
TYPE Review
PUBLISHED 23 June 2025
DOI 10.3389/fphys.2025.1622236

OPEN ACCESS

EDITED BY

Bo Hu,
Houston Methodist Research Institute,
United States

REVIEWED BY

Yen-chung Chen,
Changhua Christian Hospital, Taiwan
Huiru Xue,
First Hospital of Shanxi Medical
University, China

*CORRESPONDENCE

William H. Walker II,
william.walker2@hsc.wvu.edu

RECEIVED 02 May 2025
ACCEPTED 06 June 2025
PUBLISHED 23 June 2025

CITATION

Elliott BD, Kisamore CO, Nelson RJ,
DeVries AC and Walker WH II (2025) Circadian
influences on central nervous system barriers
and the glymphatic system.
Front. Physiol. 16:1622236.
doi: 10.3389/fphys.2025.1622236

COPYRIGHT

© 2025 Elliott, Kisamore, Nelson, DeVries and
Walker . This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Circadian influences on central
nervous system barriers and the
glymphatic system

Brittany D. Elliott1, Claire O. Kisamore1, Randy J. Nelson1,2,
A. Courtney DeVries1,2,3 and William H. Walker II1,2*
1Department of Neuroscience, Rockefeller Neuroscience Institute, Morgantown, WV, United States,
2West Virginia University Cancer Institute, Morgantown, WV, United States, 3Department of Medical
Oncology, West Virginia University, Morgantown, WV, United States

The central nervous system (CNS), comprising the brain and spinal cord, is
fortified by complex barriers that protect the underlying organs and maintain
homeostasis. The importance of proper fortification and homeostatic regulation
provided by these systems has broad implications for many physiological
processes and several pathological conditions are associated with their
disruption. Recent studies support the notion that CNS barriers and fluids are
regulated by circadian rhythms. Whereas reciprocal associations between the
structural and functional integrity of neural barriers and disease states are
well-established, the role of circadian rhythms in mediating these relationships
remains unspecified. The goals of this review are to provide a general overview of
three primary systems responsible for maintaining CNS homeostasis, namely the
blood-brain barrier, blood-cerebrospinal fluid barrier, and glymphatic system,
and to synthesize recent evidence highlighting the role of circadian rhythms as
a critical regulator of CNS fluid and barrier function.
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1 Introduction

Thecentral nervous system (CNS), consisting of the brain and spinal cord, is regulated by
several complex structures and systems referred to as CNS barriers. In healthy individuals,
these systems are responsible for protecting the CNS, relaying information between
the brain and periphery, and maintaining neural homeostasis. Similar to the peripheral
processes of the endocrine, cardiovascular, digestive, immune, and metabolic systems,
CNS barrier and fluid functions are also influenced by circadian rhythms (Patke et al.,
2020; Steffensen et al., 2023; Fame et al., 2023; Edelbo et al., 2023; Vizcarra et al.,
2024). Further, the dysfunction of CNS barriers is implicated in several pathological
conditions. Although the bidirectional relationship between pathology and CNS barrier
dysfunction is well-established for many conditions, the roles of barrier-specific circadian
mechanisms in disease etiology and progression have not been previously described. Given
the emergent interest in leveraging the circadian biology of CNS barriers for therapeutic
optimization, there is an essential need to understand how circadian components uniquely
influence the properties of each barrier under both healthy and pathological conditions.
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GRAPHICAL ABSTRACT

2 Circadian rhythms overview

Circadian rhythms are biological phenomena present in all
domains of life that influence nearly every aspect of physiology and
behavior (Bumgarner and Nelson, 2021). Derived from the Latin
expression circa diem, meaning “about a day,” circadian rhythms
exhibit oscillations approximately every 24 h (Patke et al., 2020).
Entrainment cues from the environment, referred to as zeitgebers
(time givers in German), inform the timing of these processes
and allow organisms to optimize energy intake and expenditure to
optimally meet demands across the solar day. Although physical
activity, caloric intake, and temperature are important zeitgebers,
the most predominant is the daily light-dark cycle. Light activates
intrinsically photosensitive retinal ganglion cells within the eye,
which transmit photic information along the retinohypothalamic
tract (RHT) to the suprachiasmatic nuclei (SCN) within the anterior
hypothalamus (Colwell, 2011). The SCN then projects to various
regions within the thalamus and hypothalamus and allow for the
intrinsic synchronization of system, organ, cellular, and genetic
rhythms (Figure 1A) (Starnes and Jones, 2023).

The SCN can be partitioned into two structural components:
a dorsal shell containing arginine vasopressin (AVP) neurons
and the ventral core, consisting of photosensitive vasoactive
intestinal polypeptide (VIP) and gastrin-releasing peptide neurons
(Welsh et al., 2010). Neuronal activity in the SCN core is
greatest during the day in both diurnal and nocturnal species,
whereas nighttime firing is almost entirely absent (Colwell, 2011).

Mechanistically, photic information delivered via RHT innervation
results in the release of glutamate and pituitary adenylate cyclase-
activating peptide (PACAP).The activation ofN-methylD-aspartate
receptors and voltage-gated calcium channels by glutamate results in
an increase of intracellular calcium and the downstream activation
of calcium-dependent protein kinases (CAMK). Similarly, PACAP
receptor 1 activation upregulates intracellular cyclic AMP (cAMP;
cyclic adenosine 3′,5′-cyclic monophosphate), which then activates
protein kinase A (PKA). Together, PKA and CAMK phosphorylate
cAMP response element (CRE)-binding protein (CREB). This
process, referred to as activation of the cAMP-PKA-CREB signaling
pathway, then temporally initiates the transcription of circadian
clock genes and promotes cell-autonomous synchronization to the
environment (Starnes and Jones, 2023).

On the molecular level, the expression of clock genes is driven
by two cytoplasmic proteins, circadian locomotor output cycle kaput
(CLOCK)andbrainandmuscleARNT-likeprotein1(BMAL1),which
dimerize and translocate to the nucleus. There, the CLOCK:BMAL1
heterodimer regulates transcription by binding to enhancer box
regulatory elements (E-boxes) at the promoter region of the clock
genes, such as those in the Cryptochrome (Cry) and Period (Per)
families (Cox and Takahashi, 2019). CRY and PER proteins dimerize
and accumulate in the cytoplasm before translocating back to the
nucleus where the heterodimer inhibits the transcription of its
constituentgenesviaCLOCK:BMAL1repression.Overapproximately
24 h, the increasing accumulation of CRY and PER proteins
become ubiquitinated and degraded, thus releasing the inhibition
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FIGURE 1
Circadian clock mechanisms. (A) Light enters the retina and travels along the retinohypothalamic tract to the SCN. Temporal information projected
from the SCN allows for the synchronization of peripheral behavioral and physiological rhythms. (B) The expression of core clock genes, including
CRYs, PERs, REV-ERBs, and RORs, is driven by the CLOCK:BMAL1 heterodimer, which binds to E-boxes in the promotor region of the gene. CRY and
PER heterodimers inhibit the transcription of its constituent genes via CLOCK:BMAL1 repression. Over time, CRY:PER is degraded and the inhibition of
CLOCK:BMAL1 is released, allowing transcription to resume. This process is referred to as the transcription-translation feedback loop. In a parallel
mechanism, REV-ERBα and RORα bind to RREs to inhibit or drive clock gene expression, respectively. (BMAL1, brain and muscle ARNT-like protein 1;
CLOCK, circadian locomotor output cycle kaput; CRY, cryptochrome; E-box, enhancer box regulatory element; PER, period; SCN, suprachiasmatic
nucleus; REV-ERB, nuclear receptor subfamily 1 group D member 1; ROR, retinoic acid receptor-related orphan receptor; RRE, rev response element.
Schematic created with BioRender.).

of CLOCK:BMAL1 and reinitiating transcription (Figure 1B). In a
parallel mechanism, the CLOCK:BMAL1 dimer drives the expression
of nuclear receptors subfamily 1 group D member 1 (NR1D1/REV-
ERBα) and nuclear receptor subfamily 1 group D member 2
(NR1D2/REV-ERBβ).REV-ERBscompetewithretinoicacidreceptor-
related orphan receptors (RORs) to bind to rev response elements
(RREs) on the promotor region of Bmal1 and, respectively, repress or
drive expression (Cox and Takahashi, 2019). The CLOCK/BMAL1
and REV-ERB/ROR loops regulate the transcription of additional
genes, Nfil3 and Dpb, which comprise a third feedback loop. In brief,
NFIL3:DPB dimers bind to D-boxes and drive the transcription of
several clock genes (Cox andTakahashi, 2019).Together, theprocesses
underlying these three loops comprise the intrinsic molecular clock.
For an in depth description of photic entrainment of the circadian
system, refer to the 2021 review by Ashton et al. (2022).

3 Circadian rhythms and the
blood-brain barrier

3.1 Overview of the blood-brain barrier

The blood-brain barrier (BBB; Figure 2) consists of a vascular
network throughout the CNS composed of a thin monolayer of
endothelial cells (ECs) known as brain microvascular endothelial

cells (BMECs). The main functions of the BBB are to provide the
brain parenchyma with key nutrients while keeping xenobiotic
substances (e.g., drugs, bacteria, etc.) from infiltrating the
surrounding tissue (Daneman andPrat, 2015).Thedistance between
the intravascular (luminal) surface and the brain parenchyma
surrounding the extravascular surface (abluminal) is ∼300–500 nm
in human brain microvessels (Cornford and Hyman, 2005). These
cells are separated by unique tight junctions (TJs) that deter a
large majority of paracellular transport (Daneman and Prat, 2015).
Directly surrounding the ECs of neural blood vessels are basement
membrane proteins, pericytes, and astrocytic endfeet, which
together comprise the neurovascular unit (NVU) (Kadry et al.,
2020). These cell types also influence overall permeability of
the BBB (Daneman and Prat, 2015). For example, pericytes and
astrocytic endfeet signal to BMECs to regulate blood flow and
defend against apoptosis (Ramsauer et al., 2002), among other
functions (Kadry et al., 2020; Abbott et al., 2010).

BMECs are highly specialized and have unique characteristics
compared to peripheral ECs. They are non-fenestrated and
harbor multiple transport systems which contribute to the
incredible selectivity of the BBB (Kadry et al., 2020). Among
the many transport systems present at the BBB, one of the
most clinically relevant is efflux by ATP-binding cassette (ABC)
transporters. ABC transporters, also referred to as efflux pumps,
are transcellular proteins that use ATP to transport solutes against
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FIGURE 2
Function and structure of the BBB in rodents. The BBB is composed of a monolayer of endothelial cells known as BMECs. Surrounding the ECs of
neural blood vessels are basement membrane proteins, pericytes, and astrocytic endfeet, which together comprise the NVU. BMECs are separated
junction complexes including JAMs, TJs, and AJs which restrict paracellular transport. In mice, efflux pumps, such as ABC transporters and SLCs, are
located on both the luminal and abluminal membranes of the BBB. At the onset of the (A) inactive phase for mice, PgP expression is at its trough but
gradually increases across the light period. On the contrast, the expression of Claudin-5, a TJ transporter, peaks at the onset of inactivity but decreases
with time. At the onset of the (B) active phase for mice, Claudin-5 expression is at its trough and gradually increases with time. Pgp expression peaks at
the onset of the active phase and decreases throughout the night. Conclusions regarding period-specific permeability cannot be drawn for several
reasons: 1) time between peak expression and peak activity likely varies, 2) time of peak activity/expression likely varies between different transport
mechanisms (paracellular versus efflux), as observed here, and 3) it is unknown if the expression/activity of mechanistically similar transport proteins
(e.g., PgP versus BCRP) peak at similar times. Given these uncertainties even within species, only conclusions drawn from studies involving mice are
demonstrated here. (ABC, ATP-binding cassette; AJs, adherens junctions; BCRP, breast cancer resistance protein; BMECs, brain microvascular
endothelial cells; ECs, endothelial cells; JAMs, junctional adhesion molecules; Pgp, p-glycoprotein; SLCs, solute carriers; TJs, tight junctions; NVU,
neurovascular unit; ZO, zonula occluden. Schematic created with BioRender.).

their concentration gradients (Demeule et al., 2002; Mahringer
and Fricker, 2016). One function of these proteins is to direct
xenobiotic substances away from the brain parenchyma by actively
expelling them back into the vasculature. P-glycoprotein (Pgp) is
arguably the most studied ABC transporter due to its ubiquity
throughout the body and major implications for drug delivery
(Demeule et al., 2002). Substrates for Pgp span a plethora of
pharmaceutics including some chemotherapies, antibiotics, and
opioids (Conrad et al., 2024; Karthika et al., 2020; Sharom, 2011).
The expression of Pgp along with other major ABC transporters,
such as breast cancer resistance protein (BCRP) and multi-
drug resistance proteins (MRPs), present a significant hurdle in
pharmaceutical delivery to the brain. Researchers have invested
decades in overcoming this challenge through innovative solutions
from first-generation strategies (e.g., liposomal formulations)
to more modern approaches like nanoparticles and biomimetic
systems (Wu et al., 2023). However, the lack of consistency in ABC
transporter expression across species complicates this research. For
instance, Pgp is expressed at relatively different levels in humans,
mice, and rats (Zhang et al., 2023; Uchida et al., 2011). Furthermore,
Pgp is expressed on both the luminal and abluminal surfaces of

BMECs in humans, but only on the luminal surface of the BBB in
mice (Morris et al., 2017). BCRP, which is present at the luminal
surface in humans and rodents, is expressed in higher levels in
humans than in mice and rats (Morris et al., 2017). Although Pgp
humanized mice are currently used to study efflux mechanisms
at the BBB (Krohn et al., 2018), this model fails to capture the
species-specific dynamic processes of ABC transporters working
together in concert to protect the brain parenchyma. For example,
the inhibition of one results in a compensatory mechanism among
ABC transporters (Cisternino et al., 2004). Indeed, knocking out
Pgp in mice has been demonstrated to increase expression of BCRP
at the BBB (Cisternino et al., 2004). Thus, studies of drug efflux and
delivery at the BBB are complex and results often vary.

Similar to ABC transporters, solute carriers (SLCs) are dispersed
across both the luminal and abluminal surfaces of BMECs
(Kadry et al., 2020). SLCs are transmembrane channels that function
to transport specific vital nutrients that cannot diffuse transcellularly
due to size or charge. This includes glucose, amino acids, hormones,
anions, vitamins, carbohydrates, and many more (Kadry et al., 2020;
Hu et al., 2020). These channels function primarily through passive
diffusion, and some utilize ion concentration gradients (e.g., Na+
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and K+) to drive the transport of molecules such as glutamate
(Hu et al., 2020; Takahashi et al., 2015). Additionally, substances
can cross the BBB via vesicular transport. This involves either
adsorptive-mediated or receptor-mediated transcytosis of lipophilic
vesicles containing materials that are too large to otherwise breach
the BBB (Kadry et al., 2020). ECs have a specific intracellular
vesicular trafficking mechanism that allows for the avoidance
of lysosomes during transcytosis through BMECs (Kadry et al.,
2020; Foroozandeh and Aziz, 2018). This is accomplished through
endocytosis at a caveola (Latin, “little cave”), an invagination onECs.
BMECs have fewer caveolae than some peripheral ECs, as well as
fewer overall intracellular endocytic vesicles (Kadry et al., 2020).

Arguably one of the most crucial defining features of the BBB is
the expression of TJs and adherens junctions (AJs). These junctional
complexes are responsible for the strict tethering of endothelial cells
to ensure that the brain vasculature does not allow for paracellular
transport, barring a few exceptions. In order for paracellular
transport to occur at the BBB, a substance must have a very low
molecular weight and be hydrophilic (Kadry et al., 2020). This
is in contrast to substances that can diffuse transcellularly, which
must be hydrophobic (Zhao et al., 2015). BBB TJs are composed of
claudins (primarily 3, 5, and 12), occludin, zonula occludens (ZOs),
and junctional adhesion molecules (JAMs) (Luissint et al., 2012).
Claudins are transmembrane proteins that are anchored in the
cytoplasmbyZOs and are largely responsible for the strict regulation
of BBB permeability (Yamazaki and Kanekiyo, 2017). β-catenin
accumulation in the cytoplasmof BMECs allows for its translocation
to the nucleus, where it drives the expression of TJ proteins such as
claudin-3. This pathway is reliant on Wnt signaling, which inhibits
the sequestration of β-catenin in the cytoplasm (Luissint et al., 2012;
Liebner et al., 2008). ZOs interact with intracellular domains of
JAMs and occludin to anchor these transmembrane TJ structural
proteins to the actin cytoskeleton within BMECs (Luissint et al.,
2012; Yamazaki and Kanekiyo, 2017). AJs, which are composed of
cadherins and catenins that aid in cell-cell adhesion, support the
impenetrable nature of the BBB (Kadry et al., 2020; Stamatovic et al.,
2016). Another aspect of vascular physiology that supports the
integrity of the BBB is sheer stress, or the force created by the
endogenous flow rate of the bloodstream (Cucullo et al., 2011).
Indeed, one study illustrates how sheer stress contributes to barrier
morphology and function using an in vitro model of the BBB
and transendothelial electrical resistance (TEER)measurement.The
authors demonstrate that transcripts for various TJ and AJ proteins
are expressed at levels two to nearly six times higher in BMECs
exposed to normal physiological flow rates compared to those
exposed to no flow (Cucullo et al., 2011). This indicates a crucial
role of the blood supply itself as well as pericytes and astrocytes that
contribute to pulsation and flow of the NVU (Kadry et al., 2020).

The basement membrane (also referred to as the basal lamina),
although often overlooked in BBB studies, plays a significant role
in the structure and maintenance of the BBB (Luissint et al.,
2012; Thomsen et al., 2017). The basement membrane is composed
of a 50–100 nm thick network of extracellular matrix proteins
(primarily collagen IV, laminin, nidogen, and perlecan) surrounding
BMECs (Luissint et al., 2012; Thomsen et al., 2017; Xu et al.,
2019). Both BMECs and the brain parenchyma have basement
membranes, which are separated by pericytes (Xu et al., 2019).

Pericytes are capable of direct contact with BMECs through N-
cadherin and connexin (Kadry et al., 2020). They provide integral
structural support through their morphology (i.e., wrapping around
BMECs and their associated basementmembranes) and by secreting
laminin and other basement membrane proteins, especially during
development (Thomsen et al., 2017). Surrounding both basement
membranes and pericytes to form an “outer layer” of the BBB are
astrocytic endfeet. Astrocytes are the most abundant cell type of the
CNS (Kadry et al., 2020) and perform a wide range of functions.
Like pericytes, astrocytes are indispensable in BBB regulation and
formation during development, during which they release crucial
growth factors that contribute to TJ formation (Cabezas et al.,
2014). Astrocytes also participate in neurovascular coupling, in
which they act as a relay for nutrients and other physiological
necessities between neurons and BMECs (Lia et al., 2023). Further,
astrocytic endfeet at the BBB aid in metabolic homeostasis and
fluidic movement through expression of SLCs and aquaporins,
respectively (Kadry et al., 2020; Thrane et al., 2011). Together, the
individual components of the NVU create a dynamic structure
uniquely equipped tomeet the high energy and nutritional demands
of the brain while maintaining a stringent vetting system against
harmful invaders.

3.2 Circadian regulation of efflux transport
at the BBB

BMECs are the brain parenchyma’s first line of defense against
potentially harmful substances (Kadry et al., 2020).There are various
mechanisms directly controlling BBB permeability, and several of
these are influenced by circadian oscillations (Cuddapah et al., 2019;
Schurhoff and Toborek, 2023). Core clock machinery alters the
expression of transport proteins expressed by BMECs (Schurhoff
and Toborek, 2023; Pulido et al., 2020). This has been demonstrated
using rhodamine 123 (rh123), a small (380.8 Da) fluorescent
binding substrate for Pgp. Indeed, the concentration of rh123
in brain tissue is increased when cortical neurons are activated
compared to when they are silent in pathologically naïve mice.
Furthermore, Abcb1a (Pgp), Abcg2 (BCRP), Abcc4 (MRP4), Abca3,
and Abcd4 (efflux transporters at the mouse BBB) transcripts were
all downregulated in BMECs when cortical neurons were activated,
and upregulated when they were silenced (Pulido et al., 2020).
The peak of rh123 relative fluorescence was observed at the onset
of the inactive phase, with the trough at the onset of the active
phase. The peak of Abcb1a mRNA also corresponds with the onset
of activity. However, Abcb1 mRNA levels decline throughout the
active phase and increase during the inactive phase (Pulido et al.,
2020). Mechanistically, Bmal1 has been demonstrated to regulate
oscillations in Pgp activity, as Bmal1 knockout mice exhibit reduced
abcb1a mRNA levels and a loss of the rhythmic efflux of Rh123
(Pulido et al., 2020). Corroborating data demonstrate a trough of
Pgp efflux activity shortly following the onset of activity in rats
using positron emission tomography imaging of a radiolabeled
tracer (Savolainen et al., 2016). These results suggest time-of-
day differences in efflux activity at the BBB (peaking during the
inactive phase), and that this occurrence is potentially driven
by oscillations in expression of efflux transport proteins in ECs
(Pulido et al., 2020; Savolainen et al., 2016).
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Conversely, studies have demonstrated that Pgp efflux activity
is higher during the active phase than during the inactive phase
in multiple species. One study utilizing high-performance liquid
chromatography to quantify the Pgp substrate quinidine following
intracerebral microdialysis illustrates that Pgp efflux activity peaks
during the active phase in rats (Kervezee et al., 2014). More
recently, this observation was further supported when researchers
determined that higher ratios of brain:blood rhodamine B (a
metabolite of rh123 as well as a Pgp substrate) were retained in
Drosophilawhen themolecule was injected during the inactive phase
(Zhang et al., 2018). It is worth noting that rats are nocturnal
vertebrates and Drosophila are diurnal invertebrates. Further, daily
oscillations in efflux transport at the BBB have also been attributed
to second messenger modulation of efflux proteins at theDrosophila
BBB (Zhang et al., 2018). Here, the authors report antiphase
rhythms in Ca2+ (a Pgp inhibitor) and Mg2+ (a Pgp activity driver)
concentrations, with peak Pgp activity occurring during the active
phase. The source of these ions is thought to be connected to gap
junction (GJ) proteins, as evidenced by the aberrant concentrations
of Mg2+ and Ca2+ in flies with inhibited innexin function in sub-
perineural glial (SPG) cells (Zhang et al., 2018). The role of Mg2+

has also been demonstrated as an important regulator of BBB efflux
in mammals. In a study using human microvascular endothelial
cells to understand mechanisms of circadian regulation in the
BBB, Bmal1 was reported to directly drive the expression of Mg2+

transporterTRPM7.WhenTRPM7 was knocked down, intracellular
Mg2+ concentrations were reduced and the rhythmic oscillations of
both Mg2+ and rhodamine B efflux were abrogated (Zhang et al.,
2021). Together, these results suggest that circadian clock genes
may regulate BBB efflux activity via the transcriptional regulation
of Mg2+.

Inconsistencies within the field may be attributed to variations
among species; of the aforementioned in vivo studies, only the one
conducted in Drosophila represented a diurnal species. Although
widely accepted as a useful in vivo model of the BBB, Drosophila are
invertebrates with open circulatory systems containing hemolymph
rather than blood. Furthermore, their BBBs are composed of a layer
of perineural glial (PG) cells directly exposed to hemolymph, and
a layer of SPG cells surrounding the abluminal surface of PG cells
(Cuddapah et al., 2019). In Drosophila, gap and septate junctions
separate cells within the BBB. This is in contrast to the mammalian
BBB that is primarily regulated by TJs, which are more selective.
Despite these differences, the Drosophila BBB shares structural
similarity with that of mammals. Both express efflux transporters
and are comprised of layers of different cell types in communication
with each other to serve similar functions (Cuddapah et al., 2019).
However, potential antiphase activity cycles (i.e., diurnal versus
nocturnal) between species in the studies discussed could explain
the differences reported between time at which efflux activity is
highest at the BBB (Yan et al., 2020). This is not always the case,
however, as biological rhythms between diurnal and nocturnal
species are not always antiphase (Yan et al., 2020). More research
is needed to properly compare and contrast clock gene oscillations
within the components of diurnal and nocturnal BBBs, as well as the
mechanisms by which they determine time of peak permeability.

Although contrasts in circadian control of the differing
structural elements of Drosophila and mammalian BBBs could
account for different times of increased permeability, the same

cannot be concluded about conflicting data between mice and rats
(Pulido et al., 2020; Kervezee et al., 2014), both nocturnal species.
Further research is required to reach a consensus within the field.
However, it is also possible that variations in research approaches
may account for these differences. Currently, there are several
methods [reviewed elsewhere (Sloan et al., 2012; Saunders et al.,
2015)] used by researchers to study BBB permeability. Considering
each method presents its own unique advantages and challenges, a
“gold standard” in methodology has yet to be adopted. Lastly, the
vast majority of studies on circadian control of efflux transport at
the BBB are focused on Pgp. To fully elucidate how daily oscillations
affect efflux transport, other transporters, such as BCRP and MRPs,
must be studied. Additionally, future research should investigate
how effects observed at the rodent BBB translate to humans, as
different species express varying levels of each transporter (i.e.,
rodents express more Pgp at the BBB than humans, while humans
express more BCRP than rodents) (Morris et al., 2017).

3.3 Circadian regulation of paracellular
transport at the BBB

Research on circadian regulation of paracellular permeability of
the BBB is limited, especially when compared to other biological
barriers. Studies exploring oscillations of ECs andTJs have primarily
focused on tissues such as the gastrointestinal tract, liver, and retina.
This is likely due to the specialized structure of TJs in the BBB
(Kniesel and Wolburg, 2000), which sets them apart from similar
peripheral barriers (discussed above). Given the protective nature of
TJ proteins, circadian regulation of their expression could modulate
time-of-day differences of paracellular permeability at the BBB.
Indeed, claudin-5 (Cldn5; the primary claudin expressed at BBBTJs)
transcript levels oscillate in a circadian manner (i.e., in constant
conditions) in the cerebellum, hypothalamus, brainstem, and retina
in C57BL/6J mice (Zhang et al., 2021). Cldn5 transcript levels rise
throughout the active phase, peak around the onset of inactivity,
and decline throughout the inactive phase (Hudson et al., 2019).
In the retina, these rhythms are ablated when Bmal1 is silenced
in vascular ECs. The same results have been observed in vitro in
serum-shocked BALB/c brain endothelial (bEnd.3) cells. Similarly,
silencing Bmal1 in these cells results in decreased TEER readings
(Hudson et al., 2019), indicating an increase in overall permeability.
Mechanistically, knocking down Bmal1 disrupts Wnt signaling,
which prevents the stabilization of β-catenin (Guo et al., 2012). As β-
catenin is necessary to drive the transcription of TJ genes, this serves
as a potential mechanism by which circadian clock genes regulate
paracellular transport dynamics at the BBB. Finally, sleep disruption
is also capable of disturbing paracellular transport in the BBB.
Indeed, chronic sleep restriction increases sodium fluorescein (a
376 Da fluorescent molecule that crosses the BBB primarily through
TJs) quantities within the hippocampus (Hurtado-Alvarado et al.,
2017). Furthermore, transcript and protein levels of occludin,
claudins 1 and 5, and ZO-1 and -2 are significantly downregulated in
C57BL/6mice following 6 days of chronic sleep disruption (He et al.,
2014). In both studies, the expression of TJ markers is rescued with
sleep recovery (Hurtado-Alvarado et al., 2017; He et al., 2014).
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3.4 Other rhythms at the BBB

Because most studies on rhythms in BBB function are focused
on EC-specific mechanisms, the study of oscillations in the various
functions of supporting cells (i.e., astrocytes and pericytes) is an
almost completely untapped area of research. Astrocytes, which
comprise a dense population of the SCN, display rhythms that
are crucial to the function of the central pacemaker, especially
during the circadian night (Brancaccio et al., 2017; Tso et al., 2017).
Maintenance and regulation of the SCN ultimately aid in circadian
regulation of the BBB. However, rhythms in astrocytic endfeet, as
they specifically relate to BBB permeability, are vastly understudied.
Pericytes, an important component of the vascular basement
membrane, also play a crucial role in sustaining the integrity of
the BBB. While daily rhythms pertaining to essential functions
in these cells have not been well characterized, hindrance of the
molecular clock in both the central and peripheral nervous systems
(using Bmal1nestin

−/− mice) resulted in significant loss of pericyte
coverage of the BBB in the adult murine cortex (Nakazato et al.,
2017). The authors demonstrated that this was due to dysfunction
in nestin+ pericytes, rather than an altogether drop in the number
of pericytes. These data suggest that the molecular clock contributes
to maintenance of the BBB by upkeeping pericyte coverage. There
is currently little evidence to suggest that other types of transport
at the BBB (e.g., passive diffusion and SLCs) have daily rhythms in
their functions. Further investigation is required to elucidate other
potential mechanisms of circadian control at the BBB.

4 Circadian rhythms and the
blood-cerebrospinal fluid barrier

4.1 Overview of the blood-cerebrospinal
fluid barrier

The blood-cerebrospinal fluid barrier (BCSFB) works in
coordination with the BBB to regulate the transport of molecules
in extracellular fluid between the periphery and CNS, including
ions, amino acids, neurotransmitters, hormones, metabolic waste,
and xenobiotic substances (Redzic, 2011). A primary function
of the BCSFB is the production of cerebrospinal fluid (CSF),
which circulates in a pulsatile manner throughout the cerebral
ventricles, subarachnoid spaces (SAS), cisterns, and spinal column
(Brinker et al., 2014). The BCSFB is also a key regulator of CSF
composition, which is important as it is capable of altering neuronal
activity (Brown et al., 2004). CSF composition generally includes
vitamins, electrolytes, glucose, and neurotransmitters, as well as
low levels of immunoglobulins and proteins (Sakka et al., 2011;
Wichmann et al., 2022; Spector et al., 2015). Compared to blood
plasma, CSF contains lower concentrations of protein, glucose,
and some ions (Czarniak et al., 2023). The primary site of CSF
production occurs at the four choroid plexi (CP; Figure 3A),
including the hindbrain choroid plexus, two telencephalic CPs,
and diencephalic CP, which are located in the fourth, lateral, and
third ventricles, respectively (Lun et al., 2015). Despite their distinct
classifications, the diencephalic CP fuses to form a continuous
structure with the telencephalic CP throughout development
(Lun et al., 2015). Whereas the CP is considered to be the greatest

producer of CSF (Damkier et al., 2013), the cerebral endothelium
and ventricular ependyma have been proposed as potential sites of
CSF genesis (Brinker et al., 2014; MacAulay et al., 2022).

The CP is the primary site associated with BCSFB function
(Solár et al., 2020). However, the arachnoid membrane and its villi,
which envelop the outermost layer of the brain, also serve as a
partition between the blood and CNS. There, arachnoid fibroblast-
like cells separate fenestrated capillaries in the dura from the CSF
in the SAS (Freret and Boire, 2024). As such, some researchers
regard the arachnoid-CSF interface as an independent CNS barrier
(Freret and Boire, 2024). However, given that the majority of studies
examining blood-CSF interfaces examine the CP, it will be the
primary focus reviewed here. The fern-like structure of the CP
consists of a monolayer of cuboidal epithelial cells known as the
choroid plexus epithelium (CPE; Figure 3B), which resides adjacent
to, and is continuous with, ventricular ependymal cells (Brissette
and Watt, 2022). Importantly, the CP serves as the selective physical
barrier preventing peripheral components from entering into CSF
(Ayub et al., 2021). Whereas the apical (interchangeably referred to
as the luminal membrane or CSF-facing) side of these cells protrude
into the ventricular lumen and maintain a dense coat of microvilli,
the basement (basal, basolateral, or abluminal) membrane borders
connective tissue on the blood-facing side (Figure 3C) (Redzic,
2011; Redzic and Segal, 2004). The basement membrane contains
several type IV collagen molecules that allow for the renal-like
selective permeability of substances across CP epithelia (Kaur et al.,
2016; Urabe et al., 2002). The receptors of several neuropeptides,
neurotrophins, and growth factors, including VIP, neuropeptide
Y, melatonin, histamine, AVP, insulin-like growth factors, vascular
endothelial growth factor, glucocorticoids, prolactin, leptin, and
orexin, are located in the epithelial membrane (Solár et al.,
2020; Nilsson et al., 1992; Santos et al., 2017). Thus, the BCSFB
also has key roles in immune surveillance and neurogenesis
(Ayub et al., 2021; Santos et al., 2017).

Located below the CPE are highly fenestrated capillaries within
the stroma (Solár et al., 2020). At the CPE, junction complexes
regulate the active transport of water-soluble molecules across the
BCSFB (Solár et al., 2020). Nearest the basolateral membrane of
the CPE are AJs, which bind to the cell’s actin cytoskeleton via
a cadherin-catenin complex (Castro Dias et al., 2019). Similarly,
nectin-anchored GJ complexes located inferior to AJs aid in cell-
to-cell adhesiveness (Solár et al., 2020; Castro Dias et al., 2019).
Finally, a string of TJs located near the apical membrane of the
cell function to restrict or permit the paracellular movement of
substances across the BCSFB. To understand the complexity of this
barrier and its function, it is important to address qualities that
differentiate the BCSFB from other barriers. Of particular relevance,
several factors pertaining to transport activity are unique to
the BCSFB.

Compared to the BBB, the BCSFB demonstrates lower TEER
values, suggesting a greater paracellular permeability (Redzic,
2011). Indeed, the transport of large molecules is more frequent
and efficient at the BCSFB (Sanchez-Covarrubias et al., 2014).
Morphologically, it is important to consider that transport occurring
at the BBB occurs solely via BMECs; although CP capillaries
are flanked by endothelial cells, the epithelial cells of the CP
are responsible for forming the physical barrier of the BCSFB.
Differences in paracellular transport between barriers arise not only
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FIGURE 3
Function and structure of the BCSFB in rodents. (A) The choroid plexi, located in the lateral (orange), third (green), and fourth (blue) ventricles, form the
BCSFB and generate CSF. CSF circulates throughout the cerebral ventricles and surrounds the brain. (B) A monolayer of ciliated cuboidal epithelial cells
forms the CPE. The apical (CSF-facing) membrane borders the lumen of the ventricle, whereas the basolateral/basement (blood-facing) membrane
borders fenestrated capillaries within the stroma. (C) Transport channels located at CPE membranes allow for the passive diffusion of lipid soluble
molecules and water. Paracellular transport of the BCSFB is regulated by several junction complexes located between CP epithelia. (D) In nocturnal
rodents, there are circadian-dependent differences in structure and function of the BCSFB across the inactive and active phase. Clock genes Per1 and
Per2 are most highly expressed in the CP during the inactive phase, whereas the expression of Cry1, Bmal1, and Clock in the CP is greatest during the
active phase. The expression of several efflux transporters varies across the circadian day. Functionally, CSF characteristics change according to
time-of-day, with production volumes peaking during the inactive phase. (Aqp1, aquaporin 1; BCSFB, blood-cerebrospinal fluid barrier; Bmal1, brain
and muscle ARNT-like protein 1; Clock, circadian locomotor output cycle kaput; CP, choroid plexus; CPE, choroid plexus epithelium; Cry1,
cryptochrome 1; CSF, cerebrospinal fluid; Per1, period 1; Per2, period 2. Schematic created with BioRender.).

from structural differences, but also the barrier-specific expression,
location, and physiology of its transport molecules (Morris et al.,
2017). For example, claudins differ in quantity and subtype

expression between barriers, which likely contributes to the relative
“leakiness” of the BCSFB compared to the BBB (Redzic, 2011).
Claudins 1-3 are the primary claudins expressed in the CPE, but
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are lowly expressed in ECs (Steinemann et al., 2016; Mineiro et al.,
2023). Whereas claudin-1 and -3 form seals within TJs, claudin-2
aids in the paracellular transport of cations, functionally resulting
in an increase in water permeability across the CPE (Mineiro et al.,
2023). Further, histological studies demonstrate that, despite its role
as a vital size-selective modulator at the BBB, claudin-5 is absent
within the CPE (Steinemann et al., 2016). In addition to paracellular
mechanisms, components of efflux transport also vary between
barriers. Among the ABC transporters identified within the CP, Pgp
and MRP are the most highly expressed (Solár et al., 2020). Whereas
Pgp is expressed both luminally and abluminally in the human BBB,
it is only apically present in the CPE (Morris et al., 2017). Species-
specific differences also exist, as Pgp expression is limited to the
luminal surface of the BBB in rodents (Morris et al., 2017).

The polarity of the CP membrane is necessary for creating
concentration gradients that confer efflux transporter activity and
CSF production (Jessen et al., 2015). Electrochemical gradients
are determined by the location of transmembrane channels, which
differ in CP epithelial cells compared to other barriers. Na+-K+-
ATPase (NKA) and Na+-K+-2Cl−cotransporter 1 (NKCC1) are
stationed on the apical side of the CPE, which contradicts the
basal location observed of the same transporters in other epithelial
barriers (Damkier et al., 2013). Functionally, transporters including
Na+/H+ exchanger 1 (NHE1), Na+- HCO3- cotransporter (NCBE),
and Cl-/HCO3- exchanger (AE2) at the basolateral membrane work
in conjunction with Na+-HCO3− cotransporter (NCBe2), K+-Cl−

cotransporter KCC4, and anion channels at the luminal surface
to create an ionic flux towards the ventricles (Solár et al., 2020;
Jessen et al., 2015). The transport of Na+, Cl−, and HCO3- creates
an osmotic gradient, allowing for the passage of water from the
blood to the lumen (Jessen et al., 2015). Although these serve
as only a few examples of subcellular differences between the
barriers, they suggest that factors influencing the operation and
greater objective of each structure are barrier-specific. Therefore,
although commonly observed throughout CNS barrier literature,
the authors make the argument that it is not appropriate to
characterize the two systems together when discussing mechanisms
of barrier function. Further efforts should be made to identify
other molecular variations between the two, which likely result
in functional differences and may be subject to varying levels of
circadian control.

4.2 Circadian regulation of the CP and CSF
dynamics

Key homeostatic functions of the BCSFB are firmly regulated
via circadian control (Figure 3D), and this is in part due to an
autonomously-driven circadian rhythm within the CP. Several
clock genes are rhythmically expressed within the CPE, including
Cry1, Cry2, Per1-3, Clock, and Bmal1, with oscillations occurring
approximately every 24 h (Quintela et al., 2021). Intriguingly, one
study utilizing bioluminescence to quantify the PER2 protein
in the brain demonstrates that the CP exhibits a more robust
circadian rhythm compared to other brain regions where Per2
is expressed, including the SCN (Myung et al., 2018a). RNA
sequencing data provide further evidence of CP rhythmicity, as
the expression of Per1 and Per2 peaks during the inactive phase

whereas Clock, Bmal1, and Cry1 peak during the active phase for
rats (Edelbo et al., 2023). Additionally, rodent studies demonstrate
that the expression of clock genes within the CP occurs in a sex-
dependent manner (Quintela et al., 2015). This phenomenon is
likely hormone-dependent, as evidenced by the expression of sex
hormone receptors within the CP, and may potentially underlie the
observation of greater CSF volumes in female mice compared to
males (Quintela et al., 2015; Liu et al., 2020). In another sequencing
study, genes associated with translation and mitochondrial activity
were most highly expressed during the dark phase (Fame et al.,
2023). Together, these findings provide insight for time-
of-day variations in BCSFB activity, such the regulation of
CSF dynamics.

CSF volumes substantially increase during the dark phase in
both rodents and humans, providing evidence against previous
claims attributing sleep as the primary determinant of CSF
production (Steffensen et al., 2023; Edelbo et al., 2023). In
addition to changes in CSF volume, studies examining time-
of-day effects on CSF composition demonstrate fluctuations in
metabolite concentrations. Notably, a study recently performed
in rats demonstrated that 22% of CSF metabolites differ
in quantity between the day (zeitgeber time [ZT] 8) and
night (ZT 20) (Edelbo et al., 2023).These diurnal fluctuations in CSF
volume and composition are likely the result of circadian-dependent
transport mechanisms at the BCSFB.

The SCN has recently been established as a critical regulator
of CP rhythms. In a study aimed to identify the influence of
the SCN on the CP, Sládek and coauthors demonstrate that
surgically lesioning the SCN in adult mice substantially reduces CP
rhythmicity (to the extent of clock gene deletion) both in vivo and
ex vivo (Sládek et al., 2024). Robust CP rhythmicity is rescued in
SCN-lesioned mice administered dexamethasone, suggesting that
glucocorticoids may indeed serve as one mechanism by which the
SCN drives BCSFB regulation (Sládek et al., 2024). In addition to
establishing a supportive role of the SCN for the CP clock, the
authors performed temporally resolved transcriptomic sampling to
identify the circadian-dependent expression of genes important for
CP homeostasis. Of those not identified as clock transcripts, genes
exhibiting circadian rhythmicity are involved in the endoplasmic
reticulum stress response, CPE immune defense, CSF production
and composition, and metabolite clearance (Sládek et al., 2024).
In sum, results from this study provide novel insights into
the circadian-dependent regulation of several BCSFB functions
in male mice.

Finally, it is important to address the evidence supporting a
significant role of the CP in circadian regulation. The relationship
between circadian rhythms and the CP extends beyond that of
BCSFB regulation, with evidence suggesting that the CP is capable
of influencing the global circadian clock. Indeed, data from a recent
in vitro study suggest that the pace of the SCN is accelerated when
co-cultured with CP explants (Myung et al., 2018b). A reciprocal
relationship between the two structures has also been demonstrated
in vivo (Myung et al., 2018a). While the exact mechanism by
which the CP may govern the SCN has not been definitively
established, diffusible factors within the CSF have been identified as
a potential culprit (Myung et al., 2018a). This raises the possibility
that the BCSFB serves as an indirect pathway via which peripheral
signals could influence circadian regulation in a bottom-up manner.
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4.3 Circadian regulation of efflux and influx
transport at the BCSFB

NKCC1, located on the apical side of the CPE, is under
circadian regulation and plays a key role in regulating ion transport
and concentrations. As such, the circadian-dependent expression
of NKCC1 likely contributes to time-of-day differences in CSF
production (Quintela et al., 2021). Although several other efflux
transporters are present within the BCSFB, how these transporters
may be regulated by circadian mechanisms and the extent to which
they result in functional differences at the BCSFB has not been
well established. However, results from a study examining daily
oscillations in ABC and SLC transporters within the CP reported
both circadian- and sex-dependent differences in expression
(Furtado et al., 2022). To test whether variations in expression
resulted in functional differences, the authors measured the
transport of methotrexate, a substrate of several ABC transporters,
and found that concentrations also varied in a circadian manner
(Furtado et al., 2022). Other work suggests that organic anion
transporter 1 (OATP1; SLC22A6), transient receptor potential
vanilloid 4 ion channel (TRPV4) and several members of the
solute transporter family including monocarboxylate transporter 6
(MCT6; SLC16A2), sodium/calcium exchanger NCX4 (SLC24A4),
and phosphate transporter 2 PIT2 (SLC20A2) are upregulated
during the dark phase (Edelbo et al., 2023). In contrast, folate
transporter 1 FOLT1 (SLC19A1), the glutamine regulating sodium-
coupled neutral amino acid transporter 3 SNAT3 (SLC38a3),
and sodium bicarbonate cotransporter 2 (NBCe2; SLC4A5) are
upregulated during the light phase in the CPE (Edelbo et al., 2023).
The expression of ABC and SLC transporters are regulated by
nuclear receptors, which are regulated by core clock genes, providing
a potential mechanism by which core clock genes influence efflux
activity at the BCSFB (Quintela et al., 2021).

Finally, aquaporins (primarily, aquaporin 1 [AQP1]) are mostly
expressed on the apical membrane of the CPE and increase the
efficiency of fluid transport across the epithelium (Damkier et al.,
2013). Provided its role in water channeling, AQP1 expression has
been investigated as a potential mechanism underlying oscillatory
changes in CSF volume across the circadian cycle. Although one
study investigating the expression of AQP1 reports an absence of
rhythmicity (Yamaguchi et al., 2020), results from other studies
demonstrate robust day-night differences in aquaporin expression.
Indeed, a recent transcriptomic study demonstrates that aquaporin
is substantially elevated during the light phase in rats, with AQP1
transcripts alone contributing to 28% of the top 20 differentially
expressed genes within the CP (Edelbo et al., 2023).

4.4 Circadian regulation of paracellular
transport at the BCSFB

Between epithelial cells, GJs maintained by connexin-43 (Cx43)
allow for the synchronization of individual cellular circadian
rhythms, with the period of the organ-level circadian rhythm
being mediated by the strength of these connections. The strongest
evidence supporting this role of GJs comes from a study in which
administration of the Cx43GJ blocker was associated with an
extended length of the CP circadian period (Myung et al., 2018a).

Meanwhile, evidence suggests that in addition to influencing the
circadian cycle, the regulation of TJs within the CP is also dependent
on circadian processes. A study assessing photoperiod length on
CP function in ewe determined that ZO-1, ZO-2, cadherin, and
afadin expression was downregulated under long photoperiods
(Lagaraine et al., 2011). This outcome was functionally associated
with decreased CSF turnover and greater concentrations of proteins
within CSF, indicating an increase in CP paracellular permeability
during periods of extended light exposure (Lagaraine et al., 2011).

4.5 Other rhythms at the BCSFB

Both innate and adaptive immune cells have been identified
within the BCSFB (Lazarevic et al., 2023). Despite systemic
inflammation resulting in the large recruitment of immune factors
at the CP, which are capable of altering circadian processes
(Carare et al., 2008; Zielinski and Gibbons, 2022), results from a
recent study demonstrate CP clock genes are unaffected following
an LPS challenge, suggesting that the BCSFB circadian clock is
highly resistant to neuroinflammation (Drapšin et al., 2024). In
contrast, the same study demonstrates that CP rhythmicity is greatly
sensitive to circadian disruption, with evidence supporting a role
for glucocorticoids in the dampening effect rather than central
inflammation (Drapšin et al., 2024). This is further supported
by a study performed in sheep that revealed immune factors
including toll-like receptor 2 (TLR2), toll-like receptor 4 (TLR4),
and interleukin 1 beta (IL-1β) are differentially expressed during
long and short days in response to an LPS challenge (Skipor et al.,
2011). Indeed, these factors, which initiate the synthesis of pro-
inflammatory cytokines, are substantially upregulated on short days
compared to long days (Skipor et al., 2011). Together, these data
suggest that photoperiod may be an important regulator of immune
surveillance at the BCSFB.

5 Circadian rhythms and the
glymphatic system

5.1 Overview of the glymphatic fluid
system

The relatively recent identification of a lymphatic system within
the brain has revolutionized the way researchers approach concepts
including neuroinflammation, sleep, and pathology. Named after its
constituents “glial” and “lymphatics,” the glymphatic systemwas first
described in 2012 with the identification of a paravascular pathway
extending into the parenchyma of mice (Iliff et al., 2012). Rodent
studies have since identified a network of lymphatic vessels invading
the cranial sinuses (Louveau et al., 2015), and magnetic resonance
imaging (MRI) studies in humans have demonstrated that CSF
solutes drain into the cervical lymph nodes (Eide et al., 2018). Thus,
recent evidence supports the notion that the glymphatic system
extends beyond the BCSFB and plays a key role in the clearance
of metabolic waste products and solutes from the parenchyma.
Given the overlapping descriptions of CSF and interstitial fluid
(ISF) dynamics found across CNS literature, for the purpose of this
review, the term “glymphatic function” will be used to convey three
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FIGURE 4
Mechanisms of glymphatic system function in rodents. (A) CSF in the SAS descends into the PVS along the pial artery. The PVS is flanked by a wall of
astrocytic endfeet that form a cylindrical enclosure around the vascular system. CSF in the PVS is propelled by AQP4 channels on the astrocytic
endfeet into the interstitium where (B) glymphatic clearance of metabolic waste occurs via either the convective bulk flow of CSF/ISF or diffusion from
areas of high concentration to low (C) Proposed mechanisms of primary glymphatic efflux include the glymphatic hypothesis (left), in which CSF enters
into the PVS of the vein and drains to the cervical lymphatics, and the IPAD (right), in which CSF is expelled from the parenchyma via transport along
the basement membrane of smooth muscle cells within the arterial wall. (D) There are time-of-day differences in glymphatic function across the
inactive and active phase in nocturnal rodents. During the inactive phase, AQP4 translocates to astrocyte endfeet to aid in the influx of CSF into the ISS.
Astrocyte volume decreases during this time to increase extracellular space, which likely aids in increased solute clearance. Although CSF/ISF influx and
glymphatic clearance are increased during the inactive phase, research performed in rats suggests that glymphatic drainage to the cervical lymph
nodes may be highest during the active phase. During the active phase, astrocyte volume increases and CSF/ISF flow are reduced. (Abbreviations:
AQP4, aquaporin 4; CSF, cerebrospinal fluid; IPAD, intramural periarterial drainage pathway; ISF, interstitial fluid; ISS, interstitial space; PVS, perivascular
space. Schematic created with BioRender.).

specific processes: glymphatic influx (the movement of CSF into
the interstitium; Figure 4A), glymphatic clearance (the transport of
solutes out of the interstitial space; Figure 4B), and glymphatic efflux
(the drainage of waste-transporting fluid from the CNS; Figure 4C).
Of note, researchers’ understanding of glymphatic influx is currently
the most comprehensively described of these processes.

To briefly review the progression of fluid movement throughout
the glymphatic system, CSF enters from the SAS and descends
into the subpial perivascular space. The perivascular space (PVS),
also referred to as the Virchow-Robbin space, can best be
thought of as a cylindrical tunnel surrounding neural vasculature.

Magnetic resonance imaging has characterized PVS among the
lenticulostriate, medullary, and collicular arteries (Rudie et al.,
2018). While the arterial endothelium serves as the inner “wall”, the
PVS is flanked exteriorly by a continuum of overlapping astrocyte
endfeet that serve as a vascular sheath and effectively encompass
CSF. Respiration, vasomotion, and hydrostatic pressure facilitate
the paravascular movement of CSF from the SAS (Jessen et al.,
2015). As the artery descends and narrows into arterioles, the
PVS becomes restricted and eventually merges into the basal
lamina of cerebral capillaries, where glial aquaporin 4 (AQP4)
channels propel CSF into the interstitium (Jessen et al., 2015;
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Ding et al., 2023). There, CSF intermingles with ISF, marking the
first physical exchange between the CSF and glymphatic systems
(Jessen et al., 2015).

ISF encompasses all neural cells and makes up approximately
20% of the total fluid volume within the CNS (Jessen et al., 2015).
Although ISF is found in the interstitial space, also referred to
as the interstitial system (ISS), the primary site of its production
is unknown. Whereas the by-product of either cell metabolism
or CSF has been postulated to contribute to ISF volume, some
evidence suggests a plasma-derived, transcapillary fluid transfer
across the BBB (Shetty and Zanirati, 2020; Xiang et al., 2023).
ISF encompasses enzymes, glycosaminoglycans, ions, extracellular
vesicles, proteoglycans, and glycoproteins such as collagen,
fibronectin, and laminin within the extracellular matrix (Shetty
and Zanirati, 2020). Thus, ISF plays an important role in providing
nutrients to cells, neuronal cross-talk, and immune regulation
(Wiig et al., 2012). Due to the pressure-driven influx of CSF,
a traditional hypothesis of glymphatic clearance is that solutes
are “flushed” out of the ISS in a convective manner (Figure 3B)
(Agarwal and Carare, 2021). Supporting this bulk flow concept
are findings from a study utilizing contrast-enhanced MRI, in
which comparable transport rates are observed for dyes of varying
molecular weights (Iliff et al., 2013). For efflux, waste-transporting
fluid enters into the paravenous space where it is transported out
of the parenchyma back into the SAS (Bacyinski et al., 2017).
There, CSF enters into arachnoid granulations (AG) and travels
along collagen channels in the meningeal cell cap, where it is then
transported across the venous epithelium and drained into the
venous sinus (Weller et al., 2018). Evidence for AG-mediated efflux
comes from studies performed in vitro that demonstrate higher
flow rates and hydraulic conductivity for AGs perfused basally to
apically when compared to AGs perfused in the opposite direction
(Grzybowski et al., 2006).

Aspects of this process, referred to as the glymphatic hypothesis,
have been contested since its debut in 2012. Recent studies
provide evidence supporting the existence of alternative clearance
mechanisms and efflux pathways. For example, rather than bulk
flow being the primarymechanism of solute transfer throughout the
ISS, it has been suggested that solutes in the tortuous extracellular
space are transported via diffusion, moving in a gradient manner
from areas of high concentration to low. One argument for this
mechanism is that hydraulic resistance at these locations is too
high for bulk flow (Abbott et al., 2018). For efflux it has been
postulated that rather than exiting the parenchyma via paravascular
transport, ISF is evacuated perivascularly. To clarify, this approach,
known as the intramural periarterial drainage pathway (IPAD),
proposes that ISF within the parenchyma enters into the basement
membrane of the cerebral capillaries via AQP4 channels. From
there, ISF is transported into the basement membrane of the
smooth muscle cells within the arterial wall (the tunica media)
and propelled out of the parenchyma via vasomotion (Wang et al.,
2023). Arterial involvement is a defining feature of this proposal, as
perivascular spaces are not present within the vein (Bacyinski et al.,
2017). However, the nature of this barrier in preventing protein
transport suggests this is not likely a substantial mechanism for large
solute or cell clearance (Agarwal and Carare, 2021). Evidence for
this pathway first emerged with the identification of CSF tracers
in the tunica media of histological brain sections and has since

been supported by in vivo imaging studies (Carare et al., 2008;
Veluw et al., 2020). However, the results of these studies are
contested by Mestre and colleagues who emphasize that periarterial
spaces collapse during fixation to displace CSF tracers and the
in vivo studies exhibit invasive methodologies that confound
experimental outcomes (Mestre et al., 2020). Further, two-photon
imaging confirms that periarterial spaces collapse upon death
(Mestre et al., 2020).

Finally, studies examining the meningeal lymphatic system have
further provided new insights into potential efflux pathways. One
such pathway involves the movement of CSF across the cribriform
plate towards the nasal mucosa, where it drains into the deep
cervical lymph nodes in the neck (Proul, 2021). This likely occurs
via either perineural transport along olfactory nerve sheaths or by
directly entering into lymphatic vessels (made up of leptomeningeal
cells) that extend across the cribriform plate and penetrate into
the SAS (Proul, 2021). Other studies have demonstrated that
lymphatic drainage occurs via the dural/meningeal lymphatic
vessels (Aspelund et al., 2015). Despite the lack of consensus
regarding glymphatic efflux, it is known that variables including
circadian processes, aging, and body position, are all capable of
altering the efficiency of this system (Ding et al., 2023).

5.2 Circadian regulation of the glymphatic
system

Similar to other CNS barriers, glymphatic function is subject
to circadian control (Figure 4D). A study quantifying the amount
of CSF tracer in the parenchyma across the 24-h cycle revealed
that levels of the tracer are 50% greater at ZT 6 relative to ZT 18
in anesthetized mice, suggesting that glymphatic influx is highest
during the day and independent of arousal state (Hablit et al.,
2020). Importantly, this observation persisted even when mice
were housed in constant conditions for 10 days, lending credence
to the notion that glymphatic activity is inherently circadian-
driven (Hablit et al., 2020). Further, solute clearance during the
inactive phase was increased by over 50%. Although these data
were derived from mice anesthetized with a ketamine/xylazine
cocktail, which has been indicated to alter aspects of glymphatic
transport relative to other anesthetic compounds (Hablitz et al.,
2019), results were replicated in mice treated with pentobarbital as
well as tribromoethanol. Finally, lymphatic drainage of CSF within
the SAS displayed a time-of-day pattern opposite that of other
glymphatic functions, as fluorescent intensity in the cervical lymph
nodes was greatest during the active phase (Hablit et al., 2020).
Mechanistically, it has been suggested that circadian regulation of
the NVU is a key component of glymphatic efficiency. For example,
smoothmuscle cellBmal1 expression is an important determinant of
vascular integrity and function, as its deletion disrupts contractile
protein regulation and alters cerebral flow dynamics (Li et al.,
2024). Similarly, the localization of AQP4 to astrocytic endfeet
is a time-of-day dependent mechanism necessary for adequate
CSF/ISF movement (Vizcarra et al., 2024). Taken together, these
studies highlight the existence of circadian-driven variations in
glymphatic activity. Still, other studies support a role for sleep in
mediating glymphatic activity.
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5.3 The glymphatic system and sleep

Recent evidence suggests that glymphatic activity levels vary
according to vigilance state. The ISS expands substantially during
sleep, effectively lowering resistance to CSF influx and aiding fluid
movement throughout the extracellular space (Xie et al., 2013). This
expansion is in part driven by a sleep-mediated variation in astrocyte
volume, which is decreased during sleep (Sriram et al., 2024).
These decreases are achieved via the osmotic signaling of molecules
within the extracellular matrix and are inversely correlated with
extracellular space.Moreover, sleep phase is associatedwith differing
levels of glymphatic activity. For example, glymphatic function is
positively correlated with the amount of time spent in slow wave
or non-rapid eye movement sleep (Hablitz and Nedergaard, 2021).
This increase in activity is likely consequential of the sluggish brain
oscillations observed during this phase, which promote vasodilation
and, subsequently, an increase inCSF influx (Bojarskaite et al., 2023).
Electroencephalography measurements captured simultaneously
with bold MRI data reveal that the reoxygenation of the
brain, resulting from glymphatic clearance, coincides with
slow wave electrical signals in a temporally precise manner
(Fultz et al., 2019).

Evidence from foundational studies provides further support for
a sleep-mediating mechanism. Opposing the finding that circadian
rhythms prevail to drive activity under anesthetic conditions, stark
differences in glymphatic function have been observed between
awake and asleep versus anesthetized mice. In a study using
two-photon microscopy to assess CSF tracer dynamics, sleeping
mice were administered fluorescein isothiocyanate (FITC)-dextran
(3 kDa) midday. A second tracer of the same molecular weight
(Texas-red dextran, 3 kDa) was administered after the gentle waking
of the mouse, which resulted in a 95% reduction in tracer influx
(Xie et al., 2013). FITC-dextran tracing was then performed at
night in awake mice, which were then provided a ketamine/xylazine
mixture to induce sleep prior to the administration of the second
tracer. Similar to naturally sleepingmice, tracer influx was increased
in anesthetized mice relative to those awake. This observation
was concomitant with a higher prevalence of delta activity
(Xie et al., 2013), once again indicating that glymphatic operation
is pronounced during slow wave sleep. No differences in tracer
influx were detected between sleep induced pharmacologically and
natural sleep. To address the role of sleep in glymphatic waste
clearance, mice were administered either the radiolabeled peptide
125I-Aβ1-40 or the non-permeabilizing tracer 14C-inulin. For both
molecules, clearance rateswere doubled in sleeping and anesthetized
mice compared to awake mice (Xie et al., 2013). Thus, maintaining
a consistent sleep schedule is vital for the proper regulation of
this system. MRI studies demonstrate that patients with self-
reported chronic sleep disturbance exhibit impaired clearance of
CSF tracers (Eide et al., 2022). Similar outcomes were reported
in individuals following only a single night of sleep deprivation
(Eide et al., 2021; Shokri-Kojori et al., 2018).

The limited specificity offered by current in vivo imaging
techniques, use of widely varying methodologies in existing
literature, and lack of well-defined efflux pathways pose a challenge
for researchers attempting to understand the circadian mechanisms
underlying glymphatic function. Although the majority of our
mechanistic understanding of the glymphatic system comes

from rodent and human studies, similar features of glymphatic
architecture are found in a variety of species. While this implies that
neural waste clearing may be an evolutionarily conserved process
among CNS-containing lifeforms, it is important to acknowledge
that factors influencing glymphatic function vary between and
within species. For example, an imaging study assessing in vivo
lymphatic drainage of CSF tracers in human subjects demonstrates
that intrathecal tracer enhancement peaks in CSF four to 6 hours
following infusion for most individuals, with some variation among
individuals (Eide et al., 2018). Peak enhancement in both the
brain and cervical lymph nodes, however, occurs 24-h following
infusion (Eide et al., 2018). The results are particularly remarkable
in that they reveal a large deviation from what is observed in
rodent studies, which is that tracer enhancement in the brain
peaks at 2 hours (Eide et al., 2018; Iliff et al., 2013). Clearly,
the mechanisms underlying these differences warrant further
investigation. Until then, circadian determinants of glymphatic
activity cannot be ruled out as a possible factor contributing to these
differences.

6 Conclusion and future directions

Circadian rhythms influencemany aspects of animal physiology
and behavior, including CNS fluids and barriers. Although there
are clear associations between CNS barrier and fluid systems and
disease, the role of circadian influences in these relationships
remains unspecified. Here, we review the structural and functional
components of the BBB, BCSFB, and glymphatics, describe the
circadian regulation of each, and provide empirically based
insights into the potential role of circadian mechanisms on
fluid and barrier systems in disease. A comparative summary
of key genes and proteins that are rhythmically expressed in
the two physical barriers, the BBB and the BCSFB, is displayed
in Table 1.

In regard to the BBB, studies assessing the role of circadian
influence are often limited to EC mechanisms. Specifically,
studies assessing time-of-day variations in BBB function have
predominantly focused on efflux transport, and specifically, the
role of Pgp. Although evidence exists for time-of day differences in
the expression of TJ proteins, it has not been established whether
there are circadian-driven fluctuations in paracellular transport and
permeability. Therefore, future studies of the BBB should investigate
circadian influences on additional cell types in the NVU, transport
mechanisms, and substrates. In contrast to the BBB, studies of
circadian influence on the BCSFB and glymphatic system are still in
their infancy.

The possibility that the BCSFB serves as an indirect pathway
through which peripheral signals may alter top-down circadian
regulation remains a compelling question worthy of investigation,
especially considering that the disruption of circadian-regulated
processes is observed in many neuropathologies. Within the CP,
epithelial cells demonstrate a robust rhythmic expression of core
clock genes and photoperiodic regulation of TJs. However, it is
unclear whether this rhythmicity is apparent at the arachnoid
region of the blood-CSF interface. Further, although transport
proteins found within the BBB have also been identified within
the CPE, differences in expression level, membrane location,
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TABLE 1 Comparative summary: circadian influences of the BBB and BCSFB in Rodents.

Key gene or
protein

Barrier Species Peak expression or
activity

Barrier-specific
functional implications

Core Clock Genes

Bmal1

BBB Mouse
ZT0; Onset of inactive phase
(Zhang et al., 2021)

Regulates Pgp activity
(Pulido et al., 2020)

Deletion reduces efflux activity
(Zhang et al., 2021)

Drives expression of Mg2+

transporter TRPM7 (Zhang et al.,
2021)

BCSFB

Mouse

ZT23; End of active phase
(Fame et al., 2023)

Regulates CP rhythmicity (Fame,
2025)

ZT0, Onset of inactive phase
(Sládek et al., 2024)

Rat Peak expression during active
phase (Edelbo et al., 2023)

Cry1

BBB N/A Unknown Unknown

BCSFB

Mouse Arrhythmic (Sládek et al., 2024)

Unknown
Rat Peak expression during active

phase (Edelbo et al., 2023)

Cry2

BBB N/A Unknown Unknown

BCSFB Mouse ZT12; Onset of active phase
(Sládek et al., 2024)

Contributes to CP rhythmicity
(Sládek et al., 2024)

Per1

BBB Rat ZT12; Onset of active phase
(Durgan et al., 2016)

Unknown

BCSFB

Mouse ZT12; Onset of active phase
(Sládek et al., 2024)

Contributes to CP rhythmicity
(Sládek et al., 2024)

Rat Upregulated during light phase
(Edelbo et al., 2023)

Per2

BBB

Mouse Onset of active phase
(Zhang et al., 2021)

Unknown
Rat ZT18; Active phase

(Durgan et al., 2016)

BCSFB

Mouse

Active phase (Fame et al., 2023)

Contributes to CP rhythmicity
(Sládek et al., 2024)

ZT12; Onset of active phase
(Sládek et al., 2024)

Rat Inactive phase (Edelbo et al.,
2023)

Transporter proteins

Abcb1a (Pgp)
BBB Mouse Active phase (Pulido et al., 2020) Efflux activity (Pulido et al., 2020)

BCSFB N/A Unknown Unknown

(Continued on the following page)
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TABLE 1 (Continued) Comparative summary: circadian influences of the BBB and BCSFB in Rodents.

Key gene or
protein

Barrier Species Peak expression or
activity

Barrier-specific
functional implications

Abcg2 (BCRP)

BBB N/A Unknown Unknown

BCSFB Rat Peak mRNA expression at ZT14
in intact females only
(Furtado et al., 2022)

Unknown

Abcc4 (MRP4)

BBB N/A Unknown Unknown

BCSFB Rat Peak mRNA expression at ZT7
in intact males; Peak mRNA
expression at ZT14in intact
females (Furtado et al., 2022)

CPE membrane transport
(Furtado et al., 2022)

Aquaporins

BBB Rat Unknown Unknown

BCSFB

Mouse

AQP1; Inactive phase
(Edelbo et al., 2023)

CSF and ISF homeostasis;
aqp1-aqp4 KO impairs CSF
drainage (Trillo-Contreras et al.,
2019)

AQP4; Perivascular polarization
during inactive phase
(Hablit et al., 2020)

Global aqp4 KO slows CSF influx
(Iliff et al., 2012)

Rat AQP1; Arrhythmic
(Yamaguchi et al., 2020)

No differences in CSF influx in
aqp4 KO mice (Hablit et al., 2020)

SLCs

BBB N/A Unknown Unknown

BCSFB Rat

NBCe2, SNAT3; Inactive phase
(Edelbo et al., 2023)

CSF secretion (Edelbo et al., 2023)
MCT6, NCX4, OATP1, PIT2,
TRPV4; Active phase
(Edelbo et al., 2023)

Claudins
BBB Mice

Claudin-5; Onset of inactive
phase (Hudson et al., 2019) Fluctuations in paracellular

transport activity (Louer et al.,
2020)Claudin-2; Active phase

(Louer et al., 2020)

BCSFB N/A Unknown Unknown

and functionality have provided researchers with only a shallow
understanding of these mechanisms within the BCSFB. As for
glymphatics, the lack of consensus regarding glymphatic processes
and pathways has limited our understanding of the relationships
among circadian biology and CNS barriers and fluid systems.
Because differing proposals of glymphatic clearance and efflux
likely involve varying extents of circadian control, it is important
that researchers first aim to adequately elucidate mechanisms of
glymphatic function. Studies aimed at distinguishing the roles
of circadian rhythms and sleep on glymphatic activity should
also be expanded. Finally, discrepancies in the structure and
function of CNS barriers and glymphatic activity between species
presents a major limitation in understanding these systems. Further
studies should be devoted to identifying these discrepancies, and
researchers should be cognizant of how inappropriate conclusions

drawn from rodent studies may misguide the study and treatment
of human pathology.

Despite these gaps in our knowledge, studies investigating the
role of circadian influences on CNS barrier function have broad
implications for human health. For example, existing studies have
greatly contributed to our understanding of chronotherapy, or
the practice of timing drug administration to increase efficacy
and reduce adverse effects. Thus far, researchers and clinicians
have determined how to modulate the timing of therapeutic
delivery to improve treatment efficacy for various conditions such
as cancer [reviewed in (Kisamore et al., 2023)] and affective
disorders [reviewed in (Swanson et al., 2025)]. By understanding
how the function and accessibility of CNS barriers fluctuates
across the circadian day, additional chronotherapeutic approaches
targeting a wider range of health conditions may be identified.
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Further, as several pathologies are associated with disrupted CNS
barrier structure and function, such as neurodegenerative and
cerebrovascular diseases (Hergert et al., 2024), research in this area
will aid in elucidating mechanisms underlying the cyclic nature of
these relationships. Finally, understanding how disrupted circadian
rhythms (such as night shiftwork and nighttime light exposure) alter
CNS barrier integrity will aid researchers in identifying preventative
measures that may be taken to protect both brain and overall health.

In summary, additional research is required to identify unique
aspects of barrier- and species-specific function. Understanding
time-of-day differences in CNS barriers and the glymphatic system
will remain an important topic for researchers to pursue as
chronotherapeutic approaches demonstrate efficacy and continue
to grow in popularity. However, a comprehensive understanding of
these systems in disease-free models is first required to adequately
leverage circadian biology and improve health outcomes for
individuals affected by disease.

Author contributions

BE: Visualization, Conceptualization, Funding acquisition,
Writing – original draft, Writing – review and editing. CK: Writing
– original draft, Conceptualization, Writing – review and editing,
Funding acquisition. RN: Writing – original draft, Writing – review
and editing. AD: Writing – review and editing, Writing – original
draft, Funding acquisition. WW: Visualization, Writing – review
and editing, Funding acquisition, Conceptualization, Writing –
original draft.

Funding

The author(s) declare that financial support was received
for the research and/or publication of this article. The authors

were supported by grants from NIGMS (T32 GM081741 to BE;
P20GM109098 to AD), NCI (R00CA273424 to WW II), and the
Ruby Distinguished Doctoral Fellowship (WVU to CK).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product thatmay be evaluated in this article, or claim
thatmay bemade by itsmanufacturer, is not guaranteed or endorsed
by the publisher.

Author disclaimer

The content is solely the responsibility of the authors and
does not necessarily represent the official views of the National
Institutes of Health.

References

Abbott, N. J., Patabendige, A. A. K., Dolman, D. E. M., Yusof, S. R., and Begley, D. J.
(2010). Structure and function of the blood–brain barrier.Neurobiol. Dis. 37 (1), 13–25.
doi:10.1016/j.nbd.2009.07.030

Abbott, N. J., Pizzo, M. E., Preston, J. E., Janigro, D., and Thorne, R. G. (2018). The
role of brain barriers in fluidmovement in the CNS: is there a ‘glymphatic’ system?Acta.
Neuropathol. 135 (3), 387–407. doi:10.1007/s00401-018-1812-4

Agarwal, N., and Carare, R. O. (2021). Cerebral vessels: an overview of anatomy,
physiology, and role in the drainage of fluids and solutes. Front. Neurol. 11, 611485.
doi:10.3389/fneur.2020.611485

Ashton, A., Foster, R. G., and Jagannath, A. (2022). Photic entrainment of the
circadian system. Int. J. Mol. Sci. 23 (2), 729. doi:10.3390/ijms23020729

Aspelund, A., Antila, S., Proulx, S. T., Karlsen, T. V., Karaman, S., Detmar, M.,
et al. (2015). A dural lymphatic vascular system that drains brain interstitial fluid and
macromolecules. J. Exp. Med. 212 (7), 991–999. doi:10.1084/jem.20142290

Ayub, M., Jin, H. K., and Bae, J. S. (2021). The blood cerebrospinal fluid barrier
orchestrates immunosurveillance, immunoprotection, and immunopathology in the
central nervous system.BMB.Rep. 54 (4), 196–202. doi:10.5483/BMBRep.2021.54.4.205

Bacyinski, A., Xu, M., Wang, W., and Hu, J. (2017). The paravascular pathway
for brain waste clearance: current understanding, significance and controversy. Front.
Neuroanat. 11, 101. doi:10.3389/fnana.2017.00101

Bojarskaite, L., Vallet, A., Bjørnstad, D. M., Gullestad Binder, K. M., Cunen, C.,
Heuser, K., et al. (2023). Sleep cycle-dependent vascular dynamics in male mice and
the predicted effects on perivascular cerebrospinal fluid flow and solute transport. Nat.
Commun. 14, 953. doi:10.1038/s41467-023-36643-5

Brancaccio, M., Patton, A. P., Chesham, J. E., Maywood, E. S., and
Hastings, M. H. (2017). Astrocytes control circadian timekeeping in the
suprachiasmatic nucleus via glutamatergic signaling. Neuron 93 (6), 1420–1435.e5.
doi:10.1016/j.neuron.2017.02.030

Brinker, T., Stopa, E., Morrison, J., and Klinge, P. (2014). A new look at
cerebrospinal fluid circulation. Fluids. Barriers. CNS 11 (1), 10. doi:10.1186/2045-
8118-11-10

Brissette, C. A., and Watt, J. A. (2022). The choroid plexus and its role in
the pathogenesis of neurological infections. Fluids. Barriers. CNS. 19 (1), 75.
doi:10.1186/s12987-022-00372-6

Brown, P. D, Davies, S. L, Speake, T., and Millar, I. D (2004). Molecular
mechanisms of cerebrospinal fluid production. Neuroscience 129 (4), 957–970.
doi:10.1016/j.neuroscience.2004.07.003

Bumgarner, J. R., and Nelson, R. J. (2021). Light at night and disrupted circadian
rhythms alter physiology and behavior. Integr. Comp. Biol. 61 (3), 1160–1169.
doi:10.1093/icb/icab017

Cabezas, R., Ávila, M., Gonzalez, J., El-Bachá, R. S., Báez, E., García-
Segura, L. M., et al. (2014). Astrocytic modulation of blood brain barrier:
perspectives on Parkinson’s disease. Front. Cell. Neurosci. 8, 211. doi:10.3389/fncel.
2014.00211

Carare, R. O., Bernardes-Silva, M., Newman, T. A., Page, A. M., Nicoll, J. a. R.,
Perry, V. H., et al. (2008). Solutes, but not cells, drain from the brain parenchyma
along basementmembranes of capillaries and arteries: significance for cerebral amyloid
angiopathy and neuroimmunology. Neuropathol. Appl. Neurobiol. 34 (2), 131–144.
doi:10.1111/j.1365-2990.2007.00926.x

Frontiers in Physiology 16 frontiersin.org

https://doi.org/10.3389/fphys.2025.1622236
https://doi.org/10.1016/j.nbd.2009.07.030
https://doi.org/10.1007/s00401-018-1812-4
https://doi.org/10.3389/fneur.2020.611485
https://doi.org/10.3390/ijms23020729
https://doi.org/10.1084/jem.20142290
https://doi.org/10.5483/BMBRep.2021.54.4.205
https://doi.org/10.3389/fnana.2017.00101
https://doi.org/10.1038/s41467-023-36643-5
https://doi.org/10.1016/j.neuron.2017.02.030
https://doi.org/10.1186/2045-8118-11-10
https://doi.org/10.1186/2045-8118-11-10
https://doi.org/10.1186/s12987-022-00372-6
https://doi.org/10.1016/j.neuroscience.2004.07.003
https://doi.org/10.1093/icb/icab017
https://doi.org/10.3389/fncel.2014.00211
https://doi.org/10.3389/fncel.2014.00211
https://doi.org/10.1111/j.1365-2990.2007.00926.x
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Elliott et al. 10.3389/fphys.2025.1622236

Castro Dias, M., Mapunda, J. A., Vladymyrov, M., and Engelhardt, B. (2019).
Structure and junctional complexes of endothelial, epithelial and glial brain barriers.
Int. J. Mol. Sci. 20 (21), 5372. doi:10.3390/ijms20215372

Cisternino, S., Mercier, C., Bourasset, F., Roux, F., and Scherrmann, J. M.
(2004). Expression, up-regulation, and transport activity of the multidrug-resistance
protein Abcg2 at the mouse blood-brain barrier. Cancer Res. 64 (9), 3296–3301.
doi:10.1158/0008-5472.can-03-2033

Colwell, C. S. (2011). Linking neural activity and molecular oscillations in the SCN.
Nat. Rev. Neurosci. 12 (10), 553–569. doi:10.1038/nrn3086

Conrad, J., Paras, N. A., and Vaz, R. J. (2024). Model of p-glycoprotein ligand binding
and validation with efflux substrate matched pairs. J. Med. Chem. 67 (7), 5854–5865.
doi:10.1021/acs.jmedchem.4c00139

Cornford, E.M., andHyman, S. (2005). Localization of brain endothelial luminal and
abluminal transporters with immunogold electron microscopy. NeuroRX 2 (1), 27–43.
doi:10.1602/neurorx.2.1.27

Cox, K. H., and Takahashi, J. S. (2019). Circadian clock genes and the transcriptional
architecture of the clock mechanism. J. Mol. Endocrinol. 63 (4), R93–R102.
doi:10.1530/JME-19-0153

Cucullo, L., Hossain, M., Puvenna, V., Marchi, N., and Janigro, D. (2011). The role
of shear stress in blood-brain barrier endothelial physiology. BMC. Neurosci. 12 (1), 40.
doi:10.1186/1471-2202-12-40

Cuddapah, V. A., Zhang, S. L., and Sehgal, A. (2019). Regulation of the
blood–brain barrier by circadian rhythms and sleep. Trends Neurosci. 42 (7), 500–510.
doi:10.1016/j.tins.2019.05.001

Czarniak, N., Kamińska, J., Matowicka-Karna, J., and Koper-Lenkiewicz, O.
M. (2023). Cerebrospinal fluid–basic concepts review. Biomedicines 11 (5), 1461.
doi:10.3390/biomedicines11051461

Damkier, H. H., Brown, P. D., and Praetorius, J. (2013). Cerebrospinal fluid secretion
by the choroid plexus. Physiol. Rev. 93 (4), 1847–1892. doi:10.1152/physrev.00004.2013

Daneman, R., and Prat, A. (2015). The blood–brain barrier. Cold Spring Harb.
Perspect. Biol. 7 (1), a020412. doi:10.1101/cshperspect.a020412

Demeule, M., Régina, A., Jodoin, J., Laplante, A., Dagenais, C., Berthelet, F., et al.
(2002). Drug transport to the brain: key roles for the efflux pump p-glycoprotein
in the blood–brain barrier. Vasc. Pharmacol. 38 (6), 339–348. doi:10.1016/s1537-
1891(02)00201-x

Ding, Z., Fan, X., Zhang, Y., Yao,M.,Wang, G., Dong, Y., et al. (2023).The glymphatic
system: a new perspective on brain diseases. Front. Aging Neurosci. 15, 1179988.
doi:10.3389/fnagi.2023.1179988

Drapšin, M., Dočkal, T., Houdek, P., Sládek, M., Semenovykh, K., and Sumová,
A. (2024). Circadian clock in choroid plexus is resistant to immune challenge but
dampens in response to chronodisruption. Brain. Behav. Immun. 117, 255–269.
doi:10.1016/j.bbi.2024.01.217

Durgan, D. J., Crossland, R. F., and Bryan, R. M. (2016). The rat cerebral vasculature
exhibits time-of-day-dependent oscillations in circadian clock genes and vascular
function that are attenuated following obstructive sleep apnea. J. Cereb. Blood Flow.
Metab. 37 (8), 2806–2819. doi:10.1177/0271678x16675879

Edelbo, B. L., Andreassen, S. N., Steffensen, A. B., and MacAulay, N. (2023).
Day–night fluctuations in choroid plexus transcriptomics and cerebrospinal fluid
metabolomics. PNAS Nexus 2 (8), pgad262. doi:10.1093/pnasnexus/pgad262

Eide, P. K., Pripp, A. H., Berge, B., Hrubos-Strøm, H., Ringstad, G., and Valnes, L.
M. (2022). Altered glymphatic enhancement of cerebrospinal fluid tracer in individuals
with chronic poor sleep quality. J. Cereb. Blood Flow. Metab. 42 (9), 1676–1692.
doi:10.1177/0271678X221090747

Eide, P. K., Vatnehol, S. A. S., Emblem, K. E., and Ringstad, G. (2018). Magnetic
resonance imaging provides evidence of glymphatic drainage from human brain to
cervical lymph nodes. Sci. Rep. 8 (1), 7194. doi:10.1038/s41598-018-25666-4

Eide, P. K., Vinje, V., Pripp, A. H., Mardal, K. A., and Ringstad, G. (2021). Sleep
deprivation impairs molecular clearance from the human brain. Brain. J. Neurol. 144
(3), 863–874. doi:10.1093/brain/awaa443

Fame, R. M. (2025). Harnessing the circadian nature of the choroid plexus and
cerebrospinal fluid. NPJ. Biol. Timing Sleep. 2 (1), 19. doi:10.1038/s44323-025-00033-5

Fame, R.M., Kalugin, P.N., Petrova, B., Xu,H., Soden, P. A., Shipley, F. B., et al. (2023).
Defining diurnal fluctuations in mouse choroid plexus and CSF at high molecular,
spatial, and temporal resolution. Nat. Commun. 14 (1), 3720. doi:10.1038/s41467-023-
39326-3

Foroozandeh, P., and Aziz, A. A. (2018). Insight into cellular uptake and intracellular
trafficking of nanoparticles. Nanoscale Res. Lett. 13 (1), 339. doi:10.1186/s11671-018-
2728-6

Freret, M. E., and Boire, A. (2024). The anatomic basis of leptomeningeal metastasis.
J. Exp. Med. 221 (4), e20212121. doi:10.1084/jem.20212121

Fultz, N. E., Bonmassar, G., Setsompop, K., Stickgold, R. A., Rosen, B. R., Polimeni,
J. R., et al. (2019). Coupled electrophysiological, hemodynamic, and cerebrospinal
fluid oscillations in human sleep. Science. 366 (6465), 628–631. doi:10.1126/
science.aax5440

Furtado, A., Mineiro, R., Duarte, A. C., Gonçalves, I., Santos, C. R., and Quintela, T.
(2022). The daily expression of abcc4 at the BCSFB affects the transport of its substrate
methotrexate. Int. J. Mol. Sci. 23 (5), 2443. doi:10.3390/ijms23052443

Grzybowski, D. M., Holman, D. W., Katz, S. E., and Lubow, M. (2006). In vitro
model of cerebrospinal fluid outflow through human arachnoid granulations. Invest.
Ophthalmol. Vis. Sci. 47 (8), 3664–3672. doi:10.1167/iovs.05-0929

Guo, B., Chatterjee, S., Li, L., Kim, J. M., Lee, J., Yechoor, V. K., et al. (2012). The clock
gene, brain and muscle arnt-like 1, regulates adipogenesis via wnt signaling pathway.
FASEB J. 26 (8), 3453–3463. doi:10.1096/fj.12-205781

Hablitz, L.M., andNedergaard,M. (2021).The glymphatic system.Curr. Biol. 31 (20),
R1371–R1375. doi:10.1016/j.cub.2021.08.026

Hablitz, L. M., Plá, V., Giannetto, M., Vinitsky, H. S., Stæger, F. F., Metcalfe, T., et al.
(2020). Circadian control of brain glymphatic and lymphatic fluid flow. Nat. Commun.
11 (1), 4411. doi:10.1038/s41467-020-18115-2

Hablitz, L. M., Vinitsky, H. S., Sun, Q., Stæger, F. F., Sigurdsson, B., Mortensen,
K. N., et al. (2019). Increased glymphatic influx is correlated with high EEG delta
power and low heart rate in mice under anesthesia. Sci. Adv. 5 (2), eaav5447.
doi:10.1126/sciadv.aav5447

He, J., Hsuchou, H., He, Y., Kastin, A. J., Wang, Y., and Pan, W. (2014). Sleep
restriction impairs blood–brain barrier function. J. Neurosci. 34 (44), 14697–14706.
doi:10.1523/JNEUROSCI.2111-14.2014

Hergert, D. C., Gaasedelen, O., Ryman, S. G., Prestopnik, J., Caprihan, A., and
Rosenberg, G. A. (2024). Blood–brain barrier permeability is associated with cognitive
functioning in normal aging and neurodegenerative diseases. J. Am. Heart Assoc. 13
(14), e034225. doi:10.1161/JAHA.124.034225

Hu, C., Tao, L., Cao, X., and Chen, L. (2020). The solute carrier transporters and
the brain: physiological and pharmacological implications. Asian J. Pharm. Sci. 15 (2),
131–144. doi:10.1016/j.ajps.2019.09.002

Hudson, N., Celkova, L., Hopkins, A., Greene, C., Storti, F., Ozaki, E., et al.
(2019). Dysregulated claudin-5 cycling in the inner retina causes retinal
pigment epithelial cell atrophy. JCI Insight 4 (15), e130273. doi:10.1172/jci.
insight.130273

Hurtado-Alvarado, G., Velázquez-Moctezuma, J., and Gómez-González, B.
(2017). Chronic sleep restriction disrupts interendothelial junctions in the
hippocampus and increases blood-brain barrier permeability. J. Microsc. 268
(1), 28–38. doi:10.1111/jmi.12583

Iliff, J. J., Lee, H., Yu, M., Feng, T., Logan, J., Nedergaard, M., et al. (2013). Brain-wide
pathway for waste clearance captured by contrast-enhanced MRI. J. Clin. Invest. 123(3),
1299–1309. Available online at: https://www.jci.org/articles/view/67677/pdf.

Iliff, J. J., Wang, M., Liao, Y., Plogg, B. A., Peng, W., Gundersen, G. A., et al. (2012).
A paravascular pathway facilitates CSF flow through the brain parenchyma and the
clearance of interstitial solutes, includingAmyloid β. Sci. Transl.Med. 4 (147), 147ra111.
doi:10.1126/scitranslmed.3003748

Jessen, N. A., Munk, A. S. F., Lundgaard, I., and Nedergaard, M. (2015). The
glymphatic system – a beginner’s guide. Neurochem. Res. 40 (12), 2583–2599.
doi:10.1007/s11064-015-1581-6

Kadry, H., Noorani, B., and Cucullo, L. (2020). A blood–brain barrier overview on
structure, function, impairment, and biomarkers of integrity. Fluids Barriers CNS 17
(1), 69. doi:10.1186/s12987-020-00230-3

Karthika, C., Sureshkumar, R., Karthika, C., and Sureshkumar, R. (2020). P-
glycoprotein efflux transporters and its resistance its inhibitors and therapeutic aspects.
In: Biomarkers and bioanalysis overview. London, UK: IntechOpen. Available online at:
https://www.intechopen.com/chapters/70431.

Kaur, C., Rathnasamy, G., and Ling, E. A. (2016). The choroid plexus in healthy and
diseased brain. J. Neuropathol. Exp. Neurol. 75 (3), 198–213. doi:10.1093/jnen/nlv030

Kervezee, L., Hartman, R., van den Berg, D. J., Shimizu, S., Emoto-Yamamoto,
Y., Meijer, J. H., et al. (2014). Diurnal variation in p-glycoprotein-mediated
transport and cerebrospinal fluid turnover in the brain. AAPS J. 16 (5), 1029–1037.
doi:10.1208/s12248-014-9625-4

Kisamore, C. O., Elliott, B. D., DeVries, A. C., Nelson, R. J., and Walker,
W. H. (2023). Chronotherapeutics for solid tumors. pharmaceutics 15 (8), 2023.
doi:10.3390/pharmaceutics15082023

Kniesel, U., and Wolburg, H. (2000). Tight junctions of the blood–brain barrier. Cell.
Mol. Neurobiol. 20 (1), 57–76. doi:10.1023/a:1006995910836

Krohn,M.,Wanek, T., Menet, M. C., Noack, A., Declèves, X., Langer, O., et al. (2018).
Humanization of the blood-brain barrier transporter ABCB1 in mice disrupts genomic
locus - lessons from three unsuccessful approaches. Eur. J. Microbiol. Immunol. 8 (3),
78–86. doi:10.1556/1886.2018.00008

Lagaraine, C., Skipor, J., Szczepkowska, A., Dufourny, L., and Thiery, J. C. (2011).
Tight junction proteins vary in the choroid plexus of ewes according to photoperiod.
Brain. Res. 1393, 44–51. doi:10.1016/j.brainres.2011.04.009

Lazarevic, I., Soldati, S., Mapunda, J. A., Rudolph, H., Rosito, M., de Oliveira, A.
C., et al. (2023). The choroid plexus acts as an immune cell reservoir and brain entry
site in experimental autoimmune encephalomyelitis. Fluids. Barriers. CNS 20 (1), 39.
doi:10.1186/s12987-023-00441-4

Frontiers in Physiology 17 frontiersin.org

https://doi.org/10.3389/fphys.2025.1622236
https://doi.org/10.3390/ijms20215372
https://doi.org/10.1158/0008-5472.can-03-2033
https://doi.org/10.1038/nrn3086
https://doi.org/10.1021/acs.jmedchem.4c00139
https://doi.org/10.1602/neurorx.2.1.27
https://doi.org/10.1530/JME-19-0153
https://doi.org/10.1186/1471-2202-12-40
https://doi.org/10.1016/j.tins.2019.05.001
https://doi.org/10.3390/biomedicines11051461
https://doi.org/10.1152/physrev.00004.2013
https://doi.org/10.1101/cshperspect.a020412
https://doi.org/10.1016/s1537-1891(02)00201-x
https://doi.org/10.1016/s1537-1891(02)00201-x
https://doi.org/10.3389/fnagi.2023.1179988
https://doi.org/10.1016/j.bbi.2024.01.217
https://doi.org/10.1177/0271678x16675879
https://doi.org/10.1093/pnasnexus/pgad262
https://doi.org/10.1177/0271678X221090747
https://doi.org/10.1038/s41598-018-25666-4
https://doi.org/10.1093/brain/awaa443
https://doi.org/10.1038/s44323-025-00033-5
https://doi.org/10.1038/s41467-023-39326-3
https://doi.org/10.1038/s41467-023-39326-3
https://doi.org/10.1186/s11671-018-2728-6
https://doi.org/10.1186/s11671-018-2728-6
https://doi.org/10.1084/jem.20212121
https://doi.org/10.1126/science.aax5440
https://doi.org/10.1126/science.aax5440
https://doi.org/10.3390/ijms23052443
https://doi.org/10.1167/iovs.05-0929
https://doi.org/10.1096/fj.12-205781
https://doi.org/10.1016/j.cub.2021.08.026
https://doi.org/10.1038/s41467-020-18115-2
https://doi.org/10.1126/sciadv.aav5447
https://doi.org/10.1523/JNEUROSCI.2111-14.2014
https://doi.org/10.1161/JAHA.124.034225
https://doi.org/10.1016/j.ajps.2019.09.002
https://doi.org/10.1172/jci.insight.130273
https://doi.org/10.1172/jci.insight.130273
https://doi.org/10.1111/jmi.12583
https://www.jci.org/articles/view/67677/pdf
https://doi.org/10.1126/scitranslmed.3003748
https://doi.org/10.1007/s11064-015-1581-6
https://doi.org/10.1186/s12987-020-00230-3
https://www.intechopen.com/chapters/70431
https://doi.org/10.1093/jnen/nlv030
https://doi.org/10.1208/s12248-014-9625-4
https://doi.org/10.3390/pharmaceutics15082023
https://doi.org/10.1023/a:1006995910836
https://doi.org/10.1556/1886.2018.00008
https://doi.org/10.1016/j.brainres.2011.04.009
https://doi.org/10.1186/s12987-023-00441-4
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Elliott et al. 10.3389/fphys.2025.1622236

Li, W., Tiedt, S., Lawrence, J. H., Harrington, M. E., Musiek, E. S., and Lo, E. H.
(2024). Circadian biology and the neurovascular unit. Circ. Res. 134 (6), 748–769.
doi:10.1161/CIRCRESAHA.124.323514

Lia, A., Di Spiezio, A., Speggiorin, M., and Zonta, M. (2023). Two decades
of astrocytes in neurovascular coupling. Front. Netw. Physiol. 3, 1162757.
doi:10.3389/fnetp.2023.1162757

Liebner, S., Corada, M., Bangsow, T., Babbage, J., Taddei, A., Czupalla, C. J., et al.
(2008). Wnt/beta-catenin signaling controls development of the blood-brain barrier. J.
Cell. Biol. 183 (3), 409–417. doi:10.1083/jcb.200806024

Liu, G., Mestre, H., Sweeney, A. M., Sun, Q., Weikop, P., Du, T., et al. (2020). Direct
measurement of cerebrospinal fluid production in mice. Cell. Rep. 33 (12), 108524.
doi:10.1016/j.celrep.2020.108524

Louer, E. M. M., Günzel, D., Rosenthal, R., Carmone, C., Yi, G., Stunnenberg, H. G.,
et al. (2020). Differential day-night expression of tight junction components in murine
retinal pigment epithelium. Exp. Eye Res. 193, 107985. doi:10.1016/j.exer.2020.107985

Louveau, A., Smirnov, I., Keyes, T. J., Eccles, J. D., Rouhani, S. J., Peske, J. D., et al.
(2015). Structural and functional features of central nervous system lymphatic vessels.
Nature. 523 (7560), 337–341. doi:10.1038/nature14432

Luissint, A. C., Artus, C., Glacial, F., Ganeshamoorthy, K., and Couraud, P. O. (2012).
Tight junctions at the blood brain barrier: physiological architecture and disease-
associated dysregulation. Fluids. Barriers. CNS 9 (1), 23. doi:10.1186/2045-8118-9-23

Lun, M. P., Monuki, E. S., and Lehtinen, M. K. (2015). Development and functions
of the choroid plexus–cerebrospinal fluid system. Nat. Rev. Neurosci. 16 (8), 445–457.
doi:10.1038/nrn3921

MacAulay, N., Keep, R. F., and Zeuthen, T. (2022). Cerebrospinal fluid production by
the choroid plexus: a century of barrier research revisited. Fluids. Barriers. CNS 19 (1),
26. doi:10.1186/s12987-022-00323-1

Mahringer, A., and Fricker, G. (2016). ABC transporters at the blood-brain barrier.
ExpertOpin.DrugMetab. Toxicol. 12 (5), 499–508. doi:10.1517/17425255.2016.1168804

Mestre, H., Mori, Y., and Nedergaard, M. (2020). The brain’s glymphatic
system: current controversies. Trends Neurosci. 43 (7), 458–466. doi:10.1016/j.tins.
2020.04.003

Mineiro, R., Albuquerque, T., Neves, A. R., Santos, C. R. A., Costa, D., and Quintela,
T. (2023). The role of biological rhythms in new drug formulations to cross the brain
barriers. Int. J. Mol. Sci. 24 (16), 12541. doi:10.3390/ijms241612541

Morris, M. E., Rodriguez-Cruz, V., and Felmlee, M. A. (2017). SLC and ABC
transporters: expression, localization, and species differences at the blood-brain and
the blood-cerebrospinal fluid barriers. AAPS J. 19 (5), 1317–1331. doi:10.1208/s12248-
017-0110-8

Myung, J., Schmal, C., Hong, S., Tsukizawa, Y., Rose, P., Zhang, Y., et al. (2018a).
The choroid plexus is an important circadian clock component.Nat. Commun. 9, 1062.
doi:10.1038/s41467-018-03507-2

Myung, J., Wu, D., Simonneaux, V., and Lane, T. J. (2018b). Strong circadian
rhythms in the choroid plexus: implications for sleep-independent brain
metabolite clearance. J. Exp. Neurosci. 12, 1179069518783762. doi:10.1177/
1179069518783762

Nakazato, R., Kawabe, K., Yamada, D., Ikeno, S., Mieda, M., Shimba, S., et al. (2017).
Disruption of bmal1 impairs blood–brain barrier integrity via pericyte dysfunction. J.
Neurosci. 37 (42), 10052–10062. doi:10.1523/JNEUROSCI.3639-16.2017

Nilsson, C., Lindvall-Axelsson, M., and Owman, C. (1992). Neuroendocrine
regulatory mechanisms in the choroid plexus-cerebrospinal fluid system. Brain. Res.
Rev. 17 (2), 109–138. doi:10.1016/0165-0173(92)90011-a

Patke, A., Young, M. W., and Axelrod, S. (2020). Molecular mechanisms and
physiological importance of circadian rhythms. Nat. Rev. Mol. Cell. Biol. 21 (2), 67–84.
doi:10.1038/s41580-019-0179-2

Proulx, S. (2021). Cerebrospinal fluid outflow: a review of the historical and
contemporary evidence for arachnoid villi, perineural routes, and dural lymphatics.
Cell. Mol. Life Sci. 78, 2429–2457. doi:10.1007/s00018-020-03706-5

Pulido, R. S., Munji, R. N., Chan, T. C., Quirk, C. R., Weiner, G. A., Weger,
B. D., et al. (2020). Neuronal activity regulates blood-brain barrier efflux
transport through endothelial circadian genes. Neuron 108 (5), 937–952.e7.
doi:10.1016/j.neuron.2020.09.002

Quintela, T., Furtado, A., Duarte, A. C., Gonçalves, I., Myung, J., and Santos, C. R. A.
(2021). The role of circadian rhythm in choroid plexus functions. Prog. Neurobiol. 205,
102129. doi:10.1016/j.pneurobio.2021.102129

Quintela, T., Sousa, C., Patriarca, F. M., Gonçalves, I., and Santos, C. R. A. (2015).
Gender associated circadian oscillations of the clock genes in rat choroid plexus. Brain.
Struct. Funct. 220 (3), 1251–1262. doi:10.1007/s00429-014-0720-1

Ramsauer, M., Krause, D., and Dermietzel, R. (2002). Angiogenesis of the blood-
brain barrier in vitro and the function of cerebral pericytes.FASEB J. 16 (10), 1274–1276.
doi:10.1096/fj.01-0814fje

Redzic, Z. (2011). Molecular biology of the blood-brain and the blood-
cerebrospinal fluid barriers: similarities and differences. Fluids. Barriers. CNS 8
(1), 3. doi:10.1186/2045-8118-8-3

Redzic, Z. B., and Segal, M. B. (2004). The structure of the choroid plexus and the
physiology of the choroid plexus epithelium. Adv. Drug Deliv. Rev. 56 (12), 1695–1716.
doi:10.1016/j.addr.2004.07.005

Rudie, J. D., Rauschecker, A. M., Nabavizadeh, S. A., and Mohan, S. (2018).
Neuroimaging of dilated perivascular spaces: from benign and pathologic causes to
mimics. J. Neuroimaging. 28 (2), 139–149. doi:10.1111/jon.12493

Sakka, L., Coll, G., and Chazal, J. (2011). Anatomy and physiology of
cerebrospinal fluid. Eur. Ann. Otorhinolaryngol. Head. Neck Dis. 128 (6), 309–316.
doi:10.1016/j.anorl.2011.03.002

Sanchez-Covarrubias, L., Slosky, L. M., Thompson, B. J., Davis, T. P., and Ronaldson,
P. T. (2014). Transporters at cns barrier sites: obstacles or opportunities for drug
delivery? Curr. Pharm. Des. 20 (10), 1422–1449. doi:10.2174/13816128113199990463

Santos, C. R. A., Duarte, A. C., Quintela, T., Tomás, J., Albuquerque, T., Marques, F.,
et al. (2017).The choroid plexus as a sex hormone target: functional implications. Front.
Neuroendocrinol. 44, 103–121. doi:10.1016/j.yfrne.2016.12.002

Saunders, N. R., Dziegielewska, K. M., Møllgård, K., and Habgood, M. D.
(2015). Markers for blood-brain barrier integrity: how appropriate is Evans blue
in the twenty-first century and what are the alternatives? Front. Neurosci. 9, 385.
doi:10.3389/fnins.2015.00385

Savolainen, H., Meerlo, P., Elsinga, P. H., Windhorst, A. D., Dierckx, R. A., Colabufo,
N. A., et al. (2016). P-glycoprotein function in the rodent brain displays a daily rhythm,
a quantitative in vivo PET study. AAPS J. 18 (6), 1524–1531. doi:10.1208/s12248-016-
9973-3

Schurhoff, N., and Toborek, M. (2023). Circadian rhythms in the blood–brain
barrier: impact on neurological disorders and stress responses. Mol. Brain 16 (1), 5.
doi:10.1186/s13041-023-00997-0

Sharom, F. J. (2011). The P-glycoprotein multidrug transporter. Essays Biochem. 50
(1), 161–178. doi:10.1042/bse0500161

Shetty, A. K., and Zanirati, G. (2020). The interstitial system of the brain in health
and disease. Aging Dis. 11 (1), 200–211. doi:10.14336/AD.2020.0103

Shokri-Kojori, E., Wang, G. J., Wiers, C. E., Demiral, S. B., Guo, M., Kim, S. W.,
et al. (2018). β-Amyloid accumulation in the human brain after one night of sleep
deprivation. Proc. Natl. Acad. Sci. 115 (17), 4483–4488. doi:10.1073/pnas.1721694115

Skipor, J., Szczepkowska, A., Kowalewska, M., Domżalska, M., Herman, A.,
and Krawczyńska, A. (2011). Photoperiod alters the choroid plexus response to
LPS-induced acute inflammation in EWES. Ann. Anim. Sci. 21 (2), 497–512.
doi:10.2478/aoas-2020-0079

Sládek, M., Houdek, P., Myung, J., Semenovykh, K., Dočkal, T., and Sumová, A.
(2024). The circadian clock in the choroid plexus drives rhythms in multiple cellular
processes under the control of the suprachiasmatic nucleus. Fluids. Barriers. CNS 21,
46. doi:10.1186/s12987-024-00547-3

Sloan, C. D. K., Nandi, P., Linz, T. H., Aldrich, J. V., Audus, K. L., and Lunte, S. M.
(2012). Analytical and biological methods for probing the blood-brain barrier. Annu.
Rev. Anal. Chem.(Palo. Alto. Calif). 5, 505–531. doi:10.1146/annurev-anchem-062011-
143002

Solár, P., Zamani, A., Kubíčková, L., Dubový, P., and Joukal, M. (2020). Choroid
plexus and the blood–cerebrospinal fluid barrier in disease. Fluids. Barriers. CNS 17,
35. doi:10.1186/s12987-020-00196-2

Spector, R., Robert Snodgrass, S., and Johanson, C. E. (2015). A balanced view of
the cerebrospinal fluid composition and functions: focus on adult humans. Exp. Neurol.
273, 57–68. doi:10.1016/j.expneurol.2015.07.027

Sriram, S., Carstens, K., Dewing, W., and Fiacco, T. A. (2024). Astrocyte regulation
of extracellular space parameters across the sleep-wake cycle. Front. Cell Neurosci. 18,
1401698. doi:10.3389/fncel.2024.1401698

Stamatovic, S. M., Johnson, A. M., Keep, R. F., and Andjelkovic, A. V. (2016).
Junctional proteins of the blood-brain barrier: new insights into function and
dysfunction. Tissue. Barriers. 4 (1), e1154641. doi:10.1080/21688370.2016.1154641

Starnes, A. N., and Jones, J. R. (2023). Inputs and outputs of themammalian circadian
clock. Biology 12 (4), 508. doi:10.3390/biology12040508

Steffensen, A. B., Edelbo, B. L., Barbuskaite, D., Andreassen, S. N., Olsen, M.
H., Møller, K., et al. (2023). Nocturnal increase in cerebrospinal fluid secretion
as a circadian regulator of intracranial pressure. Fluids. Barriers. CNS 20 (1), 49.
doi:10.1186/s12987-023-00451-2

Steinemann, A., Galm, I., Chip, S., Nitsch, C., and Maly, I. P. (2016). Claudin-1, -
2 and -3 Are selectively expressed in the epithelia of the choroid plexus of the mouse
from early development and into adulthood while claudin-5 is restricted to endothelial
cells. Front. Neuroanat. 10, 16. doi:10.3389/fnana.2016.00016

Swanson, L. M., Schubert, J. R., Raglan, G. B., and Conroy, D. A. (2025).
Chronotherapeutic treatments for psychiatric disorders: a narrative review of recent
literature. Curr. Psychiatry Rep. 27 (4), 161–175. doi:10.1007/s11920-025-01586-9

Takahashi, K., Foster, J. B., and Lin, C. L. G. (2015). Glutamate transporter
EAAT2: regulation, function, and potential as a therapeutic target for neurological and
psychiatric disease. Cell. Mol. Life Sci. 72 (18), 3489–3506. doi:10.1007/s00018-015-
1937-8

Frontiers in Physiology 18 frontiersin.org

https://doi.org/10.3389/fphys.2025.1622236
https://doi.org/10.1161/CIRCRESAHA.124.323514
https://doi.org/10.3389/fnetp.2023.1162757
https://doi.org/10.1083/jcb.200806024
https://doi.org/10.1016/j.celrep.2020.108524
https://doi.org/10.1016/j.exer.2020.107985
https://doi.org/10.1038/nature14432
https://doi.org/10.1186/2045-8118-9-23
https://doi.org/10.1038/nrn3921
https://doi.org/10.1186/s12987-022-00323-1
https://doi.org/10.1517/17425255.2016.1168804
https://doi.org/10.1016/j.tins.2020.04.003
https://doi.org/10.1016/j.tins.2020.04.003
https://doi.org/10.3390/ijms241612541
https://doi.org/10.1208/s12248-017-0110-8
https://doi.org/10.1208/s12248-017-0110-8
https://doi.org/10.1038/s41467-018-03507-2
https://doi.org/10.1177/1179069518783762
https://doi.org/10.1177/1179069518783762
https://doi.org/10.1523/JNEUROSCI.3639-16.2017
https://doi.org/10.1016/0165-0173(92)90011-a
https://doi.org/10.1038/s41580-019-0179-2
https://doi.org/10.1007/s00018-020-03706-5
https://doi.org/10.1016/j.neuron.2020.09.002
https://doi.org/10.1016/j.pneurobio.2021.102129
https://doi.org/10.1007/s00429-014-0720-1
https://doi.org/10.1096/fj.01-0814fje
https://doi.org/10.1186/2045-8118-8-3
https://doi.org/10.1016/j.addr.2004.07.005
https://doi.org/10.1111/jon.12493
https://doi.org/10.1016/j.anorl.2011.03.002
https://doi.org/10.2174/13816128113199990463
https://doi.org/10.1016/j.yfrne.2016.12.002
https://doi.org/10.3389/fnins.2015.00385
https://doi.org/10.1208/s12248-016-9973-3
https://doi.org/10.1208/s12248-016-9973-3
https://doi.org/10.1186/s13041-023-00997-0
https://doi.org/10.1042/bse0500161
https://doi.org/10.14336/AD.2020.0103
https://doi.org/10.1073/pnas.1721694115
https://doi.org/10.2478/aoas-2020-0079
https://doi.org/10.1186/s12987-024-00547-3
https://doi.org/10.1146/annurev-anchem-062011-143002
https://doi.org/10.1146/annurev-anchem-062011-143002
https://doi.org/10.1186/s12987-020-00196-2
https://doi.org/10.1016/j.expneurol.2015.07.027
https://doi.org/10.3389/fncel.2024.1401698
https://doi.org/10.1080/21688370.2016.1154641
https://doi.org/10.3390/biology12040508
https://doi.org/10.1186/s12987-023-00451-2
https://doi.org/10.3389/fnana.2016.00016
https://doi.org/10.1007/s11920-025-01586-9
https://doi.org/10.1007/s00018-015-1937-8
https://doi.org/10.1007/s00018-015-1937-8
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Elliott et al. 10.3389/fphys.2025.1622236

Thomsen,M. S., Routhe, L. J., andMoos, T. (2017).The vascular basementmembrane
in the healthy and pathological brain. J. Cereb. Blood Flow. Metab. 37 (10), 3300–3317.
doi:10.1177/0271678X17722436

Thrane, A. S., Rappold, P. M., Fujita, T., Torres, A., Bekar, L. K., Takano, T.,
et al. (2011). Critical role of aquaporin-4 (AQP4) in astrocytic Ca2+ signaling events
elicited by cerebral edema. Proc. Natl. Acad. Sci. 108 (2), 846–851. doi:10.1073/pnas.
1015217108

Trillo-Contreras, J. L., Toledo-Aral, J. J., Echevarría, M., and Villadiego, J. (2019).
AQP1 and AQP4 contribution to cerebrospinal fluid homeostasis. Cells 8 (2), 197.
doi:10.3390/cells8020197

Tso, C. F., Simon, T., Greenlaw, A. C., Puri, T., Mieda, M., and Herzog, E. D. (2017).
Astrocytes regulate daily rhythms in the suprachiasmatic nucleus and behavior. Curr.
Biol. 27 (7), 1055–1061. doi:10.1016/j.cub.2017.02.037

Uchida, Y., Ohtsuki, S., Katsukura, Y., Ikeda, C., Suzuki, T., Kamiie, J., et al. (2011).
Quantitative targeted absolute proteomics of human blood-brain barrier transporters
and receptors. J. Neurochem. 117 (2), 333–345. doi:10.1111/j.1471-4159.2011.07208.x

Urabe, N., Naito, I., Saito, K., Yonezawa, T., Sado, Y., Yoshioka, H., et al.
(2002). Basement membrane type IV collagen molecules in the choroid plexus,
pia mater and capillaries in the mouse brain. Arch. Histol. Cytol. 65 (2), 133–143.
doi:10.1679/aohc.65.133

Veluw, S. J. van, Hou, S. S., Calvo-Rodriguez, M., Arbel-Ornath, M., Snyder, A. C.,
Frosch, M. P., et al. (2020). Vasomotion as a driving force for paravascular clearance in
the awake mouse brain. Neuron 105 (3), 549–561.e5. doi:10.1016/j.neuron.2019.10.033

Vizcarra, V. S., Fame, R.M., andHablitz, L.M. (2024). Circadianmechanisms in brain
fluid biology. Circ. Res. 134 (6), 711–726. doi:10.1161/CIRCRESAHA.123.323516

Wang, Y. J., Sun, Y. R., Pei, Y. H., Ma, H. W., Mu, Y. K., Qin, L. H., et al. (2023).
The lymphatic drainage systems in the brain: a novel target for ischemic stroke? Neural
Regen. Res. 18, 485–491. doi:10.4103/1673-5374.346484

Weller, R. O., Sharp, M. M., Christodoulides, M., Carare, R. O., and Møllgård, K.
(2018). The meninges as barriers and facilitators for the movement of fluid, cells and
pathogens related to the rodent and human CNS. Acta Neuropathol. 135 (3), 363–385.
doi:10.1007/s00401-018-1809-z

Welsh, D. K., Takahashi, J. S., and Kay, S. A. (2010). Suprachiasmatic nucleus:
cell autonomy and network properties. Annu. Rev. Physiol. 72, 551–577.
doi:10.1146/annurev-physiol-021909-135919

Wichmann, T. O., Damkier, H. H., and Pedersen, M. (2022). A brief overview of the
cerebrospinal fluid system and its implications for brain and spinal cord diseases. Front.
Hum. Neurosci. 15, 737217. doi:10.3389/fnhum.2021.737217

Wiig, H., and Swartz, M. A. (2012). Interstitial fluid and lymph formation and
transport: physiological regulation and roles in inflammation and cancer. Physiol. Rev.
92 (3), 1005–1060. doi:10.1152/physrev.00037.2011

Wu, D., Chen, Q., Chen, X., Han, F., Chen, Z., and Wang, Y. (2023). The blood–brain
barrier: structure, regulation, and drug delivery. Signal Transduct. Target Ther. 8 (1),
217–227. doi:10.1038/s41392-023-01481-w

Xiang, J., Hua, Y., Xi, G., and Keep, R. F. (2023). Mechanisms of cerebrospinal
fluid and brain interstitial fluid production. Neurobiol. Dis. 183, 106159.
doi:10.1016/j.nbd.2023.106159

Xie, L., Kang, H., Xu, Q., Chen, M. J., Liao, Y., Thiyagarajan, M., et al. (2013).
Sleep drives metabolite clearance from the adult brain. Science 342 (6156), 373–377.
doi:10.1126/science.1241224

Xu, L., Nirwane, A., andYao, Y. (2019). Basementmembrane and blood-brain barrier.
Stroke Vasc. Neurol. 4 (2), 78–82. doi:10.1136/svn-2018-000198

Yamaguchi, T., Hamada, T., Matsuzaki, T., and Iijima, N. (2020). Characterization of
the circadian oscillator in the choroid plexus of rats. Biochem. Biophys. Res. Commun.
524 (2), 497–501. doi:10.1016/j.bbrc.2020.01.125

Yamazaki, Y., and Kanekiyo, T. (2017). Blood-brain barrier dysfunction
and the pathogenesis of Alzheimer’s Disease. Int. J. Mol. Sci. 18 (9), 1965.
doi:10.3390/ijms18091965

Yan, L., Smale, L., andNunez, A. A. (2020). Circadian and photic modulation of daily
rhythms in diurnal mammals. Eur. J. Neurosci. 51 (1), 551–566. doi:10.1111/ejn.14172

Zhang, S. L., Lahens, N. F., Yue, Z., Arnold, D. M., Pakstis, P. P., Schwarz, J. E., et al.
(2021). A circadian clock regulates efflux by the blood-brain barrier inmice and human
cells. Nat. Commun. 12 (1), 617. doi:10.1038/s41467-020-20795-9

Zhang, S. L., Yue, Z., Arnold, D. M., Artiushin, G., and Sehgal, A. (2018). A circadian
clock in the blood-brain barrier regulates xenobiotic efflux. Cell. 173 (1), 130–139.e10.
doi:10.1016/j.cell.2018.02.017

Zhang, W., Liu, Q. Y., Haqqani, A. S., Liu, Z., Sodja, C., Leclerc, S., et al. (2023).
Differential expression of ABC transporter genes in brain vessels vs. peripheral
tissues and vessels from human, mouse and rat. Pharmaceutics 15 (5), 1563.
doi:10.3390/pharmaceutics15051563

Zhao, Z., Nelson, A. R., Betsholtz, C., and Zlokovic, B. V. (2015). Establishment
and dysfunction of the blood-brain barrier. Cell. 163 (5), 1064–1078.
doi:10.1016/j.cell.2015.10.067

Zielinski, M. R., and Gibbons, A. J. (2022). Neuroinflammation, sleep, and circadian
rhythms. Front. Cell. Infect. Microbiol. 12, 853096. doi:10.3389/fcimb.2022.853096

Frontiers in Physiology 19 frontiersin.org

https://doi.org/10.3389/fphys.2025.1622236
https://doi.org/10.1177/0271678X17722436
https://doi.org/10.1073/pnas.1015217108
https://doi.org/10.1073/pnas.1015217108
https://doi.org/10.3390/cells8020197
https://doi.org/10.1016/j.cub.2017.02.037
https://doi.org/10.1111/j.1471-4159.2011.07208.x
https://doi.org/10.1679/aohc.65.133
https://doi.org/10.1016/j.neuron.2019.10.033
https://doi.org/10.1161/CIRCRESAHA.123.323516
https://doi.org/10.4103/1673-5374.346484
https://doi.org/10.1007/s00401-018-1809-z
https://doi.org/10.1146/annurev-physiol-021909-135919
https://doi.org/10.3389/fnhum.2021.737217
https://doi.org/10.1152/physrev.00037.2011
https://doi.org/10.1038/s41392-023-01481-w
https://doi.org/10.1016/j.nbd.2023.106159
https://doi.org/10.1126/science.1241224
https://doi.org/10.1136/svn-2018-000198
https://doi.org/10.1016/j.bbrc.2020.01.125
https://doi.org/10.3390/ijms18091965
https://doi.org/10.1111/ejn.14172
https://doi.org/10.1038/s41467-020-20795-9
https://doi.org/10.1016/j.cell.2018.02.017
https://doi.org/10.3390/pharmaceutics15051563
https://doi.org/10.1016/j.cell.2015.10.067
https://doi.org/10.3389/fcimb.2022.853096
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Elliott et al. 10.3389/fphys.2025.1622236

Glossary

ABC ATP-Binding Cassette

AE2 Cl-/HCO3- exchanger

AG Arachnoid Granulation

AJ Adherens Junction

AQP1 Aquaporin 1

AQP4 Aquaporin 4

AVP Arginine Vasopressin

BBB Blood-Brain Barrier

BCRP Breast Cancer Resistant Protein

BCSFB Blood-Cerebrospinal Fluid Barrier

BMAL Brain and Muscle ARNT-Like Protein

BMEC Brain Microvascular Endothelial Cell

CAMK Calcium-Dependent Protein Kinase

cAMP Cyclic Adenosine 3′,5′-Cyclic Monophosphate

Cldn5 Claudin-5

CLOCK Circadian Locomotor Output Cycle Kaput

CNS Central Nervous System

CP Choroid Plexus

CPE Choroid Plexus Epithelium

CREB cAMP Response Element CRE-Binding Protein

CRY Cryptochrome

CSF Cerebrospinal Fluid

Cx43 Connexin-43

E-Box Enhancer Box Regulatory Element

FITC Fluorescein Isothiocyanate

GJ Gap Junction

IPAD Intramural Periarterial Drainage Pathway

ISF Interstitial Fluid

ISS Interstitial System

JAM Junctional Adhesion Molecule

MCT Monocarboxylate Transporter

MRI Magnetic Resonance Imaging

MRP Multi-Drug Resistance Protein

NCBE Na+- HCO3- Cotransporter

NCBe2 Na+- HCO3- Cotransporter 2

NHE1 Na+/H+ Exchanger 1

NKA Na+-K+-ATPase

NKCC1 Na+-K+-2Cl− Cotransporter 1

NVU Neurovascular Unit

OAT Organic Anion Transporter

PACAP Pituitary Adenylate Cyclase-Activating Peptide

PER Period

PG Perineural Glial

Pgp P-glycoprotein

PKA Protein Kinase A

PVS Perivascular Space

REV-ERBα/NR1D1 Nuclear Receptor Subfamily 1 Group D Member 1

Rh123 Rhodamine 123

RHT Retinohypothalamic Tract

RORα Retinoic Acid Receptor-Related Orphan Receptor Alpha

RRE Rev Response Element

SAS Subarachnoid Space

SCN Suprachiasmatic Nucleus

SLC Solute Carrier

SPG Sub-Perineural Glial

TEER Transendothelial Electrical Resistance

TJ Tight Junction

TRPV4 Transient Receptor Potential Vanilloid 4 Ion Channel

VIP Vasopressin Intestinal Protein

ZO Zonula Occluden

ZT Zeitgeber Time
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