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Targeting choroid plexus epithelium 
as a novel therapeutic strategy 
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Abstract 

The choroid plexus is a tissue located in the lateral ventricles of the brain and is composed mainly of choroid plexus 
epithelium cells. The main function is currently thought to be the secretion of cerebrospinal fluid and the regulation 
of its pH, and more functions are gradually being demonstrated. Assistance in the removal of metabolic waste and 
participation in the apoptotic pathway are also the functions of choroid plexus. Besides, it helps to repair the brain by 
regulating the secretion of neuropeptides and the delivery of drugs. It is involved in the immune response to assist in 
the clearance of infections in the central nervous system. It is now believed that the choroid plexus is in an inflamma-
tory state after damage to the brain. This state, along with changes in the cilia, is thought to be an abnormal physi-
ological state of the choroid plexus, which in turn leads to abnormal conditions in cerebrospinal fluid and triggers 
hydrocephalus. This review describes the pathophysiological mechanism of hydrocephalus following choroid plexus 
epithelium cell abnormalities based on the normal physiological functions of choroid plexus epithelium cells, and 
analyzes the attempts and future developments of using choroid plexus epithelium cells as a therapeutic target for 
hydrocephalus.
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Background
Hydrocephalus is a common neurological disease with 
complex etiology and frequently unsatisfactory outcome. 
It can develop at all ages, with infants and the elderly as 
the most frequent groups, with congenital hydrocephalus 
in infants and idiopathic normal pressure hydrocephalus 
(iNPH) in the elderly [1].

It is believed that under the action of multiple factors, 
cerebrospinal fluid (CSF) circulation becomes impaired 

and CSF accumulates excessively [2], causing enlarge-
ment of the ventricular system, damaging the cerebral 
vasculature [3] and injuring the neurological function 
of the patient. In Alzheimer’s disease, altered expres-
sion of type I and II interferons which is involved in the 
recruitment of immune cells to the central nervous sys-
tem [4], increases β-amyloid (Aβ) in the CP, leading to 
damage of capillary and interstitial fibrosis [5]. In addi-
tion, Aβ causes increased expression of pro-inflamma-
tory cytokines and matrix metalloproteinases, which in 
turn leads to downregulation of TJ proteins, resulting in 
disruption of the blood–CSF barrier (BCSFB), making it 
impossible to clear Aβ [6]. In most cases, the infection 
is a sequel to inflammatory diseases such as meningitis, 
and the inflammatory response of the body to fight the 
infection also stimulates the secretion of CSF from the 
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choroid plexus epithelium, causing the accumulation of 
CSF. In addition, it has been demonstrated that the cho-
roid plexus continues to serve as a long-term reservoir 
for the virus in time to receive antiviral therapy and is the 
pathway for the virus to enter the brain from the blood 
[7]. There is no significant difference between choroid 
plexus (CP) papilloma and CP carcinoma., both of which 
exhibit choroidal hypertrophy and diffuse enlargement of 
the CP on the basis of a normal histological pattern [8]. 
This change, in turn, allows for a much higher secretion 
of CSF and thus the development of secondary hydro-
cephalus [9]. The pathological features are accumulation 
of CSF in the ventricular system and subarachnoid space 
[10]; imaging features are enlargement of the lateral cer-
ebral sulcus and narrowing of the intraparietal sulcus.

In the past perception, it was believed that the lym-
phatic system did not exist in the brain. However, a study 
in 2000 found the existence of a system of intracranial 
material removal in the brain similar to the lymphatic 
system, and named it the glymphatic system [11]. Its 
essence is that CSF from the subarachnoid space is driven 
into the perivascular spaces of the arteries on the sur-
face of the brain. It then flows into the brain parenchyma 
via aquaporin (AQP) on astrocytes, resulting in intersti-
tial fluid (ISF), which in turn flows into the perivascular 
spaces of the veins. Finally, it can be eliminated by blood 
circulation. When the removal of substances from the 
glymphatic system is reduced, it leads to hydrocephalus 
[12].

Through the efforts of many researchers, the patho-
genesis of hydrocephalus is being completed, but it has 
not been fully explained [13]. The widely accepted and 
applied theories are the circulation theory of CSF and the 
osmotic pressure theory of CSF. The basic contents of the 
circulation theory of CSF are that CSF secreted by the 
choroid plexus epithelium (CPE) flows along a specific 
pathway and is finally absorbed by the venous sinuses. 
This theory explains the imbalance between the produc-
tion of CSF by the CPE and its absorption by the venous 
sinuses, as well as the fact that hydrocephalus can form if 
any part of the circulatory flow is disrupted [14]. Altered 
clearance of cerebrospinal fluid and increased intracra-
nial pressure can also lead to hydrocephalus [15].

Existing studies have found that brain parenchyma can 
be permeable to water through water channel proteins 
and ion channels [16], which suggests that the cause of 
hydrocephalus may also be due to the accumulation 
of hyperosmotic substances and impaired transport of 
substances in the CSF. So, we found that osmotic pres-
sure could be used to explain some phenomenon [16]. 
The central idea is the impairment of the maintenance 
of osmotic gradient homeostasis, where the osmotic 
gradient acts as a driving force for the transfer of water 

molecules, and the higher the osmotic pressure of the 
CSF within the ventricles, the more water collects in the 
ventricles [17], which in turn forms hydrocephalus [18].

The application of these theories can solve part of the 
problems in clinical treatment but not all of them, indi-
cating that these theories have some limitations. Thus, 
we go to explore the relationship between CPE cells 
and hydrocephalus, and provide new targets for clinical 
treatment.

CPE have a relatively simple structure. They consist 
of a single layer of cuboidal epithelial cells that reside 
on a basement membrane. Beneath the basement mem-
brane is a network of fenestrated capillaries that are sur-
rounded by connective tissue composed of fibroblasts 
and immune cells [19]. By virtue of the tight junctions 
between them [20], a blood–CSF barrier is formed [21]. 
Faivre in 1854 and Cushing in 1914 were the first to 
suggest that the CPE secretes CSF, and De Rougemont 
et al. in 1960 found the first experimental evidence that 
the CPE secretes CSF [22]. Recent studies estimate that 
approximately 80% of the CSF is secreted by the CPE, 
with the remaining 20% coming from the brain intersti-
tial fluid (BIF) [23]. The CPE is a very efficient secretory 
epithelial tissue in the body, secreting CSF at a rate of up 
to 0.4 ml/minute per gram of tissue [19]. The amount of 
CSF in the entire ventricular system of the human brain 
is estimated to be about 150  ml, but the CPE produces 
500 to 600 ml of CSF every 24 h. This would suggest that 
the human body replaces CSF three to four times per day 
[24]. With such rapid secretion of CSF, if there is a block-
age in the circulatory pathway [25], no matter which part 
is disrupted, CSF will accumulate rapidly and lead to ven-
tricular dilation and even increased intracranial pressure, 
eventually leading to hydrocephalus [26]. Of course, this 
cause is only one of the causes of one type of hydrocepha-
lus, which is obstructive hydrocephalus. Communicating 
hydrocephalus, on the other hand, is relatively uncom-
mon due to an obstruction of CSF circulation, but rather 
an obstruction of CSF absorption. However, a new clas-
sification has also been proposed, which assumes that all 
hydrocephalus is obstructive except for those caused by 
excessive CSF production, but only the site of obstruction 
is different. This classification method has its validity.

In short, either intrinsic genetic factors or exter-
nal environmental factors [12] that substantially pro-
mote the secretion of CSF from the CPE or disrupt 
the reabsorption of CSF [27] can lead to the accumu-
lation of CSF in the ventricles and the development of 
hydrocephalus [28]. In addition, according to the new 
hypothesis, changes in osmotic pressure between CPE 
and capillaries can also lead to abnormal accumulation 
of CSF, which in turn leads to hydrocephalus. This is 
the relationship between the CPE and hydrocephalus, 
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and the theory behind choroid plexus cautery. A more 
detailed description about this surgery will be devel-
oped below.

Whether it is based on the classical hypothesis of 
cerebrospinal fluid production or a newly proposed 
hypothesis, the current literature lacks a review of the 
relationship between the CPE and hydrocephalus forma-
tion. Understanding the relationship between the CPE 
and hydrocephalus is more conducive to our explora-
tion of the pathogenesis of hydrocephalus and thus to the 
treatment of hydrocephalus.

Normal physiological function of the CPE
Brief description of the CPE
In the ventricles of the human brain, there are four CPE 
located in the bilateral lateral ventricles, the third ven-
tricle and the fourth ventricle. Together, they form the 
main component of BCSFB. During early embryonic 
development (fourth week) [29], cells originating from 
the ventricular canal, a special cuboidal epithelium [30], 
are extensions of the ventricles. Of these, the CPE in the 
fourth ventricle is the first to develop, at approximately 
ninth week. Then comes the CP in the two lateral ven-
tricles and finally the CP in the third ventricle [31]. 
Researchers had found that canonical Wnt signaling is 
required in a precise and regulated manner for normal 
CPE development in the mammalian brain [32]. After the 
structure of the CPE is formed, its function is also fully 
developed soon [33]. The cells that make up the CPE are 
single layer cuboidal cells [34] and low cylindrical epithe-
lial cells located in the basement membrane [35]. These 
cells can be observed under electron microscopy to con-
tain a large number of mitochondria, a central nucleus, 
abundant Golgi apparatus, and vesicles that increase 
in size toward the surface of the lumen [36]. The large 
number of distributed microvilli results in a substantial 
increase in the surface area of the luminal membrane. 
Not only that, the originally flat base and side surfaces 
will appear like a maze of folds and wrinkles at the tran-
sition, which will also make the surface area increase. 
In the current state of the art cognitive understand-
ing, researchers believe that in addition to microvilli, 
CPE cells must contain a small tufts of motile cilia [37]. 
Connections between CPE cells include tight junctions, 
intermediate junctions, and desmosomes [38], very simi-
lar to the proximal tubule of the kidney, both allow large 
amounts of fluid movement [39]. It is the structural basis 
of the CPE described above that determines its function 
of secretion of CSF and forms the theoretical basis for 
our study of its important role in the formation of hydro-
cephalus. Therefore, it is necessary to describe its struc-
ture briefly (Fig. 1).

Functions of the CPE
The atypical polarity of the CPE
The inner and outer surfaces of multicellular organisms 
are covered with epithelium, which keeps out most 
invasive substances. In addition, there are a number of 
important functions, as described below. And all these 
functions are based on the same basis of cell biology. In 
order to regulate selective transport processes to main-
tain a proper internal environment, membrane pro-
teins appear asymmetrically distributed. This requires 
the expression of specific transport proteins by cells 
according to their functional needs and the proper 
sorting and transport of these membrane proteins. This 
is known as cell polarization [40]. The CPE is polar-
ized in a similar way to other epithelia, with a basal 
membrane, separated from the luminal membrane by 
means of tight junctions, which are lined with micro-
villi and motile cilia. However, CPE have a distinctive 
atypical feature which is called atypical polarization. 
This is manifested by the expression of proteins such as 
Na+-K+-ATPase, sodium potassium chloride co-trans-
porter 1 (NKCC1) [41] and Na/H exchanger 1 (NHE1) 
in the luminal membrane, which are supposed to be 
located in the basal membrane, while proteins such 
as anion exchanger 2 (AE2) remain in the same posi-
tion [42]. These proteins are incorporated into specific 
amino acid sequences during endoplasmic reticulum 
synthesis, which in turn are recognized by the rough 
endoplasmic reticulum–Golgi complex axis, which 
determines the classification of proteins for targeted 
transport vesicles in the trans-Golgi complex network 
[43].

CPE transports water and ions and secretes CSF
The CPE is composed of a single layer of cuboidal epi-
thelial cells whose most important function is to produce 
CSF. In order to secrete CSF, it is mediated by a variety 
of membrane proteins that allow water and solutes to 
be transported across the epithelium, across the BCSFB, 
and from the blood side to the CSF side. The relevant 
biophysical principles have not yet been unified regard-
ing the study of this situation, and among many relevant 
opinions, isotonic transport is currently widely recog-
nized and studied with emphasis. To explain how water 
transport in the CPE is coupled with solute transport, 
resulting in near-isotonic transport, several models have 
been proposed to study the molecular mechanisms and 
have been continuously refined. Among these are three-
compartment model [44], standing gradient model and 
its modifications, osmotically driven water transport 
model [45], water [46] and ion cotransport [47], and 
tight junction-based models [48]. In the following, the 
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descriptions are classified according to the type of sub-
stance being transported.

Water transport in the CPE is associated with AQP, a 
transmembrane water transport protein. AQP1, AQP3, 
AQP4 [49], AQP5, AQP8, and AQP9 are currently iden-
tified in the brain [50], with AQP1 being the most criti-
cal and playing an important role in the overall process 
of water transport [51]. AQP1 and AQP5 are key water 
channel proteins that control water flux within the CP 
barrier and the production of CSF [52]. In mature tissues, 
AQP1 is mostly expressed apically in the epithelium, 
indicating solutes diffusion from the CPE to the ventri-
cles [53]. In contrast, AQP1 expression is relatively absent 
in the basement membrane, suggesting a possible effect 

of paracellular water transport [19]. Most of the current 
studies are based on animal models, and few experiments 
have been done in humans. In animal models, AQP1 
acts as a regulator of CSF production with adaptive and 
protective effects, but further studies are needed to dem-
onstrate whether this link exists in humans. Differential 
changes in AQP1 expression may be associated with dif-
ferent types of hydrocephalus [54]. After intraventricu-
lar hemorrhage (IVH) combined with post-hemorrhagic 
ventricular dilatation (PHVD), AQP1 expression rises 
first as an early adaptive mechanism to increase intrac-
erebroventricular water content and decrease CSF osmo-
larity [52]; it decreases later, belonging to autocrine 
regulation, decreasing water permeability in the CP and 

Fig. 1  Physiology of choroid plexus epithelium. It transports water and ions, which are the major components of cerebrospinal fluid, and regulates 
its pH. These transport processes require the participation of transport proteins, such as aquaporin, which is involved in water transportation, and 
Na+-K+-ATPase, which is involved in the transport of various ions (mainly Na+ and K+). It also removes Pi through the protein PiT2, as well as other 
metabolic wastes. It is involved in the secretion and regulation of some neuropeptides. Serves as a transport channel for the delivery of certain 
drugs to the central nervous system. It is involved in the apoptosis pathways of other cells. During an inflammatory response, the connections 
between cells change, allowing some immune cells to pass through and participate in the response. CSF (cerebrospinal fluid), AQP (aquaporin), 
PIT2 (Pi transporter2), EGF (epidermal growth factor), VEGF (vascular endothelial growth factor), CNS (central nervous system), ICAM-1 (intercellular 
adhesion molecule-1), VCAM-1 (vascular cell adhesion molecule-1), Pi (inorganic phosphate)
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decreasing CSF production. The molecular mechanism 
behind this is unclear. The expression of AQP5 rises, 
contributing to the protection of the extracellular matrix 
and the strength of tight junctions, thereby strengthen-
ing the function BCSFB. In obstructive hydrocephalus 
and subarachnoid hemorrhage (SAH), the expression of 
both AQP1 and AQP4 rises, probably to speed up water 
transport, allowing an increase in the water content of 
the CSF, thus decreasing the osmotic pressure [55]. In 
communicating hydrocephalus, AQP1 expression is also 
elevated [56].

Na+ is the most important ion that powers the secre-
tion of CSF. The most important of these transporter 
proteins is Na+–K+-ATPase, which, in addition to trans-
porting Na+ into the CSF, forms electrochemical gradi-
ents to help other ion transporters [57]. The epithelial 
Na+ channel (ENaC) is a channel for Na+ to enter via the 
basolateral membrane [58]. The NKCC1 is located mainly 
in the basolateral membrane and to a lesser extent in the 
luminal membrane. Although it is abundantly expressed, 
its practical significance remains to be determined [59]. 
The electrogenic co-transporter NBCe2 (or NBC4) is 
Na+–HCO3

− cotransporter. It is located in the luminal 
membrane and in addition to transporting Na+ accord-
ing to the ratio of one to three of Na+ and HCO3

− [60], 
and it also regulates the pH of the CSF with the help of 
transporting HCO3

− [61]. NHE1 is located in the lumi-
nal membrane and is responsible for maintaining the pH 
of the CSF rather than directly promoting its secretion 
[62]. Na+–borate cotransporter can transport Na+ and 
borate into cells, but its specific mechanism of action is 
not known.

The mechanism of K+ transport by the CP is very com-
plex and relies on transport proteins in addition to para-
cellular pathways. K+ channels in the luminal membrane 
recirculate K+ [63], which creates a negative membrane 
potential and thus maintains a certain electrochemical 
gradient in the CPE [64], and also maintains the activ-
ity of Na+–K+-ATPase [65] and NKCC1 that transport 
K+ from the CSF to the CPE. KCNQ1 and KCNE2, 
expressed in the luminal membrane, are also involved in 
the formation of K+ channels [66]. The K+–Cl− cotrans-
porters (KCC), expressed in the basolateral membrane as 
KCC3a and in the luminal membrane as KCC4 [67], their 
exact contribution needs to be further evaluated using 
gene knockout method [68].

Ca2+ plays many important roles within the central 
nervous system, regulating many physiological processes 
and is a key factor in maintaining the stability of vari-
ous signaling pathways [69]. It has been shown that the 
transportation of Ca2+ in CPE is involved in transporter 
proteins and not by simple diffusion through paracel-
lular pathway [70]. There is currently a theoretically 

feasible model in which Ca2+ is taken into cells by tran-
sient receptor potential vanilloid 5 (TRPV5) and tran-
sient receptor potential vanilloid 6 (TRPV6) from the 
basement membrane, bound to calcium-binding pro-
teins, transferred to the luminal membrane, and released 
into the CSF via Ca2+-ATPase (PMCA) and Na+/Ca2+ 
exchanger (NCX), but this model lacks experimental evi-
dence [71]. 5-HT2c receptor agonists can promote spon-
taneous calcium activity [72]. GSK1016790A-specific 
agonists activate transient receptor potential vanilloid 4 
(TRPV4) located in the luminal membrane, which in turn 
leads to increased ion flux and conductance. TRPV4 is 
a central protein that controls CSF production through 
stimulation of multiple effectors. It is also a non-specific 
cation channel that allows Ca2+ to flow into cells and 
stimulates calcium-sensitive potassium in a tissue-spe-
cific manner channels that can be inhibited by two differ-
ent specific antagonists, which are named HC067047 and 
RN1734 [73]. The Slc29a4 gene regulates the expression 
of plasma membrane monoamine transporter protein 
(PMAT), a multispecific organic cation transporter pro-
tein located in the luminal membrane and its transporta-
tion is independent of Na+. It serves to protect the brain 
from cationic neurotoxins by removing the correspond-
ing substances from the CSF [74]. The transport of ani-
ons by the CPE is closely related to Cl− and HCO3

−, and 
trans-cellular transport for Cl−has been demonstrated in 
several experiments [75]. Therefore, some drugs inhibit 
the production of CSF by inhibiting the excretion of Cl−. 
Just for example, arginine pressor (AVP) activates recep-
tor V1, which inhibits the ability of the CPE to trans-
port Cl−, thereby reducing CSF formation [76]. AE2, 
located in the basement membrane, mediates Cl− efflux 
and HCO3

− uptake, and the gene encoding it belongs to 
the Slc4 family. The Slc4a10 gene, also in the Slc4 fam-
ily, encodes an Na+-dependent Cl−/HCO3

− exchanger 
(NCBE) involved in Cl− and HCO3

− transport, and CPE 
lacking NCBE appears to omit molecular mechanisms 
involving CSF secretion rather than compensating for 
the loss of sodium load. The reason that knocking out 
this gene is more harmful than knocking out the AQP 
gene is that the former contains more than one signaling 
pathway [77]. The lack of NCBE seems to make the trans-
port program of epithelial cells tend to be dormant [78]. 
In addition to the Cl− channels and HCO3

− channels 
located in the luminal membrane, which are responsible 
for the transport of Cl− and HCO3

−, the NKCC1 and the 
KCC are also involved [19].

In addition to the transport of water and ions, the CPE 
has been shown to be involved in the transport of albu-
min and some amino acids. The soluble and cell surface 
albumin-binding glycoproteins secreted protein acidic 
and rich in cysteine (SPARC) is thought to be involved in 
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the transport of albumin into the brain and is the docking 
site for albumin, mediating the uptake of albumin from 
the blood by the CPE, crossing the blood–CSF barrier 
from the basement membrane and transferring it to the 
CSF [79]. Sodium-dependent amino acids co-transporter, 
system A member (SNAT1) actively transports glutamine 
from the blood to the CPE and then releases it into the 
CSF via sodium-dependent amino acids/H+ co-trans-
porter (SNAT3) and large neutral amino acid transporter 
type 2 (LAT2). To maintain the amino acid concentration 
gradient between plasma and CSF, the CPE drives CSF 
reuptake of essential amino acid substrates for this ret-
rotransport protein via efflux of LAT2. However, other 
amino acid transporter proteins have only been detected 
at the level of mRNA and have not been localized at the 
protein level [80]. The atypical polarization characteris-
tics of the CPE underlies its specific function. With the 
help of transport proteins in the membrane, the CPE is 
able to transport water, ions and other substances across 
the cells, across the BCSFB and into the CSF from the 
blood, thus serving to secrete CSF. Among the many 
ions, the secretion of CSF by the CPE depends mainly on 
the transepithelial cellular movement of Na+, Cl−, and 
HCO3

− [81].
To study the problems related to CSF clearly, it is nec-

essary to study these transporter proteins first. As far 
as we can see from the review, some of the transporter 
proteins have been discovered and their role were con-
firmed, others have only been discovered but their role 
has not yet been confirmed, and we presume that there 
are still some that have not been discovered [19]. Among 
these identified transport proteins, the specific molecular 
mechanisms are still unclear, and models are still being 
developed and updated. To some extent, these transport 
proteins can be used as therapeutic targets for related 
brain diseases such as hydrocephalus. In fact, most of 
the drugs currently used to treat hydrocephalus work by 
inhibiting the production of cerebrospinal fluid by inhib-
iting these transport proteins or their related enzymes. 
However, these drugs are not effective enough, so we 
need to study these transport proteins more thoroughly 
and develop effective drugs according to their mecha-
nism of action. Therefore, the study of these proteins 
and the molecular mechanisms behind them is widely 
promising.

Removes metabolite products
The concentration of inorganic phosphorus in the CSF is 
lower than in plasma, and how and why it is controlled 
is not known. However, some studies have found that Pi 
transporter2 (PIT2) in the CPE may be part of the phos-
phorus sensory or regulatory pathway. The active clear-
ance of phosphatidylinositol from the CSF has been 

linked to the sodium-dependent transporter protein 
PIT2 [82]. Proteins such as uric acid transporter protein 
(URAT1) located in the basolateral membrane and breast 
cancer resistance protein (BCRP) located in the lumi-
nal membrane are involved in the transport of the uric 
acid, but the specific physiological as well as pathologi-
cal functions need to be further investigated [83]. With 
increasing age, the expression of β-amyloid (Aβ) clear-
ance-related proteins in CPE tissues decreases and the 
clearance capacity decreases, causing the accumulation of 
Aβ [84]. Representative among these clearance proteins 
are low-density lipoprotein receptor-related proteins 
(LRP-1 and LRP-2), P-glycoprotein (P-gp), and receptor 
for advanced glycosylation end-products protein (RAGE) 
[85]. Among them, LRP-1 and P-gp are efflux transport-
ers [86], and LRP-2 and RAGE are responsible for cir-
culating Aβ from the periphery to the brain [87]. These 
proteins are thought to promote Aβ clearance synergisti-
cally or complementarily with insulin-degrading enzymes 
(IDE) [88], and sex hormones may also play a role in this 
process [89]. Impaired clearance of metabolic products, 
whether they are needed by the body or waste products, 
may cause changes in the osmotic pressure of the CSF, 
which in turn may lead to accumulation of CSF and cause 
hydrocephalus. Therefore, focusing on the metabolite 
clearance pathways involved in the CPE may be a target 
for subsequent studies.

Involved in immune modulation
Leukocytosis in the CSF is widely used clinically to assess 
inflammatory conditions in the central nervous sys-
tem. This suggests that the CP, located at the junction of 
blood and CSF, is a multifunctional organ that serves as 
a gateway for immune cells to enter the CSF and plays 
an important role in immune surveillance and regula-
tion of immune cell transport. However, studies on the 
principles of BCSFB control of immune cells are limited, 
and only some features of the CPE have been identi-
fied [90]. Epithelial cells secrete adhesion molecules and 
chemokines that control the selection of metastatic cells 
[91]. The rapid flow of blood in the CP provides excel-
lent environmental conditions for immune cell circula-
tion [92]. Studies have demonstrated that the CPE cell 
surface expresses adhesion molecules and presents anti-
gens to T cells. The expression of ICAM-1 (intercellular 
adhesion molecule-1), VCAM-1 (vascular cell adhesion 
molecule-1) and P-selectin may demonstrate that the CP 
has an environment that supports immune cell traffick-
ing and immune surveillance [93]. Epithelial cells release 
chemokines in a polarized manner that attract immune 
cells to the surface and promote migration [94]. This 
migration, however, is via a paracellular pathway and 
does not disrupt the restrictive barrier at the epithelial 
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interface [95]. These suggest that epithelial cells are a key 
factor in immune cell transit. After inflammatory stimu-
lation, the TLRs signaling pathway is activated, leading 
to iNOS expression via NFκB [96]. The CP as a niche for 
T cell stimulation [97], contains CD4+ effector memory 
cells that retain a TCR (T cell receptor) profile against 
CNS antigens. T cell-mediated immunity affects the CP 
and attenuates the secretion of IL-4 (interleukin 4) [98], 
which has been shown to be associated with brain aging 
and may serve as a therapeutic target for reversing or 
halting age-related diseases such as dementia [99].

Regulation of CSF pH
Controlling the pH of the CSF is very important because 
it directly affects the pH of the BIF closest to the ven-
tricular system, which in turn causes the onset of certain 
diseases [100]. It was initially puzzling that CSF, which 
contains only a very small amounts of protein-buffering 
substances [101], was able to keep its own pH stable 
within a narrow range in the face of acid–base changes. 
For this reason, several researchers have proposed the 
idea that CPE cells are involved in pH regulation of the 
CSF, and many acid–base transporter proteins that may 
be involved in pH regulation of the CSF have been iden-
tified in CPE cells and localized by immunohistochemi-
cal analysis. The NCBE on the outer side of the basement 
membrane is a Na+-dependent Cl−/HCO3

− exchanger 
that, together with HCO3

−, absorbs Na+ from the blood 
side [102]. The anion exchanger AE2 crosses the baso-
lateral membrane to discharge HCO3

− [103]. NBCe2, 
located on the luminal membrane, is a Na+/HCO3

− co-
transporter and exports Na+ and HCO3

− to the CSF in 
a one-to-three ratio at high CO2 concentrations [104]. 
The NHE1 and NHE6 are both Na+/H+ exchangers, 
importing Na+ into cells and exporting H+ into the CSF. 
NHE6 is located in the structural domain of the luminal 
membrane and regulates pH in concert with V-ATPase. 
The CLC-3, CLC-4, CLC-5, and CLC-7 are all Cl−/H+ 
exchangers that export Cl− outward. In addition to this, 
there is V-ATP [105] involved in regulating pH, but its 
effect is not significant. Most of the V-ATP is located in 
small intracellular vesicles, with only a small fraction in 
the luminal microvilli region; this fraction does not pro-
mote acid secretion in the presence of high extracellular 
pH, but can be activated by cAMP in a transport-inde-
pendent manner.

Regulates the neuropeptides to help recover from damage
In the CSF secreted by CPE, neuropeptides are regu-
lated by an endocrine-like mechanism that uses the bulk 
flow of CSF to aggregate neuropeptides, including brain-
derived neurotrophic factor (BDNF), epidermal growth 
factor (EGF), fibroblast growth factor (FGF), glial cell 

line-derived neurotrophic factor (GDNF), insulin-like 
growth factor (IGF), nerve growth factor (NGF), pitui-
tary adenylate cyclase activating polypeptide (PACAP) 
and vascular endothelial growth factor (VEGF) [106]. 
They are transported to the damaged part near the target 
cells to help repair the brain damage caused by traumatic 
brain injury. If appropriate growth factors or neurotro-
phins are used to achieve pharmacological facilitation of 
the CSF, it is possible to help regulate neuropeptides that 
may improve the nervous tracts within CNS and thus 
help restore the injury.

Helps in the clearance of the infection with responses 
of the CPE during infection of the CNS
The tightly connected CPE is involved in constituting the 
BCSFB [107], which is one of the major barriers of the 
CNS [108]. It allows the exclusion of pathogens capable 
of causing disease [109]. However, certain pathogens 
contain a range of pathogenic factors that can cross the 
barrier [110] and other defense mechanisms and cause 
disease [111].

The CPE is a highly vascularized tissue that provides 
an important interface between the blood and the CNS 
[112]. However, some pathogens can break through the 
physical barriers, biochemical barriers [113] and immune 
barriers [114] by various means, which turns the CPE 
into a portal of entry for pathogens into the CNS. Patho-
gens interact with host cells and stimulate specific cellu-
lar signal transduction. The main manifestation is the cell 
surface Toll-like receptors (TLR family) [115], which acti-
vate transcription factors (TF), commonly NF-κB [116], 
mainly with the help of phosphorylation. In turn, they 
regulate cell death, both apoptosis and necrosis. At the 
same time, pathogens also regulate the gene expression 
profile of the host cell, both up- and down-regulated, as 
evidenced by altered secretion profiles of some proteins. 
There are surface protein receptors and matrix metal-
loproteinases involved in the inflammatory response, as 
well as cytokines and chemokines that attract immune 
cells to clear pathogens. This plays a role in helping to 
clear inflammation.

Regulating the apoptosis pathways and the Aβ‑induced 
damage.
The p75 neurotrophin receptor (p75NTR) is expressed 
in the CP and is localized to the luminal membrane 
of epithelial cells. In neurons, p75NTR receptor has a 
dual function: promoting survival together with TrkA 
in response to NGF, and inducing apoptotic signal-
ing through p75NTR. which in turn alters antibody 
clearance and inhibits neuronal growth by inducing 
apoptosis through p75NTR. The role of p75NTR in 
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antibody-induced cell death was confirmed by blocking 
the biological activity of p75NTR [117].

Transport of drugs in the brain
The CP, a component of the blood–CSF barrier inter-
face, is an epithelium that can be used to sparingly deliver 
drugs to the brain. Drugs delivered from the blood to the 
lateral ventricles are delivered through the CSF to targets 
within the ventricles and are used to regulate secretion 
and help treat disease [118]. The underlying principle 
that enables us to develop drugs for distribution to brain 
targets along the CSF pathway is that the CP delivers 
neurotrophic and growth factors to neurons by means 
of the CSF network. A large number of microvilli are 
distributed in the luminal membrane, providing a large 
surface area for molecular fluxes, and a large number 
of mitochondria provide energy for secretion and reab-
sorption. The ultrastructural features of these organelles 
reveal the cellular mechanisms behind them. The con-
stant movement of water molecules carries polar mol-
ecules, which drive the transport of drugs in the CSF. The 
search for solutions with minimal side effects and toxicity 
has led to innovative explorations by a large number of 
researchers [119], including bone marrow cell infusions 
[120], CP transplantation [121]. Some researchers have 
found through experiments that receptors for AVP (argi-
nine vasopressin) and ANP (atrial natriuretic peptide) 
[122] in CP are targets for agents to reduce CSF forma-
tion, which can be used to treat hydrocephalus.

Abnormalities of the CPE
Cilia alteration due to gene deletion or hydraldehyde 
treatment
Cilia (kinocilia) play an important role in the normal 
physiological regulation of the CPE, and treatment 
with hydantoin or Tg737orpk mutants can lead to cilia 
dysfunction, which in turn interferes with signaling 
pathways, disrupts CSF flow, resulting in increased tran-
scytosis activity in the CPE, increasing CSF secretion and 
decreasing its pH. Ciliary dysfunction leads to increased 
cAMP content and activation of PKA, which allows 
phosphorylation of extracellular signal-regulated kinases 
(ERKs), which in turn regulates related ion channels and 
ion transport proteins, resulting in increased secretion of 
Cl− and HCO3

−, ultimately manifesting as increased CSF 
secretion [27].

Promotes inflammatory response after injury
IVH causes the rupture of blood vessels, leading to a 
hemolytic phenomenon that releases extracellular hemo-
globin (Hb) into the CSF and activates an inflammatory 
response [123]. IVH stimulates the TLR4/NF-κB sign-
aling pathway, activating the Ste20-type stress kinase 

Spak located in the luminal membrane, which binds to 
NKCC1 to generate a complex that increases ion trans-
port and increases CSF secretion [124]. By virtue of the 
JNK signaling pathway, AVP promotes the synthesis of 
pro-inflammatory mediators [125], which include TNF-α 
and IL-1β, and can inhibit the effect of TRPV4 on the 
permeability of ion transport across epithelial cells [126]. 
These pro-inflammatory mediators can also be secreted 
by the CPE because of spinal cord injury, but the exact 
mechanisms involved have not been well studied [127]. In 
addition to these pro-inflammatory mediators, traumatic 
brain injury (TBI) promotes the synthesis of the mono-
cyte chemotactic substance CCL2, which is released into 
the CSF at the luminal membrane as well as at the baso-
lateral membrane and promotes leukocyte crossing of the 
epithelial barrier [128] (Fig. 2).

Hydrocephalus caused by the abnormalities of the CPE
Based on the circulation theory
CSF is produced by the epithelium of the CP, travels 
through a certain pathway, and is finally absorbed by the 
venous sinuses. Injury to any part of this process can lead 
to abnormal CSF levels and result in hydrocephalus.

The inflammatory response induces an increase in CSF 
secretion by the CPE to affect directly, or induces ciliary 
dysfunction to affect indirectly. In the animal model of 
microbial infection, the CP exhibited distinct histological 
features altered by focal leukocyte infiltration and lamel-
lar loss of epithelial cells, in addition to the reduction of 
epithelial cell microvilli observed by electron micros-
copy [129]. Obesity may also act as an inflammatory 
state, allowing increased cytokines in the CSF, leading 
to fibrotic changes that are arachnoid villi obstruction 
and reduced CSF uptake [130]. CSF circulatory dynam-
ics are impaired, and although problems can occur at any 
point in the circulatory process, the vast majority of stud-
ies have focused on cilia dysfunction. Lack of functional 
transcription factor foxJ1 leads to cilia deficiency, result-
ing in impaired circulatory kinetics [131]. The absence of 
cilia increases the cAMP content in the CSF, which acti-
vates PKA and allows phosphorylation of ERKs, increas-
ing the secretion of CSF. It was observed that the ciliated 
CPE had higher trans-cellular activity, which may have 
increased CSF secretion along the trans-cellular secre-
tory pathway of the AQP1 street, or it may have increased 
trans-cellular transport of proteins, which increased CSF 
osmolarity and acted as a driving force to drive the AQP-
mediated fluid transport [132]. Impairment in the forma-
tion of the CPE can also lead to a series of subsequent 
problems, for example, the functional transcription factor 
E2F5 plays a role in the maturation of the CPE, although 
the exact role is not yet precisely understood [131]. In 
the rat model of experimental hydrocephalus, with the 
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help of transmission electron microscopy, changes in cel-
lular characteristics such as cell membrane fragmenta-
tion, large numbers of primary and secondary lysosomes, 
vacuoles, and enlarged cell gaps could be observed [133]. 
This suggests that any incomplete immaturity of CPE 
cells can affect CSF secretion and lead to hydrocephalus.

Impaired transport of water molecules and ions is the 
most important cause of abnormal CSF secretion, which 
will be described specifically below.

Based on the osmotic pressure theory
The accumulation of hypertonic substances in the CSF 
alters the osmotic pressure of the CSF and affects the 
transport of substances.

The main and most important cause is a series of trans-
porter proteins for water molecules and ions, either miss-
ing or malfunctioning, or in the wrong place, which may 
cause abnormal secretion. The functional transcription 

factor p73 regulates the production and reabsorption 
of CSF by regulating the water channel protein AQP3. 
This then leads to non-obstructive hydrocephalus [131]. 
When intracranial pressure rises for some reason, the 
brain responds to the situation by reducing CSF, and the 
molecular mechanism behind this is the reduced ability 
of Cl− channels to release Cl− [134]. Higher level of estro-
gen increases the levels of cortisol and TNF-α, which in 
turn affects a number of transporter proteins, includ-
ing the water channel protein AQP4, causing abnormal 
secretion of CSF [130]. In addition to these examples, 
there are some unknown conditions that lead to other 
transporter proteins that are impaired in transporting 
Na+, Cl−, K+, and HCO3

− ions, all of which could be the 
molecular basis for the generation of hydrocephalus.

The presence of large amounts of hypertonic sub-
stances in the CSF will produce a higher osmotic pres-
sure that acts as a driving force to affect water transport. 

Fig. 2  Pathology of choroid plexus epithelium. The pathological process of choroid plexus has two main pathways. One promotes inflammation by 
acting on transporter NKCC1 with the help of TLR4. And NF-κB will be separated into NF and κB, the latter acts on SPAK through pro-inflammatory 
factors such as TNF-α and IL-1β. The other is the abnormal condition of cilia, mainly caused by gene mutation and hydraldehyde. Cilla dysfunction 
acts on the receptor, binds the pKA and ERK through the action of the second messenger cAMP, acts on the transporter AE2 and upregulates its 
function. TLR4 (Toll-like receptors 4), NKCC1 (Na–K–2Cl co-transporter 1), AE2 (anion exchanger2),
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In thrombin-derived hydrocephalus, part of the cause 
can be attributed to the degradation of the blood–CSF 
barrier by VE-cadherin through activation of signaling 
pathways such as PAR1/p-SRC/p-PAK1, which increases 
its permeability and leads to leakage of CSF [135]. Toxic 
substances that are not removed from the CSF and accu-
mulate in excess can damage the epithelial cells of the 
CP and are a possible cause of hydrocephalus, typically 
hemoglobin and free iron.

In conclusion, whether the process of hydrocephalus 
formation is understood with the help of the circula-
tory theory or the osmolarity theory, any disruption of 
either of these components may be a factor in the patho-
genesis, the difference only lies in whether it is common 
and whether the underlying molecular mechanisms are 

understood. Only some of the possible etiologies have 
been mentioned above, and in an abbreviated manner, 
without addressing too many of the deeper mechanisms. 
Researchers are still required to speculate boldly and seek 
proof carefully (Fig. 3).

Possible treatment options based on CPE
There are neither drugs that are exclusively effective in 
treating hydrocephalus, nor is there a surgical procedure 
that can solve the problem once and for all. The lack of 
in-depth basic research on hydrocephalus [136] and the 
lack of clarity on the true molecular mechanism are the 
fundamental reasons why we cannot come up with an 
efficient treatment [137]. Although the research is not 
thorough enough, there are still more ways to relieve or 

Fig. 3  Hydrocephalus related to choroid plexus epithelium. There are many lesions of choroid plexus that can lead to hydrocephalus. Defective 
cilia, whether short, sparse or missing, can cause obstruction of cerebrospinal fluid flow. The disorder of transporters, both the decline of transport 
capacity and the decrease of protein quantity, will cause problems in cerebrospinal fluid secretion. The impaired ability of efflux transporters to 
remove metabolic waste will increase osmotic pressure and affect secretion. Obstruction caused by inflammation is also the reason of obstruction 
of cerebrospinal fluid secretion. The increase of cytokines caused by obesity leads to the obstacle of reflux. Increase of cerebrospinal fluid osmotic 
pressure and absence of choroid plexus epithelial cells are both the reasons of hydrocephalus. Hb (hemoglobin), CPE (choroid plexus epithelial)
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even cure hydrocephalus with the research of countless 
predecessors [124]. Of course, the mechanisms behind 
these methods are different, so here we will mainly talk 
about feasible treatments related to the CPE. The current 
treatment options based on the CPE are focused on three 
areas, namely direct surgical destruction of the CP, drug 
or other means to inhibit the transporter protein, and cell 
transplantation (still in the research stage).

Surgical destruction of the CP, CP cautery using the 
electric knife has been used clinically, and the results of 
the treatment, although not perfect, are still consider-
able. In contrast to traditional surgical methods, immu-
notoxin-mediated CP ablation [138] is now available and 
is also a possible treatment for hydrocephalus, but it has 
only been studied in rat models and is not yet eligible for 
clinical use. Moreover, this approach does not necessar-
ily stop all CSF production, since nearly 80% of the CSF 
is secreted by the choroid plexuses, with the remaining 
20% coming from the interstitial fluid of the brain which 
is generated by the BBB More importantly, the CP is not 
only an organ for CSF secretion, but it also has many 
other important physiological functions that, if dis-
rupted, could cause irreparable and greater damage.

Although the CPE has many types of transporter pro-
teins, only a few have been used as targets for the treat-
ment of hydrocephalus, and almost all have been studied 
in animal models and have not been applied in human 
studies. A brief description of the relevant studies is 
presented.

The water channel protein AQP family is an important 
class of transporter proteins responsible for the transport 
of water molecules, and therefore studies using them as 
targets are widespread. Upregulation of AQP has been 
found in several types of hydrocephalus or other related 
diseases, for example, upregulation of AQP1 and AQP4 
in SAH, suggesting that we may be able to inhibit CSF 
secretion and alleviate hydrocephalus by downregulat-
ing AQP symptoms. There may also be a mechanism 
for endocytosis of AQP1 in the CPE to slow down CSF 
secretion during hydrocephalus. Although the CSF pro-
duction in mice with knockout AQP1 was reduced by 
only thirty percent, this was sufficient to affect the forma-
tion of hydrocephalus [139], suggesting that inhibition of 
AQP1 is a possible target.

IVH activates the STE20-type stress kinase SPAK 
via TLR4 [140], which binds to and phosphorylates the 
NKCC1 cotransport protein at the apical membrane 
[124]. Genetic deletion of TLR4 or SPAK was found to 
normalize CSF secretion, suggesting that inhibition of 
the TLR4-NFκB signaling pathway or the formation of 
the SPAK-NKCC1 complex could have a therapeutic 
effect on hydrocephalus. Bumetanide can also inhibit 
NKCC1 [24].

Na+–K+-ATPase is an important transporter protein 
responsible for the transport of Na+ and K+ and plays a 
very important role in the secretion of CSF. It has been 
found that ANP [141] binds to the CPE, producing 
cAMP, inhibiting the sodium pump and reducing sodium 
uptake, leading to altered ion transport and slowed 
CSF production. It also induces dark cell production, 
cell shrinkage, cytoplasmic condensation, and normal 
organelle appearance, possibly in an out-of-work state, 
associated with a decrease in CSF. Curcumin [142], the 
main component of turmeric rhizome, inhibits Na+–K+-
ATPase and helps regulate CSF production. The use of 
ouabain inhibits Na+–K+-ATPase, leading to a decrease 
in CSF production [24].

The blood–brain barrier is the key issue, which lim-
its the entry of therapeutic compounds or systemically 
transplanted cells into the brain. The intended appli-
cation of cell therapy is to regenerate the disrupted VE 
and drug delivery to improve brain microcirculation and 
neurological function. CPE cell transplantation [143] for 
hydrocephalus is theoretically feasible, but still in the 
theoretical stage, still under investigation, more experi-
mental results are needed to further determine the feasi-
bility, and it is currently a hypothetical scenario.

The methods mentioned above, both those already 
applied and those still under investigation, are based on 
the theory of CSF circulation flow associated with the 
CPE. The newly proposed theory of CSF osmolarity, on 
the other hand, offers the possibility of new treatment 
options. Removal of substances accumulated in the ven-
tricles, such as hemoglobin and its degradation prod-
ucts, platelets, and leukocytes, reduces osmotic pressure, 
attenuates damage to CPE cells, and decreases CSF secre-
tion. Upregulation of efflux molecular transport proteins 
also removes substances accumulated within the ventri-
cles and relieves hydrocephalus.

It is worth noting that these two theories are not com-
pletely separated, but are mutually corroborative. A cer-
tain causative factor or a certain treatment, interpreted 
from different perspectives, may belong to different 
theories, but in the final analysis, the two are essentially 
related. We need to continue our research to deepen our 
understanding of both theories in order to identify the 
correct and comprehensive theories to explain hydro-
cephalus and to provide new and reliable ideas for its 
treatment (Fig. 4).

Conclusions and outlook
As a disease with diverse etiologies, complex condi-
tions, and imperfect underlying theories, hydrocephalus 
requires more attention from researchers. The widely 
accepted theories are the CSF circulation flow theory 
and the osmolarity theory. These theories demonstrate 
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the causative factors from different perspectives and are 
somewhat different, but not completely disconnected. 
The same pathogenic factors can be divided into different 
theories, which to some extent indicates that these theo-
ries interpenetrate and interdepend on each other, only 
that deeper research is needed to integrate them.

At present, the clinical treatment of hydrocephalus 
mainly uses some dehydrating drugs to reduce edema, 
and surgery is roughly divided into shunt surgery and 
ventriculostomy (such as endoscopic third ventriculo-
stomy). Although they have been used clinically with 
some success, they are not considered to be specific and 
there should be a more focused approach to solve hydro-
cephalus efficiently.

This article provides a comprehensive overview of the 
role of the CP in hydrocephalus formation, and although 
some of the mechanisms remain unclear, it has provided 
new targets, with multiple transport proteins located in 

the parietal and luminal membranes of the CPE being 
a hot topic of study. In addition, it would be extremely 
valuable to clarify the unknown molecular mechanisms, 
both to deepen the understanding of the mechanisms of 
hydrocephalus formation and to provide new targets for 
possible therapeutic modalities.

In conclusion, the study of the CP, at any level, has its 
unique significance. Although studies have denied that 
the CP acts as a power pump in the circulatory flow of 
CSF, it is undeniable that the CP has a crucial role in the 
secretion of CSF. In pathological states, excessive secre-
tion of CSF by the CPE, or other dysfunctions men-
tioned above, leads to abnormal accumulation of CSF in 
the ventricles or subarachnoid space, and eventually to 
hydrocephalus. We describe the functional role of the 
CPE with the aim of suggesting its role in the formation 
of hydrocephalus and ultimately providing research-
ers with ideas to target the CPE as a therapeutic tool 

Fig. 4  Therapy of hydrocephalus. At present, there are many methods that have been clinically applied or may be used as a target for the treatment 
of hydrocephalus. Choroid plexus cauterization is one of the important representatives of surgical methods. Cell transplantation of CPE is a research 
hotspot in the future. Upregulation of transporters is an effective way, both in transport capacity and protein quantity. In addition, using special 
drug blocking or gene knockout to inhibit inflammatory response pathway and some important transporters, such as AQP1 and Na+-K+-ATPase, is 
also a hot research direction
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for hydrocephalus, in order to discover more effective 
means to alleviate or even cure hydrocephalus.

Abbreviations
iNPH: Idiopathic normal pressure hydrocephalus; CSF: Cerebrospinal fluid; 
CPE: Choroid plexus epithelial; BIF: Brain interstitial fluid; CP: Choroid plexus; 
BCSFB: Blood–cerebrospinal fluid barrier; NKCC1: Na–K–2Cl co-transporter 1; 
NHE1: The Na/H exchanger 1; AE2: Anion exchanger2; AQP: Aquaporin; IVH: 
Intraventricular hemorrhage; PHVD: Post-hemorrhagic ventricular dilatation; 
SAH: Subarachnoid hemorrhage; ENaC: Epithelial Na + channel; KCC: K + –Cl− 
cotransporters; PMCA: Ca2 + -ATPase); NCX: Na + /Ca2 + exchanger; TRPV4: 
Transient receptor potential vanilloid 4; PMAT: Plasma membrane monoamine 
transporter protein; AVP: Arginine pressor; NCBE: Na + -dependent Cl−/
HCO3− exchanger; SPARC​: Secreted protein acidic and rich in cysteine; PIT2: 
Pi transporter2; URAT1: Uric acid transporter protein; BCRP: Breast cancer 
resistance protein; RAGE: Receptor for advanced glycosylation end-products 
protein; IDE: Insulin-degrading enzymes; AVP: Arginine vasopressin; ANP: Atrial 
natriuretic peptide; ERKs: Extracellular signal-regulated kinases; TBI: Traumatic 
brain injury.

Acknowledgements
I would like to express my gratitude to all those who helped us during the 
writing of this manuscript and thanks to all the peer reviewers for their opin-
ions and suggestions.

Authors’ contributions
YJY and JH collected the related paper. YJY, JH, YCW, CWT, CSW and LT drafted 
and revised the manuscript. JBL and GLX participated in the design of the 
review and helped to draft and revise the manuscript. All authors read and 
approved the final manuscript.

Funding
This work was supported by National Natural Science Foundation of China 
(No. 82171347), Hunan Provincial Natural Science Foundation of China (No. 
2022JJ30971), the Scientific Research Project of Hunan Provincial Health Com-
mission of China (No. 202204040024) and the Students Innovations in Central 
South University of China (No. 20210033020055, No. 20210033020036, No. 
20210033020044).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Written informed consent for publication was obtained from all participants.

Competing interests
The authors declare that they have no conflicts of interest.

Author details
1 Department of Neurosurgery, Xiangya Hospital, Central South University, 
No. 87, Xiangya Road, Changsha, Hunan 410008, People’s Republic of China. 
2 Diagnosis and Treatment Center for Hydrocephalus, Xiangya Hospital, Central 
South University, No. 87, Xiangya Road, Changsha, Hunan 410008, People’s 
Republic of China. 3 National Clinical Research Center for Geriatric Disorders, 
Xiangya Hospital, Central South University, No. 87, Xiangya Road, Changsha, 
Hunan 410008, People’s Republic of China. 4 Department of Pediatrics, Xiangya 
Hospital, Central South University, Changsha, Hunan 410008, People’s Republic 
of China. 

Received: 27 November 2021   Accepted: 1 June 2022

References
	 1.	 Wan Y, et al. Effects of aging on hydrocephalus after intraventricular 

hemorrhage. Fluids Barriers CNS. 2020;17(1):8.
	 2.	 Bothwell SW, Janigro D, Patabendige A. Cerebrospinal fluid dynamics 

and intracranial pressure elevation in neurological diseases. Fluids Barri-
ers CNS. 2019;16(1):9.

	 3.	 Liu H, et al. Brain ceruloplasmin expression after experimental intrac-
erebral hemorrhage and protection against iron-induced brain injury. 
Transl Stroke Res. 2019;10(1):112–9.

	 4.	 Deczkowska A, Baruch K, Schwartz M. Type I/II interferon balance in 
the regulation of brain physiology and pathology. Trends Immunol. 
2016;37(3):181–92.

	 5.	 Prineas JW, Parratt JD, Kirwan PD. Fibrosis of the choroid plexus filtration 
membrane. J Neuropathol Exp Neurol. 2016;75(9):855–67.

	 6.	 Brkic M, et al. Amyloid β oligomers disrupt blood-csf barrier integrity by 
activating matrix metalloproteinases. J Neurosci. 2015;35(37):12766–78.

	 7.	 Dunfee R, et al. Mechanisms of HIV-1 neurotropism. Curr HIV Res. 
2006;4(3):267–78.

	 8.	 Rickert CH, Paulus W. Tumors of the choroid plexus. Microsc Res Tech. 
2001;52(1):104–11.

	 9.	 Fujimura M, et al. Hydrocephalus due to cerebrospinal fluid over-
production by bilateral choroid plexus papillomas. Childs Nerv Syst. 
2004;20(7):485–8.

	 10.	 Peng K, et al. Impact of sex differences on thrombin-induced hydro-
cephalus and white matter injury: the role of neutrophils. Fluids Barriers 
CNS. 2021;18(1):38.

	 11.	 Lechan, R.M. and R. Toni, Functional Anatomy of the Hypothalamus and 
Pituitary, in Endotext, K.R. Feingold, et al., Editors. 2000, MDText.com, 
Inc. Copyright © 2000-2022, MDText.com, Inc.: South Dartmouth (MA)

	 12.	 Tan C, et al. The pathogenesis based on the glymphatic system, diag-
nosis, and treatment of idiopathic normal pressure hydrocephalus. Clin 
Interv Aging. 2021;16:139–53.

	 13.	 Orešković D, Klarica M. Development of hydrocephalus and classical 
hypothesis of cerebrospinal fluid hydrodynamics: facts and illusions. 
Prog Neurobiol. 2011;94(3):238–58.

	 14.	 Xu H. New concept of the pathogenesis and therapeutic orien-
tation of acquired communicating hydrocephalus. Neurol Sci. 
2016;37(9):1387–91.

	 15.	 Bothwell SW, et al. Altered cerebrospinal fluid clearance and increased 
intracranial pressure in rats 18 h after experimental cortical ischaemia. 
Front Mol Neurosci. 2021;14: 712779.

	 16.	 Sun BL, et al. Lymphatic drainage system of the brain: a novel 
target for intervention of neurological diseases. Prog Neurobiol. 
2018;163–164:118–43.

	 17.	 Krishnamurthy S, et al. Increased CSF osmolarity reversibly induces 
hydrocephalus in the normal rat brain. Fluids Barriers CNS. 2012;9(1):13.

	 18.	 Krishnamurthy S, et al. Intraventricular infusion of hyperosmolar dex-
tran induces hydrocephalus: a novel animal model of hydrocephalus. 
Cerebrospinal Fluid Res. 2009;6:16.

	 19.	 Damkier HH, Brown PD, Praetorius J. Cerebrospinal fluid secretion by 
the choroid plexus. Physiol Rev. 2013;93(4):1847–92.

	 20.	 Redzic ZB, Segal MB. The structure of the choroid plexus and the 
physiology of the choroid plexus epithelium. Adv Drug Deliv Rev. 
2004;56(12):1695–716.

	 21.	 Smith DE, Johanson CE, Keep RF. Peptide and peptide analog 
transport systems at the blood-CSF barrier. Adv Drug Deliv Rev. 
2004;56(12):1765–91.

	 22.	 de Rougemont J, Ames III A, Nesbett FB, Hofmann HF. Fluid formed by 
choroid plexus; a technique for its collection and a comparison of its 
electrolyte composition with serum and cisternal fluids. J Neurophysiol. 
1960;23:485–495.

	 23.	 Brinker T, et al. A new look at cerebrospinal fluid circulation. Fluids Barri-
ers CNS. 2014;11:10.

	 24.	 Karimy JK, et al. Cerebrospinal fluid hypersecretion in pediatric hydro-
cephalus. Neurosurg Focus. 2016;41(5):E10.

	 25.	 Berliner JA, et al. Effect of extradural constriction on CSF flow in rat 
spinal cord. Fluids Barriers CNS. 2019;16(1):7.

	 26.	 MacAulay N, Keep RF, Zeuthen T. Cerebrospinal fluid production by the 
choroid plexus: a century of barrier research revisited. Fluids Barriers 
CNS. 2022;19(1):26.



Page 14 of 16Yang et al. Journal of Neuroinflammation          (2022) 19:156 

	 27.	 Yamada S, Ishikawa M, Nozaki K. Exploring mechanisms of ventricular 
enlargement in idiopathic normal pressure hydrocephalus: a role 
of cerebrospinal fluid dynamics and motile cilia. Fluids Barriers CNS. 
2021;18(1):20.

	 28.	 Vinje V, et al. Intracranial pressure elevation alters CSF clearance path-
ways. Fluids Barriers CNS. 2020;17(1):29.

	 29.	 O’Rahilly R, Müller F. Neurulation in the normal human embryo. Ciba 
Found Symp. 1994;181:70–82; discussion 82-79.

	 30.	 Ek CJ, Dziegielewska KM, Saunders NR. Development of the blood-
cerebrospinal fluid barrier. In: Zheng EW, Chodobski A, editors. The 
blood-cerebrospinal fluid barrier. Boca Raton: CRC Press; 2005.

	 31.	 Dziegielewska KM, et al. Development of the choroid plexus. Microsc 
Res Tech. 2001;52(1):5–20.

	 32.	 Parichha A, et al. Constitutive activation of canonical Wnt signaling 
disrupts choroid plexus epithelial fate. Nat Commun. 2022;13(1):633.

	 33.	 Johansson PA, et al. Aquaporin-1 in the choroid plexuses of developing 
mammalian brain. Cell Tissue Res. 2005;322(3):353–64.

	 34.	 Zhan C, et al. Decreased MiR-30a promotes TGF-β1-mediated arach-
noid fibrosis in post-hemorrhagic hydrocephalus. Transl Neurosci. 
2020;11(1):60–74.

	 35.	 Wang Y, et al. Hydrocephalus after aneurysmal subarachnoid hemor-
rhage: epidemiology, pathogenesis, diagnosis, and management. Signa 
Vitae. 2021. https://​doi.​org/​10.​22514/​sv.​2021.​021.

	 36.	 Maxwell DS, Pease DC. The electron microscopy of the choroid plexus. J 
Biophys Biochem Cytol. 1956;2(4):467–74.

	 37.	 Banizs B, et al. Dysfunctional cilia lead to altered ependyma and choroid 
plexus function, and result in the formation of hydrocephalus. Develop-
ment. 2005;132(23):5329–39.

	 38.	 Kratzer I, et al. Complexity and developmental changes in the expres-
sion pattern of claudins at the blood-CSF barrier. Histochem Cell Biol. 
2012;138(6):861–79.

	 39.	 Will C, Fromm M, Müller D. Claudin tight junction proteins: novel 
aspects in paracellular transport. Perit Dial Int. 2008;28(6):577–84.

	 40.	 Carmosino M, et al. Polarized traffic towards the cell surface: how to 
find the route. Biol Cell. 2009;102(2):75–91.

	 41.	 Bothwell SW, et al. CSF secretion is not altered by NKCC1 nor TRPV4 
antagonism in healthy rats. Brain Sci. 2021. https://​doi.​org/​10.​3390/​
brain​sci11​091117.

	 42.	 Praetorius J. Water and solute secretion by the choroid plexus. Pflugers 
Arch. 2007;454(1):1–18.

	 43.	 Mellman I, Nelson WJ. Coordinated protein sorting, targeting and 
distribution in polarized cells. Nat Rev Mol Cell Biol. 2008;9(11):833–45.

	 44.	 Curran PF, Macintosh JR. A model system for biological water transport. 
Nature. 1962;193:347–8.

	 45.	 Spring KR. Routes and mechanism of fluid transport by epithelia. Annu 
Rev Physiol. 1998;60:105–19.

	 46.	 MacAulay N, Zeuthen T. Water transport between CNS compart-
ments: contributions of aquaporins and cotransporters. Neuroscience. 
2010;168(4):941–56.

	 47.	 Zeuthen T. Water-transporting proteins. J Membr Biol. 
2010;234(2):57–73.

	 48.	 Fischbarg J. Fluid transport across leaky epithelia: central role of 
the tight junction and supporting role of aquaporins. Physiol Rev. 
2010;90(4):1271–90.

	 49.	 Ishikura T, et al. Anti-AQP4 autoantibodies promote ATP release from 
astrocytes and induce mechanical pain in rats. J Neuroinflamm. 
2021;18(1):181.

	 50.	 Badaut J, et al. Aquaporins in brain: distribution, physiology, and patho-
physiology. J Cereb Blood Flow Metab. 2002;22(4):367–78.

	 51.	 Boassa D, Yool AJ. Physiological roles of aquaporins in the choroid 
plexus. Curr Top Dev Biol. 2005;67:181–206.

	 52.	 Sveinsdottir S, et al. Altered expression of aquaporin 1 and 5 in the 
choroid plexus following preterm intraventricular hemorrhage. Dev 
Neurosci. 2014;36(6):542–51.

	 53.	 Castañeyra-Ruiz L, et al. AQP1 overexpression in the CSF of obstruc-
tive hydrocephalus and inversion of its polarity in the choroid plexus 
of a Chiari malformation type II case. J Neuropathol Exp Neurol. 
2019;78(7):641–7.

	 54.	 Kalani MY, Filippidis AS, Rekate HL. Hydrocephalus and aquaporins: 
the role of aquaporin-1. Acta Neurochir Suppl. 2012;113:51–4.

	 55.	 Long CY, et al. The dynamic expression of aquaporins 1 and 4 in rats 
with hydrocephalus induced by subarachnoid haemorrhage. Folia 
Neuropathol. 2019;57(2):182–95.

	 56.	 de Laurentis C, et al. Role of aquaporins in hydrocephalus: what do 
we know and where do we stand? A systematic review. J Neurol. 
2021;268(11):4078–94.

	 57.	 Ames A 3rd, Higashi K, Nesbett FB. Effects of Pco2 acetazolamide 
and ouabain on volume and composition of choroid-plexus fluid. J 
Physiol. 1965;181(3):516–24.

	 58.	 Amin MS, et al. Sodium transport in the choroid plexus and salt-
sensitive hypertension. Hypertension. 2009;54(4):860–7.

	 59.	 Keep RF, Xiang J, Betz AL. Potassium cotransport at the rat choroid 
plexus. Am J Physiol. 1994;267(6 Pt 1):C1616-1622.

	 60.	 Sassani P, et al. Functional characterization of NBC4: a new electro-
genic sodium-bicarbonate cotransporter. Am J Physiol Cell Physiol. 
2002;282(2):C408-416.

	 61.	 Virkki LV, et al. Functional characterization of human NBC4 as an elec-
trogenic Na+-HCO cotransporter (NBCe2). Am J Physiol Cell Physiol. 
2002;282(6):C1278-1289.

	 62.	 Kao L, et al. Severe neurologic impairment in mice with targeted 
disruption of the electrogenic sodium bicarbonate cotransporter 
NBCe2 (Slc4a5 gene). J Biol Chem. 2011;286(37):32563–74.

	 63.	 Christensen O, Zeuthen T. Maxi K+ channels in leaky epithelia 
are regulated by intracellular Ca2+, pH and membrane potential. 
Pflugers Arch. 1987;408(3):249–59.

	 64.	 Brown PD, Loo DD, Wright EM. Ca2+-activated K+ channels in 
the apical membrane of Necturus choroid plexus. J Membr Biol. 
1988;105(3):207–19.

	 65.	 Brown PD, et al. Molecular mechanisms of cerebrospinal fluid pro-
duction. Neuroscience. 2004;129(4):957–70.

	 66.	 Roepke TK, et al. KCNE2 forms potassium channels with 
KCNA3 and KCNQ1 in the choroid plexus epithelium. FASEB J. 
2011;25(12):4264–73.

	 67.	 Pearson MM, et al. Localization of the K(+)-Cl(–) cotransporter, KCC3, 
in the central and peripheral nervous systems: expression in the 
choroid plexus, large neurons and white matter tracts. Neuroscience. 
2001;103(2):481–91.

	 68.	 Karadsheh MF, et al. Localization of the KCC4 potassium-
chloride cotransporter in the nervous system. Neuroscience. 
2004;123(2):381–91.

	 69.	 Wolburg H, et al. Claudin-1, claudin-2 and claudin-11 are present in 
tight junctions of choroid plexus epithelium of the mouse. Neurosci 
Lett. 2001;307(2):77–80.

	 70.	 Marques F, et al. Transcriptome signature of the adult mouse choroid 
plexus. Fluids Barriers CNS. 2011;8(1):10.

	 71.	 Hoenderop JG, Nilius B, Bindels RJ. Calcium absorption across epithe-
lia. Physiol Rev. 2005;85(1):373–422.

	 72.	 Shipley FB, et al. Tracking calcium dynamics and immune surveillance 
at the choroid plexus blood-cerebrospinal fluid interface. Neuron. 
2020;108(4):623-639.e610.

	 73.	 Preston D, et al. Activation of TRPV4 stimulates transepithelial ion 
flux in a porcine choroid plexus cell line. Am J Physiol Cell Physiol. 
2018;315(3):C357-c366.

	 74.	 Duan H, Wang J. Impaired monoamine and organic cation uptake 
in choroid plexus in mice with targeted disruption of the plasma 
membrane monoamine transporter (Slc29a4) gene. J Biol Chem. 
2013;288(5):3535–44.

	 75.	 Kajita H, Whitwell C, Brown PD. Properties of the inward-rectifying Cl- 
channel in rat choroid plexus: regulation by intracellular messengers 
and inhibition by divalent cations. Pflugers Arch. 2000;440(6):933–40.

	 76.	 Johanson CE, et al. AVP V1 receptor-mediated decrease in Cl- efflux 
and increase in dark cell number in choroid plexus epithelium. Am J 
Physiol. 1999;276(1):C82-90.

	 77.	 Damkier HH, Praetorius J. Genetic ablation of Slc4a10 alters the 
expression pattern of transporters involved in solute move-
ment in the mouse choroid plexus. Am J Physiol Cell Physiol. 
2012;302(10):C1452-1459.

	 78.	 Christensen IB, et al. Genetic disruption of slc4a10 alters the capacity for 
cellular metabolism and vectorial ion transport in the choroid plexus 
epithelium. Fluids Barriers CNS. 2020;17(1):2.

https://doi.org/10.22514/sv.2021.021
https://doi.org/10.3390/brainsci11091117
https://doi.org/10.3390/brainsci11091117


Page 15 of 16Yang et al. Journal of Neuroinflammation          (2022) 19:156 	

	 79.	 Liddelow SA, et al. Cellular specificity of the blood-CSF barrier for albu-
min transfer across the choroid plexus epithelium. PLoS ONE. 2014;9(9): 
e106592.

	 80.	 Dolgodilina E, et al. Choroid plexus LAT2 and SNAT3 as partners 
in CSF amino acid homeostasis maintenance. Fluids Barriers CNS. 
2020;17(1):17.

	 81.	 Praetorius J, Damkier HH. Transport across the choroid plexus epithe-
lium. Am J Physiol Cell Physiol. 2017;312(6):C673-c686.

	 82.	 Berndt T, et al. Evidence for a signaling axis by which intestinal phos-
phate rapidly modulates renal phosphate reabsorption. Proc Natl Acad 
Sci U S A. 2007;104(26):11085–90.

	 83.	 Chiba Y, et al. Glucose, fructose, and urate transporters in the choroid 
plexus epithelium. Int J Mol Sci. 2020. https://​doi.​org/​10.​3390/​ijms2​
11972​30.

	 84.	 Liu CB, et al. Amyloid-beta transporter expression at the choroid plexus 
in normal aging: the possibility of reduced resistance to oxidative stress 
insults. Sheng Li Xue Bao. 2014;66(2):158–68.

	 85.	 Hoffman WH, et al. Receptor for advanced glycation end products and 
neuronal deficit in the fatal brain edema of diabetic ketoacidosis. Brain 
Res. 2008;1238:154–62.

	 86.	 Behl M, et al. Increased beta-amyloid levels in the choroid plexus fol-
lowing lead exposure and the involvement of low-density lipoprotein 
receptor protein-1. Toxicol Appl Pharmacol. 2009;240(2):245–54.

	 87.	 Maślińska D, et al. Immunodistribution of amyloid beta protein (Aβ) 
and advanced glycation end-product receptors (RAGE) in choroid 
plexus and ependyma of resuscitated patients. Folia Neuropathol. 
2011;49(4):295–300.

	 88.	 Matsumoto K, et al. Immunohistochemical analysis of transport-
ers related to clearance of amyloid-β peptides through blood-
cerebrospinal fluid barrier in human brain. Histochem Cell Biol. 
2015;144(6):597–611.

	 89.	 Costa AR, et al. Sex hormones protect against amyloid-β induced oxida-
tive stress in the choroid plexus cell line Z310. J Neuroendocrinol. 2016. 
https://​doi.​org/​10.​1111/​jne.​12404.

	 90.	 Meeker RB, et al. Cell trafficking through the choroid plexus. Cell Adhes 
Migr. 2012;6(5):390–6.

	 91.	 Kleine TO, Benes L. Immune surveillance of the human central nervous 
system (CNS): different migration pathways of immune cells through 
the blood-brain barrier and blood-cerebrospinal fluid barrier in healthy 
persons. Cytometry A. 2006;69(3):147–51.

	 92.	 Silverberg GD, et al. The cerebrospinal fluid production rate is reduced 
in dementia of the Alzheimer’s type. Neurology. 2001;57(10):1763–6.

	 93.	 Provencio JJ, et al. Comparison of ventricular and lumbar cerebrospinal 
fluid T cells in non-inflammatory neurological disorder (NIND) patients. 
J Neuroimmunol. 2005;163(1–2):179–84.

	 94.	 Szmydynger-Chodobska J, et al. The role of the choroid plexus in neu-
trophil invasion after traumatic brain injury. J Cereb Blood Flow Metab. 
2009;29(9):1503–16.

	 95.	 Strazielle N, et al. T-lymphocytes traffic into the brain across the blood-
CSF Barrier: evidence using a reconstituted choroid plexus epithelium. 
PLoS ONE. 2016;11(3): e0150945.

	 96.	 Takano M, et al. Lipid A-activated inducible nitric oxide synthase expres-
sion via nuclear factor-κB in mouse choroid plexus cells. Immunol Lett. 
2015;167(2):57–62.

	 97.	 Strominger I, et al. The choroid plexus functions as a niche for T-cell 
stimulation within the central nervous system. Front Immunol. 
2018;9:1066.

	 98.	 Baruch K, et al. CNS-specific immunity at the choroid plexus shifts 
toward destructive Th2 inflammation in brain aging. Proc Natl Acad Sci 
U S A. 2013;110(6):2264–9.

	 99.	 Baruch K, Schwartz M. CNS-specific T cells shape brain function via the 
choroid plexus. Brain Behav Immun. 2013;34:11–6.

	100.	 Schuchmann S, et al. Experimental febrile seizures are precipi-
tated by a hyperthermia-induced respiratory alkalosis. Nat Med. 
2006;12(7):817–23.

	101.	 Damkier HH, et al. The murine choroid plexus epithelium expresses 
the 2Cl(-)/H(+) exchanger ClC-7 and Na(+)/H(+) exchanger 
NHE6 in the luminal membrane domain. Am J Physiol Cell Physiol. 
2018;314(4):C439-c448.

	102.	 Praetorius J, Nejsum LN, Nielsen S. A SCL4A10 gene product maps 
selectively to the basolateral plasma membrane of choroid plexus 
epithelial cells. Am J Physiol Cell Physiol. 2004;286(3):C601-610.

	103.	 Lindsey AE, et al. Functional expression and subcellular localization of 
an anion exchanger cloned from choroid plexus. Proc Natl Acad Sci U 
S A. 1990;87(14):5278–82.

	104.	 Christensen HL, et al. The choroid plexus sodium-bicarbonate 
cotransporter NBCe2 regulates mouse cerebrospinal fluid pH. J 
Physiol. 2018;596(19):4709–28.

	105.	 Christensen HL, et al. The V-ATPase is expressed in the choroid plexus 
and mediates cAMP-induced intracellular pH alterations. Physiol Rep. 
2017. https://​doi.​org/​10.​14814/​phy2.​13072.

	106.	 Johanson C, et al. Traumatic brain injury and recovery mecha-
nisms: peptide modulation of periventricular neurogenic regions 
by the choroid plexus-CSF nexus. J Neural Transm (Vienna). 
2011;118(1):115–33.

	107.	 Wolburg H, Paulus W. Choroid plexus: biology and pathology. Acta 
Neuropathol. 2010;119(1):75–88.

	108.	 Liddelow SA. Development of the choroid plexus and blood-CSF 
barrier. Front Neurosci. 2015;9:32.

	109.	 Ransohoff RM, Engelhardt B. The anatomical and cellular basis of 
immune surveillance in the central nervous system. Nat Rev Immu-
nol. 2012;12(9):623–35.

	110.	 Dando SJ, et al. Pathogens penetrating the central nervous system: 
infection pathways and the cellular and molecular mechanisms of 
invasion. Clin Microbiol Rev. 2014;27(4):691–726.

	111.	 Schwerk C, et al. The choroid plexus—a multi-role player during 
infectious diseases of the CNS. Front Cell Neurosci. 2015;9:80.

	112.	 Strazielle N, Ghersi-Egea JF. Choroid plexus in the central nervous 
system: biology and physiopathology. J Neuropathol Exp Neurol. 
2000;59(7):561–74.

	113.	 Lauer AN, et al. The diverse cellular responses of the choroid plexus 
during infection of the central nervous system. Am J Physiol Cell 
Physiol. 2018;314(2):C152-c165.

	114.	 Shechter R, London A, Schwartz M. Orchestrated leukocyte recruit-
ment to immune-privileged sites: absolute barriers versus educa-
tional gates. Nat Rev Immunol. 2013;13(3):206–18.

	115.	 Rivest S. Regulation of innate immune responses in the brain. Nat 
Rev Immunol. 2009;9(6):429–39.

	116.	 Oeckinghaus A, Ghosh S. The NF-kappaB family of transcription 
factors and its regulation. Cold Spring Harb Perspect Biol. 2009;1(4): 
a000034.

	117.	 Spuch C, Carro E. The p75 neurotrophin receptor localization in blood-
CSF barrier: expression in choroid plexus epithelium. BMC Neurosci. 
2011;12:39.

	118.	 Johanson CE, et al. Enhanced prospects for drug delivery and brain tar-
geting by the choroid plexus-CSF route. Pharm Res. 2005;22(7):1011–37.

	119.	 Mazzini L, et al. Stem cell therapy in amyotrophic lateral sclerosis: a 
methodological approach in humans. Amyotroph Lateral Scler Other 
Motor Neuron Disord. 2003;4(3):158–61.

	120.	 Ohta M, et al. Bone marrow stromal cells infused into the cerebrospinal 
fluid promote functional recovery of the injured rat spinal cord with 
reduced cavity formation. Exp Neurol. 2004;187(2):266–78.

	121.	 Emerich DF, et al. The choroid plexus: function, pathology and 
therapeutic potential of its transplantation. Expert Opin Biol Ther. 
2004;4(8):1191–201.

	122.	 Nilsson C, Lindvall-Axelsson M, Owman C. Neuroendocrine regulatory 
mechanisms in the choroid plexus-cerebrospinal fluid system. Brain Res 
Brain Res Rev. 1992;17(2):109–38.

	123.	 Gram M, et al. Extracellular hemoglobin—mediator of inflammation 
and cell death in the choroid plexus following preterm intraventricular 
hemorrhage. J Neuroinflammation. 2014;11:200.

	124.	 Karimy JK, et al. Inflammation-dependent cerebrospinal fluid hyperse-
cretion by the choroid plexus epithelium in posthemorrhagic hydro-
cephalus. Nat Med. 2017;23(8):997–1003.

	125.	 Szmydynger-Chodobska J, et al. Synergistic interactions between 
cytokines and AVP at the blood-CSF barrier result in increased 
chemokine production and augmented influx of leukocytes after brain 
injury. PLoS ONE. 2013;8(11): e79328.

https://doi.org/10.3390/ijms21197230
https://doi.org/10.3390/ijms21197230
https://doi.org/10.1111/jne.12404
https://doi.org/10.14814/phy2.13072


Page 16 of 16Yang et al. Journal of Neuroinflammation          (2022) 19:156 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

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

•
  

gold Open Access which fosters wider collaboration and increased citations 

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

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

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

	126.	 Simpson S, et al. Cytokine and inflammatory mediator effects on TRPV4 
function in choroid plexus epithelial cells. Am J Physiol Cell Physiol. 
2019;317(5):C881-c893.

	127.	 Moore SA, Oglesbee MJ. Involvement of the choroid plexus in 
the inflammatory response after acute spinal cord injury in dogs: 
an immunohistochemical study. Vet Immunol Immunopathol. 
2012;148(3–4):348–52.

	128.	 Szmydynger-Chodobska J, et al. Posttraumatic invasion of monocytes 
across the blood-cerebrospinal fluid barrier. J Cereb Blood Flow Metab. 
2012;32(1):93–104.

	129.	 Cardia E, et al. Morphological modifications of the choroid plexus in a 
rodent model of acute ventriculitis induced by gram-negative liquoral 
sepsis. Possible implications in the pathophysiology of hypersecretory 
hydrocephalus. Childs Nerv Syst. 1995;11(9):511–6.

	130.	 Alimajstorovic Z, et al. Cerebrospinal fluid dynamics modulation by diet 
and cytokines in rats. Fluids Barriers CNS. 2020;17(1):10.

	131.	 Swetloff A, Ferretti P. Changes in E2F5 intracellular localization in mouse 
and human choroid plexus epithelium with development. Int J Dev 
Biol. 2005;49(7):859–65.

	132.	 Narita K, et al. Multiple primary cilia modulate the fluid transcytosis in 
choroid plexus epithelium. Traffic. 2010;11(2):287–301.

	133.	 Tirapelli DP, et al. Ultrastructural study of the lateral ventricle choroid 
plexus in experimental hydrocephalus in Wistar rats. Arq Neuropsiqui-
atr. 2007;65(4a):974–7.

	134.	 Knuckey NW, et al. Hydrocephalus decreases chloride efflux from the 
choroid plexus epithelium. Brain Res. 1993;618(2):313–7.

	135.	 Hao XD, et al. Thrombin disrupts vascular endothelial-cadherin and 
leads to hydrocephalus via protease-activated receptors-1 pathway. 
CNS Neurosci Ther. 2019;25(10):1142–50.

	136.	 Kumar V, et al. The regulatory roles of motile cilia in CSF circulation and 
hydrocephalus. Fluids Barriers CNS. 2021;18(1):31.

	137.	 Wang C, et al. Novel therapeutics for hydrocephalus: Insights from 
animal models. CNS Neurosci Ther. 2021;27(9):1012–22.

	138.	 Timothy J, et al. Destruction of choroid plexus cells in vitro: a 
new concept for the treatment of hydrocephalus? Neurosurgery. 
2004;54(3):727–32; discussion 732-723.

	139.	 Wang D, et al. Altered cellular localization of aquaporin-1 in experi-
mental hydrocephalus in mice and reduced ventriculomegaly in 
aquaporin-1 deficiency. Mol Cell Neurosci. 2011;46(1):318–24.

	140.	 Fernández-Arjona MDM, et al. Microglial activation by microbial 
neuraminidase through TLR2 and TLR4 receptors. J Neuroinflammation. 
2019;16(1):245.

	141.	 Johanson CE, et al. Atrial natriuretic peptide: its putative role in modu-
lating the choroid plexus-CSF system for intracranial pressure regula-
tion. Acta Neurochir Suppl. 2006;96:451–6.

	142.	 Nabiuni M, et al. Curcumin downregulates aquaporin-1 expression in 
cultured rat choroid plexus cells. J Med Food. 2013;16(6):504–10.

	143.	 Guerra M, Blázquez JL, Rodríguez EM. Blood-brain barrier and foetal-
onset hydrocephalus, with a view on potential novel treatments 
beyond managing CSF flow. Fluids Barriers CNS. 2017;14(1):19.

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


	Targeting choroid plexus epithelium as a novel therapeutic strategy for hydrocephalus
	Abstract 
	Background
	Normal physiological function of the CPE
	Brief description of the CPE
	Functions of the CPE
	The atypical polarity of the CPE
	CPE transports water and ions and secretes CSF
	Removes metabolite products
	Involved in immune modulation
	Regulation of CSF pH
	Regulates the neuropeptides to help recover from damage
	Helps in the clearance of the infection with responses of the CPE during infection of the CNS
	Regulating the apoptosis pathways and the Aβ-induced damage.
	Transport of drugs in the brain

	Abnormalities of the CPE
	Cilia alteration due to gene deletion or hydraldehyde treatment
	Promotes inflammatory response after injury

	Hydrocephalus caused by the abnormalities of the CPE
	Based on the circulation theory
	Based on the osmotic pressure theory

	Possible treatment options based on CPE

	Conclusions and outlook
	Acknowledgements
	References


