups (99 in S, 113 in ASD, 67 in CSR, and 117 in RS). (C) 
Cumulative distribution of the percentage of cytoplasm occupied by EEs across groups. (D)  Density of EEs (white bars) and MVBs (black bars) across 
groups. (E) Left: schematic illustration of invagination and back-fusion events: MVB biogenesis and formation of internal vesicles occurs by invagination of 
MVB’s outer membrane and incorporation of receptors and lipids coming from the plasma membrane; during back-fusion, internal vesicles fuse with the 
MVB’s outer membrane and then bud off to bring recycled material to the plasma membrane. Right: micrographs with examples of invagination and back-
fusion in MVBs and EEs. (F) Percentage of total endosomal compartments undergoing either invagination or back-fusion across all conditions. CSR, chronic 
sleep restriction; RS, recovery sleep; S, sleep; ASD, acute sleep deprivation. Scale bar for all micrographs = 0.5 μm. Bars indicate mean ± standard 
deviation. *P < 0.05, **P < 0.01, ***P < 0.001.
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(Figure 4D).24 Their shape was often irregular, and their size 
ranged between 0.022 µm2 and 1.81 µm2. ASD and RS were 
associated with larger secondary lysosomes than S and CSR 
(25% increase in size; KW, P < 0.0001; W: ASD versus S, 
P = 0.0008, RS versus S, P = 0.0004, RS versus CSR, P < 0.0001; 
Figure 4E), but the density of secondary lysosomes was greater 
in CSR than in S and RS (KW, P < 0.0001; W: CSR versus 
S, P = 0.0003, CSR versus RS, P < 0.0001; Figure 4F). As a 
result, the percentage of cell cytoplasm occupied by secondary 
lysosomes was greater in CSR than in S and RS (W: CSR versus 
S, P = 0.029, CSR versus RS, P = 0.021). Autophagosomes, 
defined as double-membrane vesicles that sequester part of the 
cytoplasm and its organelles to fuse with lysosomes, were also 
observed in many neurons (167 total), but their density was 
similar across conditions (0.005 autophagosomes/µm2).

The production of reactive oxygen species is the conse-
quence of normal oxidative metabolism in mitochondria. Cells 
are equipped with many antioxidant systems that help reduce 

macromolecular damage, but cannot completely prevent it, re-
sulting in damaged proteins and lipids that become biological 
waste. Lipofuscins—thought to derive from the incomplete 
digestion of mitochondrial protein and lipid components—de-
posit gradually in cells and enlarge to occupy increasing por-
tions of the lysosomal compartment.39 In proliferating cells, 
lipofuscins are diluted efficiently through cell division, but in 
postmitotic cells, like neurons, they accumulate progressively 
with time. Across all 17 animals we counted 499 lysosomes but 
only 33 granules that had the appearance of lipofuscins (Figure 
4G), consistent with the fact that the latter are usually rare in 
young mice. The size of these granules did not change across 
groups. However, half of these granules were found in CSR (16 
granules total, 5 of 5 mice), whereas only six granules were 
found in S (2 of 4 mice), five granules in ASD (4 of 4 mice), 
and six granules in RS (2 of 4 mice) (Figure 4H), suggesting 
increased waste production with chronic sleep loss, consistent 
with increased metabolic activity and/or cellular stress.

Figure 4—Lysosomal changes due to sleep loss. (A) Micrographs of a primary lysosome (asterisks). (B) Cumulative distribution of the size of primary 
lysosomes. (C) Box plot showing the density of primary lysosomes across groups. Secondary lysosomes were 117 in S, 83 in ASD, 222 in CSR, and 77 in 
RS. (D)  Micrograph of secondary lysosomes (asterisk). (E) Cumulative distribution of the size of secondary lysosomes. (F) Box plot showing the density of 
secondary lysosomes across groups. (G) Example of a lipofuscin-like granule. (H) Average density of lipofuscin-like granules in each animal. CSR, chronic 
sleep restriction; RS, recover sleep; S, sleep; ASD, acute sleep deprivation. Scale bars = 0.5 μm. *P < 0.05, **P < 0.01, ***P < 0.001.
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Sleep Loss Unmasks Interindividual Variability
All ultrastructural parameters measured in the current study 
showed some variability among cells of the same experimental 
group. Because all analyses were done after pooling cells 

within each group, this variability could reflect differences 
among cells of the same mouse (within), and/or among different 
animals (between). To distinguish between these two possibili-
ties we performed a variance component analysis, separating 

Table 2—Results of variance component analysis performed by separating the between-mice variance σ2
bm from the within-mice variance σ2

wm by mean 
of a linear mixed model. 

Group Parameter σ2
bm σ2

wm σ2
bm + σ2

wm

σ2
bm

σ2
wm + σ2

bm

σ2
wm

σ2
wm + σ2

bm P for Rσ2
bm

S Cytoplasm occupied by mitochondria, % 1.86E-02 1.41E+00 1.43E+00 0.013 0.99 0.55
Primary lysosomes, size 0.00E+00 1.91E-03 1.91E-03 0.000 1.00 0.54
Secondary lysosomes, size 0.00E+00 4.13E-02 4.13E-02 0.000 1.00 0.54
Primary lysosomes, density 0.00E+00 1.08E-03 1.08E-03 0.000 1.00 0.54
Secondary lysosomes, density 6.68E-06 2.05E-04 2.11E-04 0.032 0.97 0.49
EE density 0.00E+00 2.39E-04 2.39E-04 0.000 1.00 0.55
MVBs, density 3.39E-06 2.54E-04 2.57E-04 0.013 0.99 0.53
Hourglass mitochondria, % 0.00E+00 4.17E+00 4.17E+00 0.000 1.00 0.54
Invaginating endosomes, density 0.00E+00 3.29E-05 3.29E-05 0.000 1.00 0.53
Back-fusing endosomes density 0.00E+00 4.91E-05 4.91E-05 0.000 1.00 0.56
Lipofuscin granules, density 5.04E-07 8.00E-06 8.50E-06 0.059 0.94 0.50

ASD Cytoplasm occupied by mitochondria, % 1.28E-01 1.52E+00 1.65E+00 0.078 0.92 0.47
Primary lysosomes, size 2.39E-04 4.90E-03 5.14E-03 0.046 0.95 0.46
Secondary lysosomes, size 0.00E+00 8.62E-02 8.62E-02 0.000 1.00 0.53
Primary lysosomes, density 2.62E-05 4.56E-04 4.82E-04 0.054 0.95 0.45
Secondary lysosomes, density 0.00E+00 1.07E-04 1.07E-04 0.000 1.00 0.55
EE density 6.16E-06 1.49E-04 1.55E-04 0.040 0.96 0.48
MVBs, density 2.08E-05 2.05E-04 2.26E-04 0.092 0.91 0.39
Hourglass mitochondria, % 9.08E-01 7.37E+00 8.28E+00 0.110 0.89 0.40
Invaginating endosomes, density 8.63E-07 2.15E-05 2.23E-05 0.039 0.96 0.48
Back-fusing endosomes density 0.00E+00 5.11E-05 5.11E-05 0.000 1.00 0.54
Lipofuscin granules, density 0.00E+00 7.80E-06 7.80E-06 0.000 1.00 0.56

CSR Cytoplasm occupied by mitochondria, % 1.18E+00 1.31E+00 2.49E+00 0.472 0.53   0.007
Primary lysosomes, size 5.91E-04 4.02E-03 4.62E-03 0.128 0.87 0.38
Secondary lysosomes, size 0.00E+00 2.82E-02 2.82E-02 0.000 1.00 0.55
Primary lysosomes, density 5.08E-05 8.68E-04 9.19E-04 0.055 0.94 0.44
Secondary lysosomes, density 7.80E-05 4.29E-04 5.07E-04 0.154 0.85 0.30
EE density 0.00E+00 9.48E-05 9.48E-05 0.000 1.00 0.55
MVBs, density 4.51E-06 2.56E-04 2.61E-04 0.017 0.98 0.50
Hourglass mitochondria, % 2.60E-01 7.36E+00 7.62E+00 0.034 0.97 0.46
Invaginating endosomes, density 3.04E-07 1.33E-05 1.36E-05 0.022 0.98 0.52
Back-fusing endosomes density 0.00E+00 7.22E-05 7.22E-05 0.000 1.00 0.56
Lipofuscin granules, density 0.00E+00 2.58E-05 2.58E-05 0.000 1.00 0.55

RS Cytoplasm occupied by mitochondria, % 5.52E-03 1.26E+00 1.27E+00 0.004 1.00 0.54
Primary lysosomes, size 1.36E-04 2.17E-03 2.31E-03 0.059 0.94 0.46
Secondary lysosomes, size 0.00E+00 9.55E-02 9.55E-02 0.000 1.00 0.56
Primary lysosomes, density 2.45E-05 4.81E-04 5.06E-04 0.049 0.95 0.46
Secondary lysosomes, density 0.00E+00 8.39E-05 8.39E-05 0.000 1.00 0.55
EE density 1.94E-05 1.84E-04 2.03E-04 0.096 0.90 0.35
MVBs, density 9.20E-06 2.83E-04 2.92E-04 0.031 0.97 0.49
Hourglass mitochondria, % 6.23E-01 5.67E+00 6.29E+00 0.099 0.90 0.39
Invaginating endosomes, density 0.00E+00 2.62E-05 2.62E-05 0.000 1.00 0.53
Back-fusing endosomes density 0.00E+00 3.96E-05 3.96E-05 0.000 1.00 0.55
Lipofuscin granules, density 2.21E-07 1.12E-05 1.14E-05 0.019 0.98 0.53

For each ultrastructural parameter that showed significant changes across groups, we assessed the contribution of the between-mice variance σ2
bm to the 

total variance σ2
bm+ σ2

wm, as the ratio σ2
bm / (σ2

bm+ σ2
wm) = Rσ2

bm, and the contribution of the within-mice variance σ2
wm to the total variance as σ2

wm / (σ2
bm+ 

σ2
wm) = Rσ2

wm. P values refer to the contribution of the between-mice variability (Rσ2
bm). P values related to the contribution of Rσ2

wm were all significant 
and are not shown. CSR, chronic sleep restriction; EE, early endosome; MVB, multivesicular bodies; RS, recovery sleep; ASD, acute sleep deprivation.
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the between-mice variance σ2
bm from the within-mice vari-

ance σ2
wm in the data. For each ultrastructural parameter that 

showed a significant difference according to the previous sepa-
rate analyses we measured the contribution of σ2

bm or σ2
wm to 

the total variance by calculating the ratio σ2
bm / σ2

bm + σ2
wm, 

(called Rσ2
bm), and the ratio σ2

wm / σ2
bm + σ2

wm, (called Rσ2
wm) 

(Table 2). Within-mice variance was significantly different 
from zero for all parameters and its contribution to the total 
variance was high in all groups but not significantly different 
among them, even if tended to be lower in ASD, CSR, and RS 
than in S. Between-mice variance, by contrast, in almost all 
cases was significantly lower than within-mice variance and 
not significantly different from zero, resulting in low contribu-
tion of the between-mice variance to the total variance. The 
only exception was the percentage of cytoplasm occupied by 
mitochondria in the CSR group, whose between-mice vari-
ance was significantly above zero, resulting in a Rσ2

bm of ~0.5. 
Together, these results indicate that much of the variability 
observed inside each group originated from the differences 
among the cells within each mouse, which was similar across 
groups. Of note, the Rσ2

bm was low but showed a clear trend to 
increase with the extent of sleep loss. Indeed, the mean Rσ2

bm 
within each group, calculated by averaging the ratios for all 11 
parameters, was lowest in S (0.0106), higher in ASD (0.0417), 
highest in CSR (0.0803), and declined in RS to a level interme-
diate between S and ASD (0.0325). Thus, our data suggest that 
sleep loss can unmask inter-individual differences that are not 
obvious under baseline conditions of sleep.

A Combination of Ultrastructural Parameters Can Predict Sleep 
and Wake at the Cellular Level
We found that in the adolescent frontal cortex, sleep loss is 
associated with ultrastructural changes in mitochondria, en-
dosomes, and lysosomes of pyramidal neurons. Looking at in-
dividual parameters and at each organelle separately, however, 
may not fully capture the extent of these changes. We thus con-
sidered all 11 parameters that showed a significant difference 
according to the previous separate analyses, and that could 
reasonably be assumed to be independent of each other. These 
parameters included the percentage of cytoplasm occupied 
by mitochondria; the percentage of hourglass mitochondria; 
density and size of primary and secondary lysosomes; density 
of EEs, MVBs, and lipofuscin granules; and density of total 
endosomal compartments undergoing invagination or back-
fusion events. Through multivariate logistic regression anal-
ysis we tested how accurately one could assign each cell to the 
right experimental group using these 11 parameters. In the first 
predictive model, cells belonging to S mice were pooled and 
compared to cells belonging to ASD mice, obtaining a set of 
probabilities representing the likelihood of each cell of being 
correctly classified as S or ASD (S = 1, ASD = 0). Based on the 
probabilities generated by the logistic regression, each cell was 
then classified as S or ASD (cutoff probability = 0.5). The same 
regression analysis was then applied to compare S and CSR 
cells (S = 1, CSR = 0), S and RS cells (S = 1, RS = 0), and CSR 
and RS cells (RS = 1, CSR = 0). The probability distributions 
showed that, from an ultrastructural standpoint, the popula-
tion of S cells is significantly different from the other three 

populations (ASD, CSR, RS), and that CSR cells also differ 
from RS cells (Figure 5A–5D; W, P < 0.0001). The percentage 
of correct cell classification was approximately 70%, ranging 
from 59% to 80% depending on the specific comparison (Table 
3). Applying the regression function on smaller datasets of 
cells randomly selected from each group (29 cells from 4 S 
mice, 27 cells from 4 ASD mice, 37 cells from 5 CSR, 27 cells 
from 4 RS mice) gave similar results, although the probability 
of a correct classification was smaller than when using the full 
datasets (on average S versus ASD, 61%; S versus CSR, 60%; 
S versus RS, 66%; RS versus CSR, 72%).

All parameters contributed to some extent to the correct cell 
classification, but their relative weight varied depending on 
the specific comparison (Table 4). Specifically, size and den-
sity of primary lysosomes were the most significant predictors 
to discriminate between S and ASD cells, while density of 
secondary lysosomes and the percentage of hourglass mito-
chondria mostly contributed to the distinction between S and 
CSR cells. Moreover, size of primary lysosomes and density 
of secondary lysosomes counted the most for the difference 
between S and RS. Finally, density and size of secondary lyso-
somes were the most informative features for the comparison 
between CSR and RS cells.

Figure 5—Correct cell classification using 11 ultrastructural 
parameters. Histograms of cell probabilities calculated by binary logistic 
regression analysis using 11 ultrastructural measures at single cell level. 
Percentages on top of each graph indicate correct cell classification 
in the respective experimental group. Vertical lines mark average 
probability. (A) Average probability of being S (S = 1, ASD = 0) for S and 
ASD populations of cells: 0.61 in S, 0.37 in ASD. (B) Average probability 
of being S (S = 1, CSR = 0) for S and CSR cells: 0.56 in S, 0.35 in CSR. 
(C) Average probability of being RS (RS = 1, CSR = 0) for RS and CSR 
cells: 0.62 in RS, 0.29 in CSR. (D)  Average probability of being S (S = 1, 
RS = 0) for S and RS cells: 0.62 in S, 0.42 in RS. CSR, chronic sleep 
restriction; RS, recovery sleep; S, sleep; ASD, acute sleep deprivation.
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DISCUSSION
We describe for the first time quantitative ultrastructural differ-
ences in the cerebral cortex of adolescent mice after sleep, acute 
total sleep deprivation, and chronic sleep restriction, although 
the use of additional strategies to enforce wake in CSR mice 
relative to ASD mice, including caffeine and social interactions, 
may have contributed to some of the differences between short 
and long sleep loss. We know of very few published reports on 
the effects of sleep and wake at the ultrastructural level. Two 
preliminary EM studies, published only as abstracts, found no 
consistent changes in axonal microtubule density40,41 and no 
qualitative changes in mitochondria and other organelles in the 
brain of adult rats subjected to 8 days of total sleep depriva-
tion relative to yoked controls.42 A more recent ultrastructural 
study43 describes “reparative changes” in anterior limbic cortex 
of adult rats after 12–36 h of ASD, but the analysis was based 
on a combined index of “repair”, without quantitative measure-
ments for each organelle. Moreover, whether this index had pre-
dictive power for correct cell classification was not tested.

We found several parameters that could distinguish neurons 
from mice that slept for 6–8 h relative to those of mice that 

were kept awake during that time. Relative to S mice, in neu-
rons from ASD mice there were relatively more hourglass mi-
tochondria (a possible sign of increased turnover), some large 
mitochondria appeared, the relative proportion between EEs 
and MVBs was more balanced, back-fusion events increased, 
primary lysosomes became larger but less frequent, and sec-
ondary lysosomes grew in size. The cytoplasmic area occu-
pied by mitochondria also increased in ASD mice relative to S 
mice, but not significantly. Although we do not know whether 
similar changes may occur between sleep and spontaneous 
wake, these results indicate that ultrastructural analyses are 
clearly capable of detecting mitochondrial, endosomal, and 
lysosomal changes even after just a few hours of sleep loss.

Mitochondrial changes relative to sleep were already present 
after ASD but became only significant, or more so, after CSR. 
Because brief exposure to light at night and caffeine were 
used to enforce CSR but were not employed during ASD, we 
cannot rule out that these stimuli in themselves, independent 
of their wake-promoting effects, may have contributed to the 
larger changes seen after CSR. However, we do not know of 
any evidence that brief exposure to light affects the ultrastruc-
ture of cortical cells. Similarly, although caffeine per se can 
affect mitochondrial activity and morphology via activation of 
calcium release from the endoplasmic reticulum (ER), this ef-
fect has been documented in muscle cells whose sarcoplasmic 
reticulum is rich in caffeine-sensitive ryanodine receptors, but 
not in cortical cells. In fact, the cell bodies of cortical pyra-
midal neurons express mostly IP3 receptors, not ryanodine re-
ceptors,44 and layer II pyramidal neurons in the rat adolescent 
frontal and parietal cortex are insensitive to adenosine.45 Note 
also that only a minority of mitochondria (5–20%) have been 
shown to be in close contact with the ER,46 whereas the most 
robust change that we found—an overall shift toward larger 
mitochondria–occurred in most mitochondria. Still, we cannot 
rule out that caffeine may have affected layer II pyramidal 
neurons indirectly, by acting on other neuronal populations or 
glial cells, as shown after prolonged (25 days) caffeine treat-
ment in adolescent rats.47

The shift toward larger mitochondria is likely a sign of acti-
vation, reflecting a greater need for energy during wake relative 
to sleep, independent of wake duration. Overall energy me-
tabolism increases in cerebral cortex in wake relative to sleep, 
and so do extracellular levels of glutamate, lactate, and oxygen, 
whereas glucose levels increase with sleep.5,48–51 In rat cerebral 
cortex, as few as 3 h of total ASD increase mitochondrial gene 
expression52,53 and mitochondrial enzymatic activity.53,54 How-
ever, whether CSR increases brain mitochondrial function is 
unknown. A recent study found that sleep fragmentation re-
duces the brain uptake of 2-deoxyglucose,10 but this protocol 
of sleep disruption caused only small decreases in total sleep 
amount, whereas in our CRS mice sleep was cut by 70%. In an-
other study, rats subjected to 11 to 12 days of total sleep depri-
vation showed no change in whole brain glucose consumption 
and some regional decreases, but these differences were mea-
sured relative to yoked controls that had CSR.55 Based on our 
morphological findings of much larger mitochondrial changes 
in CSR mice than in ASD mice, we predict that there should 
be an overall upregulation of cortical mitochondrial activity 

Table 3—Cell classification. 

S vs. ASD
Predicted

Observed S ASD % Correct
S = 82 57 25 69.5

ASD = 86 27 59 68.6

S vs. CSR
Predicted

Observed S CSR % Correct
S = 82 48 34 58.5

CSR = 103 26 77 74.8

S vs. RS
Predicted

Observed S RS % Correct
S = 82 55 27 67.1

RS = 79 25 54 68.4

RS vs. CSR
Predicted

Observed RS CSR % Correct
RS = 79 55 24 69.6

CSR = 103 21 82 79.6

Multivariate logistic regression analysis was used to predict the 
probability of sleep, acute sleep deprivation, chronic sleep restriction, 
and recovery sleep cells of being classified in the correct experimental 
group using the 11 ultrastructural parameters listed in Table 2. In the first 
predictive model (S versus ASD), all S cells were pooled and compared 
to all ASD cells, obtaining a set of probabilities representing the likelihood 
of each cell of being S or ASD. Based on these probabilities each cell 
was then classified as S or ASD (cutoff probability = 0.5). The same 
procedure was used for all other predictive models. CSR, chronic sleep 
restriction; RS, recovery sleep; S, sleep; ASD, acute sleep deprivation.
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associated with CSR. The other mitochondrial changes that 
we found with sleep loss (extra-large and hourglass mitochon-
dria) could also indicate activation or injury, although the latter 

seems unlikely because (1) extra-large mitochondria were very 
rare, and in a few cases already present after ASD; (2) extra-
large mitochondria did not show any obvious ultrastructural 

Table 4—Regression features. 

S vs. ASD B s.e. Wald Sig Odds ratio exp(B) of ASD
Cytoplasm occupied by mitochondria, % 0.14 0.20 0.54 0.46 1.16
Primary lysosomes, size 0.80 0.21 14.35 0.0001 2.24
Secondary lysosomes, size 0.24 0.21 1.25 0.26 1.27
Primary lysosomes, density −0.70 0.22 10.25 0.001 0.49
Secondary lysosomes, density −0.42 0.29 2.02 0.15 0.66
EE, density −0.08 0.15 0.34 0.56 1.17
MVBs, density −0.36 0.20 3.29 0.07 0.69
hourglass mitochondria, % 0.34 0.20 2.76 0.09 1.41
Invaginating endosomes, density 0.09 0.18 0.26 0.61 0.91
Back-fusing endosomes density 0.19 0.21 0.82 0.36 1.20
Lipofuscin granules, density 0.16 0.25 0.004 0.95 1.02

S vs. CSR B s.e. Wald Sig Odds ratio exp(B) of being S
Cytoplasm occupied by mitochondria, % −0.34 0.18 3.65 0.06 0.71
Primary lysosomes, size 0.01 0.20 0.004 0.95 1.01
Secondary lysosomes, size 0.50 0.26 3.66 0.06 1.65
Primary lysosomes, density 0.09 0.15 0.33 0.56 1.09
Secondary lysosomes, density −0.53 0.20 7.45 0.006 0.59
EE, density 0.31 0.19 2.73 0.1 1.37
MVBs, density 0.01 0.18 0.004 0.95 1.01
hourglass mitochondria, % −0.40 0.20 4.05 0.04 0.67
Invaginating endosomes, density 0.35 0.19 3.43 0.06 1.42
Back-fusing endosomes, density −0.07 0.19 0.15 0.70 0.93
Lipofuscin granules, density −0.15 0.18 0.77 0.38 0.86

S vs. RS B s.e. Wald Sig Odds ratio exp(B) of being S
Cytoplasm occupied by mitochondria, % −0.46 0.22 4.39 0.04 0.63
Primary lysosomes, size −0.82 0.26 9.84 0.002 0.44
Secondary lysosomes, size −0.68 0.26 6.68 0.01 0.51
Primary lysosomes, density 0.04 0.19 0.05 0.82 1.04
Secondary lysosomes, density 1.01 0.34 8.64 0.003 2.75
EE, density −0.25 0.19 2.37 0.12 0.77
MVBs, density 0.02 0.18 0.01 0.92 1.02
hourglass mitochondria, % −0.35 0.23 2.32 0.13 0.71
Invaginating endosomes, density 0.05 0.17 0.09 0.76 1.05
Back-fusing endosomes, density 0.05 0.20 0.06 0.81 1.05
Lipofuscin granules, density −0.21 0.25 0.67 0.41 0.81

RS vs. CSR B s.e. Wald Sig Odds ratio exp(B) of being RS
Cytoplasm occupied by mitochondria, % −0.25 0.19 1.80 0.18 0.78
Primary lysosomes, size 0.31 0.18 3.03 0.08 1.37
Secondary lysosomes, size 1.33 0.39 11.57 0.001 3.79
Primary lysosomes, density −0.06 0.21 0.08 0.77 0.94
Secondary lysosomes, density −1.75 0.38 21.74 0.000003 0.17
EE, density 0.62 0.22 7.83 0.005 1.85
MVBs, density 0.11 0.20 0.31 0.58 1.12
hourglass mitochondria, % 0.02 0.20 0.01 0.91 1.02
Invaginating endosomes, density 0.17 0.22 0.65 0.42 1.19
Back-fusing endosomes, density 0.03 0.21 1.66 0.88 1.03
Lipofuscin granules, density −0.28 0.21 1.66 0.2 0.76

The 11 ultrastructural parameters used in the regression analysis and their contribution to correct cell classification in each of the five predictive models. 
For each parameter the following values are listed: (1) coefficient for the binary logistic equation (B); (2) standard error (s.e.); (3) relevance for the model 
(Wald test); (4) significance of the contribution to the model (Sig.); (5) fold change in the probability of being sleep, sleep deprivation, or recovery sleep for 
1 unit increase in the parameter considered (odds ratio). CSR, chronic sleep restriction; EE, early endosome; MVB, multivesicular bodies; RS, recovery 
sleep; S, sleep; ASD, acute sleep deprivation; s.e., standard error; Sig, significance.
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abnormality; and (3) the percentage of hourglass mitochondria 
was higher also in ASD mice relative to S mice, and did not 
differ between ASD and CSR animals.

Of note, the mitochondrial changes induced by CSR started 
to revert (small mitochondria in RS are similar to S) but did 
not completely returned to “baseline” sleep levels after 32 h 
of sleep. Moreover, based on 11 ultrastructural parameters, we 
found that neurons from S and RS mice could be distinguished 
from each other with the same accuracy as S cells could be 
distinguished from ASD or CRS cells. In humans, CSR leads 
to performance deficits that may not be fully resolved after 1 or 
2 days of recovery.56,57 Despite obvious species differences, our 
EM findings may thus represent the structural counterpart of 
this behavioral evidence. Together, anatomical and functional 
results suggest that even after relatively short CSR (1–2 w) the 
brain may need more than a few hours of sleep to recover.

Other changes that were common to both ASD and CSR 
were in the number of endosomal compartments showing 
back-fusion, which increased by 40% in both ASD and CSR 
mice relative to S mice. This result suggests that brain cells re-
spond to extended wake with an increased turnover of cellular 
components, at least in part through a mechanism of recycling 
that involves EEs and MVBs.

CSR, however, was specifically associated with more sec-
ondary lysosomes and relatively more mature MVBs than EEs, 
changes that were absent after ASD. Secondary lysosomes re-
flect past lysosomal activation to eliminate damaged cellular 
components including mitochondria, and to prevent or reduce 
cellular stress.18 Even short ASD triggers a stress protective re-
sponse in brain cells, the unfolded protein response mediated 
by the ER,4 which helps restore ER function by upregulating 
the expression of molecular chaperones such as BiP/HSPA5. 
Transcriptomic and proteomic studies have found other pre-
sumed signs of cellular stress in the cortex of sleep deprived 
rodents, including increased messenger RNAs and/or protein 
levels of heat shock proteins, hemoglobin alpha 1/2 and beta, 
and cytochrome C, whose release from mitochondria may lead 
to apoptosis.13,58 Some of these changes were already present 
after short ASD, became more significant after days of total 
ASD, and were also present in yoked controls subjected to sev-
eral days of CSR.13,58 The ultrastructural signs of past lysosomal 
activation found here after CSR provide direct anatomical evi-
dence that even a partial and relatively short period of sleep loss 
(> 4 days) may lead to significant cellular stress, at least during 
adolescence. The presence of lipofuscin granules in all CSR 
mice, even though in very few cells, is also consistent with this 
hypothesis. We do not know whether the lysosomal activation 
triggered by CSR has long-term, irreversible consequences, nor 
do we know whether it would occur under less severe condi-
tions of CSR. However, the number of lipofuscin granules was 
low in RS mice, suggesting that what we detected, mostly in 
CSR, were not mature lipofuscins/ceroid, which are thought 
to be undegradable, but perhaps an intermediate, immature 
form.59,60 Evidence of reversibility of lipofuscin formation in 
vivo is limited, but was described in motor cortex of squirrel 
monkeys rehabilitated after protein malnutrition.61

We found that cellular signatures of sleep and wake exist and 
can be used to estimate the probability of a pyramidal neuron 

to belong to a S, ASD, CSR, or RS mouse. By using a combi-
nation of 11 parameters related to mitochondria, endosomes 
and lysosomes, cell classification was correct, on average, in 
70% of cases, a number likely to significantly increase when 
additional cellular measures will be added. The current degree 
of accuracy is already remarkable considering that, due to the 
time-consuming nature of EM analysis, we sampled one single 
plane for each cell, and “only” ~20 cells were analyzed in each 
mouse (80–100 cells/group). The limitations of our sampling 
technique may be partly responsible for the variability ob-
served among the cells within the same mouse, but if so, this 
factor affected all mice and all groups to a similar extent be-
cause within-mice variance did not change significantly across 
groups. Independent of these limitations, the current finding 
that sleep and wake are associated with reliable ultrastructural 
changes suggests that they could serve as markers to deter-
mine whether sleep or wake have occurred at the level of single 
neurons, and to further our understanding of the phenomenon 
of local sleep16 and its underlying cellular mechanisms.

Importantly, we found that between-mice variance tended 
to increase in mice that underwent ASD or CSR relative to 
S, and did not return to baseline level in the RS group. This 
trend toward higher interindividual variability after sleep loss, 
although not significant, is remarkable given that each group 
included only four or five animals, and may reflect true bio-
logical heterogeneity unmasked by sleep loss. The percentage 
of cytoplasm occupied by mitochondria appeared to contribute 
the most to the increase in between-mice variance, suggesting 
that metabolic parameters may be especially useful to identify 
susceptibility to sleep loss at the individual level. In humans, 
there are stable, trait-like differences in the susceptibility to 
cognitive impairment caused by ASD or CSR.62,63 Neuro-
imaging studies found that differences in the activation of 
frontoparietal regions during a working memory task at rest 
are associated with differences in the extent of the cognitive 
decline during ASD.64,65 Moreover, differences in the micro-
structure of the white matter over broad areas,66 and more 
specifically in the axonal pathways connecting frontal and 
parietal areas,67 can predict interindividual differences in the 
resistance to ASD. To our knowledge, no study in humans has 
looked for possible differences in gray matter, and there are no 
studies in sleep deprived rodents focusing on interindividual 
differences and their underlying mechanisms. Our findings, 
however, suggest that this may be a promising avenue for fu-
ture experiments.
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