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Abstract
Sleep disruption is highly associated with the pathogenesis and progression of a wild range of
psychiatric disorders. Furthermore, appreciable evidence shows that experimental sleep deprivation (SD)
on humans and rodents evokes anomalies in the dopaminergic (DA) signaling, which are also implicated
in the development of psychiatric illnesses such as schizophrenia or substance abuse. Since adolescence
is a vital period for the maturation of the DA system as well as the occurrence of mental disorders, the
present studies aimed to investigate the impacts of SD on the DA system of adolescent mice. We found
that 72 h SD elicited a hyperdopaminergic status, with increased sensitivity to the novel environment and
Amphetamine (Amph) challenge. Also, altered neuronal activity and expression of striatal DA receptors
were noticed in the SD mice. Moreover, 72 h SD in�uenced the immune status in the striatum, with
reduced microglial phagocytic capacity, primed microglial activation, and neuroin�ammation. The
abnormal neuronal and microglial activity were putatively provoked by the enhanced corticotrophin-
releasing factor (CRF) signaling and sensitivity during the SD period. Together, our �ndings demonstrated
the consequences of SD in adolescents including aberrant neuroendocrine, DA system, and in�ammatory
status. Sleep insu�ciency is a risk factor for the aberration and neuropathology of psychiatric disorders.

1. Introduction
Nowadays adolescents at large are facing the conundrum of insu�cient sleep. As suggested by the
National Sleep Foundation, at least 8 h of sleep a day is adequate for adolescents [1]. However, a
signi�cant number of epidemiological studies revealed that adolescents generally slept less than the
recommended [2, 3]. While sleep insu�ciency is a pervasive phenomenon among adolescents, it is
acknowledged as a serious health risk factor [4]. In addition to impaired cognitive, learning, and memory
performance [5], sleep-insu�cient adolescents also fail victim to poor mental health, such as depressive
or anxiety symptoms, low self-esteem, increased health-risk behaviors, as well as suicidal ideation [6].
Notably, there is a growing recognition that the distortion of neurobiological remodeling during
adolescence may underlie the pathogenesis of many psychiatric illnesses, such as schizophrenia,
substance-use disorders, feeding/eating disorders, and affective/anxiety disorders [7]. Furthermore, sleep
and circadian rhythm disruption are important aspects of various neuropsychiatric illnesses. It is
observed that sleep dysfunctions are not only comorbid with many psychiatric diseases but also
prevalently preceding the diseases or even relating to symptom severity [8, 9]. Raising evidence further
suggests that the comorbidity between sleep disruption and psychiatric diseases might re�ect their
common affected mechanisms. Therefore, the neuropathological impacts of curtailed sleep on
psychological health and their implication of disrupting the maturational trajectories in the adolescent
brain should be deliberately investigated.

One of the salient developmental characterizations during adolescence is the maturation of the DA
system [10]. During this distinct period, both cortical and subcortical DA circuitries undergo substantial
changes in DA concentration, innervation pattern, receptor density, and response to
environmental/pharmacological challenges. These changes may contribute to adolescents’ behavioral
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transition such as increased exploration, risk-taking, reward- and novelty-seeking behaviors [11]. DA plays
a vital role in the �ne-tuning of regulating affective, cognitive, motivational, and social processes, as well
as arousal and sleep. Therefore, it is little surprise that the abnormalities in DA connectivity are well-
recognized in the pathophysiology of various psychiatric disorders [12]. Of particular note, adolescents
exhibited relatively heightened stress-coping responses, such as greater hypothalamic-pituitary-adrenal
(HPA) axis activity and blunted habituation to stressors, which exert profound effects on the DA
functions. These heightened activities may result in long-term molecular or behavioral maladaptation
[13]. Accordingly, the extensive development of DA circuitry during adolescence might become a unique
window for both positive and negative factors which affect the mental welfare of the individual for life.

Findings gleaned from both animal and human studies demonstrate that sleep loss distorts the DA
system and its related functions. Experimental SD paradigms are well-acknowledged to induce
psychosis-like phenotypes [14–16], in which the DA system serves an important role [17]. In particular,
affected sensitivity and availability of DA receptors [18, 19], and increased DA turnover in the striatum
[20] are also reported in SD paradigms. Together, the aforementioned literature posits DA
neurotransmission as a vulnerable target of SD and subsequent neuropsychopathologies. However, while
studies to date focused mainly on adult subjects, information is scarce regarding the consequence and
mechanism of sleep insu�ciency in the maturating DA system during adolescence.

An explicit role of microglia, the resident immunocompetent cells in the central nervous system (CNS),
has been discovered in the scenario of insu�cient sleep. For example, SD elicits microglia activation and
neuroin�ammation [21–23]. Notably, we have reported that during development, sleep loss halts essential
neural maturing processes executed by microglia including compromised microglia-mediated synaptic
pruning in sleep-deprived adolescent mice [22, 24]. Of particular concern, aberrant microglial functions
are tightly intertwined with the etiology and progress of a wide range of neuropsychiatric disorders [25].
Given the pronounced reactivity of microglia faced by sleep loss, abnormal microglia functions are likely
to underpin the susceptibility to neuropsychopathologies of sleep-disrupted individuals, especially the
ones that are in the process of brain maturing.

Illuminated by the above evidence, the current study sought to investigate the impacts of 72 h SD on the
neuronal and microglial properties in the subcortical regions involved in the DA system in adolescent
mice. We provided evidence implicating that 72 h SD resulted in a hyperdopaminergic status and striatal
microglia activation, which were likely both attributable to the escalated activity of the CRF system. These
data provided an extensive understanding of the neuronal and molecular mechanisms associated with
the DA system underlying the deleterious consequences of sleep loss on adolescents’ mental health.

2. Methods

2.1. Animals
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Adolescent male C57/BL6J mice of postnatal day (P) 21 were obtained from the National Laboratory
Animal Center, Taiwan. All animal experiments were approved by the Institutional Animal Care and Use of
National Taiwan University College of Medicine and were conducted in compliance with the ethical
guideline. At P34, mice were randomly assigned to the normal sleep (NS) and the sleep deprivation (SD)
group.

2.2. 72 h SD paradigm
Seventy-two hours of SD (72 h SD) was carried out using the modi�ed multiple-platform method as
previously described [22, 24]. The SD paradigm was launched at the beginning of a dark phase. Mice of
the SD group were placed on small platforms (3 cm in diameter) surrounded by water with their cage
mates to avoid social isolation and immobility stress. Mice of the NS group remained in their home cage.
Both groups of mice were paired-housed under 12 h/12 h light/dark cycle and with ad libitum access to
standard mouse chow and water.

2.3. Minocycline treatment
Minocycline hydrochloride (MINO, MilliporeSigma, St. Louis, MO, USA) was dissolved in drinking water
containing glucose (2% w/w) to encourage the drinking will of mice. MINO was administrated at 40
mg/kg per day, provided three days before the beginning of the SD paradigm and throughout the
experiment. Mice of the vehicle-taking groups were provided with glucose-containing water without MINO.
Both MINO and vehicle were freshly prepared every day. The liquid consumption was monitored twice a
day to ensure that mice acquired su�cient volumes of water (at least 3 mL for 20 g body weight).

2.4. Amphetamine challenge test
Right after of the SD paradigm, mice of the SD group were immediately returned to their home cage. Both
NS and SD groups were then moved to the room for behavioral assessment and allowed for 30-min
habituation. Subsequently, the individual mouse was placed in the center of a white acrylic square
apparatus (45 cm in width, 50 cm in height) under light exposure approximately 100 lux for 60 min. D-
amphetamine sulfate (Amph, MilliporeSigma), dissolved in 9% saline (2.5 mg/kg), was then
administrated to the mouse through intraperitoneal (i.p.) injection. After injection, the activities of the
mouse were recorded with a camera positioned above the apparatus and then analyzed using the
Topscane software (CleverSys, Reston, VA, USA).

2.5. Histological examination
To evaluate the impact of SD, a cohort of mice was sacri�ced 2 h after the completion of the SD
paradigm. Another cohort was killed 2 h after the Amph challenge to determine the effect of Amph-
induced neuronal activities in the brain. In general, mice were deeply anesthetized by sodium
pentobarbital (i.p., 150 mg/kg) and perfused transcardially with 0.1 M phosphate buffer (PB) followed by
4% paraformaldehyde. Brains were removed and post�xed in 4% paraformaldehyde overnight and stored
in phosphate buffer saline (PBS) containing 0.1% sodium azide.
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2.5.1. Immunohistochemistry
Coronal sections of 30 µm were cut using a vibratome (VT 1000S, Leica, Wetzlar, Germany). Sections
containing the striatum (from bregma 1.10 to 0.38 mm) and hypothalamus (from bregma − 0.58 to -1.22
mm) were acquired in the 1:6 series and 1:3 series, respectively. Free-�oating immunohistochemical
staining method was conducted as described [22]. The primary and secondary antibodies and dilution
were listed in Table 1.
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Table 1
Antibodies used in the current study

Antibody Dilution Assay Source Identi�er

Alexa-488 goat anti-mouse IgG 1:500 IF Jackson Immuno
Research Laboratories,
West Grove, PA, USA

115-545-
205

Alexa-594 goat anti-rabbit IgG 1:500 IF Jackson Immuno
Research Laboratories,
West Grove, PA, USA

111-585-
144

Alexa-647 goat anti-rat IgG 1:500 IF BioLegend, San Diego,
CA, USA

405416

Biotinylated goat anti-rabbit IgG 1:500 IHC Jackson Immuno
Research Laboratories,
West Grove, PA, USA

111-065-
144

Mouse anti-TH 1:2000 IF Sigma-Aldrich, St. Louis,
MO, USA

T1299

Rabbit anti-c-fos 1:1000 IHC,
IF

Cell Signaling,  Danvers,
MA, USA.

P01100

Rabbit anti-Iba1 antibodies 1:1000 IHC,
IF

GeneTex, Irvine, CA,
USA.

GTX100042

Rat anti-CD68 1:1000 IF Bio-Rad, Hercules, CA,
USA

MCA1957

Goat polyclonal anti-Dopamine D1
receptor (D1R)

1:200 WB Santa Cruz Biotech,
Dallas, Texas, USA

sc-31479

Mouse monoclonal anti-dopamine
D2 receptor (D2R)

1:200 WB Abcam,  Cambridge, UK sc-5303

Rabbit polyclonal anti-dopamine
transporter (DAT)

1:2000 WB Abcam,  Cambridge, UK ab111468

Rabbit polyclonal anti-
glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)

1:20000 WB GeneTex, Irvine, CA,
USA.

GTX100118

HRP goat anti-rabbit IgG 1:2000 WB Vector Labs,
Burlingame, CA, USA

BA-1000

HRP Goat anti-mouse IgG 1:2000 WB Vector Labs,
Burlingame, CA, USA

BA-9200

IF: Immuno�uorescence

IHC: Immunohistochemistry

WB: Western blot
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Antibody Dilution Assay Source Identi�er

HRP rabbit anti-goat IgG 1:2000 WB Vector Labs,
Burlingame, CA, USA

BA-5000

IF: Immuno�uorescence

IHC: Immunohistochemistry

WB: Western blot

For evaluating the density of c-fos- or Iba-1-positive cells, micrographs containing the caudate-putamen
(CPu), nucleus accumbens (NAc), and paraventricular hypothalamic nucleus (PVN) were photographed
under a 10X objective with a light microscope (DM750; Leica). The number of c-fos- or Iba-1-positive cells
was measured within a 200 x 200 µm counting frame positioned in the regions of interest including the
CPu, the core and shell of NAc (NAcC and NAcS), and PVN using the ImageJ software (NIH, Bethesda,
MD, USA). Brain regions of interest were identi�ed based on the anatomical landmarks (e.g. �ber tracts or
ventricles) according to a mouse brain stereotaxic atlas [26]. The cell densities in 4–6 sections per mouse
were averaged to represent the result of each mouse.

2.5.2. Immuno�uorescence and cell counting
Brain sections containing the striatum, hypothalamus, and midbrain (from bregma − 2.92 to -3.80 mm)
were acquired in the 1:6, 1:3, and 1:3 series and transferred to the blocking solution. Free-�oating
immuno�uorescence method was conducted as described [22]. The primary and secondary antibodies
and dilution were listed in Table 1.

In the assays considering the midbrain DA neurons, bilateral brain sections covering the ventral tegmental
area (VTA) and substantia nigra (SN) were taken. DA neurons were identi�ed by the tyrosine hydroxylase
(TH) immuno�uorescence. Image acquirement and cell counting were performed as described [24].
Multiple z-stacks were acquired under a 20x objective with a confocal microscope (LSM780; Carl Zeiss,
Oberkochen, Germany) using a 2.69 µm z-interval combining the tiling function to encompass the
bilateral midbrain dopaminergic nuclei, VTA and SN. The numbers of DA neurons in VTA and SN were
obtained from 8 sections in each mouse and multiplied by the number of sections serial to represent the
total estimates of each mouse. As for microglial density assessment, a 200 x 200 µm counting frame
was positioned in the VTA, pars compacta, and reticulata of the SN (SNc and SNr), which were outlined
by the TH-positive cells.

2.5.3. Morphometric analyses and CD68 expression of
microglia
Confocal imaging was conducted using the LSM880 (Carl Zeiss) confocal microscope. Z-stacks of
microglia within the CPu or NAcC were acquired under a 63x oil objective with a 0.7x digital zoom using a
0.6 µm z-interval. Reconstruction of microglia and analysis of CD68-positive lysosomal expression within
microglia were performed as previously described [24] with minor modi�cation. In brief, Z-stacks were
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preprocessed by ImageJ and imported into Imaris (Version 9.8; Bitplane, Zurich, Switzerland). The
Surface module was used to determine the volume of Iba1- and CD68-positive signals with a uniform
analysis threshold across Z-stacks. The intracellular lysosomal content within microglia was presented
as the percentage of CD68 volume within microglia; normalized to the average results of the NS group in
the same imaging acquisition.

2.5.4. Golgi-Cox impregnation and dendritic spine counting
The FD Rapid Golgi Stain Kit (FD NeuroTechnologies, Columbia, MD, USA) was used to label the neurons
as described previously [24]. Micrographs of the neurons in the CPu, NAcC, and NAcS were captured by a
light microscope (Axio Imager M1, Carl Zeiss) under the 100x oil-objective with a 0.5 µm z-interval. The
density of the dendritic spines was evaluated manually using the Neurolucida software (MicroBrightField
Bioscience, Williston, VT, USA). The primary dendrites (the �rst protrusion from the soma) were not
included in the analysis.

2.6. Biochemical analyses
Mice of NS and SD groups were decapitated 2 h after the 72-h SD paradigm and their brains were quickly
taken. Bilateral striatum samples were quickly dissected on ice, immediately placed in dry ice, and stored
at -80oC until further analyses.

2.6.1. RT-PCR
TRIzol™ Reagent (Thermo Fisher Scienti�c, Waltham, MA, USA) was used to isolate total RNA in the
unilateral striatum of an individual mouse. Single strand cDNA was synthesized from 1 ng of total RNA
using the Magic RT Mastermix cDNA Synthesis Kit according to the manufacturer’s protocol (Bio-Genesis
Technologies, Taipei, Taiwan). Quantitative PCR for target genes in each sample was performed with an
SYBR Green Kit (Bio-Genesis Technologies) using 1 µl of cDNA per reaction and was conducted in
duplicate for each sample on a PCR machine (QuantStudio3, Thermo Fisher Scienti�c). Relative gene
expression was acquired by the ddCt method normalized endogenous control Gapdh and relative to the
mean results of the NS group. Primer pairs for the genes of interest were listed in Table 2.
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Table 2
qPCR primers used in the current study.

Target gene Primer sequence:

C1q Forward: 5’- CAAGGACTGAAGGGCGTGAA-3’,

Reverse: 5’-CAAGCGTCATTGGGTTCTGC-3’

C3 Forward: 5’-TCAGATAAGGAGGGGCACAA-3’,

Reverse: 5’-ATGAAGAGGTACCCACTCTGGA-3’

Caspase-1 Forward: 5’-GGCACATTTCCAGGACTGACTG-3’,

Reverse: 5’-GCAAGACGTGTACGAGTGGTTG-3’

CD11b Forward: 5’-TGGCCTATACAAGCTTGGCTTT-3’,

Reverse: 5’-AAAGGCCGTTACTGA GGTGG-3’

CRH Forward: 5’-GTTGAATTTCTTGCAAC GGAG-3’,

Reverse: 5’-GACTTCTGTTGAGGTTCCCCA-3’

CRF-R1 Forward: 5’-TTCTACGGTGTCCGCTACAA-3’,

Reverse: 5’-ATGACGGCAATGTGGTAGTG-3’

CRF-R2 Forward: 5’-TACCGAATCGCCCTCATTGT-3’,

Reverse: 5’-CCACGCGATGTTTCTCAGAAT-3’

CX3CR1 Forward: 5’-ACCCCAGTTCATGTTCACAAA-3’,

Reverse: 5’-GAAGAAGGCAAAGACCACCA-3’

D1R Forward: 5’-AAGATGCCGAGGATGACAAC-3’,

Reverse: 5’-TCGACAGGGTTTCCATTACC-3’

D2R Forward: 5’-CCTGTCCTTCACCATCTCTTGC-3’,

Reverse: 5’-TAGACCAGCAGGGTGACGATGA-3’

GAPDH Forward: 5'-ACGGGAAACCCATCACCAT-3',

Reverse: 5'-CCAGCATCACCCCATTTGA-3

IL-1β Forward: 5'-CCAGGATGAGGACATGAGCACC,

Reverse 5’-TTCTCTGCAGACTCAAACTC CAC-3’

IL-18 Forward: 5'-GACAGCCTGTGTTCGAGGATATG-3’,

Reverse: 5’-TGTTCTTACAGGAGAGGGTAGAC-3’
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Target gene Primer sequence:

IL-6 Forward: 5'-GCTACCAAACTGGATATAATCAGGA-3’,

Reverse: 5’-CCAGGTAGCTATGGTACTCCAGAA-3’

NLRP3 Forward: 5'-TGCTCTTCACTGCTATCAAGCCCT-3’,

Reverse: 5’-ACAAGCCTTTGCTCCAGACCCTAT-3’

TNF-α Forward: 5’-AGGCTGC CCCGACTACGT-3’,

Reverse 5’-GACTTTCTCCTG GTATGAGATAGCAAA-3’

Table 3
Microglial morphometric analyses

Parameters CPu NAcC

  NS (n = 24) SD (n = 23) NS (n = 23) SD (n = 23)

Bifurcation nodes 92.08 ± 3.18 102.83 ± 3.16 * 140.26 ± 6.37 141.26 ± 5.75

Terminal endings 106.54 ± 3.40 117.17 ± 3.46 * 158.57 ± 6.85 164.13 ± 6.49

Total process length (µm) 973.51 ± 29.92 979.31 ± 26.46 1119.93 ± 47.86 1053.25 ± 34.35

Soma volume (µm2) 231.48 ± 6.38 248.52 ± 5.09 * 250.49 ± 7.07 257.07 ± 7.05

2.6.2. Western blot
Frozen unilateral striatum samples were lysed homogenized in RIPA buffer (GenStar Biosolutions, Beijing,
China) containing 1% of protease inhibitor mixture (Thermo Fisher Scienti�c) and centrifuged at 12,000
rpm for 30 min at 4°C for supernatants collection. The bicinchoninic acid assay (Pierce™ BCA Protein
Assay Kit, Thermo Fisher Scienti�c) was performed to determine the protein concentration. Supernatants
were denatured by Laemmli sample buffer for 30 min at 65oC. 40 µg protein sample was loaded per lane,
separated by 1 % SDS-PAGE gel, and transferred to PVDF membranes (Immobilon-P, Millipore, Burlington,
MA, USA). The membranes were blocked in a solution of 5% low-fat milk in Tris-buffered saline with
Tween-20 (TBST) and then incubated with diluted primary antibodies in TBST overnight at 4oC, followed
by incubating with peroxidase-conjugated secondary antibodies for 1 h at room temperature. The
immunoreactive bands were scanned by chemiluminescent HRP substrate (Immobilon™ Western,
Millipore) with a UVP AutoChemi™ System (UVP Inc, Upland, CA, USA). The intensity of the
immunoreactive bands was evaluated by ImageJ (NIH) and normalized to GAPDH in a semiquantitative
manner.

2.7. Statistical analysis
Data are represented as mean ± SEM. Signi�cance was assessed with Student’s t-test. p < 0.05 was
considered to indicate a signi�cant difference.
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3. Results

3.1. Amph induced hyperlocomotion and greater neuronal
activity in adolescent SD mice
In concern of the strong association between sleep disruption and aberrant DA activity, we �rst examined
the effect of 72 h SD on the response to a single dose of Amph, which could elevate the extrasynaptic DA
level. We observed greater locomotor activity in mice of the SD group compared to those in the NS group,
both before and after Amph treatment (Fig. 1a & b). The elevated basal locomotor activity (before Amph
administration) in the SD group implicated the failure of habituation in a novel environment. Such
impaired habituation has also been observed in DA transporter (DAT)-knockdown mice, a model of
hyperdopaminergic tone [27]. Following the treatment of a low dose Amph (2.5 mg/kg), the change of
activity in the NS group was minimal, whereas the locomotion of SD mice was largely enhanced (Fig. 1a
& c). This result implicated that SD increases the response to psychostimulants targeting the DA system.
Amph treatment elevates the extrasynaptic DA level, which may further aggravate the hyperdopaminergic
status in SD mice resulting in their greater locomotor activity. These �ndings suggested that 72 h SD
inferences the DA system and biases the novel environment- and psychostimulant-induced responses
toward a heightened status.

Next, we examined the Amph-induced neuronal activity by measuring the c-fos protein expression in the
striatum because it receives the DA inputs from the midbrain DA neurons. In consistence with the
behavioral phenotypes, increased density of c-fos-positive cells was observed in three subregions of the
striatum, namely the CPu, NAcC, and NAcS, in mice of the SD paradigm (Fig. 2a-c). We further examined
the c-fos expression in midbrain DA neurons (Fig. 3a-c). A signi�cant increase of c-fos-positive labeling in
DA neurons was noticed in the SNc and VTA whereas the total numbers of DA neurons in both midbrain
regions were unaffected (Fig. 3d & e). The basal levels of c-fos-positive cells in the aforementioned
regions of the striatum and midbrain were comparable between the two groups (Suppl. Figure 1a & b),
implicating the changes in the SD mice are stimulation-dependent. Our �ndings suggested that sleep loss
augments the sensitivity to psychostimulants targeting the DA circuitry in a manner similar to repetitive
psychostimulant reinforcement [28, 29], which is also associated with the neuropathology of
schizophrenia [30].

3.2. 72 h SD altered the expression of striatal DA receptors
A collection of studies revealed the alleviated effects of antipsychotic drugs that act as blockers of DA
receptors on the SD-induced hyperdopaminergic status [31, 20, 32]. It is therefore tenable to suspect
alternations in DA receptors being accountable for the SD-induced reactions. We then examined the
expression of striatal DA receptors in adolescent SD mice (Fig. 4a). An increase in dopamine D1 receptor
(D1R) protein expression was noticed in SD mice (Fig. 4b); however, the D1R mRNA level was comparable
between groups (Fig. 4e). Since the density of striatal D1R declines remarkably during adolescence, until
it reaches a constant level in adulthood [33, 34], our data implied an SD-mediated disruption of
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developmental D1R elimination. Reduced dopamine D2 receptor (D2R) expression at both protein and
mRNA levels was observed in the SD compared with the NS group (Fig. 4c & f). These �ndings indicated
that SD downregulates the expression of striatal D2R, paralleling the previous studies of the SD paradigm
in humans and rats [18, 19]. The protein expression of DAT which reuptakes extrasynaptic DA was similar
between groups (Fig. 4d).

In adolescent mice, the SD paradigm may impair the elimination of dendritic spines, which are mainly
glutamatergic synapses, in the cortex and hippocampus [35, 22, 24]. Accordingly, the spine density of
striatal medium spiny neurons (MSNs) was measured in Golgi-stained samples (Suppl. Figure 2a). We
found comparable spine densities between the NS and SD groups in all three striatal subregions (Suppl.
Figure 2b). These results suggest that the striatal excitatory synapses might not be the major target of
SD.

3.3. 72 h SD decreased microglial phagocytic capacity in
the striatum
In addition to the role as the passive responders to disrupted homeostasis in the CNS, microglia also
mediate neuronal plasticity which has been highlighted in the neuro-maladaptation in the context of
erratic DA functions, such as stress and drug abuse [36]. Moreover, microglia participate in the shaping of
adolescent neural circuitries by phagocytic elimination of synaptic components [37] or D1R [38], which
presumably takes place during sleep [39–41]. To determine the impact of SD on microglia-mediated
neuroimmune signaling for the re�nement of synapses or receptors in the striatum, we quanti�ed the
transcriptional level of microglia-speci�c receptors and their neuronal ligands. Decreased mRNA level of
CX3CR1, a pivotal mediator for the neuron-microglia communication in synaptic re�nement [42], was
found in SD mice in comparison with NS mice (Fig. 5a). Also, the level of CD11b, a subunit of
complement receptor 3 (CR3) in the classical complement system, was decreased signi�cantly in the SD
group compared with the NS group (Fig. 5b). The expression of C1q and C3 was comparable between
groups (Fig. 5c & d).

Seeing the downregulation of microglial receptors related to phagocytic elimination of neuronal
components, we next evaluated the phagocytic capacity of microglia by double-labeling of Iba1 and
CD68 (Fig. 5e), a microglial lysosomal membrane protein [43]. In consensus with the downregulated
phagocytic-related receptors, there was a signi�cant decrease in the occupancy of CD68 within microglia
in the NAcC but not the CPu in SD mice compared to NS controls (Fig. 5f-h). Taken together, these
�ndings implicated an SD-induced reduction of microglial phagocytosis in the striatum, which is
important for the developmental remodeling of the DA system, by downregulating vital microglial
receptors and lysosomal abundance.

3.4. 72 h SD primed microglia activation and
neuroin�ammation in the striatum
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A growing body of evidence strongly links microglial activation with SD-induced cognitive impairments
[21–23] as well as the pathophysiology of various psychiatric illnesses [25]. Microglia activation and
subsequent neuroin�ammatory events cause substantial in�uences on neuronal activity and behavioral
de�cits related to affected regions [44]. In the light of the above evidence, we �rst explored the densities
of Iba1-positive microglia in the striatum (Fig. 6a-b). There was a signi�cant increase in striatal microglia
in SD mice compared with NS mice (Fig. 6c). Secondly, we examined the density of microglia within the
midbrain VTA, SNc, and SNr (Fig. 7a-b). No difference in microglial density in these midbrain regions was
observed between SD and NS groups (Fig. 7c). Interestingly, our results showed elevated microglial
density in the striatum which receives the DA projection but not in the midbrain nuclei where DA neurons
reside.

Microglial processes respond dynamically to the changes in the surrounding microenvironment and their
morphological shift often re�ects altered physiological conditions [45]. We next three-dimensionally
reconstructed Iba1-positive individual microglia and examined their morphological features (Fig. 8a & d).
Signi�cant increases in the node, endings, and soma volume were noted in microglia in the CPu of the SD
group (Table 2). Furthermore, the microglia of SD mice exhibited more intersections in Sholl analysis and
greater numbers of segments, showing increased rami�cation (Fig. 8b & c). In the NAcC (Fig. 8d-f), a
subtle reduction of intersections in the distal part of the microglial process was noted in the SD group
(Fig. 8e), while the number of segments was comparable between groups (Fig. 8f). Together,
morphometric �ndings suggested that 72 h SD increases striatal microglial population and shifts
microglial morphology toward hyper-rami�cation.

Considering that the pro-in�ammatory cytokines released by microglia under the circumstance of
neuroin�ammation may perturb neuronal activity, we measured the level of pro-in�ammatory factors. The
transcriptional levels of pro-in�ammatory cytokines, namely the tumor necrosis factor-alpha (TNF-α),
interleukin-6 (IL-6), interleukin-1 beta (IL-1β), and IL-18, were signi�cantly elevated in SD mice compared
to NS controls (Fig. 9a-d). Furthermore, the mRNA levels of NOD-, LRR- and pyrin domain-containing
protein 3 (NLRP3) and Caspase-1, the upstream activators of IL-1β and IL-18 [46], were also up-regulated
in SD mice (Fig. 9e & f). Collectively, these �ndings indicated SD-mediated priming of microglia activation
and neuroin�ammatory status in the striatum.

We next investigated whether microglia-mediated neuroin�ammation is responsible for the striatal
phenotypes of sleep-deprived adolescent mice. Minocycline (MINO) is an antibiotic that has also been
recognized as an inhibitor of microglial activation [47]. MINO has been demonstrated to inhibit microglial
activation, ameliorate Amph-induced hyperlocomotion, prepulse inhibition (PPI) de�cits, and reduce drug-
seeking behaviors in rodent models associated with evoked immune responses [48–50]. In light of this,
we administered MINO via drinking water three days before SD and throughout the SD period. There was
a signi�cant reduction of microglial density in the CPu and NAcS of MINO-treated SD (MSD) mice
compared with the vehicle-taking SD (VSD) mice (Suppl. Figure 3a). However, MINO failed to prevent
Amph-induced hyperlocomotion in SD mice. There was no difference in the traveled distance between
MSD and VSD mice in the Amph challenge test (Suppl. Figure 3b). These results indicated that while
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MINO treatment prohibits the SD-induced striatal microglial activation, the hyperdopaminergic
performances in SD mice might be attributed to other mechanisms.

3.5. 72 h SD augmented CRF signaling in the hypothalamus
and midbrain
Sleep loss shared a wide spectrum of endocrine and neurochemical imbalances with stressful
encounters. Stressful encounters are postulated to produce alternations in the neurological and
behavioral dysfunctions of the mesocorticolimbic DA circuitries, such as psychotic symptoms,
reinforcement, and behavioral sensitization to psychostimulants [51, 13]. In particular, a plethora of
studies has identi�ed the CRF system as a prominent character regulating the DA neuron-involved
maladaptation to stress [52]. CRF is mainly produced by the hypothalamic neurons in the PVN and
governs the activity of the HPA axis [53]. Notably, sleep loss induces activation of the HPA axis in the
effort to maintain wakefulness and arousal [54, 55]. In our previous study, we observed elevated plasma
corticosterone levels in mice after 72 h SD [24], implying a sign of activated HPA axis in our SD paradigm.
Based on the above evidence, we aimed to determine whether SD enhances CRF signaling in the
adolescent brain. Firstly, the level of c-fos expression in the PVN, where the CRF-secreting neurons are
located, was evaluated (Fig. 10a & b). Mice subjected to SD showed a signi�cant increase of c-fos-
positive cells in the PVN compared with that in the NS group (Fig. 10c). Furthermore, the transcriptional
level of CRF was also upregulated in the hypothalamic tissue (Fig. 10d), suggesting that SD elicited
hypothalamic CRF signaling.

The VTA DA neurons are innervated by CRF-containing glutamatergic afferent terminals and express CRF
receptors 1 and 2 (CRF-R1 and CRF-R2) [53], we then examined the expression of CRF receptors in the
midbrain tissue at mRNA level. A signi�cant upregulation of the CRF-R1 but not CRF-R2 expression was
observed in the SD mice compared to the NS mice (Fig. 10e), indicating an SD-induced enhancement of
CRF-R1 mediated signaling upstream of the DA system. Taken together, our results demonstrated an
augmented CRF signaling and sensitivity following SD, both of which might contribute to the
sensitization and hyperactivity of the DA system.

4. Discussion
The current study showed immense impacts of 72 h SD on the neurons and microglia in adolescent
brains. SD produced a hyperdopaminergic status, with escalated locomotor activity, increased neuronal
activity in the striatum and midbrain DA neurons under Amph stimulation, as well as altered expression
of striatal DA receptors. We also discovered distinct features of microglial activation in the striatum of SD
mice. However, whereas treatment with an anti-neuroin�ammation agent MINO normalized the increment
of the striatal microglial density in SD mice, it did not rescue the behavioral changes in the Amph
challenge test, implying that microglia reactivity might not be the major stem of the SD-induced
hyperdopaminergia. In contrast, SD mice showed increased activity and sensitivity of the CRF signaling,
which potently primes both DA system and microglia activity. Collectively, these �ndings support a
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fueling role of stress responses evoked by SD to the DA circuitry and the striatal microglia in adolescents.
Our results also unraveled a potential mechanism of how sleep deprivation navigates adolescent
individuals to the susceptibility to psychiatric illnesses.

4.1. 72 h SD induces a CRF signaling-mediated
hyperdopaminergic status in adolescent mice
In good agreement with previous studies [14, 20], we found that SD elicited exaggerated responses to a
novel environment and acute Amph stimulation in adolescent mice. Whereas most studies focused on
changes in DA afferent regions such as the striatum and prefrontal cortex [14, 31], we herein
demonstrated the signi�cance of functional alternations in the midbrain DA neurons in the SD-induced
hyperdopaminergic status. Using c-fos labeling as the indicator of neuronal activity, we found that aside
from increased striatal c-fos density, SD also evoked robust c-fos expression in the VTA. It is to note that
acute psychostimulant administration generally exerts inhibition effects through the somatodendritic-
released DA [56] or forebrain innervation to the VTA DA neurons [57]. The increased VTA DA neuronal
activity following the Amph challenge in the SD animals was akin to the pattern of repetitive drug
administration [28, 29] as well as repeated stress exposure [58]. Notably, appreciable evidence
demonstrated that drugs of abuse and stressful experience trigger common pathways to generate
behavioral and neuronal sensitization by evoking neuroplastic changes in the VTA DA neurons [13].
Taken together, our �ndings postulate that the hyperdopaminergic status might attribute to the SD-
induced sensitization in the mesolimbic DA system.

One of the prominent �ndings in the current study was that 72 h SD enhanced hypothalamic CRF
signaling and increased midbrain CRF-R1 level. These results suggested that SD arouses CRF-mediated
stress response and sensitivity. It is well known that the activation of the CRF system is a crucial aspect
of the stress-induced sensitization of DA circuitries [52, 53, 13]. The CRF-containing neurons in the PVN,
central amygdala, and bed nucleus of the stria terminalis innervate the VTA DA neurons and form
excitatory synapses [59]. In the VTA, locally released CRF acts in concert with glutamate to modulate the
activity of DA neurons mainly through CRF-R1 [53]. The regulatory effects of CRF on the VTA DA neurons
are predominantly excitatory, which encompasses increasing neuronal �ring [60], potentiating N-methyl-D-
aspartate (NMDA) receptors [61], and evoking DA release in the target brain areas [62]. Systemic or intra-
VTA administration of CRF receptor antagonists has demonstrated a vital role of CRF signaling in stress-
induced drug-seeking behaviors [63, 64]. Besides, CRF may in�uence the DA circuitries indirectly by
activating the HPA axis and the subsequent release of glucocorticoids. In our previous study, we found
that 72 h SD elevated plasma corticosterone [24], which is highly lipophilic and able to diffuse into the
CNS. Glucocorticoid receptors are widely expressed in neurons of the DA system [13]. Animal studies
showed that corticosterone augments DA release into the NAc [65], and increases Amph or cocaine self-
administration, and locomotor sensitization [66, 67]. Together, 72 h SD could trigger CRF-mediated stress
responses, probably potentiates by both intra- and extra-hypothalamic CRF signaling pathways, leading
to neuronal and behavioral sensitization of the DA system.
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CRF signaling also mediates microglial functions directly under stressful conditions since microglia
express both CRF-1R and CRF-2R [68]. CRF stimulation was found to enhance microglial production of
proin�ammatory cytokines TNF-α or IL-18 [69, 70], which is proposed to modulate the stress responses
[71]. Taken together, enhanced CRF signaling upon SD might act as a potent trigger to both neuronal and
microglial reactivity of the DA system.

Mounting evidence suggested a reciprocal relationship between sleep loss and stress responses [54, 55].
On one hand, the facilitated HPA activity is essential for maintaining wakefulness during the SD regimen,
as a positive correlation was found between plasma cortisol level and arousal state [72]. On the other
hand, exogenous CRF and glucocorticoid treatments could increase wakefulness, suppress sleep, and
alter sleep architecture through interacting with sleep-wake regulatory neural circuitries, including the
wake-promoting locus coeruleus and sleep-activating nuclei in the preoptic hypothalamus [73, 74].
Notably, the activity of VTA DA neurons and their projections to the NAc is necessary for arousal [75].
Correspondingly, the physiological arousing effects of the DA system were supported by pharmacological
or genetic manipulations targeting DA receptors [76, 77]. The above pieces of literature, accompanied by
our observations on elevated CRF and DA signaling after SD, have raised that the SD-dependent
heightened CRF signaling might increase the excitability of the DA system, to ful�ll the demand for
inducing or sustaining arousal.

4.2. 72 h SD alters striatal DA receptor expression in
adolescent mice
Besides exacerbated behavioral and neuronal responses to the Amph challenge, the current study also
identi�ed an SD-induced downregulation of striatal D2R at both mRNA and protein levels. Similarly,
downregulated D2R had been recognized in the ventral striatum after chronic treatments of
psychostimulants or agonists [78, 79]. One potential mechanism for SD-induced D2R reduction is the
prolonged DA stimulation, which may lead to the surface internalization, endocytosis, and degradation of
D2R [80, 81]. Previous studies demonstrated that SD elevates DA concentration or its metabolites in the
striatum [82, 20]. Although D2R plays a crucial role in the maintenance of wakefulness [75, 76], sustained
DA stimulation might result in the degradation of striatal D2R. Another tenable cause might be the
activation of the adenosine receptor [83], which is co-expressed with D2R on striatal MSNs [84]. As a
derivative of energy metabolism, extracellular adenosine accumulates during the waking state and
employs modulatory effects through the activation of A1 and A2 receptors [85], which might decrease
D2R binding a�nity [86] or drive D2R surface internalization [87]. In addition, chronic stress exposure has
been shown to reduce striatal D2R mRNA expression, emphasizing that the DA system is the affected
pathway between sleep loss and stress responses [88, 89]. Collectively, the heightened DA signaling or
energy expenditure evoked by SD or SD-related stress might be responsible for the reduction of D2R
biosynthesis and expression.

In contrast to the downregulated striatal D2R expression, an increase in striatal D1R protein was observed
in the SD mice. Speci�cally, the signi�cance has occurred in the protein but not the mRNA level, raising
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the assumption of decreased D1R elimination rather than upregulated biosynthesis in the SD paradigm.
In rodents, functional availability of D1R and D2R in the CPu and NAc peaks approximately between P28
to P40 and declines thereafter to adult levels [33, 34]. A similar developmental pattern of DA receptors
was also reported in the human postmortem striatum, implicating a highly-conserved pruning process of
DA receptors during adolescence [90]. Remarkably, it has been shown that microglia and complement-
mediated immune signaling might contribute to the elimination of D1R in the adolescent NAc [38]. This
developmental D1R pruning is associated with the successful transition of social behaviors from
adolescent to adult, emphasizing the importance of proper neuron-microglia interactions in the
maturating DA system [38].

Hypersensitivity of D1R and reduction of D2R, which result in the imbalance between the signaling of
these two receptors, have been proposed to predispose the individual to addiction [91, 92]. It is supported
by a correlation between sleep disturbance and susceptibility to cocaine addiction [93]. Therefore,
alternations of DA receptors, as maladaptive responses engaging neuronal and microglial changes,
elicited by sleep loss are likely to bring detrimental consequences such as vulnerability to substance-use
disorders or extended neuropathology in the DA system. The intricate mechanisms underpin should be
carefully elucidated in the future.

4.3. 72 h SD activates striatal microglia in adolescent mice
Microglia activation is well recognized in various SD regimens [21–23]. Likewise, our data of increased
microglia density, altered microglial morphology, and upregulated transcription of a plethora of pro-
in�ammatory components suggest that 72 h SD primes microglia activation and neuroin�ammation in
the adolescent striatum. In our current model, SD effectively evokes stress responses and activates the
neuroendocrine system which has a direct impact on microglia. Stress-coping hormones such as
glucocorticoids, CRF, and norepinephrine could elicit microglia activation and subsequent cytokine
productions [68]. Besides, the increase of danger-associated molecular patterns (DAMPs) is also a potent
activator of microglia and neuroin�ammation in the context of SD [94]. Endogenous DAMPs bind to their
associated pattern recognition receptors on microglia and activate the downstream in�ammatory
pathways, such as increasing the transcription of NLRP3 or pro-in�ammatory cytokines [95]. We,
therefore, proposed that DAMPs generated by increased synaptic activity or accumulated cellular stress
during SD contribute to the priming of in�ammatory pathways in the striatum.

In addition to the pro�les of neuroin�ammation-related cytokines, we observed an increase in the
complexity of microglial processes in the CPu of the SD mice. Hyper-rami�ed microglia have been
identi�ed in various chronic stress models [96–98]. Microglia hyper-rami�cation might be a transition
phase from the resting to the activated state in response to injury [99]. Emerging evidence further
suggests that microglia, equipped with a wild array of receptors, are activated by neurotransmitters and
purinergic signaling [68], and elaborate their processes to intensify the surveillance, contacts, and
modulation of the surrounding neuronal structures [100]. In the SD paradigm, aberrant neuronal activity
might stimulate microglial morphological changes and interactions with the surrounding
microenvironment.
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Microglial-mediated neuronal activity and structural remodeling might take place during the sleep state
[39–41]. In particular, our previous studies demonstrated that the lack of sleep prevents microglial
engulfment and phagocytosis of synaptic materials in adolescent mice [22, 24]. Here, we provided
evidence of downregulated CX3CR1 and CD11b, in the striatal homogenate of the SD mice. These
molecules are microglia-speci�c components that participate in the developmental synaptic re�nement
[101] and synaptic remodeling of the DA system [38, 48]. Resonating with the mRNA assessment, the
lysosomal marker CD68 was also found to decrease in the NAcC microglia of SD mice, implying a
reduction in the microglial phagocytic capacity. Since microglia and complement-mediated immune
signaling play role in the elimination of D1R in the adolescent NAc [38], our results suggested that the
de�ciency in microglia phagocytic capacity is a potential culprit for the increased remnant of striatal D1R
after SD.

Microglia activation and neuroin�ammation have been acknowledged by converging clinical and animal
studies as risk factors for developing substance use disorders or other psychiatric illnesses associated
with abnormal DA functions [25]. MINO administration has been shown to inhibit the microglial activation
and neuroin�ammatory events associated with the DA system, including drug-seeking behaviors,
behavioral sensitization to psychostimulants, and reduced PPI [48–50]. In the present study, six days of
MINO treatment reduced the SD-induced microglia increase in the striatum; however, it did not prevent the
hyperactivity after Amph stimulation. These results implicated that microglia activation is not the only
source of SD-induced hyperdopaminergic status. On a cautionary note, the abnormal DA signaling might
be a convergence of different etiologies or multiple factors. Besides the activation of stress response
systems, attenuated pruning processes, and priming of pro-in�ammatory cascades occurred in our SD
paradigm, which might not be prevented by a single MINO treatment. The consequences of various
harmful factors brought by SD are highly intertwined with each other; we might develop therapeutic
strategies using combined pathways.

4.4. Conclusion
Our current �ndings present an interplay between neuroendocrine, DA, and immune systems in sleep-
deprived adolescent mice. We proposed that prolonged sleep loss stimulates the DA system to achieve
the demand of arousal maintenance by activating the stress response systems. Furthermore, the elevated
stress responses result in various neuronal and microglial adaptions in the DA systems, including altered
striatal DA receptors, decreased microglial pruning capacity, and primed neuroin�ammatory signaling,
which contributes to enhanced sensitivity to psychostimulants in sleep-deprived adolescents. While a
wealth of studies showed that SD models have prominent face validity to neuropsychiatric disorders
such as schizophrenia, herein we provide evidence indicating similar underlying mechanisms covering
the three major aspects, namely the aberrant neuroendocrine, DA, and immune signaling, between SD and
a wild range of neuropsychiatric illnesses. The detrimental effects of sleep insu�ciency on the DA
system are potent risk factors for the development of mental disorders and should be considered
deliberately in the prevention or therapeutic strategy for neuropsychiatric disorders.
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Abbreviations
Amph: Amphetamine

CNS: central nervous system

CR3: complement receptor 3

CRF: corticotrophin-releasing factor

CRF-R1: corticotrophin-releasing factor-receptor 1

CRF-R2: corticotrophin-releasing factor-receptor 2

CPu: caudate-putamen

CX3CR1: CX3C chemokine receptor 1

DA: dopamine/dopaminergic

D1R: dopamine D1 receptor

D2R: dopamine D2 receptor

DAT: dopamine transporter

GAPDH: glyceraldehyde 3-phosphate dehydrogenase

HPA: hypothalamic-pituitary-adrenal

Iba1: ionized calcium-binding adaptor molecule 1

IL-18: interleukin-18

IL-1b: interleukin-1 beta

IL-6: interleukin-6

MINO: minocycline

MSD: minocycline-treated SD

MSN: medium spiny neuron

NAcC: core of nucleus accumbens

NAcS: shell of nucleus accumbens
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NLRP3: NOD-, LRR- and pyrin domain-containing protein 3

NS: normal sleep

PSD95: postsynaptic density protein 95

PPI: prepulse inhibition

PVN: paraventricular hypothalamic nucleus

TH: tyrosine hydroxylase

TNF-a: tumor necrosis factor-alpha

SD: sleep deprivation

SNc: substantia nigra pars compacta

SNr: substantia nigra pars reticulata
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Declarations
Compliance with Ethical Standards 

Disclosure of potential con�icts of interest

None. 

Research involving Human Participants and/or Animals

 Animals.

Informed consent

 Not applicable.

Ethics approval

All animal experiments were approved by the Institutional Animal Care and Use of National Taiwan
University College of Medicine and were conducted in compliance with the ethical guideline. 

Consent to participate



Page 21/39

Not applicable. 

Consent for publication

All authors have reviewed and approve the contents of the manuscription and consent for publication. 

Availability of data and materials

Not applicable. 

Competing interests

All authors declared no competing interests, neither �nancially nor non-�nancially. 

Funding

This work was supported by the Ministry of Science and Technology of the Republic of China; Grant
numbers: 104-2314-B-002-129-MY4 and 110-2320-B-002-030-MY3. 

Authors' contributions 

LHT and LJL designed all the experiments and wrote the manuscript. LHT and JWY performed
experiments and analyzed the data. JHL analyzed the data and proof-read the manuscript. All authors
read and approved the �nal manuscript. 

Acknowledgements

We thank the staff of the imaging core at the First Core Labs, National Taiwan University College of
Medicine, for technical assistance.

References
1. Hirshkowitz M, Whiton K, Albert SM, Alessi C, Bruni O, DonCarlos L, Hazen N, Herman J, Katz ES,

Kheirandish-Gozal L, Neubauer DN, O'Donnell AE, Ohayon M, Peever J, Rawding R, Sachdeva RC,
Setters B, Vitiello MV, Ware JC, Adams Hillard PJ (2015) National Sleep Foundation's sleep time
duration recommendations: methodology and results summary. Sleep Health 1 (1):40-43.
doi:10.1016/j.sleh.2014.12.010

2. Huang YS, Wang CH, Guilleminault C (2010) An epidemiologic study of sleep problems among
adolescents in North Taiwan. Sleep Med 11 (10):1035-1042. doi:10.1016/j.sleep.2010.04.009

3. Perlus JG, O'Brien F, Haynie DL, Simons-Morton BG (2018) Adolescent sleep insu�ciency one year
after high school. J Adolesc 68:165-170. doi:10.1016/j.adolescence.2018.07.016

4. Owens J, Adolescent Sleep Working G, Committee on A (2014) Insu�cient sleep in adolescents and
young adults: an update on causes and consequences. Pediatrics 134 (3):e921-932.
doi:10.1542/peds.2014-1696



Page 22/39

5. Dewald JF, Meijer AM, Oort FJ, Kerkhof GA, Bogels SM (2010) The in�uence of sleep quality, sleep
duration and sleepiness on school performance in children and adolescents: A meta-analytic review.
Sleep Med Rev 14 (3):179-189. doi:10.1016/j.smrv.2009.10.004

�. Shochat T, Cohen-Zion M, Tzischinsky O (2014) Functional consequences of inadequate sleep in
adolescents: a systematic review. Sleep Med Rev 18 (1):75-87. doi:10.1016/j.smrv.2013.03.005

7. Paus T, Keshavan M, Giedd JN (2008) Why do many psychiatric disorders emerge during
adolescence? Nat Rev Neurosci 9 (12):947-957. doi:10.1038/nrn2513

�. Kaskie RE, Graziano B, Ferrarelli F (2017) Schizophrenia and sleep disorders: links, risks, and
management challenges. Nat Sci Sleep 9:227-239. doi:10.2147/NSS.S121076

9. Logan RW, Hasler BP, Forbes EE, Franzen PL, Torregrossa MM, Huang YH, Buysse DJ, Clark DB,
McClung CA (2018) Impact of Sleep and Circadian Rhythms on Addiction Vulnerability in
Adolescents. Biol Psychiatry 83 (12):987-996. doi:10.1016/j.biopsych.2017.11.035

10. Casey BJ, Jones RM, Hare TA (2008) The adolescent brain. Ann N Y Acad Sci 1124:111-126.
doi:10.1196/annals.1440.010

11. Wahlstrom D, Collins P, White T, Luciana M (2010) Developmental changes in dopamine
neurotransmission in adolescence: behavioral implications and issues in assessment. Brain Cogn 72
(1):146-159. doi:10.1016/j.bandc.2009.10.013

12. Klein MO, Battagello DS, Cardoso AR, Hauser DN, Bittencourt JC, Correa RG (2019) Dopamine:
Functions, Signaling, and Association with Neurological Diseases. Cell Mol Neurobiol 39 (1):31-59.
doi:10.1007/s10571-018-0632-3

13. Sinclair D, Purves-Tyson TD, Allen KM, Weickert CS (2014) Impacts of stress and sex hormones on
dopamine neurotransmission in the adolescent brain. Psychopharmacology (Berl) 231 (8):1581-
1599. doi:10.1007/s00213-013-3415-z

14. Frau R, Bini V, Soggiu A, Scheggi S, Pardu A, Fanni S, Roncada P, Puligheddu M, Marrosu F, Caruso D,
Devoto P, Bortolato M (2017) The Neurosteroidogenic Enzyme 5alpha-Reductase Mediates
Psychotic-Like Complications of Sleep Deprivation. Neuropsychopharmacology 42 (11):2196-2205.
doi:10.1038/npp.2017.13

15. Petrovsky N, Ettinger U, Hill A, Frenzel L, Meyhofer I, Wagner M, Backhaus J, Kumari V (2014) Sleep
deprivation disrupts prepulse inhibition and induces psychosis-like symptoms in healthy humans. J
Neurosci 34 (27):9134-9140. doi:10.1523/JNEUROSCI.0904-14.2014

1�. Waters F, Chiu V, Atkinson A, Blom JD (2018) Severe Sleep Deprivation Causes Hallucinations and a
Gradual Progression Toward Psychosis With Increasing Time Awake. Front Psychiatry 9:303.
doi:10.3389/fpsyt.2018.00303

17. Tost H, Alam T, Meyer-Lindenberg A (2010) Dopamine and psychosis: theory, pathomechanisms and
intermediate phenotypes. Neurosci Biobehav Rev 34 (5):689-700.
doi:10.1016/j.neubiorev.2009.06.005

1�. Sardi NF, Tobaldini G, Morais RN, Fischer L (2018) Nucleus accumbens mediates the pronociceptive
effect of sleep deprivation: the role of adenosine A2A and dopamine D2 receptors. Pain 159 (1):75-84.



Page 23/39

doi:10.1097/j.pain.0000000000001066

19. Volkow ND, Tomasi D, Wang GJ, Telang F, Fowler JS, Logan J, Benveniste H, Kim R, Thanos PK, Ferre
S (2012) Evidence that sleep deprivation downregulates dopamine D2R in ventral striatum in the
human brain. J Neurosci 32 (19):6711-6717. doi:10.1523/JNEUROSCI.0045-12.2012

20. Proenca MB, Dombrowski PA, Da Cunha C, Fischer L, Ferraz AC, Lima MM (2014) Dopaminergic D2
receptor is a key player in the substantia nigra pars compacta neuronal activation mediated by REM
sleep deprivation. Neuropharmacology 76 Pt A:118-126. doi:10.1016/j.neuropharm.2013.08.024

21. Ahmed A, Misrani A, Tabassum S, Yang L, Long C (2021) Minocycline inhibits sleep deprivation-
induced aberrant microglial activation and Keap1-Nrf2 expression in mouse hippocampus. Brain Res
Bull 174:41-52. doi:10.1016/j.brainresbull.2021.05.028

22. Tuan LH, Lee LJ (2019) Microglia-mediated synaptic pruning is impaired in sleep-deprived
adolescent mice. Neurobiol Dis 130:104517. doi:10.1016/j.nbd.2019.104517

23. Wadhwa M, Prabhakar A, Ray K, Roy K, Kumari P, Jha PK, Kishore K, Kumar S, Panjwani U (2017)
Inhibiting the microglia activation improves the spatial memory and adult neurogenesis in rat
hippocampus during 48 h of sleep deprivation. J Neuroin�ammation 14 (1):222.
doi:10.1186/s12974-017-0998-z

24. Tuan LH, Tsao CY, Lee LJ, Lee LJ (2021) Voluntary exercise ameliorates synaptic pruning de�cits in
sleep-deprived adolescent mice. Brain Behav Immun 93:96-110. doi:10.1016/j.bbi.2020.12.017

25. Rahimian R, Wakid M, O'Leary LA, Mechawar N (2021) The emerging tale of microglia in psychiatric
disorders. Neurosci Biobehav Rev 131:1-29. doi:10.1016/j.neubiorev.2021.09.023

2�. Paxinos G, Franklin KB (2008) The Mouse Brain in Stereotaxic Coordinates. Third. Academic Press,

27. Zhuang X, Oosting RS, Jones SR, Gainetdinov RR, Miller GW, Caron MG, Hen R (2001) Hyperactivity
and impaired response habituation in hyperdopaminergic mice. Proc Natl Acad Sci U S A 98
(4):1982-1987. doi:10.1073/pnas.98.4.1982

2�. Lodge DJ, Grace AA (2008) Amphetamine activation of hippocampal drive of mesolimbic dopamine
neurons: a mechanism of behavioral sensitization. J Neurosci 28 (31):7876-7882.
doi:10.1523/JNEUROSCI.1582-08.2008

29. Valenti O, Zambon A, Boehm S (2021) Orchestration of Dopamine Neuron Population Activity in the
Ventral Tegmental Area by Caffeine: Comparison With Amphetamine. Int J Neuropsychopharmacol
24 (10):832-841. doi:10.1093/ijnp/pyab049

30. Weidenauer A, Bauer M, Sauerzopf U, Bartova L, Praschak-Rieder N, Sitte HH, Kasper S, Willeit M
(2017) Making Sense of: Sensitization in Schizophrenia. Int J Neuropsychopharmacol 20 (1):1-10.
doi:10.1093/ijnp/pyw081

31. Frau R, Orru M, Puligheddu M, Gessa GL, Mereu G, Marrosu F, Bortolato M (2008) Sleep deprivation
disrupts prepulse inhibition of the startle re�ex: reversal by antipsychotic drugs. Int J
Neuropsychopharmacol 11 (7):947-955. doi:10.1017/S1461145708008900

32. Serra G, Melis MR, Argiolas A, Fadda F, Gessa GL (1981) REM sleep deprivation induces
subsensitivity of dopamine receptors mediating sedation in rats. Eur J Pharmacol 72 (1):131-135.



Page 24/39

doi:10.1016/0014-2999(81)90310-1

33. Andersen SL, Rutstein M, Benzo JM, Hostetter JC, Teicher MH (1997) Sex differences in dopamine
receptor overproduction and elimination. Neuroreport 8 (6):1495-1498. doi:10.1097/00001756-
199704140-00034

34. Tarazi FI, Tomasini EC, Baldessarini RJ (1999) Postnatal development of dopamine D1-like receptors
in rat cortical and striatolimbic brain regions: An autoradiographic study. Dev Neurosci 21 (1):43-49.
doi:10.1159/000017365

35. Maret S, Faraguna U, Nelson AB, Cirelli C, Tononi G (2011) Sleep and waking modulate spine turnover
in the adolescent mouse cortex. Nat Neurosci 14 (11):1418-1420. doi:10.1038/nn.2934

3�. McGrath AG, Briand LA (2019) A potential role for microglia in stress- and drug-induced plasticity in
the nucleus accumbens: A mechanism for stress-induced vulnerability to substance use disorder.
Neurosci Biobehav Rev 107:360-369. doi:10.1016/j.neubiorev.2019.09.007

37. Mallya AP, Wang HD, Lee HNR, Deutch AY (2019) Microglial Pruning of Synapses in the Prefrontal
Cortex During Adolescence. Cereb Cortex 29 (4):1634-1643. doi:10.1093/cercor/bhy061

3�. Kopec AM, Smith CJ, Ayre NR, Sweat SC, Bilbo SD (2018) Microglial dopamine receptor elimination
de�nes sex-speci�c nucleus accumbens development and social behavior in adolescent rats. Nat
Commun 9 (1):3769. doi:10.1038/s41467-018-06118-z

39. Choudhury ME, Miyanishi K, Takeda H, Islam A, Matsuoka N, Kubo M, Matsumoto S, Kunieda T,
Nomoto M, Yano H, Tanaka J (2020) Phagocytic elimination of synapses by microglia during sleep.
Glia 68 (1):44-59. doi:10.1002/glia.23698

40. Liu YU, Ying Y, Li Y, Eyo UB, Chen T, Zheng J, Umpierre AD, Zhu J, Bosco DB, Dong H, Wu LJ (2019)
Neuronal network activity controls microglial process surveillance in awake mice via norepinephrine
signaling. Nat Neurosci 22 (11):1771-1781. doi:10.1038/s41593-019-0511-3

41. Stowell RD, Sipe GO, Dawes RP, Batchelor HN, Lordy KA, Whitelaw BS, Stoessel MB, Bidlack JM,
Brown E, Sur M, Majewska AK (2019) Noradrenergic signaling in the wakeful state inhibits microglial
surveillance and synaptic plasticity in the mouse visual cortex. Nat Neurosci 22 (11):1782-1792.
doi:10.1038/s41593-019-0514-0

42. Arnoux I, Audinat E (2015) Fractalkine Signaling and Microglia Functions in the Developing Brain.
Neural Plast 2015:689404. doi:10.1155/2015/689404

43. Morini R, Bizzotto M, Perrucci F, Filipello F, Matteoli M (2021) Strategies and Tools for Studying
Microglial-Mediated Synapse Elimination and Re�nement. Front Immunol 12:640937.
doi:10.3389/�mmu.2021.640937

44. Rosi S, Ramirez-Amaya V, Vazdarjanova A, Worley PF, Barnes CA, Wenk GL (2005)
Neuroin�ammation alters the hippocampal pattern of behaviorally induced Arc expression. J
Neurosci 25 (3):723-731. doi:10.1523/JNEUROSCI.4469-04.2005

45. Savage JC, Carrier M, Tremblay ME (2019) Morphology of Microglia Across Contexts of Health and
Disease. Methods Mol Biol 2034:13-26. doi:10.1007/978-1-4939-9658-2_2



Page 25/39

4�. Heneka MT, McManus RM, Latz E (2018) In�ammasome signalling in brain function and
neurodegenerative disease. Nat Rev Neurosci 19 (10):610-621. doi:10.1038/s41583-018-0055-7

47. Yong VW, Wells J, Giuliani F, Casha S, Power C, Metz LM (2004) The promise of minocycline in
neurology. Lancet Neurol 3 (12):744-751. doi:10.1016/S1474-4422(04)00937-8

4�. Linker KE, Gad M, Tawadrous P, Cano M, Green KN, Wood MA, Leslie FM (2020) Microglial activation
increases cocaine self-administration following adolescent nicotine exposure. Nat Commun 11
(1):306. doi:10.1038/s41467-019-14173-3

49. Lo Iacono L, Catale C, Martini A, Valzania A, Viscomi MT, Chiurchiu V, Guatteo E, Bussone S, Perrone
F, Di Sabato P, Arico E, D'Argenio A, Troisi A, Mercuri NB, Maccarrone M, Puglisi-Allegra S, Casella P,
Carola V (2018) From Traumatic Childhood to Cocaine Abuse: The Critical Function of the Immune
System. Biol Psychiatry 84 (12):905-916. doi:10.1016/j.biopsych.2018.05.022

50. Mattei D, Djodari-Irani A, Hadar R, Pelz A, de Cossio LF, Goetz T, Matyash M, Kettenmann H, Winter C,
Wolf SA (2014) Minocycline rescues decrease in neurogenesis, increase in microglia cytokines and
de�cits in sensorimotor gating in an animal model of schizophrenia. Brain Behav Immun 38:175-
184. doi:10.1016/j.bbi.2014.01.019

51. Andersen SL, Teicher MH (2009) Desperately driven and no brakes: developmental stress exposure
and subsequent risk for substance abuse. Neurosci Biobehav Rev 33 (4):516-524.
doi:10.1016/j.neubiorev.2008.09.009

52. Burke AR, Miczek KA (2014) Stress in adolescence and drugs of abuse in rodent models: role of
dopamine, CRF, and HPA axis. Psychopharmacology (Berl) 231 (8):1557-1580. doi:10.1007/s00213-
013-3369-1

53. Haass-Ko�er CL, Bartlett SE (2012) Stress and addiction: contribution of the corticotropin releasing
factor (CRF) system in neuroplasticity. Front Mol Neurosci 5:91. doi:10.3389/fnmol.2012.00091

54. Balbo M, Leproult R, Van Cauter E (2010) Impact of sleep and its disturbances on hypothalamo-
pituitary-adrenal axis activity. Int J Endocrinol 2010:759234. doi:10.1155/2010/759234

55. Nollet M, Wisden W, Franks NP (2020) Sleep deprivation and stress: a reciprocal relationship.
Interface Focus 10 (3):20190092. doi:10.1098/rsfs.2019.0092

5�. Rice ME, Patel JC (2015) Somatodendritic dopamine release: recent mechanistic insights. Philos
Trans R Soc Lond B Biol Sci 370 (1672). doi:10.1098/rstb.2014.0185

57. Colussi-Mas J, Geisler S, Zimmer L, Zahm DS, Berod A (2007) Activation of afferents to the ventral
tegmental area in response to acute amphetamine: a double-labelling study. Eur J Neurosci 26
(4):1011-1025. doi:10.1111/j.1460-9568.2007.05738.x

5�. Nikulina EM, Covington HE, 3rd, Ganschow L, Hammer RP, Jr., Miczek KA (2004) Long-term
behavioral and neuronal cross-sensitization to amphetamine induced by repeated brief social defeat
stress: Fos in the ventral tegmental area and amygdala. Neuroscience 123 (4):857-865.
doi:10.1016/j.neuroscience.2003.10.029

59. Tagliaferro P, Morales M (2008) Synapses between corticotropin-releasing factor-containing axon
terminals and dopaminergic neurons in the ventral tegmental area are predominantly glutamatergic.



Page 26/39

J Comp Neurol 506 (4):616-626. doi:10.1002/cne.21576

�0. Wanat MJ, Hopf FW, Stuber GD, Phillips PE, Bonci A (2008) Corticotropin-releasing factor increases
mouse ventral tegmental area dopamine neuron �ring through a protein kinase C-dependent
enhancement of Ih. J Physiol 586 (8):2157-2170. doi:10.1113/jphysiol.2007.150078

�1. Ungless MA, Singh V, Crowder TL, Yaka R, Ron D, Bonci A (2003) Corticotropin-releasing factor
requires CRF binding protein to potentiate NMDA receptors via CRF receptor 2 in dopamine neurons.
Neuron 39 (3):401-407. doi:10.1016/s0896-6273(03)00461-6

�2. Holly EN, DeBold JF, Miczek KA (2015) Increased mesocorticolimbic dopamine during acute and
repeated social defeat stress: modulation by corticotropin releasing factor receptors in the ventral
tegmental area. Psychopharmacology (Berl) 232 (24):4469-4479. doi:10.1007/s00213-015-4082-z

�3. Boyson CO, Miguel TT, Quadros IM, Debold JF, Miczek KA (2011) Prevention of social stress-
escalated cocaine self-administration by CRF-R1 antagonist in the rat VTA. Psychopharmacology
(Berl) 218 (1):257-269. doi:10.1007/s00213-011-2266-8

�4. Wang B, Shaham Y, Zitzman D, Azari S, Wise RA, You ZB (2005) Cocaine experience establishes
control of midbrain glutamate and dopamine by corticotropin-releasing factor: a role in stress-
induced relapse to drug seeking. J Neurosci 25 (22):5389-5396. doi:10.1523/JNEUROSCI.0955-
05.2005

�5. Imperato A, Puglisi-Allegra S, Casolini P, Zocchi A, Angelucci L (1989) Stress-induced enhancement of
dopamine and acetylcholine release in limbic structures: role of corticosterone. Eur J Pharmacol 165
(2-3):337-338. doi:10.1016/0014-2999(89)90735-8

��. Graf EN, Wheeler RA, Baker DA, Ebben AL, Hill JE, McReynolds JR, Robble MA, Vranjkovic O, Wheeler
DS, Mantsch JR, Gasser PJ (2013) Corticosterone acts in the nucleus accumbens to enhance
dopamine signaling and potentiate reinstatement of cocaine seeking. J Neurosci 33 (29):11800-
11810. doi:10.1523/JNEUROSCI.1969-13.2013

�7. Parnaudeau S, Dongelmans ML, Turiault M, Ambroggi F, Delbes AS, Cansell C, Luquet S, Piazza PV,
Tronche F, Barik J (2014) Glucocorticoid receptor gene inactivation in dopamine-innervated areas
selectively decreases behavioral responses to amphetamine. Front Behav Neurosci 8:35.
doi:10.3389/fnbeh.2014.00035

��. Picard K, St-Pierre MK, Vecchiarelli HA, Bordeleau M, Tremblay ME (2021) Neuroendocrine,
neuroin�ammatory and pathological outcomes of chronic stress: A story of microglial remodeling.
Neurochem Int 145:104987. doi:10.1016/j.neuint.2021.104987

�9. Wang W, Ji P, Dow KE (2003) Corticotropin-releasing hormone induces proliferation and TNF-alpha
release in cultured rat microglia via MAP kinase signalling pathways. J Neurochem 84 (1):189-195.
doi:10.1046/j.1471-4159.2003.01544.x

70. Yang Y, Hahm E, Kim Y, Kang J, Lee W, Han I, Myung P, Kang H, Park H, Cho D (2005) Regulation of IL-
18 expression by CRH in mouse microglial cells. Immunol Lett 98 (2):291-296.
doi:10.1016/j.imlet.2004.12.003



Page 27/39

71. Tringali G, Pozzoli G, Vairano M, Mores N, Preziosi P, Navarra P (2005) Interleukin-18 displays effects
opposite to those of interleukin-1 in the regulation of neuroendocrine stress axis. J Neuroimmunol
160 (1-2):61-67. doi:10.1016/j.jneuroim.2004.10.028

72. Chapotot F, Buguet A, Gron�er C, Brandenberger G (2001) Hypothalamo-pituitary-adrenal axis activity
is related to the level of central arousal: effect of sleep deprivation on the association of high-
frequency waking electroencephalogram with cortisol release. Neuroendocrinology 73 (5):312-321.
doi:10.1159/000054648

73. Gvilia I, Suntsova N, Kumar S, McGinty D, Szymusiak R (2015) Suppression of preoptic sleep-
regulatory neuronal activity during corticotropin-releasing factor-induced sleep disturbance. Am J
Physiol Regul Integr Comp Physiol 309 (9):R1092-1100. doi:10.1152/ajpregu.00176.2015

74. Wang ZJ, Zhang XQ, Cui XY, Cui SY, Yu B, Sheng ZF, Li SJ, Cao Q, Huang YL, Xu YP, Zhang YH (2015)
Glucocorticoid receptors in the locus coeruleus mediate sleep disorders caused by repeated
corticosterone treatment. Sci Rep 5:9442. doi:10.1038/srep09442

75. Eban-Rothschild A, Rothschild G, Giardino WJ, Jones JR, de Lecea L (2016) VTA dopaminergic
neurons regulate ethologically relevant sleep-wake behaviors. Nat Neurosci 19 (10):1356-1366.
doi:10.1038/nn.4377

7�. Oishi Y, Suzuki Y, Takahashi K, Yonezawa T, Kanda T, Takata Y, Cherasse Y, Lazarus M (2017)
Activation of ventral tegmental area dopamine neurons produces wakefulness through dopamine
D2-like receptors in mice. Brain Struct Funct 222 (6):2907-2915. doi:10.1007/s00429-017-1365-7

77. Qu WM, Xu XH, Yan MM, Wang YQ, Urade Y, Huang ZL (2010) Essential role of dopamine D2 receptor
in the maintenance of wakefulness, but not in homeostatic regulation of sleep, in mice. J Neurosci
30 (12):4382-4389. doi:10.1523/JNEUROSCI.4936-09.2010

7�. Conrad KL, Ford K, Marinelli M, Wolf ME (2010) Dopamine receptor expression and distribution
dynamically change in the rat nucleus accumbens after withdrawal from cocaine self-administration.
Neuroscience 169 (1):182-194. doi:10.1016/j.neuroscience.2010.04.056

79. Lee B, London ED, Poldrack RA, Farahi J, Nacca A, Monterosso JR, Mumford JA, Bokarius AV,
Dahlbom M, Mukherjee J, Bilder RM, Brody AL, Mandelkern MA (2009) Striatal dopamine D2/D3
receptor availability is reduced in methamphetamine dependence and is linked to impulsivity. J
Neurosci 29 (47):14734-14740. doi:10.1523/JNEUROSCI.3765-09.2009

�0. Bartlett SE, Enquist J, Hopf FW, Lee JH, Gladher F, Kharazia V, Waldhoer M, Mailliard WS, Armstrong
R, Bonci A, Whistler JL (2005) Dopamine responsiveness is regulated by targeted sorting of D2
receptors. Proc Natl Acad Sci U S A 102 (32):11521-11526. doi:10.1073/pnas.0502418102

�1. Li Y, Roy BD, Wang W, Zhang L, Zhang L, Sampson SB, Yang Y, Lin DT (2012) Identi�cation of two
functionally distinct endosomal recycling pathways for dopamine D2 receptor. J Neurosci 32
(21):7178-7190. doi:10.1523/JNEUROSCI.0008-12.2012

�2. Ghosh PK, Hrdina PD, Ling GM (1976) Effects of REMS deprivation on striatal dopamine and
acetylcholine in rats. Pharmacol Biochem Behav 4 (4):401-405. doi:10.1016/0091-3057(76)90055-1



Page 28/39

�3. Krause AJ, Simon EB, Mander BA, Greer SM, Saletin JM, Goldstein-Piekarski AN, Walker MP (2017)
The sleep-deprived human brain. Nat Rev Neurosci 18 (7):404-418. doi:10.1038/nrn.2017.55

�4. Lazarus M, Huang ZL, Lu J, Urade Y, Chen JF (2012) How do the basal ganglia regulate sleep-wake
behavior? Trends Neurosci 35 (12):723-732. doi:10.1016/j.tins.2012.07.001

�5. Basheer R, Strecker RE, Thakkar MM, McCarley RW (2004) Adenosine and sleep-wake regulation.
Prog Neurobiol 73 (6):379-396. doi:10.1016/j.pneurobio.2004.06.004

��. Bonaventura J, Navarro G, Casado-Anguera V, Azdad K, Rea W, Moreno E, Brugarolas M, Mallol J,
Canela EI, Lluis C, Cortes A, Volkow ND, Schiffmann SN, Ferre S, Casado V (2015) Allosteric
interactions between agonists and antagonists within the adenosine A2A receptor-dopamine D2

receptor heterotetramer. Proc Natl Acad Sci U S A 112 (27):E3609-3618.
doi:10.1073/pnas.1507704112

�7. Hillion J, Canals M, Torvinen M, Casado V, Scott R, Terasmaa A, Hansson A, Watson S, Olah ME,
Mallol J, Canela EI, Zoli M, Agnati LF, Ibanez CF, Lluis C, Franco R, Ferre S, Fuxe K (2002)
Coaggregation, cointernalization, and codesensitization of adenosine A2A receptors and dopamine
D2 receptors. J Biol Chem 277 (20):18091-18097. doi:10.1074/jbc.M107731200

��. Campus P, Canterini S, Orsini C, Fiorenza MT, Puglisi-Allegra S, Cabib S (2017) Stress-Induced
Reduction of Dorsal Striatal D2 Dopamine Receptors Prevents Retention of a Newly Acquired
Adaptive Coping Strategy. Front Pharmacol 8:621. doi:10.3389/fphar.2017.00621

�9. Dziedzicka-Wasylewska M, Willner P, Papp M (1997) Changes in dopamine receptor mRNA
expression following chronic mild stress and chronic antidepressant treatment. Behav Pharmacol 8
(6-7):607-618. doi:10.1097/00008877-199711000-00017

90. Seeman P, Bzowej NH, Guan HC, Bergeron C, Becker LE, Reynolds GP, Bird ED, Riederer P, Jellinger K,
Watanabe S, et al. (1987) Human brain dopamine receptors in children and aging adults. Synapse 1
(5):399-404. doi:10.1002/syn.890010503

91. Dobbs LK, Kaplan AR, Bock R, Phamluong K, Shin JH, Bocarsly ME, Eberhart L, Ron D, Alvarez VA
(2019) D1 receptor hypersensitivity in mice with low striatal D2 receptors facilitates select cocaine
behaviors. Neuropsychopharmacology 44 (4):805-816. doi:10.1038/s41386-018-0286-3

92. Thompson D, Martini L, Whistler JL (2010) Altered ratio of D1 and D2 dopamine receptors in mouse
striatum is associated with behavioral sensitization to cocaine. PLoS One 5 (6):e11038.
doi:10.1371/journal.pone.0011038

93. Wiers CE, Shumay E, Cabrera E, Shokri-Kojori E, Gladwin TE, Skarda E, Cunningham SI, Kim SW, Wong
TC, Tomasi D, Wang GJ, Volkow ND (2016) Reduced sleep duration mediates decreases in striatal
D2/D3 receptor availability in cocaine abusers. Transl Psychiatry 6:e752. doi:10.1038/tp.2016.14

94. Besedovsky L, Lange T, Haack M (2019) The Sleep-Immune Crosstalk in Health and Disease. Physiol
Rev 99 (3):1325-1380. doi:10.1152/physrev.00010.2018

95. Zielinski MR, Systrom DM, Rose NR (2019) Fatigue, Sleep, and Autoimmune and Related Disorders.
Front Immunol 10:1827. doi:10.3389/�mmu.2019.01827



Page 29/39

9�. Hellwig S, Brioschi S, Dieni S, Frings L, Masuch A, Blank T, Biber K (2016) Altered microglia
morphology and higher resilience to stress-induced depression-like behavior in CX3CR1-de�cient
mice. Brain Behav Immun 55:126-137. doi:10.1016/j.bbi.2015.11.008

97. Hinwood M, Tynan RJ, Charnley JL, Beynon SB, Day TA, Walker FR (2013) Chronic stress induced
remodeling of the prefrontal cortex: structural re-organization of microglia and the inhibitory effect of
minocycline. Cereb Cortex 23 (8):1784-1797. doi:10.1093/cercor/bhs151

9�. Smith KL, Kassem MS, Clarke DJ, Kuligowski MP, Bedoya-Perez MA, Todd SM, Lagopoulos J, Bennett
MR, Arnold JC (2019) Microglial cell hyper-rami�cation and neuronal dendritic spine loss in the
hippocampus and medial prefrontal cortex in a mouse model of PTSD. Brain Behav Immun 80:889-
899. doi:10.1016/j.bbi.2019.05.042

99. Ziebell JM, Adelson PD, Lifshitz J (2015) Microglia: dismantling and rebuilding circuits after acute
neurological injury. Metab Brain Dis 30 (2):393-400. doi:10.1007/s11011-014-9539-y

100. Tremblay ME, Lowery RL, Majewska AK (2010) Microglial interactions with synapses are modulated
by visual experience. PLoS Biol 8 (11):e1000527. doi:10.1371/journal.pbio.1000527

101. Zhan Y, Paolicelli RC, Sforazzini F, Weinhard L, Bolasco G, Pagani F, Vyssotski AL, Bifone A, Gozzi A,
Ragozzino D, Gross CT (2014) De�cient neuron-microglia signaling results in impaired functional
brain connectivity and social behavior. Nat Neurosci 17 (3):400-406. doi:10.1038/nn.3641

Figures

Figure 1

Locomotor activity in the Amph challenge test. Mice of NS and SD groups were brought to the novel
environment and the locomotor activity was recorded. Amph (the arrow in a) was given 60 min later. The
locomotor activity of mice is represented as the traveled distance of every 5 min (a) and the total traveled
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distance before and after the Amph injection (b). Data collected from NS (N = 12) and SD (N = 9) groups
are presented as means ± SEM. **p < 0.01, ***p < 0.001. 

Figure 2

Striatal neuronal activity following the Amph challenge test. The subregions of the striatum including the
CPu, NAcA, and NAcS were selected (a). The densities of c-fos-positive nuclei in the three subregions of
the striatum were evaluated (b). Amph induced higher c-fos expression in mice of the SD group in all
subregions (c). Scale bar: 50 mm in (b). Data collected from NS (N = 8) and SD (N = 7) groups are
presented as means ± SEM. ***p < 0.001. 
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Figure 3

Neuronal activity of the midbrain DA neurons following the Amph challenge test. DA neurons in the SNc
and VTA were labeled by TH immuno�uorescence (a). The number of total TH-positive DA neurons and
the percentage of c-fos-positive DA neurons was assessed (b & c). Amph induced higher c-fos expression
in SNc and VTA DA neurons of the SD group, whereas no change was observed in the total number of TH-
positive DA neurons (D & E). Scale bar: 500 mm in (a), 100 mm in (c). Data collected from NS (N = 5) and
SD (N = 6) groups are presented as means ± SEM. **p < 0.01, ***p < 0.001. 
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Figure 4

Expression of striatal DA receptors. The protein levels of D1R, D2R, and DAT in the striatal homogenate
were revealed by western blot (a) and quanti�ed (b). GAPDH was used as an internal control. The mRNA
level of D1R was unchanged (e), while D2R mRNA was reduced signi�cantly (f). N = 7-12 mice in each
group. Data are means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 5

Expression of critical components for neuronal-microglial interaction and microglial phagocytic capacity
in the striatum. The mRNA expression of microglial-speci�c receptors CX3CR1 (a), and CD11b (b) were
downregulated in the SD mice, while C1q (c) and C3 (d), ligands for the complement pathway, remained
unaltered. N = 7-15 mice in each group. Microglial phagocytic capacity was further characterized by
assessing the volume of CD68 within microglia (e). Microglia in the CPu and NAcC were captured by a
confocal microscope and reconstructed (f & g). A reduction of CD68 volume within the microglia in the
NAcC was found in the SD mice (h). Scale bar: 20 mm in (e), 5 mm in (g). n = 14-17 z-stacks from 5 mice
in each group. Data are means ± SEM. *p < .05, **p < 0.01, ***p < 0.001.
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Figure 6

Microglia density in the striatum. The subregions of the striatum including the CPu, NAcA, and NAcS were
selected (A). The densities of Iba1-positive microglia in the three subregions were evaluated (B). Higher
microglia densities in the three subregions of the striatum were noted (C). Scale bar: 50 mm. Data
collected from NS (N = 9) and SD (N = 7) groups are presented as means ± SEM. **p < 0.01, ***p < 0.001.
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Figure 7

Microglia density in the midbrain. Microglia and DA neurons were labeled by Iba1 and TH double
immuno�uorescence (a). The density of microglia within the VTA, SNc, and SNr, were measured (b).
Microglia density was comparable between the NS and SD groups in all three regions. Scale bar: 200 mm
in (a), 50 mm in (b). Data are means ± SEM. N = 6 mice in each group.
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Figure 8

Morphometric analyses of microglia. The morphology of individual microglia within the CPu and NAcC
were reconstructed (a & d). In the CPu, microglia of the SD group exhibited increased intersections in the
Sholl analysis (b) and greater number of segments (c). In the NAcC, a subtle reduction of intersections
was found in microglia of the SD group (e), while the number of segments was comparable between the
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two groups (f). Scale bar: 10 mm. n = 23-24 microglia from 4 mice in each group. Data are presented as
means ± SEM. *p < 0.05, **p < 0.01.

Figure 9
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mRNA level of TNF-a (a), IL-6 (b), IL-1b (c), IL-18 (d), NLRP3 (e), and Caspase-1 (f) in the striatal
homogenate were evaluated through the qPCR assay. n=7-15 mice in each group. Data are means ± SEM.
*p < 0.05, **p < 0.01.

Figure 10

The activity of CRF system. The neuronal activity in the PVN was evaluated by measuring the density of
c-fos-positive nuclei (a & b). The density of c-fos-positive nuclei was signi�cantly increased in the SD
group (c). N = 6 mice in each group. Scale bar: 200 mm. The mRNA expression of CRF and CRF-R1 were
upregulated in the hypothalamus and midbrain of SD mice (d & e). N = 6-8 mice in each group. Data are
means ± SEM. *p < 0.05, **p < 0.01.
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