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Abstract 

Circadian disruption has become more prevalent in society due to the increase in shift work, sleep disruption, blue 
light exposure, and travel via different time zones. The circadian rhythm is a timed transcription-translation feedback 
loop with positive regulators, BMAL1 and CLOCK, that interact with negative regulators, CRY and PER, to regulate 
both the central and peripheral clocks. This review highlights the functions of the circadian rhythm, specifically in the 
blood–brain barrier (BBB), during both healthy and pathological states. The BBB is a highly selective dynamic interface 
composed of CNS endothelial cells, astrocytes, pericytes, neurons, and microglia that form the neurovascular unit 
(NVU). Circadian rhythms modulate BBB integrity through regulating oscillations of tight junction proteins, assisting in 
functions of the NVU, and modulating transporter functions. Circadian disruptions within the BBB have been observed 
in stress responses and several neurological disorders, including brain metastasis, epilepsy, Alzheimer’s disease, and 
Parkinson’s disease. Further understanding of these interactions may facilitate the development of improved treat-
ment options and preventative measures.
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Introduction to the circadian rhythm
The circadian rhythm is a “timekeeper” with rhythms of 
24 h. The central clock is located in the suprachiasmatic 
nucleus (SCN) of the hypothalamus and its outputs reg-
ulate the peripheral clocks found throughout the body 
[1]. The central clock maintains an autonomous 24-hour 
rhythm, however, it is also influenced by external stimuli, 
termed “zeitgebers” (German for “time givers”); such as 
light that is intercepted and translated to the SCN by the 
retinohypothalamic tract composed of photosensitive 

retinal ganglion cells [2]. The SCN consists of a pair of 
nuclei that each holds approximately 10,000 neurons and 
3,500 astrocytes that are situated above the optic chiasm 
[3]. The SCN can further be divided into two areas of 
function: the “core” ventrolateral area and the “shell” dor-
somedial area. The SCN synchronizes peripheral clocks 
by executing neural control via the sympathetic and para-
sympathetic pathways as well as through humoral control 
[4, 5], such as the release of neuropeptides [6] [7–11] and 
the hypothalamic-pituitary-adrenal axis that regulates 
secretion of melatonin from the pineal gland and gluco-
corticoids and catecholamines from the adrenal cortex 
[12, 13].

The neurons that compose the SCN are mostly 
GABAergic, however, those in the “core” express vaso-
active intestinal polypeptide (VIP), calretinin, gastrin 
related peptide, and neurotensin while those in the 
“shell” express arginine vasopressin (AVP), angiotensin 
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II, prokineticin-2, and met-enkephalin [14]. The SCN 
neurons are unique within the mammalian brain as 
they form coupled, intercellular networks that carry out 
autonomous circadian oscillations of neuronal activity 
and gene expression [7, 15]. These intracellular commu-
nication networks are vital for synchronizing SCN activ-
ity between the “core” and “shell” [16]. VIP produced by 
“core” neurons has been suggested to influence other 
neuropeptides like AVP and gastrin-releasing peptide 
(GRP) by acting as a coupling signal [11, 17, 18]. VIP 
knockout was shown to desynchronize SCN activity and 
experimental addition of VIP induced phase shifts in 
the circadian rhythm cycle [17]. The SCN regulates cir-
cadian oscillations of molecular timing as demonstrated 
by oscillations in SCN electrical activity with high firing 
rates in light periods regardless of diurnal or nocturnal 
behavior [19]. Interestingly, a recent study showed that 
a specific population of mouse VIP positive SCN neu-
rons are active during dark periods, opposite to most 
SCN neurons, and that this activity was vital for regulat-
ing nighttime sleep for mice between periods of activity. 
It was proposed that these neurons may increase ability 
to fall asleep due to sleep pressures by inhibiting activ-
ity and promoting quiescence. Alternatively, VIP positive 
neurons in the SCN may signal directly to promote sleep 
and fatigue. These findings suggest a wider role for SCN 
neurons than simply maintaining the 24-hour rhythms 
such as regulating critical minute features of the sleep-
wake cycle.

The peripheral clocks function to maintain rhythmicity 
in body temperature, metabolism, and hormone secre-
tion (Fig. 1) [20, 21]. The circadian rhythm functions via 
a transcription-translation negative feedback loop, which 
contains positive regulators, such as transcription factors 

brain muscle aryl hydrocarbon receptor nuclear trans-
locator-like 1 (BMAL1) and circadian locomotor output 
cycle kaput (CLOCK), as well as negative regulators that 
include cryptochrome-1/2 (CRY1,2) and period-1/2/3 
(PER1,2,3) [22]. Peripheral clocks maintain 24-hour 
rhythmicity and are influenced by both the central clock 
and zeitgebers such as nutrition and temperature [16, 23, 
24]. This allows the circadian rhythm to adjust to the sur-
rounding environment and maintain rhythmicity. Analy-
sis of 12 tissues’ protein coding genes found that 43% of 
them show circadian rhythms in transcription, mainly in 
an organ-specific manner. Furthermore, more than 1000 
known and novel noncoding RNAs were demonstrated to 
express circadian oscillations as well [25]. When analysis 
was extended to 64 tissue and brain regions, more than 
80% of protein coding genes were found to show circa-
dian rhythms in transcription [26]. Mutations in circa-
dian genes have been shown to correlate with various 
diseases such as an increased risk of type 2 diabetes, cir-
cadian sleeping disorders, and cancer [27]. These findings 
further emphasize the circadian rhythm’s importance 
and control over the transcriptome. The rise of circadian 
rhythm disruption within the population due to shift 
work, sleep disruption, travel via different time zones, 
and exposure to blue light devices has led to an increase 
in subsequent chronic diseases such as neurological dis-
orders, cancer, metabolic disorders, mood disorders, 
alterations in intestinal integrity and gut microbial com-
position [28–31].

Interesting interactions of circadian rhythms with 
the gut microbiome in the context of maintaining tis-
sue barrier integrity have recently been described. 
Upon circadian disruption, an increase in pro-inflam-
matory intestinal bacteria, concurrent with increased 

Fig. 1 General interactions between the central clock and peripheral clocks. The central clock, located in the SCN, creates an autonomous circadian 
rhythm; however, signals from the environment termed “zeitgebers” (German for “time giver”) also influence these rhythms. In the SCN, the most 
common of these zeitgebers is light from both artificial and natural sources. Peripheral clocks are synchronized vertically by the SCN through neural 
and humoral pathways, and horizontally by zeitgebers such as temperature and nutrition
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gut leakiness, were found in gut microbiota popula-
tions [31, 32]. Concurrently, gut microbiota was also 
shown to influence circadian rhythms through under-
going diurnal compositional and functional oscilla-
tions [33, 34]. Further suggestion for the circadian 
rhythm and gut integrity relationship are the abilities 
of circadian rhythms to control local and systemic 
metabolic process and inflammation responses [35–
39]. Epidemiological studies have reported that peo-
ple with frequent circadian disruptions, such as shift 
workers, have a higher incidence of sleep disturbances 
that lead to worsening of current health issues and 
potential future development of chronic disease [40–
42]. Importantly, alterations of the gut microbiome 
have a  profound impact on the BBB integrity via the 
brain-gut-microbiome axis [43, 44].

While  the circadian rhythm has whole body effects 
and regulates several vital metabolic functions, this 
review focuses on the regulation of circadian rhythm 
in the cells of the blood–brain barrier (BBB) and its 
input on functional alterations of the BBB. In addi-
tion, we discuss circadian disruptions in various stress 
responses and neuropathological diseases that are 
associated with alterations of the BBB integrity.

The molecular clock
The mammalian molecular clock is at its core a transcrip-
tion-translation negative feedback loop (TTFL) that reg-
ulates circadian oscillations. At the start of the 24-hour 
cycle, positive regulators, such as BMAL1 and CLOCK, 
heterodimerize and bind to cis-acting enhancer ele-
ments to activate the expression of negative regulators, 
namely, transcription factors CRY and PER (Fig.  2) [22, 
45]. As the cycle progresses, CRY and PER accumulate 
and heterodimerize to inhibit the BMAL1/CLOCK het-
erodimers from activating transcription [46]. The cycle 
is terminated when CRY and PER de novo transcription 
expression levels decrease below a threshold level, and 
the CRY/PERIOD complex is targeted for proteasomal 
degradation by E3-ubiquitin ligases, which release the 
BMAL1/CLOCK heterodimer complexes and allow the 
cycle to recommence [47–49]. Modes of translational 
regulation of the circadian TTFL include the mamma-
lian/mechanistic target of rapamycin (mTOR) signaling 
pathway which remains in tune with the circadian clock. 
Indeed, mTOR actively signals in the photic entrainment 
pathway in the SCN, regulating autonomous clock in cir-
cadian oscillators, and influencing cross-communication 
between SCN neurons and other coupled circadian oscil-
lators [50].

Fig. 2 The molecular clock. The molecular clock is composed of the main loop, the ROR/REV-ERB loop, and the PAR-bZIP loop. In the main loop, 
circadian clock genes BMAL1 and CLOCK heterodimerize and bind to E-box regions to induce transcription of other circadian clock genes such 
as CRY and PER which upon accumulation, heterodimerize to inhibit their own transcription. CRY and PER are later targeted for proteasomal 
degradation. In the PAR-bZIP loop, BMAL1 and CLOCK bind to E-box regions to modulate the transcription of PAR-bZIP factors DBP, TEF, and HLF. In 
the ROR/REV-ERB loop, BMAL1 and CLOCK bind to E-box regions to promote transcription of REV-ERBα/β, which bind to RORE to inhibit BMAL1 and 
NFIL3 transcription. In addition, PAR-bZIP factors bind to D-Box regions in the ROR/REV-ERB loop to promote transcription of ROR α/β, which then 
binds to RORE to stimulate transcription of BMAL1 and NFIL3
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The expression of circadian clock genes is rhythmic in 
the SCN and peripheral clocks with peak times of CRY/
PER mRNA levels in the circadian day, which rests in 
antiphase to BMAL1/CLOCK mRNA levels that peak 
in the circadian night. This rhythmic expression allows 
the protein products to reactivate the TTFL the next day 
[51], and controls circadian activity of the transcriptome 
[52–54]. The most important component of the main 
TTFL is BMAL1, as loss of BMAL1 leads to circadian 
arrhythmia, whereas singular losses in the other compo-
nents can be substituted with other factors. For example, 
the loss of CLOCK functions can be substituted with its 
paralog neuronal PAS domain protein 2 (Npas2), while 
PER1 may compensate for PER2 knockout, with minor 
changes to overall rhythms [55–57].

Other components of TTFL are also involved in the 
mammalian molecular clock by targeting promoters and 
enhancers of circadian clock genes. The retinoic acid-
related orphan receptor (RORs) and the REV-ERB loop 
are both regulated by the CLOCK/BMAL1; however, 
they also can modulate CLOCK/BMAL1 expression 
via a feedback mechanism [58–60]. Indeed, the ROR/
REV-ERB loop stabilizes the molecular clock by interact-
ing with BMAL1 and CLOCK, which constitute ROR/
REV-ERB-response elements (RREs). ROR activates 
transcription, whereas REV-ERB inhibits transcriptome 
activity. PER2 synchronizes this loop by interacting with 
REV-ERBα that affects both positive and negative ele-
ments [61]. The proline and acidic amino acid-rich basic 
leucine zipper protein (PAR-bZIP) transcription factors 
D-box binding protein (DBP), thyrotroph embryonic fac-
tor (TEF), and hepatic leukemia factor (HLF) also form 
a loop with the main TTFL and are expressed in cyclic 
rhythms in the SCN. DBP specifically is activated by 
BMAL1/CLOCK and repressed by CRY/PER [62]. The 
repressor nuclear factor, interleukin 3 regulated (NFIL3), 
driven by RORE/REV-ERB loop, interacts with PAR-bZIP 
transcription factor loop by repressing DBP which in 
turn regulates ROR nuclear receptors [63]. These three 
TTFLs coordinate their activities to regulate the circa-
dian rhythms both in the SCN and throughout the body 
by targeting specific genes cis-elements such as E-box, 
RORE, and D-box located in the promoters and enhanc-
ers of circadian-regulated genes [64] (Fig. 2).

Circadian rhythms in the BBB
The BBB is a highly selective dynamic interface between 
the brain parenchyma and vascular system that separates 
the brain from the rest of the body (Fig. 3). The neuro-
vascular unit (NVU) of the BBB is formed by the struc-
tural and molecular intercellular interactions between 
astrocytes, endothelial cells, and pericytes that inter-
act with neurons and microglia. The NVU is critical in 

maintaining proper BBB barrier function through signal-
ing pathways, including the Wnt/β-catenin pathway that 
regulates angiogenesis and barriergenesis [65]. The selec-
tivity of the BBB is determined in part by endothelial tight 
junction proteins that form a physical barrier between 
the neighboring cells, while membrane transporters and 
other mechanisms of vesicular transport form a trans-
port barrier [66]. Passage of molecules across the BBB 
may occur through several different mechanisms, includ-
ing endocytosis, transfer through the plasma membranes 
controlled by ATP-binding cassette (ABC) transporters, 
or through paracellular diffusion, especially in the case 
of dysregulation of tight junction proteins [67]. The BBB 
protects neurotransmission in the CNS by restricting 
entry of peripheral inflammatory mediators, including 
cytokines and antibodies [68]. These mechanisms are, at 
least partially, regulated by the ABC efflux transporters, 
which actively pump out a large variety of blood-borne 
substances, like endogenous metabolites, proteins, or 
xenobiotics [69]. Several molecules, which CNS levels 
undergo circadian rhythmic oscillations, such as tumor 
necrosis factor alpha (TNFα), leptin, β-amyloid, delta-
sleep inducing peptide (DSIP), and prostaglandin D2 
(PGD2) are also likely timed to the rhythmic transport 
changes of the BBB [70–74]. In addition, norepinephrine 
shows circadian oscillations by accumulation in brain 
parenchyma during wakefulness and removal during rest 
[67].

Endothelial cells
Endothelial cells and their tight junction proteins (e.g., 
occludin and claudin-5) are the main structural elements 
of BBB that determine its barrier function. Interestingly, 
tight junction proteins were found to be subjected to 
regulation by circadian rhythms both at the mRNA and 
protein levels. Occludin mRNA exhibits time-dependent 
oscillations in wild type mice, which are lost in circadian 
disrupted mice  (ClockΔ19/Δ19) and result in loss of  tissue 
barrier functions [75, 76]. Claudin-5 also appears to be 
under control of the central clock as demonstrated by 
the findings from RNAi-mediated knockdown of BMAL1 
influence on inner blood-retina barrier integrity [77]. 
β-catenin, which shows regulatory effects on barrier 
integrity, was found to regulate both occludin and ZO-1 
expression [78]. In support of these reports, circadian 
regulation of tight junction protein expression was also 
observed in intestinal cells [79].

ABC efflux transporters, which are highly expressed by 
BBB endothelial cells, can be regulated by both autono-
mous endothelial cell circadian clocks and neuronal 
activity. For example, expression and function of ABC 
efflux transporters was shown to be inversely correlated 
to neuronal activity in a diurnal rhythm fashion with 
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higher rates of active transport during active periods and 
lower rates during rest periods. This process resulted in 
maintenance of neurochemical balance through lower 
rates of expression and function of ABC efflux transport-
ers in endothelial cells during active periods to allow for 
transmission of information, and higher rates during the 
rest periods to allow for waste clearance [80]. Another 
mechanism of circadian regulation of the BBB trans-
porter functions may be related to magnesium trans-
porter TRPM7. Specifically, it was demonstrated that 
BMAL1 can bind to the promoter of TRPM7, resulting 
in cycling of transcription and translation of this trans-
porter. Magnesium is a required cofactor for efficient 
efflux; therefore, changes in TRPM7 expression can also 
influence circadian regulation of the BBB [81]. Further 
evidence for circadian regulation of endothelial cells 
and the BBB was demonstrated at the end of sleep wake 
cycles where active ATP transporters and passive carrier-
mediated transporters functions increase to allow for 
higher rates of passage across the BBB [67].

In vitro experiments with brain endothelial cells and 
astrocytes found rhythmic circadian/diurnal expres-
sion of circadian clock genes and cytochrome P450 

epoxygenases, Cyp4 × 1 and Cyp2c11, which convert 
arachidonic acid to epoxyeicosatrienoic acids that are 
involved in the increasing blood flow to active neurons 
during a hyperemic response [82]. These results suggest 
a circadian explanation for the timing of cerebrovas-
cular events such as stroke which typically occur more 
frequently in the early circadian day between 6 am and 
12 pm [82, 83].

Finally, inflammatory processes in endothelial cells of 
the BBB can also be regulated, at least in part, by circa-
dian mechanisms. For example, it was demonstrated that 
TNFα undergoes circadian rhythmic oscillations in BBB 
endothelial cells and activates the interleukin-15 (IL15) 
system [84]. While TNFα is a strongly proinflammatory 
factor, IL15 showed protection against neuroinflam-
mation and circadian disruption as IL15 knockout mice 
showed significantly higher rates of both than wild type 
mice [84].

Astrocytes
Astrocytes are glial cells that form the NVU of the BBB 
and have a variety of roles such as nutrient homeostasis, 
neurotransmitter recycling, immune signaling, regulation 

Fig. 3 Circadian regulation of the BBB. The circadian rhythm regulates various aspects of BBB integrity such as tight junction efficacy, transporter 
activity, and NVU function. Under healthy conditions these functions work in harmony to maintain homeostasis and BBB integrity. However, when 
the circadian rhythm is disturbed signaling pathways become disrupted and loss of function or dysregulation ensues. Examples of such shown in 
the figure include (1) astrocyte to endothelial cell interactions disruption, (2) loss of pericyte coverage, (3) microglia communication disruption, (4) 
transporter protein function and tight junction efficacy loss. Created with BioRender.com
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of neuronal synaptogenesis, protection against CNS 
inflammation, and BBB maintenance [85]. Astrocytes 
also make up a significant fraction of the SCN and assist 
as synchronizers in neuron signaling of circadian circuits 
[6]. In the SCN, astrocytes form a connected network 
through connexin 43 gap junctions to allow for quick 
communication [86]. Inhibitors of glial activity cause 
dysregulation of SCN neuronal firing and circadian con-
trolled diurnal rhythms [87]. Circadian clocks have also 
been found in mammalian astrocytes showing cyclic ATP 
release and rhythmic expression of clock genes [88–90].

There is limited research conducted in regard to the 
circadian rhythm relationship with astrocytes in the BBB. 
Thus, this represents a potential area of novel research 
for future projects. Nevertheless, there have been reports 
on the involvement of astrocytes located in the brain 
parenchyma on circadian regulations. The mechanism 
by which astrocytes maintain rhythmicity in neuron fir-
ing was shown in  vitro in co-culture experiments with 
γ-aminobutyric acid (GABA) mediated γ-aminobutyric 
acid type A (GABAA) receptor signaling [91]. Within 
the SCN, GABA is the most common neurotransmitter 
as it serves as a primary synchronizing signal through 
phase communication [92, 93]. Astrocytes express GABA 
receptors and transporters which release calcium upon 
activation [94, 95]. The intracellular concentration of cal-
cium in SCN astrocytes was found to display circadian 
oscillations anti-phase to SCN neurons [96]. Increased 
intracellular calcium concentrations serve as metabolic 
markers associated with the release of glutamate [97]. 
In addition, this oscillatory astrocyte calcium release 
can couple with extracellular glutamate release activates 
GABAergic neurons to inhibit SCN neuronal activity 
during the circadian night [96]. In order to support this 
notion, studies on SCN astrocytes with BMAL1 dele-
tion found dysregulation of circadian cycles via length-
ening of time periods through GABA signaling [91, 98], 
which could be reversed by pharmacological modula-
tion of GABAA-receptor signaling [91]. While astrocytes 
normally function to reabsorb neurotransmitters such 
as GABA from the synaptic cleft, this reuptake was also 
impaired in astrocytes with BMAL1 deletion, and higher 
levels of GABA were measured in the SCN of BMAL1 
knockdown mice [91].

Pericytes
Pericytes are located in the basement membrane of the 
brain microvasculature and their coverage is inversely 
correlated to BBB integrity [99, 100]. Pericytes have sev-
eral functions in the BBB such as regulating blood flow 
in the brain microvasculature, movement of inflamma-
tory cells, clearance of toxic waste products, modulat-
ing specific BBB gene expression rhythms in endothelial 

cells, and inducing polarization of astrocyte endfeet that 
surround the brain microvasculature [101, 102]. This 
represents an opportunity for future research to investi-
gate both normal functioning of circadian rhythms with 
pericytes and the effects of circadian disruption on these 
interactions. One study of note investigated the impact 
of BMAL1 deletion on pericytes. BMAL1 deficient mice 
showed age-dependent loss of pericyte coverage that 
led to BBB hyperpermeability. Mechanistically, BMAL1 
knockout led to downregulation of platelet-derived 
growth factor receptor ß (PDGFRß) transcription [103]. 
PDGFRß is both essential for pericyte recruitment and 
acts as a receptor for PDGFR-BB, whose coupled signal-
ing in pericytes is essential for maintaining BBB integrity 
[104]. In addition, PDGFRß serves as one of the cellular 
markers of pericytes [105].

Microglia
Microglia are phagocytic cells in the CNS that rap-
idly respond to neuroinflammation and tissue damage 
through increased phagocytic activity and cytokine pro-
duction [106]. Microglia ablation in mice was found to 
strongly disrupt diurnal rhythms of several physiologi-
cal processes and cause dysregulation of circadian clock 
genes and proteins in the SCN and hippocampus [107]. 
In addition, the circadian rhythms tightly control the 
microglial inflammatory responses. When the immune 
system response is initiated, microglia produce higher 
rates of pro-inflammatory cytokines, especially during 
light periods [108, 109]. Microglia also have a circadian 
dependency of response to glucocorticoids in stress-
induced neuroinflammation that explains their diurnal 
rhythm response to inflammatory stimuli [108, 110]. A 
recent study described the circadian BMAL1-REV-ERBα 
axis as a regulator for complement (C4b and C3) expres-
sion and microglial synaptic phagocytosis in the brain 
[111]. The circadian rhythm is also involved in influenc-
ing microglia immunological activity as CLOCK is a posi-
tive regulator of NF-κB-mediated transcription, an innate 
immune system response which produces an immediate 
inflammatory reaction [112].

Circadian rhythms and BBB‑associated 
neurological disorders
Given the importance of the BBB in maintenance of the 
CNS homeostasis, and the interactions between circa-
dian rhythms and the functional NVU, circadian disrup-
tions have been implicated in the pathology of numerous 
chronic brain diseases. The impact of alterations of circa-
dian rhythms on brain metastasis, epilepsy, Alzheimer’s 
disease, Parkinson’s disease, and stress disorders such as 
post-traumatic stress disorder will be discussed in the 
present review due to the strong link of these diseases to 
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BBB and pathology of NVU (Fig. 4) [113–117]. However, 
circadian disruption has also been shown to correlate 
with other chronic diseases such as sleep disorders, tum-
origenesis, psychiatric disorders, and a variety of neuro-
degenerative diseases [118–121]. The circadian rhythms 
effects range from molecular, cellular, physiological and 
behavior processes. Degradation of the SCN, followed by 
subsequent circadian disruption in the molecular clock, 
is prevalent in patients with Alzheimer’s disease, while 
degradation of dopaminergic striatal neurons which also 
affects circadian cycles is prevalent in patents with Par-
kinson’s disease [122]. Loss of BBB integrity is present 
in many neurodegenerative diseases such as Alzheimer’s 
disease and Parkinson’s disease [123]. Furthermore, drug 
transportation across the BBB poses challenges in treat-
ing these diseases as well. Many neurodegenerative dis-
eases result from the accumulation of proteins that form 
meta-stable fibrils and amyloid aggregates. Often these 
proteins undergo circadian rhythms in their expression 
levels. Proper ubiquitination of inappropriate structures 
is key to maintaining a healthy microenvironment and 
preventing against neurodegenerative development and 
progression. Proteasomal activity follows a circadian 
rhythm and circadian disruption can negatively impact 
proteasomal activity leading to less neuroprotection 
against protein plaque formation [119].

Brain metastasis
Brain metastases are the most common form of brain 
cancer that affect approximately 30–40% of cancer 
patient course of disease [124]. Brain metastases are dif-
ficult to treat due to location, barrier properties of the 
BBB, immune and/or metabolic constraints [125]. There-
fore, new therapeutics including those that can cross the 
BBB are vital. Drug meditated circadian regulation may 
provide a novel outlet that leads to better outcomes. 
Indeed, circadian regulation of the BBB emphasizes the 
potential of chronotherapy in brain metastasis treat-
ment. A study investigating the timing of chemotherapy 
admission based on circadian phase for treatment of 
brain metastases of breast cancer (BMBC) found that 
injections administered during the circadian dark phase 
increased BMBC cell death and delayed neurological 
symptom onset [126]. It has been demonstrated that the 
BBB undergoes remodeling upon crosstalk from brain 
tumor cells to form a more conducive tumor niche called 
the blood-tumor barrier (BTB) [127]. The transition 
from the BBB to the BTB causes a loss of BBB integrity, 
a shift towards a high heterogenous structure, and vari-
able permeability changes [113]. In general, tight junc-
tion proteins of the BBB or BTB are considered to have 
a tumor-suppressive role as their decreased expression 
can lead to increased metastasis [128]. On the other 
hand, overexpression of tight junction proteins may have 
impact on promoting progression in cancers [129] and 
contribute to invasion and adhesion as demonstrated in 
human melanoma [130].

Mechanistically, circadian regulation has been found to 
interact with the cell cycle through circadian control of 
regulatory factors of the cell cycle such as Wee1, cyclin 
D1, and c-Myc [131]. Furthermore, BMAL1 and CLOCK 
interact with cyclin B1 to control cell cycle G2/M check-
point, a vital regulatory step dysregulated in cancer. 
BMAL1/CLOCK knockout resulted in circadian disrup-
tion, reduced expression of cyclin B1, and lengthening of 
the cell cycle from delayed G2/M transition [132]. Thus, 
circadian dysregulation shows cell cycle changes that 
may be indicative of cancer [118].

A highly aggressive form of brain cancer, glioblastoma 
stem cells (GSC), was found to be dependent on central 
clock factors BMAL1 and CLOCK for growth and down-
regulation of these factors led to induced cell-cycle arrest 
and apoptosis [133]. Interestingly, circadian reprogram-
ming was present in GSC as the circadian clock outputs 
were found to be redirected towards glucose metabolism 
and lipid synthesis, factors that aid in cancer progression 
[134]. Negative regulators of the core factors, CRY and 
REV-ERBs, when stimulated by small-molecule agonists, 
were found to downregulate stem cell factors and reduce 
GSC growth [133]. GSC reliance on BMAL1/CLOCK 

Fig. 4 Circadian interactions in regulation of proteasomal activity. 
Proteasomal activity follows a circadian rhythm. Circadian disruption 
can result in rhythm of activity disruption, overproduction of proteins, 
and improper ubiquitination of inappropriate structures. Many 
neurodegenerative diseases involve an accumulation of these protein 
products that form meta-stable plaques, the formation of such leads 
to a loss of neuroprotection
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complex was found to be in part stimulated by down-
stream transcriptional upregulation of olfactomedin like 
3 (OLFML3), a novel chemokine that functions to pro-
mote immune-suppressive microglia infiltration into the 
tumor microenvironment [135].

Circadian cell-cycle progression can also fluctuate radi-
osensitivity to cancer therapy as was demonstrated in a 
study that found gamma knife radiosurgery treatment 
for brain metastasis from nonsmall cell lung cancer were 
found to have better treatment outcomes if treatment 
was given earlier in the circadian day rather than later 
[136]. Another study found that glioma tissue with high 
expression rates of PER1 and PER2, which are commonly 
downregulated in cancer cells, were more susceptible 
to x-irradiation which induced apoptosis in these cells 
suggesting that circadian alteration may lead to better 
outcomes in radiotherapy [137]. Deregulated PER2 via 
methylation of promoters led to disruption of circadian 
rhythm, enhanced glioblastoma cell survival, and pro-
motion of carcinogenesis [138]. Overall, most literature 
on implications of circadian rhythms with brain cancer, 
much less on brain metastasis, has been on time-of-day 
treatment outcome studies and glioblastomas. This rep-
resents an opportunity for future research investigations 
into circadian rhythm interactions with various brain 
cancer types and/or the ability of metastatic cells to trav-
erse the BBB whether through direct regulation by core 
factors or indirect modulation of related TTFLs.

Epilepsy
In terms of global burden of neurological diseases, epi-
lepsy ranks third as the leading contributor and affects 
65  million people worldwide. Treatment options are 
available such as single or multiple dose medication, 
resective surgery, neuromodulation devices, or dietary 
therapies, however, one-third of epileptic individuals 
continue to have seizures despite treatment [139]. BBB 
integrity also plays a role in epilepsy as acute breakdown 
of the BBB triggered seizures in patients undergoing BBB 
disruption for improved drug delivery [140]. Further-
more, degradation of the BBB was found in postmor-
tem hippocampi from people with epilepsy [141]. Sleep 
deprivation is also associated with BBB breakdown and 
an  increase in seizure frequency [67]. Many individuals 
with epilepsy have reported disruption in their sleep-
wake cycles which further worsens symptoms [142, 143]. 
Circadian timing and sleep have been showcased in the 
timing of seizures for epileptic individuals as there is a 
reduced likelihood of seizure incidents later in the cir-
cadian day and an increased likelihood the morning fol-
lowing sleep deprivation [144, 145]. Indeed, one study 
investigating mesial temporal lobe epilepsy and circadian 
rhythm found altered spontaneous locomotor activity of 

circadian core genes in early post-status epilepticus and 
epileptic phases suggesting a role for seizures as a circa-
dian zeitgebers, such as light, which was linked to acti-
vation of the hippocampal-accumbens pathway [146]. 
The periodicity of seizures may be attributed to circadian 
clock core genes’ ability to disrupt inhibition of neuronal 
firing and the oscillations of excitatory signals [146–148]. 
Circadian rhythm intervention for treatment may be a 
viable option; therefore, chronotherapy, has been sug-
gested for treatment use in epilepsy [149].

Mechanistically, rhythmic cycles and steady-state lev-
els of circadian genes such as BMAL1, CLOCK, PER1, 
REV-ERBα, and RORα were found to be dysregulated in 
epilepsy. In addition, alterations of pyridoxal metabolism, 
mTOR pathway, and redox state that are also associated 
with epilepsy are also influenced by circadian rhythms 
[150]. Mutations in the proteins comprising the mTOR 
pathway’s two multiprotein complexes mTORC1 and 
mTORC2 cause epilepsy and are termed mTORopathies 
[150]. In the BBB, rapamycin mTOR inhibitors were 
found to have a protective effect by reducing BBB leakage 
and inflammation [151]. Furthermore, phosphorylation 
of BMAL1 by an mTOR kinase, which promotes PER2 
protein synthesis, can suppress mTORC activity [150]. In 
mouse models, neuronal BMAL1 and CLOCK disruption 
led to a lower seizure threshold indicating a higher likeli-
hood of seizures incidents [152, 153]. CLOCK knockout 
specifically resulted in reduced dendritic spine forma-
tion and paroxysmal depolarization shift, both molecular 
hallmarks of epilepsy, caused by altered electrical func-
tion of neuronal microcircuits composed of excitatory 
pyramidal cells [152]. PER1 has been suggested to serve 
as a biomarker of epileptic progression as it shows key 
changes during the acute phases of epileptic events [150]. 
In mouse hippocampus following an acute epileptogenic 
insult, PER1 was significantly upregulated and upon 
repeated insults showed reduced steady-state mRNA 
and protein levels [154, 155]. The PARbZIP loop was also 
found to be implicated in epilepsy, as triple knockout 
of its factors DBP, HLF, and TEF led to development of 
lethal audiogenic seizures in animal models [62].

Alzheimer’s disease
Alzheimer’s disease (AD) is a progressive neurodegenera-
tive disorder and is one of the major causative factors of 
dementia that affects about 50 million people worldwide 
[156]. Many therapeutics have targeted amyloid-beta 
(Aβ) plaques upon discovery that they could be cleared 
from the brain [157]; however, they failed to improve clin-
ical outcomes. Therefore, more rigorous and additional 
treatment methodologies are needed to actively prevent 
loss and restore cognitive function. In the later stages of 
AD, the worsening of behavioral symptoms upon the day 
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ending, termed ‘sundowning’, has been associated with 
AD induced phase shifts in the normal circadian func-
tions of alertness [158, 159]. Alterations of the BBB were 
reported to contribute to AD pathology and/or hamper 
its therapy. For example, the BBB was postulated to regu-
late Aβ homeostasis as an interface contributing to Aβ 
accumulation in the brain [160]. Impaired BBB function, 
such as loss of tight junction integrity, leads to reduced 
Aβ clearance, increased circulating Aβ levels, and pro-
cessing of Aβ precursor proteins [161]. Furthermore, 
promotion of Aβ generation has been linked to BBB 
dysfunction via stimulation of neuroinflammatory sig-
nals and oxidative stress that intensify β-secretase and 
γ-secretase activity [162]. It was demonstrated that the 
receptor for advanced glycation end products (RAGE) 
can mediate Aβ transport across the BBB and accumula-
tion in the brain [163]. Similarly, RAGE was shown to be 
involved in accumulation of Aβ in brain endothelial cells, 
the main structural component of the BBB [163, 164].

Aβ has been known to demonstrate circadian rhyth-
micity for over a decade [165]. The PSEN2 gene, a regula-
tor of Aβ levels, shows rhythmic oscillations in the SCN 
and is controlled by CLOCK/BMAL1 heterodimer both 
by transcriptional and post-translational mechanisms in 
peripheral tissues [52, 166, 167]. In addition, Aβ clear-
ance across the BBB was shown to occur in a circadian 
oscillatory manner and increased during sleep [168]. 
This circadian oscillatory manner is related to circadian 
induced changes in cerebrospinal fluid movement in 
brain that promote waste clearances such as those seen 
in the glymphatic system [169]. Aβ accumulation was 
shown to disrupt the molecular clock and induce changes 
in molecular bioenergetics and metabolic circadian oscil-
lations [170]. Specifically, Aβ induced post-translational 
degradation of BMAL1 which led to reduced binding to 
the PER2 promoter and subsequent disruptions of PER2 
transcription and translation [171]. Oxidative stress from 
increased reactive oxidative species (ROS) and reactive 
nitrogen species (RNS) within the CNS has been sug-
gested to promote AD development and progression 
[172]. Circadian disruption has been linked to increased 
oxidative stress in neurons leading to lipid peroxidation 
and protein and nucleic acid oxidation which is involved 
in the early pathogenesis of AD [173]. Loss of BMAL1 
and CLOCK resulted in impaired expression of several 
redox defense genes and excessive production of ROS 
which led to chronic oxidative stress and neuronal oxi-
dative damage [174, 175]. It was also demonstrated that 
BMAL1 deletion led to acceleration of Aβ plaque forma-
tion in central rhythms and promoted fibrillar plaque 
deposition in peripheral rhythms [72].

In addition to amyloidopathy, the pathogenesis of AD 
also involves an accumulation of hyperphosphorylated 

tau proteins that form intracellular neurofibrillary tan-
gles [176]. Tau phosphorylation also follows a circadian 
rhythm driven by sleep and circadian induced changes 
in body temperature [177]. A study on a Tg4510 mouse 
model of pathological tau physiology, taupathy, found 
alterations in circadian rhythm at both the molecular 
and behavioral level. At the molecular level, taupathy was 
observed in parallel with disrupted PER2 rhythmicity in 
hypothalamus and PER2 and BMAL1 in the hippocam-
pus [178]. The role of BMAL1 and circadian dysregula-
tion in AD pathogenesis was confirmed in a recent study 
that demonstrated rhythmic DNA methylation associ-
ated with rhythmic BMAL1 transcription which was dys-
regulated during early AD progression [179].

Parkinson’s disease
Parkinson’s disease (PD) is a progressive neurodegen-
erative disease that affects 2–3% of the population aged 
65 years and older. It is characterized by neuronal loss 
in the substantia nigra leading to striatal dopamine defi-
ciency and α-synuclein accumulation as deposits termed 
‘Lewy bodies’ [180]. In addition, alterations of the BBB 
integrity have been associated with the progression of 
PD [116, 181, 182]. Circadian disruptions have been 
observed in both patients with PD and animal models 
along with PD symptoms exhibiting diurnal fluctuations 
[183]. In patients with PD, insomnia is one of the most 
common sleep disorders, reported by approximately 
50% of patients [184, 185]. Patients with PD also showed 
reduced amplitude in rest/activity rhythm tied to cir-
cadian sleep wake cycles and reduction in both diurnal 
activity and nocturnal rest [186–188]. Circadian cen-
tered therapeutics have been effective in treating PD by 
improving both non-motor and motor symptoms, spe-
cifically bright light therapy which is typically used to 
reduce depressive symptoms in mood disorders such as 
seasonal affective disorder [189, 190].

Mechanistically, the molecular clock has been shown 
to impact various aspects of PD pathology, including 
dopamine production. In fact, dopamine synthesis is 
controlled by circadian clock genes as CLOCK regulates 
the rate-limiting enzyme, tyrosine hydroxylase, for dopa-
mine synthesis [191]. CLOCK accomplishes this by bind-
ing to E-box elements located in the promoter regions 
of dopaminergic pathway related genes to regulate the 
transcription of tyrosine hydroxylase, dopamine activity 
transporter, and D1 receptor [192]. Dopaminergic activ-
ity can also be regulated by circadian genes as knockdown 
of CLOCK in the ventral tegmental area through RNA 
interference led to increased activity [193]. Alternatively, 
dopaminergic activity can also regulate circadian genes, 
specifically CLOCK, in a receptor-dependent manner 
[194]. This is achieved by upregulating transcriptional 
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activity of the CLOCK/BMAL1 heterodimer via activat-
ing enhancer element cAMP responsive element-binding 
proteins [195]. PER2 rhythmic expression can be modu-
lated by D2 receptor activation except for in the SCN 
[196]. Interestingly, D1 receptor agonists enhance expres-
sion of PER1, CLOCK, and BMAL1; however, D2 recep-
tor agonists inhibit the expression of CLOCK and PER1 
[194]. Overall, these findings suggest the circadian dis-
ruption in PD may result from dysregulation between the 
interactions of the dopaminergic and circadian pathways.

The involvement of circadian alterations in PD patho-
genesis and disease progression has been confirmed in a 
study that found disruption of circadian genes in patients 
with PD. For example, BMAL1 mRNA expression in 
the peripheral leukocytes of these patients was signifi-
cantly lower in the evening and BMAL1 levels correlated 
with motor severity and sleep quality [197]. In addition, 
BMAL1 single-nucleotide polymorphisms (SNPs) were 
associated with the risk for tremor dominant subtype 
while PER1 SNPs were associated with gait difficulties 
and postural instability dominant subtype [198].

Stress responses and post‑traumatic stress disorder
Stress responses, including post-traumatic stress dis-
order (PTSD), are known to be associated with disrup-
tion of BBB integrity [117, 199]. Moreover, the circadian 
rhythm and stress response system are interconnected 
through clock genes and endocrine signaling (Fig.  5) 
[200]. As presented in the Introduction section, the cen-
tral clock regulates the hypothalamic-pituitary-adrenal 
axis via projections from SCN that are sent into the para-
ventricular nucleus (PVN) in the hypothalamus. This 
allows circadian regulation of the adrenal cortex sensitiv-
ity to adrenocorticotropic hormone which accounts for 
the rhythmicity seen in the secretions of stress response 
factors such as glucocorticoids, corticotropin-releasing 
hormone, and AVP [201, 202]. Specifically, the SCN 
sends information via photic transmission through the 
splanchnic nerve innervation to signal the adrenal glands 
to increase glucocorticoid release [203]. Local circadian 
clocks in the adrenal glands account for the rhythmicity 
in expression of about 10% of the adrenal genome [204]. 
In local adrenal clocks, circadian rhythm influences ster-
oidogenesis through BMAL1 which regulates the tran-
scription of steroidogenic acute regulatory protein, a 
rate-limiting gene encoding cholesterol transporters into 
the mitochondria [205]. These interactions are bidirec-
tional as glucocorticoids can influence circadian rhythm 
through interactions with peripheral clocks that alter 
expression of PER [206]. Elevated glucocorticoids levels 
from chronic stress leads to reduced expression of PER in 
the SCN and impact functioning of the central clock and 
dysregulation of peripheral clocks [207].

Feedback between the circadian rhythm and stress 
response system has impact on increasing risk of onset 
for stress disorders such as PTSD, a psychiatric disor-
der that is caused by a previously experienced traumatic 
event and frequently initiates the stress response system 
[208]. As described earlier, circadian rhythm regulates 
various aspects of the stress response system; therefore, 
circadian disruption can lead to further dysregulation of 
stress responses. Indeed, interleukin 6, a pleiotropic pro-
inflammatory cytokine elevated during psychological and 
physical stress, displays circadian oscillations across the 
BBB that differs in periodicity and function dependent on 
veteran stress exposure [209]. Moreover, elevated levels 
of glucocorticoids can promote neurotoxic stress on the 
hippocampus, a brain region implicated in PTSD [210, 
211]. In animal studies, susceptibility to fear condition-
ing (an experimental model for PTSD) and corticoster-
one release were increased upon circadian disruption 
[212]. In addition, animal models of PTSD were found 
to have significant circadian disruption in the rhythmic 
secretions of serotonin, an important neurotransmitter 
in PTSD [213]. Within the brain, the amygdala has been 
shown to be implicated in PTSD manifestation and mon-
itoring [213–215.

Genetic studies in humans have found several path-
ways that link circadian rhythm to stress vulnerability 
and PTSD. One of them appears to be FKBP5, a chap-
erone protein that guides activated glucocorticoids to 
the nucleus, which shows rhythmic expressions in most 
tissues, confirming circadian regulation of glucocorti-
coid signaling. FKBP5 has been implicated in several 
stress-related psychiatric disorders including PTSD [216, 
217]. Genome wide association studies have found pitui-
tary adenylate-cyclase-activating polypeptide (PACAP) 
and RORA, two core clock genes, to be implicated in 
PTSD as well. PACAP influences the central clock by 
phase resetting from incoming light zeitgebers [218]. 
PACAP is encoded by ADCYAP1 which is associated 
with increased amygdala and hippocampus response to 
fear [219]. RORA is involved in the REV-ERB loop that 
influences the molecular clock and has been identified as 
PTSD risk gene [220, 221]. Another gene loop involved 
in the molecular clock, a PARb-ZIP factor, TEF (vari-
ant rs5758324), showed strong associations with PTSD 
symptoms [222]. These findings further emphasize wide 
reaching implications involved in circadian disruption.

Conclusion and future perspectives
Circadian rhythms guide various physiological processes 
such as the sleep-wake cycle, core body temperature, 
and metabolic pathways. These processes are regulated 
by both the central and peripheral molecular clocks 
that synchronize with one another through TTFLs and 



Page 11 of 18Schurhoff and Toborek  Molecular Brain            (2023) 16:5  

neuromodulators and are influenced by various zeit-
gebers. Within the brain, circadian rhythms interact in 
the central clock located in the SCN as well as with cells 
forming the NVU of the BBB that are vital for BBB integ-
rity and maintaining brain homeostasis. When the cir-
cadian rhythm is disrupted either by environmental or 
disease means, the resulting alterations of downstream 
pathways of the molecular clock can further worsen or 

lead to development of chronic disorders. Patients with 
neurological disorders commonly suffer from circadian 
disruption and altered sleep-wake cycles which worsen 
conditions over time. On the other hand, chronother-
apy, the timing of drug administration dependent on 
the phase of the circadian rhythm to achieve maximal 
benefit, has been suggested for treatment of various dis-
eases involving circadian disruption [28, 223]. Indeed, 

Fig. 5 Circadian rhythm and stress response system interactions. The circadian central clock regulates the hypothalamic-pituitary-adrenal axis via 
projections from SCN that are sent into the paraventricular nucleus (PVN) in the hypothalamus. Stress prompts the release of corticotropin-releasing 
hormone (CRH) from the hypothalamus. CRH then stimulates the release of adrenocorticotropic hormone (ACTH) from the anterior pituitary gland. 
Stress response factors, such as glucocorticoids, CRH, and arginine vasopressin (AVP) (also known as antidiuretic hormone (ADH) are secreted 
rhythmically as signaled by the adrenal cortex whose sensitivity to ACTH is under circadian control. Local adrenal clocks also contribute to the 
rhythmic secretions and utilize BMAL1 to regulate steroidogenesis. Elevated levels of glucocorticoids due to stress can negatively impact the 
circadian central clock and dysregulate peripheral clocks. Created with BioRender.com
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the benefits of chronotherapy have already been dem-
onstrated in Parkinson’s disease, epilepsy, cardiovascular 
disease, and hypertension [149, 224–226]. Research stud-
ies both in  vivo and in  vitro have elucidated a number 
of important functions of the circadian clock in various 
diseases, however, more research is needed to apply prac-
tically. Further research studies are warranted to delve 
deeper into the molecular interactions involved between 
circadian rhythms and neurological disorders to create 
better treatment plans and preventative measures.

Acknowledgements
Not applicable.

Author contributions
NS and MT made substantial contributions to conception and design of the 
review. NS reviewed the literature, created all figures, and wrote the manu-
script; MT reviewed and corrected the manuscript and provided funding. Both 
authors read and approved the manuscript.

Funding
Supported by the National Institutes of Health (NIH), grants HL126559, 
MH128022, MH122235, MH072567, DA044579, DA039576, DA040537, 
DA050528, and DA047157 and by the University of Miami U-LINK Resilience 
Challenge grant.

Availability of data and materials
Available upon request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest.

Received: 15 August 2022   Accepted: 3 January 2023

References
 1. Hastings MH, Maywood ES, Brancaccio M. Generation of circa-

dian rhythms in the suprachiasmatic nucleus. Nat Rev Neurosci. 
2018;19:453–69. https:// doi. org/ 10. 1038/ s41583- 018- 0026-z.

 2. Fernandez DC, Chang YT, Hattar S, Chen SK. Architecture of retinal 
projections to the central circadian pacemaker. Proc Natl Acad Sci U S 
A. 2016;113:6047–52. https:// doi. org/ 10. 1073/ pnas. 15236 29113.

 3. Patton AP, Hastings MH. The suprachiasmatic nucleus. Curr Biol. 
2018;28:R816–22. https:// doi. org/ 10. 1016/j. cub. 2018. 06. 052.

 4. Ueyama T, Krout KE, Nguyen XV, Karpitskiy V, Kollert A, Mettenleiter TC, 
Loewy AD. Suprachiasmatic nucleus: a central autonomic clock. Nat 
Neurosci. 1999;2:1051–3. https:// doi. org/ 10. 1038/ 15973.

 5. Reddy AB, Maywood ES, Karp NA, King VM, Inoue Y, Gonzalez FJ, Lilley 
KS, Kyriacou CP, Hastings MH. Glucocorticoid signaling synchronizes the 
liver circadian transcriptome. Hepatology. 2007;45:1478–88. https:// doi. 
org/ 10. 1002/ hep. 21571.

 6. Greco CM, Sassone-Corsi P. Circadian blueprint of metabolic pathways 
in the brain. Nat Rev Neurosci. 2019;20:71–82. https:// doi. org/ 10. 1038/ 
s41583- 018- 0096-y.

 7. Welsh DK, Takahashi JS, Kay SA. Suprachiasmatic nucleus: cell 
autonomy and network properties. Annu Rev Physiol. 2010;72:551–
77. https:// doi. org/ 10. 1146/ annur ev- physi ol- 021909- 135919.

 8. Mieda M. The network mechanism of the central circadian pace-
maker of the SCN: do AVP neurons play a more critical role than 
expected? Front Neurosci. 2019;13:139. https:// doi. org/ 10. 3389/ fnins. 
2019. 00139.

 9. Stepanyuk AR, Belan PV, Kononenko NI. A model for the fast synchro-
nous oscillations of firing rate in rat suprachiasmatic nucleus neurons 
cultured in a multielectrode array dish. PLoS ONE. 2014;9:e106152. 
https:// doi. org/ 10. 1371/ journ al. pone. 01061 52.

 10. Welsh DK. VIP activates and couples clock cells. Focus on “Dis-
rupted neuronal activity rhythms in the suprachiasmatic nucleus of 
vasoactive intestinal polypeptide-deficient mice”. J Neurophysiol. 
2007;97:1885–6. https:// doi. org/ 10. 1152/ jn. 00063. 2007.

 11. Aton SJ, Colwell CS, Harmar AJ, Waschek J, Herzog ED. Vasoactive 
intestinal polypeptide mediates circadian rhythmicity and synchrony 
in mammalian clock neurons. Nat Neurosci. 2005;8:476–83. https:// 
doi. org/ 10. 1038/ nn1419.

 12. Liu AC, Lewis WG, Kay SA. Mammalian circadian signaling networks 
and therapeutic targets. Nat Chem Biol. 2007;3:630–9. https:// doi. 
org/ 10. 1038/ nchem bio. 2007. 37.

 13. Paschos GK, FitzGerald GA. Circadian clocks and vascular function. 
Circ Res. 2010;106:833–41. https:// doi. org/ 10. 1161/ CIRCR ESAHA. 109. 
211706.

 14. Scammell TE, Arrigoni E, Lipton JO. Neural circuitry of Wakefulness and 
Sleep. Neuron. 2017;93:747–65. https:// doi. org/ 10. 1016/j. neuron. 2017. 
01. 014.

 15. Colwell CS. Linking neural activity and molecular oscillations in the SCN. 
Nat Rev Neurosci. 2011;12:553–69. https:// doi. org/ 10. 1038/ nrn30 86.

 16. Buhr ED, Yoo SH, Takahashi JS. Temperature as a universal resetting cue 
for mammalian circadian oscillators. Science. 2010;330:379–85. https:// 
doi. org/ 10. 1126/ scien ce. 11952 62.

 17. Maywood ES, Chesham JE, O’Brien JA, Hastings MH. A diversity of par-
acrine signals sustains molecular circadian cycling in suprachiasmatic 
nucleus circuits. Proc Natl Acad Sci U S A. 2011;108:14306–11. https:// 
doi. org/ 10. 1073/ pnas. 11017 67108.

 18. Mieda M, Ono D, Hasegawa E, Okamoto H, Honma K, Honma S, Sakurai 
T. Cellular clocks in AVP neurons of the SCN are critical for interneuronal 
coupling regulating circadian behavior rhythm. Neuron. 2015;85:1103–
16. https:// doi. org/ 10. 1016/j. neuron. 2015. 02. 005.

 19. Deboer T, Vansteensel MJ, Detari L, Meijer JH. Sleep states alter activity 
of suprachiasmatic nucleus neurons. Nat Neurosci. 2003;6:1086–90. 
https:// doi. org/ 10. 1038/ nn1122.

 20. Dibner C, Schibler U, Albrecht U. The mammalian circadian timing 
system: organization and coordination of central and peripheral clocks. 
Annu Rev Physiol. 2010;72:517–49. https:// doi. org/ 10. 1146/ annur ev- 
physi ol- 021909- 135821.

 21. Son GH, Chung S, Kim K. The adrenal peripheral clock: glucocorticoid 
and the circadian timing system. Front Neuroendocrinol. 2011;32:451–
65. https:// doi. org/ 10. 1016/j. yfrne. 2011. 07. 003.

 22. Gekakis N, Staknis D, Nguyen HB, Davis FC, Wilsbacher LD, King DP, 
Takahashi JS, Weitz CJ. Role of the CLOCK protein in the mammalian 
circadian mechanism. Science. 1998;280:1564–9. https:// doi. org/ 10. 
1126/ scien ce. 280. 5369. 1564.

 23. Hara R, Wan K, Wakamatsu H, Aida R, Moriya T, Akiyama M, Shibata 
S. Restricted feeding entrains liver clock without participation of the 
suprachiasmatic nucleus. Genes Cells. 2001;6:269–78. https:// doi. org/ 
10. 1046/j. 1365- 2443. 2001. 00419.x.

 24. Damiola F, Le Minh N, Preitner N, Kornmann B, Fleury-Olela F, Schibler U. 
Restricted feeding uncouples circadian oscillators in peripheral tissues 
from the central pacemaker in the suprachiasmatic nucleus. Genes Dev. 
2000;14:2950–61. https:// doi. org/ 10. 1101/ gad. 183500.

 25. Zhang R, Lahens NF, Ballance HI, Hughes ME, Hogenesch JB. A circadian 
gene expression atlas in mammals: implications for biology and medi-
cine. Proc Natl Acad Sci U S A. 2014;111:16219–24. https:// doi. org/ 10. 
1073/ pnas. 14088 86111.

 26. Mure LS, Le HD, Benegiamo G, Chang MW, Rios L, Jillani N, Ngotho M, 
Kariuki T, Dkhissi-Benyahya O, Cooper HM, et al. Diurnal transcriptome 
atlas of a primate across major neural and peripheral tissues. Science. 
2018. https:// doi. org/ 10. 1126/ scien ce. aao03 18.

https://doi.org/10.1038/s41583-018-0026-z
https://doi.org/10.1073/pnas.1523629113
https://doi.org/10.1016/j.cub.2018.06.052
https://doi.org/10.1038/15973
https://doi.org/10.1002/hep.21571
https://doi.org/10.1002/hep.21571
https://doi.org/10.1038/s41583-018-0096-y
https://doi.org/10.1038/s41583-018-0096-y
https://doi.org/10.1146/annurev-physiol-021909-135919
https://doi.org/10.3389/fnins.2019.00139
https://doi.org/10.3389/fnins.2019.00139
https://doi.org/10.1371/journal.pone.0106152
https://doi.org/10.1152/jn.00063.2007
https://doi.org/10.1038/nn1419
https://doi.org/10.1038/nn1419
https://doi.org/10.1038/nchembio.2007.37
https://doi.org/10.1038/nchembio.2007.37
https://doi.org/10.1161/CIRCRESAHA.109.211706
https://doi.org/10.1161/CIRCRESAHA.109.211706
https://doi.org/10.1016/j.neuron.2017.01.014
https://doi.org/10.1016/j.neuron.2017.01.014
https://doi.org/10.1038/nrn3086
https://doi.org/10.1126/science.1195262
https://doi.org/10.1126/science.1195262
https://doi.org/10.1073/pnas.1101767108
https://doi.org/10.1073/pnas.1101767108
https://doi.org/10.1016/j.neuron.2015.02.005
https://doi.org/10.1038/nn1122
https://doi.org/10.1146/annurev-physiol-021909-135821
https://doi.org/10.1146/annurev-physiol-021909-135821
https://doi.org/10.1016/j.yfrne.2011.07.003
https://doi.org/10.1126/science.280.5369.1564
https://doi.org/10.1126/science.280.5369.1564
https://doi.org/10.1046/j.1365-2443.2001.00419.x
https://doi.org/10.1046/j.1365-2443.2001.00419.x
https://doi.org/10.1101/gad.183500
https://doi.org/10.1073/pnas.1408886111
https://doi.org/10.1073/pnas.1408886111
https://doi.org/10.1126/science.aao0318


Page 13 of 18Schurhoff and Toborek  Molecular Brain            (2023) 16:5  

 27. Ruan W, Yuan X, Eltzschig HK. Circadian rhythm as a therapeutic target. 
Nat Rev Drug Discov. 2021;20:287–307. https:// doi. org/ 10. 1038/ 
s41573- 020- 00109-w.

 28. Smolensky MH, Hermida RC, Reinberg A, Sackett-Lundeen L, Portaluppi 
F. Circadian disruption: New clinical perspective of disease pathol-
ogy and basis for chronotherapeutic intervention. Chronobiol Int. 
2016;33:1101–19. https:// doi. org/ 10. 1080/ 07420 528. 2016. 11846 78.

 29. Lunn RM, Blask DE, Coogan AN, Figueiro MG, Gorman MR, Hall JE, 
Hansen J, Nelson RJ, Panda S, Smolensky MH, et al. Health conse-
quences of electric lighting practices in the modern world: a report 
on the National Toxicology Program’s workshop on shift work at night, 
artificial light at night, and circadian disruption. Sci Total Environ. 
2017;607–608:1073–84. https:// doi. org/ 10. 1016/j. scito tenv. 2017. 07. 056.

 30. Hatori M, Gronfier C, Van Gelder RN, Bernstein PS, Carreras J, Panda S, 
Marks F, Sliney D, Hunt CE, Hirota T, et al. Global rise of potential health 
hazards caused by blue light-induced circadian disruption in modern 
aging societies. NPJ Aging Mech Dis. 2017;3:9. https:// doi. org/ 10. 1038/ 
s41514- 017- 0010-2.

 31. Deaver JA, Eum SY, Toborek M. Circadian disruption changes gut 
Microbiome Taxa and Functional Gene Composition. Front Microbiol. 
2018;9:737. https:// doi. org/ 10. 3389/ fmicb. 2018. 00737.

 32. Teichman EM, O’Riordan KJ, Gahan CGM, Dinan TG, Cryan JF. When 
rhythms meet the blues: circadian interactions with the Microbiota-
Gut-Brain Axis. Cell Metab. 2020;31:448–71. https:// doi. org/ 10. 1016/j. 
cmet. 2020. 02. 008.

 33. Thaiss CA, Levy M, Korem T, Dohnalova L, Shapiro H, Jaitin DA, David E, 
Winter DR, Gury-BenAri M, Tatirovsky E, et al. Microbiota diurnal rhyth-
micity programs host transcriptome oscillations. Cell. 2016;167:1495-
1510.e1412. https:// doi. org/ 10. 1016/j. cell. 2016. 11. 003.

 34. Mu C, Yang Y, Zhu W. Gut microbiota: the Brain Peacekeeper. Front 
Microbiol. 2016;7:345. https:// doi. org/ 10. 3389/ fmicb. 2016. 00345.

 35. Voigt RM, Forsyth CB, Green SJ, Engen PA, Keshavarzian A. Circadian 
rhythm and the gut Microbiome. Int Rev Neurobiol. 2016;131:193–205. 
https:// doi. org/ 10. 1016/ bs. irn. 2016. 07. 002.

 36. Asher G, Schibler U. Crosstalk between components of circadian and 
metabolic cycles in mammals. Cell Metab. 2011;13:125–37. https:// doi. 
org/ 10. 1016/j. cmet. 2011. 01. 006.

 37. Eckel-Mahan K, Sassone-Corsi P. Metabolism and the circadian clock 
converge. Physiol Rev. 2013;93:107–35. https:// doi. org/ 10. 1152/ physr ev. 
00016. 2012.

 38. Green CB, Takahashi JS, Bass J. The meter of metabolism. Cell. 
2008;134:728–42. https:// doi. org/ 10. 1016/j. cell. 2008. 08. 022.

 39. Fonken LK, Weil ZM, Nelson RJ. Mice exposed to dim light at night 
exaggerate inflammatory responses to lipopolysaccharide. Brain Behav 
Immun. 2013;34:159–63. https:// doi. org/ 10. 1016/j. bbi. 2013. 08. 011.

 40. Hulsegge G, Loef B, van Kerkhof LW, Roenneberg T, van der Beek AJ, 
Proper KI. Shift work, sleep disturbances and social jetlag in healthcare 
workers. J Sleep Res. 2019;28:e12802. https:// doi. org/ 10. 1111/ jsr. 12802.

 41. Rosa D, Terzoni S, Dellafiore F, Destrebecq A. Systematic review of shift 
work and nurses’ health. Occup Med (Lond). 2019;69:237–43. https:// 
doi. org/ 10. 1093/ occmed/ kqz063.

 42. Vanttola P, Puttonen S, Karhula K, Oksanen T, Harma M. Prevalence of 
shift work disorder among hospital personnel: a cross-sectional study 
using objective working hour data. J Sleep Res. 2020;29:e12906. https:// 
doi. org/ 10. 1111/ jsr. 12906.

 43. Parker A, Fonseca S, Carding SR. Gut microbes and metabolites as mod-
ulators of blood–brain barrier integrity and brain health. Gut Microbes. 
2020;11:135–57. https:// doi. org/ 10. 1080/ 19490 976. 2019. 16387 22.

 44. Osadchiy V, Martin CR, Mayer EA. The gut-brain Axis and the Microbi-
ome: mechanisms and clinical implications. Clin Gastroenterol Hepatol. 
2019;17:322–32. https:// doi. org/ 10. 1016/j. cgh. 2018. 10. 002.

 45. Cha HK, Chung S, Lim HY, Jung JW, Son GH. Small molecule modulators 
of the Circadian Molecular Clock with Implications for Neuropsychiatric 
Diseases. Front Mol Neurosci. 2018;11:496. https:// doi. org/ 10. 3389/ 
fnmol. 2018. 00496.

 46. Xu H, Gustafson CL, Sammons PJ, Khan SK, Parsley NC, Ramanathan 
C, Lee HW, Liu AC, Partch CL. Cryptochrome 1 regulates the circadian 
clock through dynamic interactions with the BMAL1 C terminus. Nat 
Struct Mol Biol. 2015;22:476–84. https:// doi. org/ 10. 1038/ nsmb. 3018.

 47. Yoo SH, Mohawk JA, Siepka SM, Shan Y, Huh SK, Hong HK, Kornblum I, 
Kumar V, Koike N, Xu M, et al. Competing E3 ubiquitin ligases govern 

circadian periodicity by degradation of CRY in nucleus and cytoplasm. 
Cell. 2013;152:1091–105. https:// doi. org/ 10. 1016/j. cell. 2013. 01. 055.

 48. Hastings MH, Smyllie NJ, Patton AP. Molecular-genetic manipula-
tion of the Suprachiasmatic Nucleus Circadian Clock. J Mol Biol. 
2020;432:3639–60. https:// doi. org/ 10. 1016/j. jmb. 2020. 01. 019.

 49. Hirano A, Fu YH, Ptacek LJ. The intricate dance of post-translational 
modifications in the rhythm of life. Nat Struct Mol Biol. 2016;23:1053–
60. https:// doi. org/ 10. 1038/ nsmb. 3326.

 50. Cao R. mTOR Signaling, Translational Control, and the circadian clock. 
Front Genet. 2018;9:367. https:// doi. org/ 10. 3389/ fgene. 2018. 00367.

 51. Ko CH, Takahashi JS. Molecular components of the mammalian circa-
dian clock. Hum Mol Genet 15 Spec No. 2006;2:R271–277. https:// doi. 
org/ 10. 1093/ hmg/ ddl207.

 52. Panda S, Antoch MP, Miller BH, Su AI, Schook AB, Straume M, Schultz PG, 
Kay SA, Takahashi JS, Hogenesch JB. Coordinated transcription of key 
pathways in the mouse by the circadian clock. Cell. 2002;109:307–20. 
https:// doi. org/ 10. 1016/ s0092- 8674(02) 00722-5.

 53. Duffield GE, Best JD, Meurers BH, Bittner A, Loros JJ, Dunlap JC. 
Circadian programs of transcriptional activation, signaling, and protein 
turnover revealed by microarray analysis of mammalian cells. Curr Biol. 
2002;12:551–7. https:// doi. org/ 10. 1016/ s0960- 9822(02) 00765-0.

 54. Kornmann B, Schaad O, Bujard H, Takahashi JS, Schibler U. System-
driven and oscillator-dependent circadian transcription in mice with a 
conditionally active liver clock. PLoS Biol. 2007;5:e34. https:// doi. org/ 10. 
1371/ journ al. pbio. 00500 34.

 55. DeBruyne JP, Weaver DR, Reppert SM. CLOCK and NPAS2 have over-
lapping roles in the suprachiasmatic circadian clock. Nat Neurosci. 
2007;10:543–5. https:// doi. org/ 10. 1038/ nn1884.

 56. Maywood ES, Chesham JE, Smyllie NJ, Hastings MH. The tau mutation 
of casein kinase 1epsilon sets the period of the mammalian pacemaker 
via regulation of Period1 or Period2 clock proteins. J Biol Rhythms. 
2014;29:110–8. https:// doi. org/ 10. 1177/ 07487 30414 520663.

 57. Ko CH, Yamada YR, Welsh DK, Buhr ED, Liu AC, Zhang EE, Ralph MR, Kay 
SA, Forger DB, Takahashi JS. Emergence of noise-induced oscillations 
in the central circadian pacemaker. PLoS Biol. 2010;8:e1000513. https:// 
doi. org/ 10. 1371/ journ al. pbio. 10005 13.

 58. Preitner N, Damiola F, Lopez-Molina L, Zakany J, Duboule D, Albrecht 
U, Schibler U. The orphan nuclear receptor REV-ERBalpha controls 
circadian transcription within the positive limb of the mammalian 
circadian oscillator. Cell. 2002;110:251–60. https:// doi. org/ 10. 1016/ 
s0092- 8674(02) 00825-5.

 59. Sato TK, Panda S, Miraglia LJ, Reyes TM, Rudic RD, McNamara P, Naik KA, 
FitzGerald GA, Kay SA, Hogenesch JB. A functional genomics strategy 
reveals Rora as a component of the mammalian circadian clock. Neu-
ron. 2004;43:527–37. https:// doi. org/ 10. 1016/j. neuron. 2004. 07. 018.

 60. Crumbley C, Burris TP. Direct regulation of CLOCK expression by REV-
ERB. PLoS ONE. 2011;6:e17290. https:// doi. org/ 10. 1371/ journ al. pone. 
00172 90.

 61. Schmutz I, Ripperger JA, Baeriswyl-Aebischer S, Albrecht U. The mam-
malian clock component PERIOD2 coordinates circadian output by 
interaction with nuclear receptors. Genes Dev. 2010;24:345–57. https:// 
doi. org/ 10. 1101/ gad. 564110.

 62. Gachon F, Fonjallaz P, Damiola F, Gos P, Kodama T, Zakany J, Duboule D, 
Petit B, Tafti M, Schibler U. The loss of circadian PAR bZip transcription 
factors results in epilepsy. Genes Dev. 2004;18:1397–412. https:// doi. 
org/ 10. 1101/ gad. 301404.

 63. Takahashi JS. Transcriptional architecture of the mammalian circadian 
clock. Nat Rev Genet. 2017;18:164–79. https:// doi. org/ 10. 1038/ nrg. 2016. 
150.

 64. Ueda HR, Hayashi S, Chen W, Sano M, Machida M, Shigeyoshi Y, Iino 
M, Hashimoto S. System-level identification of transcriptional circuits 
underlying mammalian circadian clocks. Nat Genet. 2005;37:187–92. 
https:// doi. org/ 10. 1038/ ng1504.

 65. Liebner S, Dijkhuizen RM, Reiss Y, Plate KH, Agalliu D, Constantin G. 
Functional morphology of the blood–brain barrier in health and 
disease. Acta Neuropathol. 2018;135:311–36. https:// doi. org/ 10. 1007/ 
s00401- 018- 1815-1.

 66. Abbott NJ, Patabendige AA, Dolman DE, Yusof SR, Begley DJ. Structure 
and function of the blood–brain barrier. Neurobiol Dis. 2010;37:13–25. 
https:// doi. org/ 10. 1016/j. nbd. 2009. 07. 030.

https://doi.org/10.1038/s41573-020-00109-w
https://doi.org/10.1038/s41573-020-00109-w
https://doi.org/10.1080/07420528.2016.1184678
https://doi.org/10.1016/j.scitotenv.2017.07.056
https://doi.org/10.1038/s41514-017-0010-2
https://doi.org/10.1038/s41514-017-0010-2
https://doi.org/10.3389/fmicb.2018.00737
https://doi.org/10.1016/j.cmet.2020.02.008
https://doi.org/10.1016/j.cmet.2020.02.008
https://doi.org/10.1016/j.cell.2016.11.003
https://doi.org/10.3389/fmicb.2016.00345
https://doi.org/10.1016/bs.irn.2016.07.002
https://doi.org/10.1016/j.cmet.2011.01.006
https://doi.org/10.1016/j.cmet.2011.01.006
https://doi.org/10.1152/physrev.00016.2012
https://doi.org/10.1152/physrev.00016.2012
https://doi.org/10.1016/j.cell.2008.08.022
https://doi.org/10.1016/j.bbi.2013.08.011
https://doi.org/10.1111/jsr.12802
https://doi.org/10.1093/occmed/kqz063
https://doi.org/10.1093/occmed/kqz063
https://doi.org/10.1111/jsr.12906
https://doi.org/10.1111/jsr.12906
https://doi.org/10.1080/19490976.2019.1638722
https://doi.org/10.1016/j.cgh.2018.10.002
https://doi.org/10.3389/fnmol.2018.00496
https://doi.org/10.3389/fnmol.2018.00496
https://doi.org/10.1038/nsmb.3018
https://doi.org/10.1016/j.cell.2013.01.055
https://doi.org/10.1016/j.jmb.2020.01.019
https://doi.org/10.1038/nsmb.3326
https://doi.org/10.3389/fgene.2018.00367
https://doi.org/10.1093/hmg/ddl207
https://doi.org/10.1093/hmg/ddl207
https://doi.org/10.1016/s0092-8674(02)00722-5
https://doi.org/10.1016/s0960-9822(02)00765-0
https://doi.org/10.1371/journal.pbio.0050034
https://doi.org/10.1371/journal.pbio.0050034
https://doi.org/10.1038/nn1884
https://doi.org/10.1177/0748730414520663
https://doi.org/10.1371/journal.pbio.1000513
https://doi.org/10.1371/journal.pbio.1000513
https://doi.org/10.1016/s0092-8674(02)00825-5
https://doi.org/10.1016/s0092-8674(02)00825-5
https://doi.org/10.1016/j.neuron.2004.07.018
https://doi.org/10.1371/journal.pone.0017290
https://doi.org/10.1371/journal.pone.0017290
https://doi.org/10.1101/gad.564110
https://doi.org/10.1101/gad.564110
https://doi.org/10.1101/gad.301404
https://doi.org/10.1101/gad.301404
https://doi.org/10.1038/nrg.2016.150
https://doi.org/10.1038/nrg.2016.150
https://doi.org/10.1038/ng1504
https://doi.org/10.1007/s00401-018-1815-1
https://doi.org/10.1007/s00401-018-1815-1
https://doi.org/10.1016/j.nbd.2009.07.030


Page 14 of 18Schurhoff and Toborek  Molecular Brain            (2023) 16:5 

 67. Cuddapah VA, Zhang SL, Sehgal A. Regulation of the blood–brain bar-
rier by circadian rhythms and sleep. Trends Neurosci. 2019;42:500–10. 
https:// doi. org/ 10. 1016/j. tins. 2019. 05. 001.

 68. Abbott NJ, Ronnback L, Hansson E. Astrocyte-endothelial interactions 
at the blood–brain barrier. Nat Rev Neurosci. 2006;7:41–53. https:// doi. 
org/ 10. 1038/ nrn18 24.

 69. Mahringer A, Fricker G. ABC transporters at the blood–brain barrier. 
Expert Opin Drug Metab Toxicol. 2016;12:499–508. https:// doi. org/ 10. 
1517/ 17425 255. 2016. 11688 04.

 70. Pan W, Cornelissen G, Halberg F, Kastin AJ. Selected contribution: circa-
dian rhythm of tumor necrosis factor-alpha uptake into mouse spinal 
cord. J Appl Physiol (1985). 2002;92:1357–62. https:// doi. org/ 10. 1152/ 
jappl physi ol. 00915. 2001. discussion 1356.

 71. Pan W, Kastin AJ. Diurnal variation of leptin entry from blood to 
brain involving partial saturation of the transport system. Life Sci. 
2001;68:2705–14. https:// doi. org/ 10. 1016/ s0024- 3205(01) 01085-2.

 72. Kress GJ, Liao F, Dimitry J, Cedeno MR, FitzGerald GA, Holtzman DM, 
Musiek ES. Regulation of amyloid-beta dynamics and pathology by the 
circadian clock. J Exp Med. 2018;215:1059–68. https:// doi. org/ 10. 1084/ 
jem. 20172 347.

 73. Banks WA, Kastin AJ, Selznick JK. Modulation of immunoactive levels of 
DSIP and blood–brain permeability by lighting and diurnal rhythm. J 
Neurosci Res. 1985;14:347–55. https:// doi. org/ 10. 1002/ jnr. 49014 0307.

 74. Pandey HP, Ram A, Matsumura H, Hayaishi O. Concentration of pros-
taglandin D2 in cerebrospinal fluid exhibits a circadian alteration in 
conscious rats. Biochem Mol Biol Int. 1995;37:431–7.

 75. Kyoko OO, Kono H, Ishimaru K, Miyake K, Kubota T, Ogawa H, Okumura 
K, Shibata S, Nakao A. Expressions of tight junction proteins Occludin 
and Claudin-1 are under the circadian control in the mouse large intes-
tine: implications in intestinal permeability and susceptibility to colitis. 
PLoS ONE. 2014;9:e98016. https:// doi. org/ 10. 1371/ journ al. pone. 00980 
16.

 76. Summa KC, Voigt RM, Forsyth CB, Shaikh M, Cavanaugh K, Tang Y, 
Vitaterna MH, Song S, Turek FW, Keshavarzian A. Disruption of the 
circadian clock in mice increases intestinal permeability and promotes 
Alcohol-Induced hepatic Pathology and inflammation. PLoS ONE. 
2013;8:e67102. https:// doi. org/ 10. 1371/ journ al. pone. 00671 02.

 77. Hudson N, Celkova L, Hopkins A, Greene C, Storti F, Ozaki E, Fahey E, 
Theodoropoulou S, Kenna PF, Humphries MM, et al. Dysregulated clau-
din-5 cycling in the inner retina causes retinal pigment epithelial cell 
atrophy. JCI Insight. 2019. https:// doi. org/ 10. 1172/ jci. insig ht. 130273.

 78. Spadoni I, Pietrelli A, Pesole G, Rescigno M. Gene expression profile of 
endothelial cells during perturbation of the gut vascular barrier. Gut 
Microbes. 2016;7:540–8. https:// doi. org/ 10. 1080/ 19490 976. 2016. 12396 
81.

 79. Eum SY, Schurhoff N, Teglas T, Wolff G, Toborek M. Circadian disruption 
alters gut barrier integrity via a ss-catenin-MMP-related pathway. Mol 
Cell Biochem. 2022. https:// doi. org/ 10. 1007/ s11010- 022- 04536-8.

 80. Pulido RS, Munji RN, Chan TC, Quirk CR, Weiner GA, Weger BD, Rossi 
MJ, Elmsaouri S, Malfavon M, Deng A, et al. Neuronal activity regulates 
blood–brain barrier efflux transport through endothelial circadian 
genes. Neuron. 2020;108:937-952.e937. https:// doi. org/ 10. 1016/j. 
neuron. 2020. 09. 002.

 81. Zhang SL, Lahens NF, Yue Z, Arnold DM, Pakstis PP, Schwarz JE, Sehgal 
A. A circadian clock regulates efflux by the blood–brain barrier in mice 
and human cells. Nat Commun. 2021;12:617. https:// doi. org/ 10. 1038/ 
s41467- 020- 20795-9.

 82. Carver KA, Lourim D, Tryba AK, Harder DR. Rhythmic expression of 
cytochrome P450 epoxygenases CYP4x1 and CYP2c11 in the rat brain 
and vasculature. Am J Physiol Cell Physiol. 2014;307:C989–998. https:// 
doi. org/ 10. 1152/ ajpce ll. 00401. 2013.

 83. Stubblefield JJ, Lechleiter JD. Time to target stroke: examining the 
circadian system in stroke. Yale J Biol Med. 2019;92:349–57.

 84. Pan W, Wu X, Kastin AJ, Zhang Y, Hsuchou H, Halberg F, Chatu F, Khan 
RS, Robert B, Cornelissen-Guillaume GG. Potential protective role of 
IL15Ralpha during inflammation. J Mol Neurosci. 2011;43:412–23. 
https:// doi. org/ 10. 1007/ s12031- 010- 9459-1.

 85. Giovannoni F, Quintana FJ. The role of astrocytes in CNS inflammation. 
Trends Immunol. 2020;41:805–19. https:// doi. org/ 10. 1016/j. it. 2020. 07. 
007.

 86. Welsh DK, Reppert SM. Gap junctions couple astrocytes but not 
neurons in dissociated cultures of rat suprachiasmatic nucleus. Brain 
Res. 1996;706:30–6. https:// doi. org/ 10. 1016/ 0006- 8993(95) 01172-2.

 87. Prosser RA, Edgar DM, Heller HC, Miller JD. A possible glial role in the 
mammalian circadian clock. Brain Res. 1994;643:296–301. https:// doi. 
org/ 10. 1016/ 0006- 8993(94) 90036-1.

 88. Womac AD, Burkeen JF, Neuendorff N, Earnest DJ, Zoran MJ. Circa-
dian rhythms of extracellular ATP accumulation in suprachiasmatic 
nucleus cells and cultured astrocytes. Eur J Neurosci. 2009;30:869–76. 
https:// doi. org/ 10. 1111/j. 1460- 9568. 2009. 06874.x.

 89. Prolo LM, Takahashi JS, Herzog ED. Circadian rhythm generation and 
entrainment in astrocytes. J Neurosci. 2005;25:404–8. https:// doi. org/ 
10. 1523/ JNEUR OSCI. 4133- 04. 2005.

 90. Yagita K, Yamanaka I, Emoto N, Kawakami K, Shimada S. Real-time 
monitoring of circadian clock oscillations in primary cultures of mam-
malian cells using Tol2 transposon-mediated gene transfer strategy. 
BMC Biotechnol. 2010;10:3. https:// doi. org/ 10. 1186/ 1472- 6750- 10-3.

 91. Barca-Mayo O, Pons-Espinal M, Follert P, Armirotti A, Berdondini L, De 
Pietri Tonelli D. Astrocyte deletion of Bmal1 alters daily locomotor 
activity and cognitive functions via GABA signalling. Nat Commun. 
2017;8:14336. https:// doi. org/ 10. 1038/ ncomm s14336.

 92. Liu C, Reppert SM. GABA synchronizes clock cells within the supra-
chiasmatic circadian clock. Neuron. 2000;25:123–8. https:// doi. org/ 
10. 1016/ s0896- 6273(00) 80876-4.

 93. Albus H, Vansteensel MJ, Michel S, Block GD, Meijer JH. A GABAergic 
mechanism is necessary for coupling dissociable ventral and dorsal 
regional oscillators within the circadian clock. Curr Biol. 2005;15:886–
93. https:// doi. org/ 10. 1016/j. cub. 2005. 03. 051.

 94. Yoon BE, Woo J, Lee CJ. Astrocytes as GABA-ergic and GABA-ceptive 
cells. Neurochem Res. 2012;37:2474–9. https:// doi. org/ 10. 1007/ 
s11064- 012- 0808-z.

 95. Doengi M, Hirnet D, Coulon P, Pape HC, Deitmer JW, Lohr C. GABA 
uptake-dependent ca(2+) signaling in developing olfactory bulb 
astrocytes. Proc Natl Acad Sci U S A. 2009;106:17570–5. https:// doi. 
org/ 10. 1073/ pnas. 08095 13106.

 96. Brancaccio M, Patton AP, Chesham JE, Maywood ES, Hastings MH. 
Astrocytes control circadian timekeeping in the suprachiasmatic 
nucleus via glutamatergic signaling. Neuron. 2017;93:1420-1435.
e1425. https:// doi. org/ 10. 1016/j. neuron. 2017. 02. 030.

 97. Araque A, Carmignoto G, Haydon PG, Oliet SH, Robitaille R, Volterra 
A. Gliotransmitters travel in time and space. Neuron. 2014;81:728–39. 
https:// doi. org/ 10. 1016/j. neuron. 2014. 02. 007.

 98. Tso CF, Simon T, Greenlaw AC, Puri T, Mieda M, Herzog ED. Astrocytes 
regulate daily rhythms in the suprachiasmatic nucleus and behavior. 
Curr Biol. 2017;27:1055–61. https:// doi. org/ 10. 1016/j. cub. 2017. 02. 037.

 99. Bell RD, Winkler EA, Sagare AP, Singh I, LaRue B, Deane R, Zlokovic BV. 
Pericytes control key neurovascular functions and neuronal pheno-
type in the adult brain and during brain aging. Neuron. 2010;68:409–
27. https:// doi. org/ 10. 1016/j. neuron. 2010. 09. 043.

 100. Daneman R, Zhou L, Kebede AA, Barres BA. Pericytes are required 
for blood–brain barrier integrity during embryogenesis. Nature. 
2010;468:562–6. https:// doi. org/ 10. 1038/ natur e09513.

 101. Armulik A, Genove G, Mae M, Nisancioglu MH, Wallgard E, Niaudet 
C, He L, Norlin J, Lindblom P, Strittmatter K, et al. Pericytes regulate 
the blood–brain barrier. Nature. 2010;468:557–61. https:// doi. org/ 10. 
1038/ natur e09522.

 102. Uemura MT, Maki T, Ihara M, Lee VMY, Trojanowski JQ. Brain micro-
vascular pericytes in vascular cognitive impairment and dementia. 
Front Aging Neurosci. 2020;12:80. https:// doi. org/ 10. 3389/ fnagi. 2020. 
00080.

 103. Nakazato R, Kawabe K, Yamada D, Ikeno S, Mieda M, Shimba S, Hinoi 
E, Yoneda Y, Takarada T. Disruption of Bmal1 impairs blood–brain bar-
rier integrity via pericyte dysfunction. J Neurosci. 2017;37:10052–62. 
https:// doi. org/ 10. 1523/ JNEUR OSCI. 3639- 16. 2017.

 104. Winkler EA, Bell RD, Zlokovic BV. Central nervous system pericytes in 
health and disease. Nat Neurosci. 2011;14:1398–405. https:// doi. org/ 
10. 1038/ nn. 2946.

 105. Naranjo O, Osborne O, Torices S, Toborek M. In vivo targeting of the 
neurovascular unit: challenges and advancements. Cell Mol Neuro-
biol. 2022;42:2131–46. https:// doi. org/ 10. 1007/ s10571- 021- 01113-3.

https://doi.org/10.1016/j.tins.2019.05.001
https://doi.org/10.1038/nrn1824
https://doi.org/10.1038/nrn1824
https://doi.org/10.1517/17425255.2016.1168804
https://doi.org/10.1517/17425255.2016.1168804
https://doi.org/10.1152/japplphysiol.00915.2001
https://doi.org/10.1152/japplphysiol.00915.2001
https://doi.org/10.1016/s0024-3205(01)01085-2
https://doi.org/10.1084/jem.20172347
https://doi.org/10.1084/jem.20172347
https://doi.org/10.1002/jnr.490140307
https://doi.org/10.1371/journal.pone.0098016
https://doi.org/10.1371/journal.pone.0098016
https://doi.org/10.1371/journal.pone.0067102
https://doi.org/10.1172/jci.insight.130273
https://doi.org/10.1080/19490976.2016.1239681
https://doi.org/10.1080/19490976.2016.1239681
https://doi.org/10.1007/s11010-022-04536-8
https://doi.org/10.1016/j.neuron.2020.09.002
https://doi.org/10.1016/j.neuron.2020.09.002
https://doi.org/10.1038/s41467-020-20795-9
https://doi.org/10.1038/s41467-020-20795-9
https://doi.org/10.1152/ajpcell.00401.2013
https://doi.org/10.1152/ajpcell.00401.2013
https://doi.org/10.1007/s12031-010-9459-1
https://doi.org/10.1016/j.it.2020.07.007
https://doi.org/10.1016/j.it.2020.07.007
https://doi.org/10.1016/0006-8993(95)01172-2
https://doi.org/10.1016/0006-8993(94)90036-1
https://doi.org/10.1016/0006-8993(94)90036-1
https://doi.org/10.1111/j.1460-9568.2009.06874.x
https://doi.org/10.1523/JNEUROSCI.4133-04.2005
https://doi.org/10.1523/JNEUROSCI.4133-04.2005
https://doi.org/10.1186/1472-6750-10-3
https://doi.org/10.1038/ncomms14336
https://doi.org/10.1016/s0896-6273(00)80876-4
https://doi.org/10.1016/s0896-6273(00)80876-4
https://doi.org/10.1016/j.cub.2005.03.051
https://doi.org/10.1007/s11064-012-0808-z
https://doi.org/10.1007/s11064-012-0808-z
https://doi.org/10.1073/pnas.0809513106
https://doi.org/10.1073/pnas.0809513106
https://doi.org/10.1016/j.neuron.2017.02.030
https://doi.org/10.1016/j.neuron.2014.02.007
https://doi.org/10.1016/j.cub.2017.02.037
https://doi.org/10.1016/j.neuron.2010.09.043
https://doi.org/10.1038/nature09513
https://doi.org/10.1038/nature09522
https://doi.org/10.1038/nature09522
https://doi.org/10.3389/fnagi.2020.00080
https://doi.org/10.3389/fnagi.2020.00080
https://doi.org/10.1523/JNEUROSCI.3639-16.2017
https://doi.org/10.1038/nn.2946
https://doi.org/10.1038/nn.2946
https://doi.org/10.1007/s10571-021-01113-3


Page 15 of 18Schurhoff and Toborek  Molecular Brain            (2023) 16:5  

 106. Madore C, Yin Z, Leibowitz J, Butovsky O. Microglia, lifestyle stress, and 
Neurodegeneration. Immunity. 2020;52:222–40. https:// doi. org/ 10. 
1016/j. immuni. 2019. 12. 003.

 107. Sominsky L, Dangel T, Malik S, De Luca SN, Singewald N, Spencer 
SJ. Microglial ablation in rats disrupts the circadian system. FASEB J. 
2021;35:e21195. https:// doi. org/ 10. 1096/ fj. 20200 1555RR.

 108. Fonken LK, Frank MG, Kitt MM, Barrientos RM, Watkins LR, Maier SF. 
Microglia inflammatory responses are controlled by an intrinsic 
circadian clock. Brain Behav Immun. 2015;45:171–9. https:// doi. org/ 10. 
1016/j. bbi. 2014. 11. 009.

 109. Takayama F, Hayashi Y, Wu Z, Liu Y, Nakanishi H. Diurnal dynamic behav-
ior of microglia in response to infected bacteria through the UDP-P2Y6 
receptor system. Sci Rep. 2016;6:30006. https:// doi. org/ 10. 1038/ srep3 
0006.

 110. Frank MG, Thompson BM, Watkins LR, Maier SF. Glucocorticoids mediate 
stress-induced priming of microglial pro-inflammatory responses. Brain 
Behav Immun. 2012;26:337–45. https:// doi. org/ 10. 1016/j. bbi. 2011. 10. 
005.

 111. Griffin P, Sheehan PW, Dimitry JM, Guo C, Kanan MF, Lee J, Zhang J, 
Musiek ES. REV-ERBalpha mediates complement expression and diurnal 
regulation of microglial synaptic phagocytosis. Elife. 2020. https:// doi. 
org/ 10. 7554/ eLife. 58765.

 112. Spengler ML, Kuropatwinski KK, Comas M, Gasparian AV, Fedtsova N, 
Gleiberman AS, Gitlin II, Artemicheva NM, Deluca KA, Gudkov AV, et al. 
Core circadian protein CLOCK is a positive regulator of NF-kappaB-
mediated transcription. Proc Natl Acad Sci U S A. 2012;109:E2457–2465. 
https:// doi. org/ 10. 1073/ pnas. 12062 74109.

 113. Arvanitis CD, Ferraro GB, Jain RK. The blood–brain barrier and blood-
tumour barrier in brain tumours and metastases. Nat Rev Cancer. 
2020;20:26–41. https:// doi. org/ 10. 1038/ s41568- 019- 0205-x.

 114. Loscher W, Friedman A. Structural, molecular, and functional alterations 
of the blood–brain barrier during Epileptogenesis and Epilepsy: a 
cause, Consequence, or both? Int J Mol Sci. 2020. https:// doi. org/ 10. 
3390/ ijms2 10205 91.

 115. Zenaro E, Piacentino G, Constantin G. The blood–brain barrier in Alzhei-
mer’s disease. Neurobiol Dis. 2017;107:41–56. https:// doi. org/ 10. 1016/j. 
nbd. 2016. 07. 007.

 116. Lee H, Pienaar IS. Disruption of the blood–brain barrier in Parkin-
son’s disease: curse or route to a cure? Front Biosci (Landmark Ed). 
2014;19:272–80. https:// doi. org/ 10. 2741/ 4206.

 117. Welcome MO, Mastorakis NE. Stress-induced blood brain barrier disrup-
tion: molecular mechanisms and signaling pathways. Pharmacol Res. 
2020;157:104769. https:// doi. org/ 10. 1016/j. phrs. 2020. 104769.

 118. Bechtold DA, Gibbs JE, Loudon AS. Circadian dysfunction in disease. 
Trends Pharmacol Sci. 2010;31:191–8. https:// doi. org/ 10. 1016/j. tips. 
2010. 01. 002.

 119. Musiek ES, Holtzman DM. Mechanisms linking circadian clocks, sleep, 
and neurodegeneration. Science. 2016;354:1004–8. https:// doi. org/ 10. 
1126/ scien ce. aah49 68.

 120. Logan RW, McClung CA. Rhythms of life: circadian disruption and brain 
disorders across the lifespan. Nat Rev Neurosci. 2019;20:49–65. https:// 
doi. org/ 10. 1038/ s41583- 018- 0088-y.

 121. Hou Y, Liu L, Chen X, Li Q, Li J. Association between circadian disruption 
and diseases: a narrative review. Life Sci. 2020;262:118512. https:// doi. 
org/ 10. 1016/j. lfs. 2020. 118512.

 122. Dauer W, Przedborski S. Parkinson’s disease: mechanisms and models. 
Neuron. 2003;39:889–909. https:// doi. org/ 10. 1016/ s0896- 6273(03) 
00568-3.

 123. Sweeney MD, Sagare AP, Zlokovic BV. Blood–brain barrier breakdown 
in Alzheimer disease and other neurodegenerative disorders. Nat Rev 
Neurol. 2018;14:133–50. https:// doi. org/ 10. 1038/ nrneu rol. 2017. 188.

 124. Kotecha R, Gondi V, Ahluwalia MS, Brastianos PK, Mehta MP. Recent 
advances in managing brain metastasis. F1000Res. 2018. https:// doi. 
org/ 10. 12688/ f1000 resea rch. 15903.1.

 125. Boire A, Brastianos PK, Garzia L, Valiente M. Brain metastasis. Nat Rev 
Cancer. 2020;20:4–11. https:// doi. org/ 10. 1038/ s41568- 019- 0220-y.

 126. Walker WH, Sprowls SA, Bumgarner JR, Liu JA, Melendez-Fernandez OH, 
Walton JC, Lockman PR, DeVries AC, Nelson RJ. Circadian influences on 
Chemotherapy Efficacy in a mouse model of brain metastases of breast 
Cancer. Front Oncol. 2021;11:752331. https:// doi. org/ 10. 3389/ fonc. 2021. 
752331.

 127. Steeg PS. The blood-tumour barrier in cancer biology and therapy. 
Nat Rev Clin Oncol. 2021;18:696–714. https:// doi. org/ 10. 1038/ 
s41571- 021- 00529-6.

 128. Lauko A, Mu Z, Gutmann DH, Naik UP, Lathia JD. Junctional adhesion 
molecules in cancer: a paradigm for the diverse functions of cell-cell 
interactions in tumor progression. Cancer Res. 2020;80:4878–85. https:// 
doi. org/ 10. 1158/ 0008- 5472. CAN- 20- 1829.

 129. Leech AO, Cruz RG, Hill AD, Hopkins AM. Paradigms lost-an emerging 
role for over-expression of tight junction adhesion proteins in cancer 
pathogenesis. Ann Transl Med. 2015;3:184. https:// doi. org/ 10. 3978/j. 
issn. 2305- 5839. 2015. 08. 01.

 130. Smalley KS, Brafford P, Haass NK, Brandner JM, Brown E, Herlyn M. 
Up-regulated expression of zonula occludens protein-1 in human 
melanoma associates with N-cadherin and contributes to invasion 
and adhesion. Am J Pathol. 2005;166:1541–54. https:// doi. org/ 10. 1016/ 
S0002- 9440(10) 62370-X.

 131. Levi F, Schibler U. Circadian rhythms: mechanisms and therapeutic 
implications. Annu Rev Pharmacol Toxicol. 2007;47:593–628. https:// doi. 
org/ 10. 1146/ annur ev. pharm tox. 47. 120505. 105208.

 132. Farshadi E, Yan J, Leclere P, Goldbeter A, Chaves I, van der Horst GTJ. The 
positive circadian regulators CLOCK and BMAL1 control G2/M cell cycle 
transition through cyclin B1. Cell Cycle. 2019;18:16–33. https:// doi. org/ 
10. 1080/ 15384 101. 2018. 15586 38.

 133. Dong Z, Zhang G, Qu M, Gimple RC, Wu Q, Qiu Z, Prager BC, Wang X, 
Kim LJY, Morton AR, et al. Targeting glioblastoma stem cells through 
disruption of the circadian clock. Cancer Discov. 2019;9:1556–73.

 134. Pascual G, Dominguez D, Benitah SA. The contributions of cancer cell 
metabolism to metastasis. Dis Model Mech. 2018. https:// doi. org/ 10. 
1242/ dmm. 032920.

 135. Chen P, Hsu WH, Chang A, Tan Z, Lan Z, Zhou A, Spring DJ, Lang FF, 
Wang YA, DePinho RA. Circadian Regulator CLOCK Recruits Immune-
Suppressive Microglia into the GBM Tumor Microenvironment. Cancer 
Discov. 2020;10:371–81.

 136. Rahn DA, Ray DK, Schlesinger DJ, Steiner L, Sheehan JP, O’Quigley JM, 
Rich T. Gamma knife radiosurgery for brain metastasis of nonsmall cell 
lung cancer: is there a difference in outcome between morning and 
afternoon treatment? Cancer. 2011;117:414–20. https:// doi. org/ 10. 
1002/ cncr. 25423.

 137. Zhanfeng N, Yanhui L, Zhou F, Shaocai H, Guangxing L, Hechun X. Cir-
cadian genes Per1 and Per2 increase radiosensitivity of glioma in vivo. 
Oncotarget. 2015;6:9951–8. https:// doi. org/ 10. 18632/ oncot arget. 3179.

 138. Wang F, Luo Y, Li C, Chen L. Correlation between deregulated 
expression of PER2 gene and degree of glioma malignancy. Tumori. 
2014;100:e266–272. https:// doi. org/ 10. 1700/ 1778. 19292.

 139. Devinsky O, Vezzani A, O’Brien TJ, Jette N, Scheffer IE, de Curtis M, 
Perucca P. Epilepsy. Nat Rev Dis Primers. 2018;4:18024. https:// doi. org/ 
10. 1038/ nrdp. 2018. 24.

 140. Marchi N, Angelov L, Masaryk T, Fazio V, Granata T, Hernandez N, Hallene 
K, Diglaw T, Franic L, Najm I, et al. Seizure-promoting effect of blood–
brain barrier disruption. Epilepsia. 2007;48:732–42. https:// doi. org/ 10. 
1111/j. 1528- 1167. 2007. 00988.x.

 141. van Vliet EA, da Costa Araujo S, Redeker S, van Schaik R, Aronica E, 
Gorter JA. Blood–brain barrier leakage may lead to progression of tem-
poral lobe epilepsy. Brain. 2007;130:521–34. https:// doi. org/ 10. 1093/ 
brain/ awl318.

 142. Unterberger I, Gabelia D, Prieschl M, Chea K, Hofer M, Hogl B, Luef G, 
Frauscher B. Sleep disorders and circadian rhythm in epilepsy revisited: 
a prospective controlled study. Sleep Med. 2015;16:237–42. https:// doi. 
org/ 10. 1016/j. sleep. 2014. 09. 021.

 143. Gibbon FM, Maccormac E, Gringras P. Sleep and epilepsy: unfortunate 
bedfellows. Arch Dis Child. 2019;104:189–92. https:// doi. org/ 10. 1136/ 
archd ischi ld- 2017- 313421.

 144. Badawy RA, Curatolo JM, Newton M, Berkovic SF, Macdonell RA. Sleep 
deprivation increases cortical excitability in epilepsy: syndrome-specific 
effects. Neurology. 2006;67:1018–22. https:// doi. org/ 10. 1212/ 01. wnl. 
00002 37392. 64230. f7.

 145. Ly JQM, Gaggioni G, Chellappa SL, Papachilleos S, Brzozowski A, Borsu 
C, Rosanova M, Sarasso S, Middleton B, Luxen A, et al. Circadian regula-
tion of human cortical excitability. Nat Commun. 2016;7:11828. https:// 
doi. org/ 10. 1038/ ncomm s11828.

https://doi.org/10.1016/j.immuni.2019.12.003
https://doi.org/10.1016/j.immuni.2019.12.003
https://doi.org/10.1096/fj.202001555RR
https://doi.org/10.1016/j.bbi.2014.11.009
https://doi.org/10.1016/j.bbi.2014.11.009
https://doi.org/10.1038/srep30006
https://doi.org/10.1038/srep30006
https://doi.org/10.1016/j.bbi.2011.10.005
https://doi.org/10.1016/j.bbi.2011.10.005
https://doi.org/10.7554/eLife.58765
https://doi.org/10.7554/eLife.58765
https://doi.org/10.1073/pnas.1206274109
https://doi.org/10.1038/s41568-019-0205-x
https://doi.org/10.3390/ijms21020591
https://doi.org/10.3390/ijms21020591
https://doi.org/10.1016/j.nbd.2016.07.007
https://doi.org/10.1016/j.nbd.2016.07.007
https://doi.org/10.2741/4206
https://doi.org/10.1016/j.phrs.2020.104769
https://doi.org/10.1016/j.tips.2010.01.002
https://doi.org/10.1016/j.tips.2010.01.002
https://doi.org/10.1126/science.aah4968
https://doi.org/10.1126/science.aah4968
https://doi.org/10.1038/s41583-018-0088-y
https://doi.org/10.1038/s41583-018-0088-y
https://doi.org/10.1016/j.lfs.2020.118512
https://doi.org/10.1016/j.lfs.2020.118512
https://doi.org/10.1016/s0896-6273(03)00568-3
https://doi.org/10.1016/s0896-6273(03)00568-3
https://doi.org/10.1038/nrneurol.2017.188
https://doi.org/10.12688/f1000research.15903.1
https://doi.org/10.12688/f1000research.15903.1
https://doi.org/10.1038/s41568-019-0220-y
https://doi.org/10.3389/fonc.2021.752331
https://doi.org/10.3389/fonc.2021.752331
https://doi.org/10.1038/s41571-021-00529-6
https://doi.org/10.1038/s41571-021-00529-6
https://doi.org/10.1158/0008-5472.CAN-20-1829
https://doi.org/10.1158/0008-5472.CAN-20-1829
https://doi.org/10.3978/j.issn.2305-5839.2015.08.01
https://doi.org/10.3978/j.issn.2305-5839.2015.08.01
https://doi.org/10.1016/S0002-9440(10)62370-X
https://doi.org/10.1016/S0002-9440(10)62370-X
https://doi.org/10.1146/annurev.pharmtox.47.120505.105208
https://doi.org/10.1146/annurev.pharmtox.47.120505.105208
https://doi.org/10.1080/15384101.2018.1558638
https://doi.org/10.1080/15384101.2018.1558638
https://doi.org/10.1242/dmm.032920
https://doi.org/10.1242/dmm.032920
https://doi.org/10.1002/cncr.25423
https://doi.org/10.1002/cncr.25423
https://doi.org/10.18632/oncotarget.3179
https://doi.org/10.1700/1778.19292
https://doi.org/10.1038/nrdp.2018.24
https://doi.org/10.1038/nrdp.2018.24
https://doi.org/10.1111/j.1528-1167.2007.00988.x
https://doi.org/10.1111/j.1528-1167.2007.00988.x
https://doi.org/10.1093/brain/awl318
https://doi.org/10.1093/brain/awl318
https://doi.org/10.1016/j.sleep.2014.09.021
https://doi.org/10.1016/j.sleep.2014.09.021
https://doi.org/10.1136/archdischild-2017-313421
https://doi.org/10.1136/archdischild-2017-313421
https://doi.org/10.1212/01.wnl.0000237392.64230.f7
https://doi.org/10.1212/01.wnl.0000237392.64230.f7
https://doi.org/10.1038/ncomms11828
https://doi.org/10.1038/ncomms11828


Page 16 of 18Schurhoff and Toborek  Molecular Brain            (2023) 16:5 

 146. Matos HC, Koike BDV, Pereira WDS, de Andrade TG, Castro OW, Duzzioni 
M, Kodali M, Leite JP, Shetty AK, Gitai DLG. Rhythms of core clock genes 
and spontaneous locomotor activity in Post-Status Epilepticus Model of 
Mesial temporal lobe Epilepsy. Front Neurol. 2018;9:632. https:// doi. org/ 
10. 3389/ fneur. 2018. 00632.

 147. Matzen J, Buchheim K, Holtkamp M. Circadian dentate gyrus excitability 
in a rat model of temporal lobe epilepsy. Exp Neurol. 2012;234:105–11. 
https:// doi. org/ 10. 1016/j. expne urol. 2011. 12. 029.

 148. Leite Goes Gitai D, de Andrade TG, Dos Santos YDR, Attaluri S, Shetty AK. 
Chronobiology of limbic seizures: potential mechanisms and prospects 
of chronotherapy for mesial temporal lobe epilepsy. Neurosci Biobehav 
Rev. 2019;98:122–34. https:// doi. org/ 10. 1016/j. neubi orev. 2019. 01. 004.

 149. Karoly PJ, Rao VR, Gregg NM, Worrell GA, Bernard C, Cook MJ, Baud 
MO. Cycles in epilepsy. Nat Rev Neurol. 2021. https:// doi. org/ 10. 1038/ 
s41582- 021- 00464-1.

 150. Chan F, Liu J. Molecular regulation of brain metabolism underlying cir-
cadian epilepsy. Epilepsia. 2021;62(1):32–S48. https:// doi. org/ 10. 1111/ 
epi. 16796.

 151. van Vliet EA, Otte WM, Wadman WJ, Aronica E, Kooij G, de Vries HE, 
Dijkhuizen RM, Gorter JA. Blood–brain barrier leakage after status epi-
lepticus in rapamycin-treated rats II: potential mechanisms. Epilepsia. 
2016;57:70–8. https:// doi. org/ 10. 1111/ epi. 13245.

 152. Li P, Fu X, Smith NA, Ziobro J, Curiel J, Tenga MJ, Martin B, Freedman S, 
Cea-Del Rio CA, Oboti L, et al. Loss of CLOCK results in dysfunction of 
brain circuits underlying focal epilepsy. Neuron. 2017;96:387-401.e386. 
https:// doi. org/ 10. 1016/j. neuron. 2017. 09. 044.

 153. Gerstner JR, Smith GG, Lenz O, Perron IJ, Buono RJ, Ferraro TN. BMAL1 
controls the diurnal rhythm and set point for electrical seizure thresh-
old in mice. Front Syst Neurosci. 2014;8:121. https:// doi. org/ 10. 3389/ 
fnsys. 2014. 00121.

 154. Eun B, Kim HJ, Kim SY, Kim TW, Hong ST, Choi KM, Shim JK, Moon Y, Son 
GH, Kim K, et al. Induction of Per1 expression following an experi-
mentally induced epilepsy in the mouse hippocampus. Neurosci Lett. 
2011;498:110–3. https:// doi. org/ 10. 1016/j. neulet. 2011. 03. 039.

 155. Kim SH, Park HG, Jeong SH, Kang UG, Ahn YM, Kim YS. Electroconvulsive 
Seizure alters the expression and daily oscillation of circadian genes in 
the Rat Frontal Cortex. Psychiatry Investig. 2018;15:717–26. https:// doi. 
org/ 10. 30773/ pi. 2018. 01. 18.2.

 156. Tiwari S, Atluri V, Kaushik A, Yndart A, Nair M. Alzheimer’s disease: 
pathogenesis, diagnostics, and therapeutics. Int J Nanomedicine. 
2019;14:5541–54. https:// doi. org/ 10. 2147/ IJN. S2004 90.

 157. Xin SH, Tan L, Cao X, Yu JT, Tan L. Clearance of amyloid Beta and tau 
in Alzheimer’s disease: from mechanisms to therapy. Neurotox Res. 
2018;34:733–48. https:// doi. org/ 10. 1007/ s12640- 018- 9895-1.

 158. Bombois S, Derambure P, Pasquier F, Monaca C. Sleep disorders in aging 
and dementia. J Nutr Health Aging. 2010;14:212–7. https:// doi. org/ 10. 
1007/ s12603- 010- 0052-7.

 159. Bachman D, Rabins P. “Sundowning” and other temporally associated 
agitation states in dementia patients. Annu Rev Med. 2006;57:499–511. 
https:// doi. org/ 10. 1146/ annur ev. med. 57. 071604. 141451.

 160. Deane R, Zlokovic BV. Role of the blood–brain barrier in the pathogen-
esis of Alzheimer’s disease. Curr Alzheimer Res. 2007;4:191–7. https:// 
doi. org/ 10. 2174/ 15672 05077 80362 245.

 161. Winkler EA, Sagare AP, Zlokovic BV. The pericyte: a forgotten cell type 
with important implications for Alzheimer’s disease? Brain Pathol. 
2014;24:371–86. https:// doi. org/ 10. 1111/ bpa. 12152.

 162. Cai Z, Qiao PF, Wan CQ, Cai M, Zhou NK, Li Q. Role of blood–brain barrier 
in Alzheimer’s Disease. J Alzheimers Dis. 2018;63:1223–34. https:// doi. 
org/ 10. 3233/ JAD- 180098.

 163. Deane R, Du Yan S, Submamaryan RK, LaRue B, Jovanovic S, Hogg E, 
Welch D, Manness L, Lin C, Yu J, et al. RAGE mediates amyloid-beta 
peptide transport across the blood–brain barrier and accumulation in 
brain. Nat Med. 2003;9:907–13. https:// doi. org/ 10. 1038/ nm890.

 164. Andras IE, Eum SY, Huang W, Zhong Y, Hennig B, Toborek M. HIV-1-in-
duced amyloid beta accumulation in brain endothelial cells is attenu-
ated by simvastatin. Mol Cell Neurosci. 2010;43:232–43. https:// doi. org/ 
10. 1016/j. mcn. 2009. 11. 004.

 165. Kang JE, Lim MM, Bateman RJ, Lee JJ, Smyth LP, Cirrito JR, Fujiki N, 
Nishino S, Holtzman DM. Amyloid-beta dynamics are regulated by 
orexin and the sleep-wake cycle. Science. 2009;326:1005–7. https:// doi. 
org/ 10. 1126/ scien ce. 11809 62.

 166. Hood S, Amir S. Neurodegeneration and the circadian clock. Front 
Aging Neurosci. 2017;9:170. https:// doi. org/ 10. 3389/ fnagi. 2017. 00170.

 167. Esler WP, Wolfe MS. A portrait of Alzheimer secretases–new features and 
familiar faces. Science. 2001;293:1449–54. https:// doi. org/ 10. 1126/ scien 
ce. 10646 38.

 168. Xie L, Kang H, Xu Q, Chen MJ, Liao Y, Thiyagarajan M, O’Donnell J, Chris-
tensen DJ, Nicholson C, Iliff JJ, et al. Sleep drives metabolite clearance 
from the adult brain. Science. 2013;342:373–7. https:// doi. org/ 10. 1126/ 
scien ce. 12412 24.

 169. Hablitz LM, Pla V, Giannetto M, Vinitsky HS, Staeger FF, Metcalfe T, 
Nguyen R, Benrais A, Nedergaard M. Circadian control of brain glym-
phatic and lymphatic fluid flow. Nat Commun. 2020;11:4411. https:// 
doi. org/ 10. 1038/ s41467- 020- 18115-2.

 170. Schmitt K, Grimm A, Eckert A. Amyloid-beta-induced changes in 
molecular clock properties and cellular bioenergetics. Front Neurosci. 
2017;11:124. https:// doi. org/ 10. 3389/ fnins. 2017. 00124.

 171. Song H, Moon M, Choe HK, Han DH, Jang C, Kim A, Cho S, Kim K, 
Mook-Jung I. Abeta-induced degradation of BMAL1 and CBP leads to 
circadian rhythm disruption in Alzheimer’s disease. Mol Neurodegener. 
2015;10:13. https:// doi. org/ 10. 1186/ s13024- 015- 0007-x.

 172. Sultana R, Butterfield DA. Role of oxidative stress in the progression of 
Alzheimer’s disease. J Alzheimers Dis. 2010;19:341–53. https:// doi. org/ 
10. 3233/ JAD- 2010- 1222.

 173. Wang X, Wang W, Li L, Perry G, Lee HG, Zhu X. Oxidative stress and 
mitochondrial dysfunction in Alzheimer’s disease. Biochim Biophys 
Acta. 2014;1842:1240–7. https:// doi. org/ 10. 1016/j. bbadis. 2013. 10. 015.

 174. Kondratova AA, Dubrovsky YV, Antoch MP, Kondratov RV. Circadian 
clock proteins control adaptation to novel environment and memory 
formation. Aging. 2010;2:285–97. https:// doi. org/ 10. 18632/ aging. 
100142.

 175. Musiek ES, Lim MM, Yang G, Bauer AQ, Qi L, Lee Y, Roh JH, Ortiz-Gon-
zalez X, Dearborn JT, Culver JP, et al. Circadian clock proteins regulate 
neuronal redox homeostasis and neurodegeneration. J Clin Invest. 
2013;123:5389–400. https:// doi. org/ 10. 1172/ JCI70 317.

 176. Saha P, Sen N. Tauopathy: a common mechanism for neurodegenera-
tion and brain aging. Mech Ageing Dev. 2019;178:72–9. https:// doi. org/ 
10. 1016/j. mad. 2019. 01. 007.

 177. Guisle I, Gratuze M, Petry S, Morin F, Keraudren R, Whittington RA, 
Hebert SS, Mongrain V, Planel E. Circadian and sleep/wake-dependent 
variations in tau phosphorylation are driven by temperature. Sleep. 
2020. https:// doi. org/ 10. 1093/ sleep/ zsz266.

 178. Stevanovic K, Yunus A, Joly-Amado A, Gordon M, Morgan D, Gulick D, 
Gamsby J. Disruption of normal circadian clock function in a mouse 
model of tauopathy. Exp Neurol. 2017;294:58–67. https:// doi. org/ 10. 
1016/j. expne urol. 2017. 04. 015.

 179. Cronin P, McCarthy MJ, Lim ASP, Salmon DP, Galasko D, Masliah E, De 
Jager PL, Bennett DA, Desplats P. Circadian alterations during early 
stages of Alzheimer’s disease are associated with aberrant cycles of 
DNA methylation in BMAL1. Alzheimers Dement. 2017;13:689–700. 
https:// doi. org/ 10. 1016/j. jalz. 2016. 10. 003.

 180. Poewe W, Seppi K, Tanner CM, Halliday GM, Brundin P, Volkmann 
J, Schrag AE, Lang AE. Parkinson disease. Nat Rev Dis Primers. 
2017;3:17013. https:// doi. org/ 10. 1038/ nrdp. 2017. 13.

 181. Paul G, Elabi OF. Microvascular changes in Parkinson’s disease-focus on 
the neurovascular unit. Front Aging Neurosci. 2022;14:853372. https:// 
doi. org/ 10. 3389/ fnagi. 2022. 853372.

 182. Al-Bachari S, Naish JH, Parker GJM, Emsley HCA, Parkes LM. Blood–
brain barrier leakage is increased in Parkinson’s Disease. Front Physiol. 
2020;11:593026. https:// doi. org/ 10. 3389/ fphys. 2020. 593026.

 183. Li S, Wang Y, Wang F, Hu LF, Liu CF. A New Perspective for Parkinson’s 
Disease: circadian rhythm. Neurosci Bull. 2017;33:62–72. https:// doi. org/ 
10. 1007/ s12264- 016- 0089-7.

 184. Lee MA, Prentice WM, Hildreth AJ, Walker RW. Measuring symptom 
load in idiopathic Parkinson’s disease. Parkinsonism Relat Disord. 
2007;13:284–9. https:// doi. org/ 10. 1016/j. parkr eldis. 2006. 11. 009.

 185. Martinez-Martin P, Schapira AH, Stocchi F, Sethi K, Odin P, MacPhee 
G, Brown RG, Naidu Y, Clayton L, Abe K, et al. Prevalence of nonmo-
tor symptoms in Parkinson’s disease in an international setting; study 
using nonmotor symptoms questionnaire in 545 patients. Mov Disord. 
2007;22:1623–9. https:// doi. org/ 10. 1002/ mds. 21586.

https://doi.org/10.3389/fneur.2018.00632
https://doi.org/10.3389/fneur.2018.00632
https://doi.org/10.1016/j.expneurol.2011.12.029
https://doi.org/10.1016/j.neubiorev.2019.01.004
https://doi.org/10.1038/s41582-021-00464-1
https://doi.org/10.1038/s41582-021-00464-1
https://doi.org/10.1111/epi.16796
https://doi.org/10.1111/epi.16796
https://doi.org/10.1111/epi.13245
https://doi.org/10.1016/j.neuron.2017.09.044
https://doi.org/10.3389/fnsys.2014.00121
https://doi.org/10.3389/fnsys.2014.00121
https://doi.org/10.1016/j.neulet.2011.03.039
https://doi.org/10.30773/pi.2018.01.18.2
https://doi.org/10.30773/pi.2018.01.18.2
https://doi.org/10.2147/IJN.S200490
https://doi.org/10.1007/s12640-018-9895-1
https://doi.org/10.1007/s12603-010-0052-7
https://doi.org/10.1007/s12603-010-0052-7
https://doi.org/10.1146/annurev.med.57.071604.141451
https://doi.org/10.2174/156720507780362245
https://doi.org/10.2174/156720507780362245
https://doi.org/10.1111/bpa.12152
https://doi.org/10.3233/JAD-180098
https://doi.org/10.3233/JAD-180098
https://doi.org/10.1038/nm890
https://doi.org/10.1016/j.mcn.2009.11.004
https://doi.org/10.1016/j.mcn.2009.11.004
https://doi.org/10.1126/science.1180962
https://doi.org/10.1126/science.1180962
https://doi.org/10.3389/fnagi.2017.00170
https://doi.org/10.1126/science.1064638
https://doi.org/10.1126/science.1064638
https://doi.org/10.1126/science.1241224
https://doi.org/10.1126/science.1241224
https://doi.org/10.1038/s41467-020-18115-2
https://doi.org/10.1038/s41467-020-18115-2
https://doi.org/10.3389/fnins.2017.00124
https://doi.org/10.1186/s13024-015-0007-x
https://doi.org/10.3233/JAD-2010-1222
https://doi.org/10.3233/JAD-2010-1222
https://doi.org/10.1016/j.bbadis.2013.10.015
https://doi.org/10.18632/aging.100142
https://doi.org/10.18632/aging.100142
https://doi.org/10.1172/JCI70317
https://doi.org/10.1016/j.mad.2019.01.007
https://doi.org/10.1016/j.mad.2019.01.007
https://doi.org/10.1093/sleep/zsz266
https://doi.org/10.1016/j.expneurol.2017.04.015
https://doi.org/10.1016/j.expneurol.2017.04.015
https://doi.org/10.1016/j.jalz.2016.10.003
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.3389/fnagi.2022.853372
https://doi.org/10.3389/fnagi.2022.853372
https://doi.org/10.3389/fphys.2020.593026
https://doi.org/10.1007/s12264-016-0089-7
https://doi.org/10.1007/s12264-016-0089-7
https://doi.org/10.1016/j.parkreldis.2006.11.009
https://doi.org/10.1002/mds.21586


Page 17 of 18Schurhoff and Toborek  Molecular Brain            (2023) 16:5  

 186. Piccini P, Del Dotto P, Pardini C, D’Antonio P, Rossi G, Bonuccelli U. Diur-
nal worsening in Parkinson patients treated with levodopa. Riv Neurol. 
1991;61:219–24.

 187. van Hilten JJ, Hoogland G, van der Velde EA, Middelkoop HA, Kerkhof 
GA, Roos RA. Diurnal effects of motor activity and fatigue in Parkinson’s 
disease. J Neurol Neurosurg Psychiatry. 1993;56:874–7. https:// doi. org/ 
10. 1136/ jnnp. 56.8. 874.

 188. Placidi F, Izzi F, Romigi A, Stanzione P, Marciani MG, Brusa L, Sperli F, 
Galati S, Pasqualetti P, Pierantozzi M. Sleep-wake cycle and effects of 
cabergoline monotherapy in de novo Parkinson’s disease patients. 
An ambulatory polysomnographic study. J Neurol. 2008;255:1032–7. 
https:// doi. org/ 10. 1007/ s00415- 008- 0836-4.

 189. Videnovic A, Golombek D. Circadian dysregulation in Parkinson’s Dis-
ease. Neurobiol Sleep Circadian Rhythms. 2017;2:53–8. https:// doi. org/ 
10. 1016/j. nbscr. 2016. 11. 001.

 190. Schnell A, Albrecht U, Sandrelli F. Rhythm and mood: relationships 
between the circadian clock and mood-related behavior. Behav Neuro-
sci. 2014;128:326–43. https:// doi. org/ 10. 1037/ a0035 883.

 191. McClung CA, Sidiropoulou K, Vitaterna M, Takahashi JS, White FJ, Cooper 
DC, Nestler EJ. Regulation of dopaminergic transmission and cocaine 
reward by the clock gene. Proc Natl Acad Sci U S A. 2005;102:9377–81. 
https:// doi. org/ 10. 1073/ pnas. 05035 84102.

 192. Kawarai T, Kawakami H, Yamamura Y, Nakamura S. Structure and organi-
zation of the gene encoding human dopamine transporter. Gene. 
1997;195:11–8. https:// doi. org/ 10. 1016/ s0378- 1119(97) 00131-5.

 193. Mukherjee S, Coque L, Cao JL, Kumar J, Chakravarty S, Asaithamby A, 
Graham A, Gordon E, Enwright JF, DiLeone RJ, et al. Knockdown of 
clock in the ventral tegmental area through RNA interference results 
in a mixed state of mania and depression-like behavior. Biol Psychiatry. 
2010;68:503–11. https:// doi. org/ 10. 1016/j. biops ych. 2010. 04. 031.

 194. Imbesi M, Yildiz S, Dirim Arslan A, Sharma R, Manev H, Uz T. Dopamine 
receptor-mediated regulation of neuronal “clock” gene expression. 
Neuroscience. 2009;158:537–44. https:// doi. org/ 10. 1016/j. neuro scien ce. 
2008. 10. 044.

 195. Yujnovsky I, Hirayama J, M, Borrelli E, Sassone-Corsi P. Signaling medi-
ated by the dopamine D2 receptor potentiates circadian regulation by 
CLOCK:BMAL1. Proc Natl Acad Sci U S A. 2006;103:6386–91. https:// doi. 
org/ 10. 1073/ pnas. 05106 91103.

 196. Hood S, Cassidy P, Cossette MP, Weigl Y, Verwey M, Robinson B, Stewart 
J, Amir S. Endogenous dopamine regulates the rhythm of expression of 
the clock protein PER2 in the rat dorsal striatum via daily activation of 
D2 dopamine receptors. J Neurosci. 2010;30:14046–58. https:// doi. org/ 
10. 1523/ JNEUR OSCI. 2128- 10. 2010.

 197. Cai Y, Liu S, Sothern RB, Xu S, Chan P. Expression of clock genes Per1 and 
Bmal1 in total leukocytes in health and Parkinson’s disease. Eur J Neurol. 
2010;17:550–4. https:// doi. org/ 10. 1111/j. 1468- 1331. 2009. 02848.x.

 198. Gu Z, Wang B, Zhang YB, Ding H, Zhang Y, Yu J, Gu M, Chan P, Cai Y. 
Association of ARNTL and PER1 genes with Parkinson’s disease: a case-
control study of Han Chinese. Sci Rep. 2015;5:15891. https:// doi. org/ 10. 
1038/ srep1 5891.

 199. Welcome MO. Cellular mechanisms and molecular signaling pathways 
in stress-induced anxiety, depression, and blood–brain barrier inflam-
mation and leakage. Inflammopharmacology. 2020;28:643–65. https:// 
doi. org/ 10. 1007/ s10787- 020- 00712-8.

 200. Nicolaides NC, Charmandari E, Kino T, Chrousos GP. Stress-related and 
circadian secretion and target tissue actions of glucocorticoids: impact 
on Health. Front Endocrinol (Lausanne). 2017;8:70. https:// doi. org/ 10. 
3389/ fendo. 2017. 00070.

 201. Kalsbeek A, Palm IF, La Fleur SE, Scheer FA, Perreau-Lenz S, Ruiter M, 
Kreier F, Cailotto C, Buijs RM. SCN outputs and the hypothalamic bal-
ance of life. J Biol Rhythms. 2006;21:458–69. https:// doi. org/ 10. 1177/ 
07487 30406 293854.

 202. Ulrich-Lai YM, Arnhold MM, Engeland WC. Adrenal splanchnic innerva-
tion contributes to the diurnal rhythm of plasma corticosterone in rats 
by modulating adrenal sensitivity to ACTH. Am J Physiol Regul Integr 
Comp Physiol. 2006;290:R1128–1135. https:// doi. org/ 10. 1152/ ajpre gu. 
00042. 2003.

 203. Ishida A, Mutoh T, Ueyama T, Bando H, Masubuchi S, Nakahara D, Tsuji-
moto G, Okamura H. Light activates the adrenal gland: timing of gene 
expression and glucocorticoid release. Cell Metab. 2005;2:297–307. 
https:// doi. org/ 10. 1016/j. cmet. 2005. 09. 009.

 204. Oster H, Damerow S, Hut RA, Eichele G. Transcriptional profiling in the 
adrenal gland reveals circadian regulation of hormone biosynthesis 
genes and nucleosome assembly genes. J Biol Rhythms. 2006;21:350–
61. https:// doi. org/ 10. 1177/ 07487 30406 293053.

 205. Son GH, Chung S, Choe HK, Kim HD, Baik SM, Lee H, Lee HW, Choi S, Sun 
W, Kim H, et al. Adrenal peripheral clock controls the autonomous circa-
dian rhythm of glucocorticoid by causing rhythmic steroid production. 
Proc Natl Acad Sci U S A. 2008;105:20970–5. https:// doi. org/ 10. 1073/ 
pnas. 08069 62106.

 206. Yamamoto T, Nakahata Y, Tanaka M, Yoshida M, Soma H, Shinohara K, 
Yasuda A, Mamine T, Takumi T. Acute physical stress elevates mouse 
period1 mRNA expression in mouse peripheral tissues via a glucocorti-
coid-responsive element. J Biol Chem. 2005;280:42036–43. https:// doi. 
org/ 10. 1074/ jbc. M5096 00200.

 207. Jiang WG, Li SX, Zhou SJ, Sun Y, Shi J, Lu L. Chronic unpredictable stress 
induces a reversible change of PER2 rhythm in the suprachiasmatic 
nucleus. Brain Res. 2011;1399:25–32. https:// doi. org/ 10. 1016/j. brain res. 
2011. 05. 001.

 208. Hori H, Kim Y. Inflammation and post-traumatic stress disorder. Psychia-
try Clin Neurosci. 2019;73:143–53. https:// doi. org/ 10. 1111/ pcn. 12820.

 209. Agorastos A, Hauger RL, Barkauskas DA, Lerman IR, Moeller-Bertram T, 
Snijders C, Haji U, Patel PM, Geracioti TD, Chrousos GP, et al. Relations 
of combat stress and posttraumatic stress disorder to 24-h plasma 
and cerebrospinal fluid interleukin-6 levels and circadian rhythmicity. 
Psychoneuroendocrinology. 2019;100:237–45. https:// doi. org/ 10. 1016/j. 
psyne uen. 2018. 09. 009.

 210. Sapolsky RM. Glucocorticoids and hippocampal atrophy in neuropsy-
chiatric disorders. Arch Gen Psychiatry. 2000;57:925–35. https:// doi. org/ 
10. 1001/ archp syc. 57. 10. 925.

 211. Kitayama N, Vaccarino V, Kutner M, Weiss P, Bremner JD. Magnetic 
resonance imaging (MRI) measurement of hippocampal volume 
in posttraumatic stress disorder: a meta-analysis. J Affect Disord. 
2005;88:79–86. https:// doi. org/ 10. 1016/j. jad. 2005. 05. 014.

 212. Loh DH, Navarro J, Hagopian A, Wang LM, Deboer T, Colwell CS. Rapid 
changes in the light/dark cycle disrupt memory of conditioned fear in 
mice. PLoS ONE. 2010. https:// doi. org/ 10. 1371/ journ al. pone. 00125 46.

 213. Lai S, Shi L, Jiang Z, Lin Z. Glycyrrhizin treatment ameliorates post-trau-
matic stress disorder-like behaviours and restores circadian oscillation 
of intracranial serotonin. Clin Exp Pharmacol Physiol. 2020;47:95–101. 
https:// doi. org/ 10. 1111/ 1440- 1681. 13173.

 214. Kunimatsu A, Yasaka K, Akai H, Kunimatsu N, Abe O. MRI findings in 
posttraumatic stress disorder. J Magn Reson Imaging. 2020;52:380–96. 
https:// doi. org/ 10. 1002/ jmri. 26929.

 215. Shin LM, Rauch SL, Pitman RK. Amygdala, medial prefrontal cortex, and 
hippocampal function in PTSD. Ann N Y Acad Sci. 2006;1071:67–79. 
https:// doi. org/ 10. 1196/ annals. 1364. 007.

 216. Yan J, Wang H, Liu Y, Shao C. Analysis of gene regulatory networks in 
the mammalian circadian rhythm. PLoS Comput Biol. 2008;4:e1000193. 
https:// doi. org/ 10. 1371/ journ al. pcbi. 10001 93.

 217. Binder EB, Bradley RG, Liu W, Epstein MP, Deveau TC, Mercer KB, Tang 
Y, Gillespie CF, Heim CM, Nemeroff CB, et al. Association of FKBP5 
polymorphisms and childhood abuse with risk of posttraumatic stress 
disorder symptoms in adults. JAMA. 2008;299:1291–305. https:// doi. 
org/ 10. 1001/ jama. 299. 11. 1291.

 218. Colwell CS, Michel S, Itri J, Rodriguez W, Tam J, Lelievre V, Hu Z, Waschek 
JA. Selective deficits in the circadian light response in mice lacking 
PACAP. Am J Physiol Regul Integr Comp Physiol. 2004;287:R1194–1201. 
https:// doi. org/ 10. 1152/ ajpre gu. 00268. 2004.

 219. Stevens JS, Almli LM, Fani N, Gutman DA, Bradley B, Norrholm SD, Reiser 
E, Ely TD, Dhanani R, Glover EM, et al. PACAP receptor gene polymor-
phism impacts fear responses in the amygdala and hippocampus. Proc 
Natl Acad Sci U S A. 2014;111:3158–63. https:// doi. org/ 10. 1073/ pnas. 
13189 54111.

 220. Logue MW, Baldwin C, Guffanti G, Melista E, Wolf EJ, Reardon AF, Uddin 
M, Wildman D, Galea S, Koenen KC, et al. A genome-wide association 
study of post-traumatic stress disorder identifies the retinoid-related 
orphan receptor alpha (RORA) gene as a significant risk locus. Mol 
Psychiatry. 2013;18:937–42. https:// doi. org/ 10. 1038/ mp. 2012. 113.

 221. Amstadter AB, Sumner JA, Acierno R, Ruggiero KJ, Koenen KC, Kilpatrick 
DG, Galea S, Gelernter J. Support for association of RORA variant 
and post traumatic stress symptoms in a population-based study of 

https://doi.org/10.1136/jnnp.56.8.874
https://doi.org/10.1136/jnnp.56.8.874
https://doi.org/10.1007/s00415-008-0836-4
https://doi.org/10.1016/j.nbscr.2016.11.001
https://doi.org/10.1016/j.nbscr.2016.11.001
https://doi.org/10.1037/a0035883
https://doi.org/10.1073/pnas.0503584102
https://doi.org/10.1016/s0378-1119(97)00131-5
https://doi.org/10.1016/j.biopsych.2010.04.031
https://doi.org/10.1016/j.neuroscience.2008.10.044
https://doi.org/10.1016/j.neuroscience.2008.10.044
https://doi.org/10.1073/pnas.0510691103
https://doi.org/10.1073/pnas.0510691103
https://doi.org/10.1523/JNEUROSCI.2128-10.2010
https://doi.org/10.1523/JNEUROSCI.2128-10.2010
https://doi.org/10.1111/j.1468-1331.2009.02848.x
https://doi.org/10.1038/srep15891
https://doi.org/10.1038/srep15891
https://doi.org/10.1007/s10787-020-00712-8
https://doi.org/10.1007/s10787-020-00712-8
https://doi.org/10.3389/fendo.2017.00070
https://doi.org/10.3389/fendo.2017.00070
https://doi.org/10.1177/0748730406293854
https://doi.org/10.1177/0748730406293854
https://doi.org/10.1152/ajpregu.00042.2003
https://doi.org/10.1152/ajpregu.00042.2003
https://doi.org/10.1016/j.cmet.2005.09.009
https://doi.org/10.1177/0748730406293053
https://doi.org/10.1073/pnas.0806962106
https://doi.org/10.1073/pnas.0806962106
https://doi.org/10.1074/jbc.M509600200
https://doi.org/10.1074/jbc.M509600200
https://doi.org/10.1016/j.brainres.2011.05.001
https://doi.org/10.1016/j.brainres.2011.05.001
https://doi.org/10.1111/pcn.12820
https://doi.org/10.1016/j.psyneuen.2018.09.009
https://doi.org/10.1016/j.psyneuen.2018.09.009
https://doi.org/10.1001/archpsyc.57.10.925
https://doi.org/10.1001/archpsyc.57.10.925
https://doi.org/10.1016/j.jad.2005.05.014
https://doi.org/10.1371/journal.pone.0012546
https://doi.org/10.1111/1440-1681.13173
https://doi.org/10.1002/jmri.26929
https://doi.org/10.1196/annals.1364.007
https://doi.org/10.1371/journal.pcbi.1000193
https://doi.org/10.1001/jama.299.11.1291
https://doi.org/10.1001/jama.299.11.1291
https://doi.org/10.1152/ajpregu.00268.2004
https://doi.org/10.1073/pnas.1318954111
https://doi.org/10.1073/pnas.1318954111
https://doi.org/10.1038/mp.2012.113


Page 18 of 18Schurhoff and Toborek  Molecular Brain            (2023) 16:5 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

hurricane exposed adults. Mol Psychiatry. 2013;18:1148–9. https:// doi. 
org/ 10. 1038/ mp. 2012. 189.

 222. Linnstaedt SD, Pan Y, Mauck MC, Sullivan J, Zhou CY, Jung L, Rueckeis 
CA, Blount JD, Carson MS, Tungate AS, et al. Evaluation of the Associa-
tion between Genetic Variants in Circadian Rhythm genes and post-
traumatic stress symptoms identifies a potential functional allele in the 
transcription factor TEF. Front Psychiatry. 2018;9:597. https:// doi. org/ 10. 
3389/ fpsyt. 2018. 00597.

 223. Dong D, Yang D, Lin L, Wang S, Wu B. Circadian rhythm in pharma-
cokinetics and its relevance to chronotherapy. Biochem Pharmacol. 
2020;178:114045. https:// doi. org/ 10. 1016/j. bcp. 2020. 114045.

 224. Fifel K, Videnovic A. Chronotherapies for Parkinson’s disease. Prog 
Neurobiol. 2019;174:16–27. https:// doi. org/ 10. 1016/j. pneur obio. 2019. 
01. 002.

 225. Hermida RC, Hermida-Ayala RG, Smolensky M. Chronotherapy for 
reduction of cardiovascular risk. Med Clin (Barc). 2020;154:505–11. 
https:// doi. org/ 10. 1016/j. medcli. 2020. 02. 004.

 226. Bowles NP, Thosar SS, Herzig MX, Shea SA. Chronotherapy for hyper-
tension. Curr Hypertens Rep. 2018;20:97. https:// doi. org/ 10. 1007/ 
s11906- 018- 0897-4.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1038/mp.2012.189
https://doi.org/10.1038/mp.2012.189
https://doi.org/10.3389/fpsyt.2018.00597
https://doi.org/10.3389/fpsyt.2018.00597
https://doi.org/10.1016/j.bcp.2020.114045
https://doi.org/10.1016/j.pneurobio.2019.01.002
https://doi.org/10.1016/j.pneurobio.2019.01.002
https://doi.org/10.1016/j.medcli.2020.02.004
https://doi.org/10.1007/s11906-018-0897-4
https://doi.org/10.1007/s11906-018-0897-4

	Circadian rhythms in the blood–brain barrier: impact on neurological disorders and stress responses
	Abstract 
	Introduction to the circadian rhythm
	The molecular clock
	Circadian rhythms in the BBB
	Endothelial cells
	Astrocytes
	Pericytes
	Microglia

	Circadian rhythms and BBB-associated neurological disorders
	Brain metastasis
	Epilepsy
	Alzheimer’s disease
	Parkinson’s disease
	Stress responses and post-traumatic stress disorder

	Conclusion and future perspectives
	Acknowledgements
	References


