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Cerebrospinal fluid (CSF) is the liquid that fills the brain ventricles. CSF represents not only a mechanical brain

protection but also a rich source of signalling factors modulating diverse processes during brain development and

adulthood. The choroid plexus (CP) is a major source of CSF and as such it has recently emerged as an important

mediator of extracellular signalling within the brain. Growing interest in the CP revealed its capacity to release a

broad variety of bioactive molecules that, via CSF, regulate processes across the whole central nervous system

(CNS). Moreover, CP has been also recognized as a sensor, responding to altered composition of CSF associated

with changes in the patterns of CNS activity. In this review, we summarize the recent advances in our

understanding of the CP as a signalling centre that mediates long-range communication in the CNS. By providing a

detailed account of the CP secretory repertoire, we describe how the CP contributes to the regulation of the

extracellular environment—in the context of both the embryonal as well as the adult CNS. We highlight the role of

the CP as an important regulator of CNS function that acts via CSF-mediated signalling. Further studies of CP–

CSF signalling hold the potential to provide key insights into the biology of the CNS, with implications for better

understanding and treatment of neuropathological conditions.

cerebrospinal fluid  choroid plexus  secretion

1. Introduction 

The choroid plexus (CP) is a secretory tissue protruding into the lumen of all brain ventricles, namely the lateral

ventricle CP (LV CP), the 3rd ventricle CP, and 4th ventricle CP (4V CP), in the form of a sheet of epithelial cells

that are in direct contact with the CSF and encapsulate richly-vascularized stroma . Unlike other developing

processes, CP development progresses in a posterior to anterior manner with 4V CP being first to develop,

followed by LV CP with 3V CP being last to emerge . The CP arises from progenitor cells, specified early in the

development , that are distributed along the dorsal midline and rhombic lip in the case of 4V CP . CP

epithelium (CPe), which originates in the neuroectoderm , forms a monolayer of polarized cuboidal cells with high

expression of various transport proteins indicating robust secretory capacity . Signalling from the CPe is

instrumental for the induction of differentiation of the underlying CP mesenchyme and their mutual interaction is

further required for proper choroid plexus morphogenesis . Moreover, the CP is populated by additional cell

types including immune cells and neurons, indicative of CP functional versatility .

As such, the CP represents a complex tissue that fulfils distinct roles essential to the CNS function. Several lines of

evidence clearly established the CP as the major site for CSF production , despite some controversy still

remaining regarding the extent of its contribution . Importantly, ablation of various channel and transporter
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proteins located at the apical side of the CPe resulted in severe decrease in the CSF production providing

compelling evidence for role of the CP in this process. Furthermore, the CP has been implicated in the CNS

homeostasis via maintenance of CSF pH balance and ion osmoregulation . Along the same lines, the CP actively

contributes to the removal of harmful compounds originating from the blood stream or generated by brain

metabolism .

2. Features and Influences

The key functional feature of the CP, conferred by the presence of junction proteins in the epithelium , is the

ability of the CPe to act as a selectively-permeable interface, preventing free passage of compounds between CSF

and the blood, thus establishing the blood–CSF barrier (BCSFB) . This functional aspect of CP biology is

essential. Fenestrated capillaries in the CP stroma and substantial local blood flow rate collectively create a highly-

permeable environment enabling fast and unhindered spread of substances from blood to the CP stroma .

Significant protein secretion capacity displayed by CPe in tandem with selective transport of compounds from the

blood stream might explain the differences of proteomic profiles between CSF and blood . Due to its

convoluted morphology and presence of microvilli on the apical surface, CPe surface area corresponds up to 50%

of the overall luminal area of brain capillaries establishing the blood–brain barrier (BBB) . Upon their

maturation, CP epithelial cells manifest increased mitochondrial density, thought to provide energy supply for the

considerable metabolic demands linked to the secretory activity of the CPe .

Despite shared morphology and function, embryonic CPs preserve their specific domain identities. They reflect

position of the CP along the midline axis and underlie distinct transcription signatures and heterogeneous

proteomic profiles observed between different embryonic CPs . Intriguingly, secretome differences revealed

across embryonic CPs are suggestive of spatially specific gradients of signalling molecules that lead to the

localized activation of downstream signalling pathways within the brain. This site-specific effect of various CP-

derived regulators further combines with the compartmentalization of CSF flow within the ventricular system

caused by ciliary beating or bodily movements . Indeed, SHH and Wnt-5a ligands, both selectively enriched in

the embryonic 4V CP, have been recently linked to the modulation of proliferation and tissue patterning in the

adjacent cerebellum . Importantly, regionalized proteomic profiles may also underlie morphological

differences between individual CPs as they have been implicated in different aspects of tissue morphogenesis

such as the maintenance of specific progenitor domain associated with the embryonic 4V CP-derived SHH or

control of epithelial branching via action of Wnt-5a . In addition, observed molecular heterogeneity is

associated not only with embryonic epithelial cells but was identified also in other cell populations of developing

CPs including fibroblasts, possibly adding another layer to the complexity and specificity of the CP secretory

repertoire . Of interest, domain-specific differences in molecular make-up of CPs are also preserved in

adulthood. For example, Sod3  gene expression, encoding a metabolic enzyme, is limited to the adult 4V CP,

whereas the expression pattern for protein kinase encoded by the Penk gene, is completely reversed . The age-

dependent shift in the expression of various genes underlying CP detoxification or CSF production capacity has

also been observed , revealing the dynamic nature of the CP secretory profile over time. It, however, seems
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that the importance of CSF-borne bioactive molecules released by CSF gradually decreases with age. This view is

supported by the general decline in the CPe gene expression in adulthood and the gradual reduction in the CSF

vs. brain tissue ratio . There have also been recent findings showing suppressed ability of CSF to promote

neurogenesis correlated with age-dependent changes in the CP secretome . Interestingly, secreted protein

Klotho associated with significant anti-aging properties is highly expressed by the CP during early development

and adulthood and its CSF levels exhibit gradual decrease during aging . Overall, it is possible that this

altered pattern of CP secretory activity may reflect more general changes in CNS biology at different stages of life.

Another emerging aspect of CP function is the intrinsic ability to sense and respond to changes in the CSF as well

as broader physiological changes. It has been recently shown that the CP expresses genes encoding components

of circadian clock machinery, such as Bma1, Per1, and Per2, which allow the CP to influence activity of the key

hypothalamic centre involved in the sleep/wake rhythmicity via secreted signals carried by CSF . Remarkably,

this mode of circadian clock regulation displays sex differences mediated by estrogen signalling , which is in line

with the previous findings showing sex-based variability in the CP gene expression profile and proteomic signature

. It is noteworthy that it has been recently reported that the CP might be, at least partially, involved in the

contextual fear-learning as it exhibits, in some instances, stronger response to stressful stimuli at the levels of gene

transcription as compared to the hippocampus. Altered expression of multiple genes encoding secreted molecules

such as the putative hormone augurin represent an example . Recently, the CP has been also implicated as

an entry site for various hormones produced in response to changed physiological state that are present in the

blood, thus directly affecting their availability in the brain. For example, expression of the receptor for the peptide

hormone leptin in the CP, which is involved in the regulation of the fat balance in the body, has been shown to be

the limiting step, determining the transport rate of leptin from the blood stream into the CSF .

Due to the expression of specific receptors, the CP has been also shown to respond to the presence of

neurotransmitters present in CSF such as serotonin or nicotine, which are able to elicit robust changes in the CP

metabolism and transcriptome . In addition, a recent pioneering study, leveraging a new technique for real-

time monitoring of CP activity allowed characterization of a novel mode of apocrine secretion from the CPe in

response to stimulation via a serotonin receptor agonist .

CSF plays an important role as the key modulator of neuroinflammation. CSF contains distinct pools of activated

immune cells, which can be enriched in various neurodegenerative diseases such as Alzheimer’s disease (AD) 

. Moreover, CSF displays a complex profile of cytokines and chemokines, which changes dynamically in

different neuropathological conditions . Interestingly, CSF-mediated regulation of neuroinflammatory

response is shaped by the glymphatic system that serves as an important route for drainage and active clearance

of immunomodulators and immune cells present in the CSF . Given the profound changes of the adult CP

transcriptome in response to inflammatory stimuli, the CP has recently emerged as an active sensor participating in

immunosurveillance within the brain that is capable of dramatically altering CSF proteome via active secretion of

cytokines or metallopeptidases . The CP has been also suggested as the primary site for the initiation of

CNS inflammation, allowing free passage of immunocompetent cells from the blood into the CP stroma and their

ensuing infiltration of the CSF . This process is mediated by the upregulation of locally-secreted factors
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forming gradients, homing immune cells towards the CP epithelium, which exhibits disrupted organization allowing

their paracellular passage into the CSF . Interestingly, upon inflammation, leukocytes present in the CSF

can invade the CP, suggesting the possibility of two-way trafficking of immunocompetent cells across the CP

epithelium . Considering the scope of effects associated with the CP-mediated secretion of immunomodulators

and its role in the facilitation of leukocyte entry into the brain , the CP has been established as a central

regulator of neuroinflammatory processes within the brain, raising important questions regarding the immune

privilege of the CNS.

By virtue of its strategic location at the centre of the brain ventricular system, possession of barrier-like properties

enabling tight control over CSF content, close contact with blood-borne signals, robust secretory capacity, and

ability to sense changes in the local environment, the CP is uniquely poised to act as a master regulator of long-

range signalling in the CNS. The CP thus acts as a principal nexus for integration and transmission of signals along

the brain–body axis.

3. Concluding Remarks

Direct contact between neurogenic brain regions and CSF is the hallmark of CNS biology throughout life. CSF is

the chief source of trophic factors and instructive cues underlying the key aspects of embryonic development and

CNS patterning. The importance of CSF is also conserved in adulthood, when it plays a key role in the regulation of

adult neurogenesis and the perturbation of its content is involved in numerous pathological conditions. Considering

major breakthroughs in our understanding of CP function, it is becoming increasingly evident that the CP is the

major player regulating signalling properties of CSF. This view is further emphasized by a growing list of signalling

factors and transporting vesicles either directly produced in the CP or actively transferred from blood across the

CP, which acts as a selective barrier between blood circulation and CSF (summarized in Figure 1). Importantly,

these factors and vesicles have been linked to a myriad of aspects of brain biology during development and in

adulthood. As a result of age progression, active infections or changes of physiological states, CP transcriptome

and secretome can undergo dramatic changes, thus highlighting the CP as a vital component involved in the

modulation of crucial biological processes. Considering the overarching influence of the CP as the signalling hub of

the brain, the recent emergence of experimental approaches for closer examination and manipulation of various

facets of CP secretory activity promises to shed light on various outstanding challenges facing the field. Virus-

based vectors, have been described as an exciting new tool for targeted and highly efficient gene delivery, enabling

gene manipulation in the CP  and providing a powerful technique for modulation of CNS biological functions via

specific alterations of CP proteome . In addition, there is growing scientific interest in leveraging the potential of

exosomes and lipoproteins for brain-targeted drug delivery . At the same time, organoids have been recently

recognized as an interesting model to study development of the CP and CSF production , as evidenced by

presence of functional CP-like structures connected to fluid-filled cavities mimicking the functional CP–CSF

interface . Given the possibility of genetic manipulation, organoids represent a tractable model for the

investigation of the molecular mechanism underlying various pathologies associated with impaired CP secretion

and CSF production . Thus, examination of CP secretory properties using a wide array of newly-developed

[54][55][56]

[57]

[58]

[59]

[60]

[61][62]

[2][63]

[64][65]

[66][67][68]



Choroid Plexus | Encyclopedia.pub

https://encyclopedia.pub/entry/1270 5/11

molecular techniques represents an alluring avenue for future research with important implications for our

understanding of brain biology across life and improvement of medical interventions aimed at the underlying

causes of various developmental or neurodegenerative conditions.

Figure 1. Schematic representation of choroid plexus secretome.
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