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The choroid plexus (CP) supplies the cerebrospinal fluid (CSF), 
and by doing so creates a unique liquid environment that sur-
rounds the brain. The CSF, in addition to providing buoyancy to 
the brain, is a transporting medium that can remove waste 
metabolites produced during neuronal activities. The CSF has 
been known since the time of Hippocrates (c. 460-370 BCE); 
later, Galen (c. 130-200) described it as the “psychic spirit” 
(pneuma psychikon), which is distinct from blood, or the “vital 
spirit” (pneuma zootikon), and René Descartes (1596-1650) spec-
ulated that it serves as a hydraulic medium produced by the brain 
that actuates limb movements. It was not until a century ago that 
Harvey Cushing identified the CP as the source of the CSF,1 
and now we know that it provides the microenvironment for the 
brain, where all brain cells develop and survive.

Similar to the CSF, the CP is normally regarded, both by 
neuroscience and by medicine, to only play a minor role. It is 
not directly involved with mental processing and, except for 
hydrocephalus, there is no specific disorder due solely to CP 
abnormality. Nonetheless, interest in the CP is slowly increas-
ing: it is a key component for neural development in the 
embryo and even in adult neurogenesis. Moreover, it is a major 
source of signaling molecules, such as cytokines, that can  
cause global state changes in the brain. These recent discoveries 

suggest that the CP can be an indirect regulator of neuronal 
activities and that the CP deserves reappraisal.

The microenvironment of the brain changes in synchrony 
with the external cycles of day and night. The body maintains its 
own daily activity through an endogenous timing system com-
posed of ~24-hour (circadian) self-sustained clocks, which are 
synchronized to an exact 24-hour daily rhythm by various cues. 
This circadian system allows for an organism’s predictive home-
ostasis. Physiological rhythms occur in multiple timescales, but 
most of them are entwined with the circadian rhythm. The cir-
cadian rhythm is locked to the short timescale of heart rate vari-
ability rhythm2 and it gates the long timescale of reproduction in 
women.3 In eukaryotic cells, a feedback delay between transcrip-
tion and translation serves as a fundamental mechanism for the 
circadian clock. This genetic clock is believed to exist in all cells 
throughout the body. The transcriptional activator CLOCK-
BMAL1 complex initiates the transcription of the core clock 
proteins PER1 & 2, which bind to CRY1 & 2 in the cytosol. 
The PER-CRY heterodimers translocate to the nucleus and 
bind to CLOCK-BMAL1, which dislocates the activator com-
plex from DNA and suppresses transcription. The feedback sup-
pression by the PER-CRY complex is an essential ingredient in 
this clock circuit, but it is the BMAL1 that acts as a substrate for 
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the feedback interactions and a single-gene knockout of Bmal1 
completely silences circadian timekeeping.4 Through coordina-
tion by other molecules, the feedback delay is fine-tuned and the 
levels of expression of these genes (“clock genes”) oscillate over 
the course of a circadian period.

In the brain, the suprachiasmatic nucleus (SCN), located in 
the basal hypothalamus, is specialized to function as a reference 
circadian clock for the whole body. It performs this function by 
modulating electrical firing rates through day and night. 
Circadian alterations in neuronal firing activities are not unique 
to the SCN5,6; nonetheless, it is called the master circadian 
clock because it receives ambient light signals from the retina, 
thereby entraining its internal circadian cycle to cohere with the 
external light-dark cycle. The received view of this entrainment 
pathway is that the SCN emits these clock signals to the rest of 
the body in a hierarchical, one-way communication stream.

But our work comes as a surprise because it reveals that the 
communication is, in fact, reciprocal: the CP can also transmit 
clock signals to the SCN. This was tested in an in vitro system 
of cocultured CP and SCN explants; we found that in the pres-
ence of the CP, the SCN clock accelerated. Next, it was tested in 
vivo by targeted silencing of Bmal1 expression in the FoxJ1-
expressing CP and the ependyma; the transcription factor 
FOXJ1 regulates development of motile cilia, and its restricted 
expression in the CP can be visualized from the Allen Mouse 

Brain Atlas database7 (Figure 1). Although the SCN controls 
behavioral circadian rhythms expressed through sleep-wake 
cycles and physiological rhythms of homeostasis, the “ticking” 
of the SCN clock results from feedback that emanates from the 
CP clock. This finding does not threaten the “master” role of the 
SCN clock; rather, it tells us that the reference circadian timing 
emerges through a process that is, in a sense, “democratic.” In 
fact, it is a common organizing principle of the neural systems 
that they have feedback wiring, and the circadian clock system 
is not an exception (Figure 2A). These brain circadian clocks 
confer rhythms of homeostasis that occur in a circadian 
timescale.

The strong circadian clock in the CP can imply timed regu-
lation of the CSF production. The CSF has been considered a 
carrier of waste materials from neurons. It is a dilute medium, 
containing less than 1/200 protein content compared with 
blood plasma. This is important for metabolite clearance 
because the brain lacks a lymphatic system. Recently, it has 
been proposed that following intense neuronal activity during 
the wake period, glial cells form a canal around the blood vessel 
to facilitate clearance of metabolites, known as the paravascular 
or glymphatic pathway.8 The glymphatic clearance is a sleep-
dependent and not circadian clock-dependent process. A vast 
array of physiological rhythms, however, are under direct con-
trol of the circadian clock and not of the sleep-wake cycle. 

Figure 1. Restricted expression of FoxJ1 in the CP of the mouse brain. (A) The CPs can be found in all of lateral, third, and fourth ventricles (LV, 3V, and 

4V). Inset indicates where the CPs are in the whole mouse brain. (B) The transcription factor FoxJ1 is expressed almost exclusively in the CP (expression 

level represented as spheres on the left hemisphere only). Image credit: Allen Institute. CP indicates choroid plexus.

Figure 2. Potential new roles for the CP. (A) The circadian clock in the CP provides clock feedback to the master circadian clock, SCN. (B) The circadian 

clock in the CP likely contributes to rhythmic metabolite clearance in the brain as a sleep-independent process. CP indicates choroid plexus; SCN, 

suprachiasmatic nucleus.
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Therefore, it is likely that sleep-independent clearance mecha-
nisms coexist in the brain. As 80% of CSF is produced from 
the CP, the CP likely plays a key role in this process.

The brain has multiple loci that maintain autonomous cir-
cadian rhythmicity. Our research shows that the CP harbors 
the most robust circadian clock in the mouse brain.9 In our 
study, strong rhythms were found to be maintained in most of 
the circumventricular organs (CVOs), which include the CP. 
This finding is interesting because CVOs are involved with 
sensing and regulating physiological parameters of water 
homeostasis in the brain. To engineer homeostasis of the brain 
environment, production and resorption mechanisms of the 
CSF must be understood. It is known that compositions of the 
CSF vary rhythmically in the circadian timescale. The kidney 
circadian clock controls the circadian changes in osmotic pres-
sure, suggesting that renal water transport is a clock-controlled 
property.10 Micturition also shows robust circadian rhythmic-
ity and is subject to circadian expression of the gap junction 
subunit, connexin 43.11 In the CP, the connexin 43-mediated 
gap junction provides coupling among cellular circadian clocks 
that synchronizes them and confers robustness to the organ-
level clock.

Similarities across these systems suggest a natural hypoth-
esis: CSF production is timed by the CP circadian clock. In 
the same year that we published this work, Amita Sehgal’s 
group reported that the permeability of the blood-brain bar-
rier changes circadianly in the fruit fly.12 In as much as the 
dynamics of CSF production is likely circadian, drainage is 
also likely to be circadian. What this implies is that the over-
all homeostasis of the brain’s fluid environment could be 
under regulation of the circadian clock, in a sleep-independ-
ent manner (Figure 2B). Efficient waste clearance requires 
synchronized CSF production and drainage, i.e., sleep-
dependent formation of glymphatic pathway works best 
when it matches with timing of circadian CSF production. 
The process can be analogous to the flushing of a toilet: 
water rushing through the bowl pulls down the waste most 
efficiently when the sewage pipe is enlarged at the same 
time. If you skip sleep for one night, even if you later have 
extended sleep that compensates for the lost sleep time, you 
still end up with nonrefreshing sleep. The mismatch of sleep 
timing does have a health consequence and can contribute to 
a higher mortality risk.13

Circadian rhythms are related to sleep-wake cycles but, 
importantly, the two are independent processes. The bio-
logical circadian rhythms are particularly relevant in medi-
cine as they influence many pathological conditions, such 
as stroke, asthma, and cardiovascular or metabolic dysfunc-
tions. There is also increasing evidence that some cancers, 
notably breast cancer, may be linked to circadian disrup-
tions. But, unlike sleep, these biological rhythms are diffi-
cult to manipulate. Scheduled application of light, 
melatonin, and food can entrain or restore these rhythms 
but not for immediate effects.

One additional thing we discovered about the CP circa-
dian clock is that the clock speed is modulated by the strength 
of gap junction coupling and a gap junction blocker slows 
down the clock. This finding suggests the possibility of 
exploiting this property to manipulate these rhythms such 
that they can be made to synchronize with sleep rhythms. 
Internal synchronization of the two rhythms can help main-
tain normal brain homeostasis that includes metabolite clear-
ance. The CSF production and resorption likely contribute to 
the clearance system along with the glymphatic pathway. 
Compelling evidence has shown that the accumulation of 
amyloid β (Aβ) or senile plaque formation is the earliest 
change of Alzheimer’s disease (AD) pathophysiology.14 All of 
the genes responsible to familial AD, including amyloid pre-
cursor protein, presenilin-1 and presenilin-2, are involved in 
the metabolism of Aβ.15 So far, only a few drugs have been 
approved by the US Food and Drug Administration (FDA) 
for AD therapy. These medications, however, can only slow 
down the progression of AD, although their cost-efficiency 
benefit is positive.16 Amyloid deposition in the brain and its 
neurotoxicity are considered leading factors of AD pathogen-
esis and the accumulation of amyloid occurs much earlier 
than the clinical presentation of cognitive impairments. This 
finding indicates that clinical intervention should begin 
before the detrimental effects of amyloid begin to take effect. 
Therefore, ways to prevent amyloid accumulation and eradi-
cation of deposited amyloid are being developed as disease-
modifying therapies for AD.17 AD is strongly age dependent, 
and it often correlates with age-dependent desynchrony 
between the sleep-wake cycle and internal circadian 
rhythms.18 The combined action of sleep-dependent and 
sleep-independent clearance systems is a potential new ave-
nue of research for AD and other neurodegenerative disor-
ders. Coordination of sleep and circadian rhythms (perhaps 
by modulation of the CP circadian clock) and enhanced amy-
loid clearance could be critical in reducing the risk of AD.
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