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Abstract

:

Hydrocephalus is caused by an overproduction of cerebrospinal fluid (CSF), an obstruction of fluid movement, or improper reabsorption. CSF accumulation in the brain’s ventricles causes ventriculomegaly, increased intracranial pressure, inflammation, and neural cell injury. Hydrocephalus can arise from brain trauma, hemorrhage, infection, tumors, or genetic mutations. Currently, there is no cure for hydrocephalus. Treatments like shunting and endoscopic third ventriculostomies are used, but, unfortunately, these therapeutic approaches require brain surgery and have high failure rates. The choroid plexus epithelium (CPe) is thought to be the major producer of CSF in the brain. It is a polarized epithelium that regulates ion and water movement from a fenestrated capillary exudate to the ventricles. Despite decades of research, control of electrolyte movement in the CPe is still not fully understood. This review discusses important transporters on the CPe, how some of these are regulated, and which of them could be potential targets for hydrocephalus treatment. To advance the development of hydrocephalus treatments, physiologically relevant preclinical models are crucial. This review covers some of the current animal and cell culture methods used to study hydrocephalus and highlights the need to develop standardized preclinical models that are used by multiple investigators in order to replicate critical findings and resolve controversies regarding potential drug targets.
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1. Hydrocephalus


Hydrocephalus was first described in the 5th century by Hippocrates, where he was thought to have attempted treatment with ventricular punctures [1,2]. In the Middle Ages, the Arabic surgeon Abulcasis wrote a discourse on medicine that included the treatment of hydrocephalus. Advancements in the understanding of hydrocephalus occurred after Vesalius refined the knowledge of the anatomy and physiology of the brain in the mid-1500s. In the late 1600s, Thomas Willis first hypothesized that the choroid plexus was the source of cerebrospinal fluid (CSF). In the early 1800s, Magendie advanced the understanding of the brain by describing the flow of CSF throughout the organ. Even with these advancements, hydrocephalus therapies remained crude. Some of the treatments included head wrapping, bloodletting, and purgatives. In 1881, Wernicke introduced ventricular puncture with external CSF drainage. Soon after, the first permanent shunt was invented in 1893, which ushered in a revolution for hydrocephalus therapy [2]. The invention of artificial values and silicone in the 1960s opened the door for modern shunt technology that is still used today [2].



Hydrocephalus is a disease characterized by changes in CSF dynamics. It can be caused by excessive production of CSF, an obstruction impacting CSF flow, or decreased reabsorption. Hydrocephalus can occur with or without a change in intracranial pressure. In cases where the pressure is low or normal, it is thought that there is an expansion of the skull and/or compensatory contraction of cortical tissue and encephalomalacia [3,4]. While the roles of the glymphatic system, hydrodynamic changes, and vascular pathology [4,5] are all important considerations, these are not considered in this review. We have focused our attention on emerging therapeutic targets and novel avenues for drug development related to the choroid plexus.



Hydrocephalus can be categorized into two groups: communicating and non-communicating (Figure 1). When the CSF flow is unobstructed yet fails to absorb, or there is an overproduction of CSF, it is categorized as communicating hydrocephalus. Non-communicating hydrocephalus is characterized by a blockage of CSF flow due to various causes [6]. The increased CSF in the brain and changes in intracranial pressure can cause headaches, vision loss, vomiting, and nausea, and, if it is left untreated, it can be fatal [6]. Hydrocephalus is treatable; however, current treatments are suboptimal and a burden to not only people with hydrocephalus but their families and the healthcare system as well. A cross-sectional study looking at healthcare data from 2019 in the United States determined that across all patient demographics, the cost of shunting was around USD 2.06 billion [7]. This does not include any other costs associated with hydrocephalus care [7].



Hydrocephalus is typically an acquired disease. Worldwide, the most common types of hydrocephalus are post-hemorrhagic and post-infectious hydrocephalus [8,9]. Pediatric post-hemorrhagic hydrocephalus occurs most commonly in preterm neonates born before 37 weeks of gestational age, especially in those that weigh less than 1500 g [10]. In adults, this condition is commonly associated with intraventricular hemorrhage. This can be caused by traumatic brain injury, hypertension, stroke, or aneurysm rupture [11]. Post-infectious hydrocephalus (PIH) is more common in developing countries, specifically Africa, Latin America, and Southeast Asia [9]. Tuberculosis and meningitis are common sources of infection in these regions due to increased risk of peripartum infection in neonatal critical care environments with limited resources. However, the sources of PIH are challenging to monitor due to limited access to advanced microbiological diagnostics. PIH is also a growing problem in resource rich medical environments and high-income countries. Indeed, a large spectrum of bacteria can be responsible including Toxoplasma gondii, Escherichia coli, Neisseria meningitidis, Streptococcus pneumoniae, Streptococcus agalactiae, and Listeria monocytogenes [12]. Prenatal or postnatal contraction of these bacteria, as well as other external pathogens, such as viruses (CMV), fungi, and protozoa, leads to infection and sepsis in the central nervous system that induces PIH.



There are also genetic mutations that can lead to either communicating or non-communicating hydrocephalus. In most cases, these genetic mutations cause congenital hydrocephalus. X-linked hydrocephalus makes up 5% of hydrocephalus cases at birth [13]. One form of X-linked hydrocephalus is caused by a mutation in L1, which affects the cell adhesion protein L1 cell adhesion molecule (L1CAM) [13]. Males with L1 syndrome have a phenotypic spectrum from mild to severe, but in all cases they are born with hydrocephalus, malformations in the corpus callosum, and intellectual disabilities [14]. Another genetic disorder, called syndromic craniosynostosis, is associated with hydrocephalus due to mutations in fibroblast growth factor receptor 2 (FGFR2) or fibroblast growth factor receptor 3 (FGFR3), leading to primary cerebral maldevelopment, brain atrophy, and structural obstruction of CSF outflow [13].



Neurofibromatosis 1 and 2 are autosomal dominant diseases that cause tumors in the central and peripheral nervous systems [13]. Tumors can lead to blockages in the ventricles and cause non-communicating hydrocephalus. Tuberous sclerosis is also an autosomal dominant disorder that causes subependymal giant cell astrocytomas that can lead to non-communicating hydrocephalus [13]. Walker–Warburg syndrome is an autosomal recessive disorder that can be associated with hydrocephalus. The disease is most commonly caused by mutations in protein O-mannosyl-transferase 1 (POMT1), but it can also be caused by defects in protein O-mannosyl-transferase 2 (POMT2), protein O-linked mannose N-acetylglucosaminyltransferase 1 (POMGNT1), acetylglucosaminyltransferase-like protein (LARGE), isoprenoid synthase domain containing (ISPD), fukutin (FKTN), or fukutin-related (FKRP) [13]. Mutations in the coiled-coil domain containing 88C (CCDC88C) cause non-syndromic autosomal recessive hydrocephalus due to defective neural tube development [15].



These are the major syndromes that are known to cause hydrocephalus, but there are many more mutations that can cause the disease. One study showed that there are almost 1500 genes that could be associated with hydrocephalus. These authors used a genome-wide association study (GWAS) on CSF and blood samples from patients with hydrocephalus [16]. This study, and studies like it, are laying the groundwork to discover more genetic causes of hydrocephalus.



A meta-analysis of hydrocephalus cases worldwide determined that per 100,000 individuals, there are 88 cases of hydrocephalus in patients under the age of 18 [17]. A child may be diagnosed with the disease for various reasons like preterm birth resulting in intraventricular hemorrhage, infection, some medications taken during pregnancy, genetic syndromes, aqueductal stenosis, or tumors [18,19]. Globally, the most common cause of pediatric hydrocephalus is infection, while in the United States, the most common cause is post-hemorrhagic hydrocephalus of prematurity [19]. It is estimated that 383,000 children will be born with hydrocephalus per year, worldwide [9].



Hydrocephalus is the least common in middle-aged adults. In the above-mentioned meta-analysis of worldwide cases of hydrocephalus, the authors reported that in adults aged from 19 to 64 years, there are 11 cases of hydrocephalus for every 100,000 individuals [17]. The causes of hydrocephalus in adults have some overlap with the causes in children, like infection, trauma, and hemorrhage.



The elderly are the most severely affected group. The worldwide meta-analysis found that in people over the age of 64, there are 175 cases per 100,000 people [17]. The most common type of hydrocephalus diagnosed in the elderly population is idiopathic normal pressure hydrocephalus (iNPH). In fact, one study estimated that 5.9% of individuals 80 years of age or older have iNPH [20]. This disease can be easily overlooked because the symptoms of iNPH are similar to the symptoms of aging in general, including urinary incontinence, gait disturbances, and cognitive dysfunction (which can progress to dementia) [20].




2. Hydrocephalus Treatments


Currently, the insertion of a shunt is the most common treatment for hydrocephalus (Figure 2, Table 1). In the simplest form, shunts consist of a ventricular catheter that is surgically implanted into one of the lateral ventricles of the brain, a valve that regulates the CSF flow out of the brain, and an additional catheter that empties the CSF into a body cavity. CSF is shunted into the peritoneal cavity, the pleura, and the atrium of the heart. Ventriculoperitoneal shunts (VPSs) are by far the most common, and CSF is diverted to the peritoneal space [21].



VPSs are used to treat many types of hydrocephalus, but the shunts have varying results. When used to treat iNPH, they can successfully relieve symptoms, such as gait disturbance, urinary incontinence, and cognitive dysfunction, in 60–80% of patients [22]. However, in children, shunts fail with a frequency of 50% within the first two years [23]. Even with advances in shunt technology, the failure rate remains the same. An analysis of literature found that pediatric shunt failure rates did not improve in the thirty years from 1970 to 2000 [24]. Indeed, shunts can fail for multiple reasons such as mechanical failure, catheter migration, infection, or blockages caused by cell overgrowth [23,24]. Every shunt failure necessitates another surgery which increases the chance of infection or death for the patient [23].



Another type of shunt is the lumboperitoneal shunt (LPS). The shunt is placed into the lumbar region of the spinal cord to remove excess CSF to treat communicating hydrocephalus. LPS is beneficial because it is not necessary to have brain surgery and greatly decreases the chance of brain hemorrhage [25]. A meta-analysis performed in 2023 showed that LPS have a lower complication rate compared to VPS. Out of 3654 patients, there was a 12.98% complication rate with the patients with LPSs and 23.8% complication rate in the patients with VPSs [25]. Since their inception, LPS techniques have been improving. A new two-stage LPS procedure was safer for the patient and still outperformed VPS. Unlike a typical LPS procedure where the patient remains in one position throughout the surgery, this new technique breaks the surgery into two phases in which the patient goes from the prone position to the supine position [26]. In this study, only 1 out of 92 LPS needed revision, while 26 out of 192 VPS surgeries needed revision, and 11 surgeries had infections [26]. On the downside, LPS cannot be used as a treatment for non-communicating hydrocephalus.



Another option for treating hydrocephalus in some patients is an endoscopic third ventriculostomy (ETV). This involves neurosurgery to create an opening in the floor of the third ventricle, which allows CSF drainage into the subarachnoid space [27]. This approach may circumvent shunt dependence and can be especially beneficial in selected patients when access to emergent neurosurgery for shunt revision and/or failure is not available [28]. Indeed, it can be an alternative treatment but is highly dependent on patient age and the etiology of hydrocephalus. For example, ETV is not successful in the majority of infants younger than 1 year [29]. Kulkarni et al. created a predictive model of ETV success rates in children based on 618 ETV surgeries and discovered that if the child is under one year of age, there is only a 30% success rate for ETV [30]. Patients 10 years or older have higher success rates [30].



Choroid plexus cauterization (CPC) can also be combined with ETV for the treatment of hydrocephalus. In these cases, specific ages of patients with specific forms of hydrocephalus are more likely to benefit from ETV + CPC [31,32]. Specifically, among centers participating in the Hydrocephalus Clinical Research Network (HCRN), ETV + CPC success rates were 48% at 6 months and 44% at 2 years from 2006 to 2015 [31]. Those most likely to benefit were infants with myelomeningocele, infants with aqueductal stenosis older than 1 month corrected age, and infants older than 6 months who suffered IVH secondary to preterm birth [31]. In a study that compared ETV + CPC with VPS outcomes in children under 12 months of age, the Kaplan–Meier survival analysis showed that the estimated need for reoperation was lower in the ETV + CPC group [33]. The study estimated that 59% of the patients would avoid shunt dependency for a length of 11 years [33]. However, the long-term effects of ablating the CP, which does not regenerate, have not been studied. Notably, even after successful treatment of post-infectious hydrocephalus of infants living in sub-Saharan Africa, early post-treatment brain growth is delayed through the second year [34].



Non-surgical therapies designed to prevent and/or treat existing hydrocephalus have been explored. Unfortunately, none have proved efficacious or fully translated from preclinical studies thus far. Past pharmacologic agents were primarily diuretics and were designed to restore osmotic and fluid homeostasis. A previous review provides a historical synopsis of these trials [6]. While acetazolamide and furosemide have been shown to be important for fluid management in specific clinical scenarios, these approaches have not proven beneficial to treat or prevent existing hydrocephalus. Similarly, oral cardiac glycosides, which inhibit Na + K + ATPase [35], have failed to translate despite the putative ability to decrease CSF production.



Emerging therapies have been focused on the modulation of CSF dynamics as a whole and immunomodulation in the context of neurorepair and protection. Specifically, approaches that target systemic and neuroinflammation secondary to CSF stagnation after IVH, ventriculomegaly and associated white matter and cortical health, and elevated intracranial pressure have been designed. An example of this is a cocktail of erythropoietin and melatonin (EPO + MLT). EPO alone has been shown to help improve cognitive function in many forms of brain injury [36]. In preclinical studies of PHHP, EPO + MLT were able to reduce ventriculomegaly and macrocephaly [37]. Interestingly, the combination treatment restored previously damaged motile cilia in the brain ventricles. The rats that underwent treatment also showed improved neurodevelopment compared to control animals [37]. In another study, EPO + MLT was used to restore gait in adult rats that had brain injury secondary to chorioamnionitis [38]. Notably, a phase I clinical trial of EPO + MLT for preterm infants with severe intraventricular hemorrhage is currently underway [39].




3. Induced Animal Models


Testing potential pharmaceutical interventions requires well-characterized preclinical models. Animal models have been used to study multiple forms of hydrocephalus (Table 2).



Post-traumatic hydrocephalus caused by traumatic brain injury (TBI) can be modeled in animals. Zhao et al. used a fluid percussion device to induce TBI in adult rats [40]. After the initial injury, they injected the animals with FeCl3. This modeled intracranial hemorrhage, which is common in patients with TBI. The rats developed acute hydrocephalus within a 24 h period [40].



Models of post-hemorrhagic hydrocephalus have also been developed, including in rodents, pigs, and dogs [10]. Similar to what occurs clinically, blood is injected into the cerebral ventricles in these models [10]. In other experiments, blood components, like red blood cells, iron, or hemoglobin, have also been effective [10]. These techniques are not guaranteed to produce hydrocephalus every time. For example, Pang et al. attempted to make 10 post-hemorrhagic models of hydrocephalus in dogs, but only 8 of those caused ventriculomegaly after 3 months [41]. The techniques can be performed on young animals to model intraventricular hemorrhage secondary to preterm birth. In a study by Robinson et al., lysed red blood cell components were injected bilaterally in cerebral ventricles in postnatal day 1 rat pups after in utero exposure to intra-amniotic and placental inflammation (chorioamnionitis) [37]. An alternative method of inducing a germinal matrix hemorrhage that avoids intraventricular injection is the technique of intraperitoneal injection of glycerol in premature rabbit pups [42]. This method produced post-hemorrhagic ventriculomegaly in 42% of the pups.



Hydrocephalus can also be induced chemically, and one popular reagent is kaolin, which has been used in experiments since the 1950s [43,44]. One benefit of using kaolin is that it is inexpensive and relatively reliable in inducing hydrocephalus. In a recent experiment with juvenile pigs, the animals were injected with kaolin into the intracisternal region to produce bilateral ventriculomegaly [45]. While the severity of hydrocephalus varied among the animals, it proved to be a reliable model that was used to test shunting techniques [45]. Kaolin has been successfully used in rodents, dogs, cats, lambs, and primates [46,47,48,49,50]. One drawback of using kaolin to induce hydrocephalus is that it may kill some animals immediately after injection [46]. Depending on the animal model being used, it can take some time and effort to determine the best non-lethal concentration of the drug. Another downside of chemically induced hydrocephalus is that it does not model any naturally occurring form of the disease. Non-specific, caustic chemicals will not just ablate the choroid plexus epithelium (CPe), but also damage the ventricle lining.



6-aminonicotinamide (6-AN)-related hydrocephalus rats are used as another chemically induced model. 6-aminonicotinamide can be injected into the brain to induce symptoms similar to those described in Dandy–Walker syndrome [51]. 6-AN can also be injected into a pregnant animal to induce hydrocephalus in the fetus(es) [52]. Dandy–Walker syndrome causes malformations in the brain, particularly the cerebellum [53]. Almost 80% of patients with Dandy–Walker syndrome develop hydrocephalus [53]. 6-aminonicotinamide treatment mimics this syndrome by inducing cerebellum hypoplasia and other brain malformations [52]. When rats are treated with 6-aminonicotinamide, ventriculomegaly is visible after 72 h [54]. This is a useful model to replicate human disease; however, this is another chemically induced method that will cause non-specific damage to the brain.




4. Genetic Animal Models


The Wpk rat, also known as the Tmem67−/− rat, models pediatric communicating hydrocephalus [55,56]. The rats have a single nucleotide mutation in the TMEM67 protein which is essential for the development of primary cilia [55]. This model is orthologous to the human disease Meckel–Gruber syndrome type 3 [55]. The homozygous phenotype is characterized by severe hydrocephalus and polycystic kidney disease [55,56]. Using this genetic model has some limitations because the animals do not live very long. The homozygous phenotype is so severe that the animals typically die 18–21 days after birth [56]. These animals have been used successfully to test the efficacy of transient receptor potential vanilloid-type 4 (TRPV4) antagonists [70] and serum glucocorticoid-induced kinase 1 (SGK1) inhibitors [57].



Hydrocephalus Texas rats (H-Tx) are a good model for studying non-communicating hydrocephalus in rodents. The rats have defective cortical development and have aqueductal stenosis with detectable hydrocephalus around day 18 [71]. The lateral ventricles of the brain are enlarged, and, in some animals, the third ventricle is also enlarged [72]. It was noted that the aqueducts of the brain were abnormal due to a thickening of the midbrain [72].



LEW/Jms rats have a mutation that leads to the development of hydrocephalus immediately after birth [58]. It was noticed that more male than female rats developed symptoms, so the genetic cause may be sex-linked [58]. This model could be used to study human diseases like X-linked hydrocephalus. The L1CAM mouse is very similar to the LEW/Jms model. This mouse model lacks the L1 gene, which encodes L1CAM. This protein is a cell adhesion molecule that is important for axon growth, neuronal migration, and synaptic plasticity [59]. Mice without L1 have improper brain development and the disease disproportionately affects males [59]. This model can be used to study X-linked hydrocephalus and L1 syndrome.



The E2F5 mouse line is a homozygous knockout of the E2F5 transcription factor, which is important for the choroid plexus maturation and cilia function [60]. The knockout line has a cilia malfunction that leads to the hydrocephalus phenotype, which develops gradually [61]. The affected animals have normal size and appearance compared to their wildtype counterparts until they are 3–4 weeks of age [62]. This mutation is lethal, with the mutant mice living an average of 6 weeks [62].



Growth arrest specific 8 (Gas8) is another genetic mouse model used for hydrocephalus. Gas8 is important for hedgehog signaling and regulating cilia movement [63]. This gene also has some clinical significance. There are at least two human patients with missense mutations in Gas8 that lead to hydrocephalus: A391V and E199K [63]. Preliminary results indicate that, dependent on the background, Gas8 mice develop hydrocephalus between postnatal days 12 and 16, making it a good model for pediatric hydrocephalus [64].



The coiled-coil domain containing 39 (CCDC39) mouse model causes neonatal hydrocephalus with abnormal motile cilia development [65]. The mice have short, thin cilia that cannot beat properly because of the loss of CCDC39. Interestingly, they also have situs inversus. They have normal brain development at birth but then progressively develop hydrocephalus until it becomes fatal at 3 weeks of age. This model mimics the timing of human congenital hydrocephalus [65].



Autosomal recessive mutation hydrocephalus-3 (Hy-3) mouse is a genetic mouse model that produces communicating hydrocephalus [66]. The mice have a mutation in the hydin protein, which is a homolog to the human protein caldesmon. This protein is important for the cellular cytoskeleton. The mice develop hydrocephalus shortly after they are born. Is it thought that they develop communicating hydrocephalus due to loss of cilia [66].



Hydrocephalus with the hop gait mouse (Hyh) model has a lethal recessive mutation on chromosome 7 that leads to hydrocephalus [67]. Homozygous mice have characteristic domed heads of hydrocephalus and develop a unique hopping gait approximately two weeks after birth. The mice die between 4 and 10 weeks of age [67]. This model can be used for genetic hydrocephalus as well as non-communicating hydrocephalus because there is a blockage of CSF movement in the fourth ventricle [67]. A similar model known as hydrocephalus associated with polydactyly mice (Hpy) has a recessive mutation that causes hydrocephalus. The mice have hopping gait, sterility in male mice, and scoliosis [68]. The mice develop communicating hydrocephalus around day 6 after birth, and most die around day 14 [68]. However, the specific cause of hydrocephalus is unknown.



Mf1 mice model congenital hydrocephalus. Mesoderm/mesenchyme forkhead 1 (Mf1) is a gene that encodes winged helix proteins that are DNA-binding proteins [75]. Mice with the Mf1 knockout die perinatally from hemorrhagic hydrocephalus. They also have issues in other parts of the body where Mf1 is expressed. There are eye abnormalities and skeletal defects [75]. Similar to Mf1 mice, hemorrhagic hydrocephalus mice (Hhy) develop hydrocephalus due to a recessive genetic mutation [51]. The symptoms of hydrocephalus occur between 3.5 and 19 weeks of age, with the majority of mice developing hydrocephalus by 15 weeks of age [73]. These models are useful for hemorrhagic hydrocephalus because there is no need to induce an injury or inject blood components into the animals to obtain the desired results.



Rho family GTPase 3 (Rnd3) is important for regulating cell migration and proliferation. When this protein is absent, in mice, the cerebral aqueduct is blocked, resulting in non-communicating hydrocephalus [74]. Mice with this mutation are described as having extreme dilation on the third ventricles but not the fourth, thick ependymal cell layers, and upregulated Notch signaling [74].



The Msx1 mouse models have malformations of the brain that result in the collapse of the cerebral aqueduct [51]. The symptoms of hydrocephalus start to develop before birth due to the deletion of msh homeobox 1 (Msx1). The function of the Msx1 protein is not fully understood, but it is thought to be involved with the development of the fasciculus retroflexus [76]. The mice are characterized with brain abnormalities, such as reduced corpus callosum, cerebral cortex, caudate putamen, and septum. Some of the homozygous mutant mice have ventriculomegaly in the third ventricles. The main cause of hydrocephalus in this animal model is thought to be ependymal detachment in the developing embryos [76].



The SUMS/NP mouse is a genetic model of congenital hydrocephalus that starts to develop 14 days after gestation [69]. The hydrocephalic phenotype is not noticeable until 4–5 days after birth, when there is a significant increase in the lateral ventricles. These mice also have absent or reduced cerebral aqueducts. This mouse model does not live very long; they typically die soon after they are weaned [69].



With the ease of use of CRISPR, genetic manipulation of the CPe is possible. There are also many genetic knockout lines that can be created to study hydrocephalus in vivo, and a recent excellent review by Jang and Lehtinen covers many of them [77]. Viral vectors are another method to genetically manipulate the CPe. Viral vectors can change gene expression within 24–48 h without the need for breeding [77]. They can be used in many stages of life in animals, including in utero [77].



Animal models are useful for understanding the physiology of hydrocephalus and testing potential drug treatments, but they do have some drawbacks. Animal models do not perfectly model the human brain. The size of the ventricles varies across species, and some animal CPe cells may have different ion channels compared to humans. For example, it has been reported that mice CPe cells have a sodium transporter known as the epithelial Na+ channel (ENaC), while humans cells do not [78]. The animal models may not represent the symptoms of hydrocephalus perfectly and they may not respond to drug treatments in the same way as humans. Large animal models that more closely mimic the human brain are very costly. Using cell culture models in conjunction with animal models can help reduce confounding factors and provide depth to the experimental reliability. Arguably, the primary limiting factor in the field of hydrocephalus research is the sheer number of animal models and the lack of comparisons of models between laboratory groups. There are no standard models in the field, and this is a detriment to comparison of research results.




5. The Choroid Plexus Epithelium


One major target in the search to find treatment options for hydrocephalus has been the functionality of the choroid plexus. The CPe is primarily responsible for the production of CSF [78]. The CPe is a monolayer of epithelial cells that resides in all four ventricles of the brain and receives nutrients and substrates from a fenestrated capillary network it surrounds. Epithelial cells contain tight junctions, desmosomes, and adherent junctions, thus forming the CSF–blood barrier [79,80]. The cells are cuboidal in shape and are ciliated [79,80]. Interestingly, in the CPe, many of the crucial transport proteins are polarized in a manner that is different from most other epithelial cells. Typically, ion transporters like Na+-K+-ATPase, sodium potassium chloride co-transporter 1 (NKCC1), and Na/H exchanger 1 (NHE1) are located in the basolateral membrane [79,81]. On the CPe, these are located apically facing the CSF [79,81]. There are also some transporters found on the basolateral side of the CPe that are normally found on the apical side. These include anion exchanger 2 (AE2), K+-Cl− co-transporter (KCC3), and Na+-HCO3− co-transporter 1 (NBCn1) [79].



It is estimated that the adult human brain contains about 150 mL of CSF, with 125 mL located in the cranial and spinal subarachnoid spaces and the remaining 25 mL in the ventricles [82]. The CPe is thought to secrete around 80% of the total CSF, while the remaining 20% is produced by leakage across the blood–brain barrier [79]. A healthy human adult produces between 400 and 600 mL of CSF per day [82]. The CPe produces CSF by controlling transepithelial electrolyte and water flow, which has been reported to be independent of the trans-epithelial osmotic gradient [83]. Control of electrolyte and water movement in the CPe is still not fully understood.



Along with producing CSF, the CPe has many other functions. One function is removing waste products from the CSF, including β-amyloid, phosphatidylinositol, and uric acid [81]. The CPe is also important for immune function. It is a bridge where immune cells can cross into the CSF from the blood [81]. Additionally, it acts as a physical barrier so that some pathogens cannot enter the CSF [81]. The CPe is also an important entry point for drug delivery to the brain [81].




6. Cell Culture Models


Primary cultures derived from the CPe have been obtained from many species of animals, including amphibians [84], mice [85], rats [86], rabbits [87], pigs [88], sheep [89], and cows [90]. While these studies have provided much useful information, the downside to primary cell culture is that it can be difficult to obtain pure cultures and that the cultures have short viability [91]. The CPe must be removed soon after the animal is sacrificed, and the cells need to be purified. Additionally, there is usually low cell abundance, so many animals are required for cell culture [91].



CPe cell cultures can also be obtained from biotech companies. The human choroid plexus epithelial cell line (HCPEpiC) can be purchased from different companies and has been referenced in publications. For example, this cell line has been used to study the inflammatory response [92] and the effects of chemotherapy on CPe cells [93].



As an alternative to primary cultures, there are some continuous CPe cell lines (Figure 3). The porcine choroid plexus–Riems (PCP-R) cell line has been used to model the CPe [94]. It has been used to identify ion channels on the CPe using Ussing-style electrophysiology and to study changes in barrier function. Recent studies have, however, indicated that the PCP-R is mispolarized, meaning that the ion channels are on the opposite side of the cell when compared to the native epithelium [95]. Therefore, this cell line is not ideal for studying CSF production. However, this cell line is still useful for other experiments. For example, the PCP-R has been used to test what xenobiotic drugs can cross the blood–CSF barrier [88]. Similarly, it has been used to study immune cell movement across the blood–CSF barrier [96]. The cells also contain tight junctions like Claudin-1 and Claudin-2 [94]. This cell line has high transepithelial electrical resistance (TEER), which is typical of mammalian choroid plexus cells [94,97]. On average, the TEER was approximately 1000 Ω cm2 when the resistance was measured with Ussing-style electrophysiology [95].



The Z130 cell line is an immortalized rat CPe cell line that was created by transfecting simian virus 40 (SV40) large T into primary cultures [98]. When compared to primary rat cell cultures, the morphology was the same and it was able to mimic the blood–cerebrospinal fluid barrier [98]. The polarity of the cells are the same as primary rat cultures [98,99]. Z130 cells have tight junctions but can only maintain a maximum TEER value around 100 Ω cm2 [100]. Z130 cells have been used to study how heavy metals cross the CPe along with the toxic effects of these metals [101].



The human choroid plexus papilloma (HIBCPP) is an immortalized cell line that was derived from a malignant papilloma in the choroid plexus of a 29-year-old Japanese woman [102]. It has been characterized to have structures similar to the CPe-like villus structures located apically [97]. The important transport proteins are correctly polarized with reference to the native epithelium. Notably, TRPV4 and NKCC1 are located apically [97], while the basolateral side of the cell contains the sodium-driven chloride bicarbonate exchanger (NCBE) and AE2 [97]. Both sides of the cell have aquaporin channels [97]. This cell line has a moderately high resistance when it is grown in a monolayer with TEER measurements over 400 Ω cm2 [97]. This cell line can be used for many techniques, including Ussing-style electrophysiology. The downside to this cell line is that it is relatively difficult to maintain in culture.



Another interesting model is the co-culture of the immortalized human CP endothelial cell (iHCPEnC) line with HIBCPP cells. Cell types are cultivated on opposite sides of the same permeable support to produce a combined CP model [103]. The addition of the endothelial cells increases the tightness of the epithelial cells and more closely mimics the conditions found in the brain [103]. Using tracer voltohmmeter technology, the authors measured the TEER of the combined cell culture which reached a max of 700 Ω cm2 [103].



CP organoids can be derived from stem cells. Interestingly, the organoids can produce CSF-like fluid. When the fluid from the organoid was compared with CSF proteins from human patients, the same proteins were present [104]. This provides an important experimental tool that allows investigators to explore the transporters and subcellular signaling pathways that are responsible for CSF production and composition. Organoids derived from human cells provide a species specificity that is key to understanding CP-related diseases in humans. Another group made a CP organoid that had a similar morphology and expressed the genes LIM homeobox transcription factor 1 alpha (LMX1A), orthodenticle homeobox 2 (OTX2), and aquaporin 1 (AQP1), which are also expressed in the CP [93]. Again, these findings provide a model that can be used for the study of the regulatory processes important for CP function. There are some limitations for organoids. They are expensive and time-consuming. There are also different protocols that produce organoids of different quality and composition [93]. These inconsistencies make it difficult to compare studies from different research groups. However, this technology is developing rapidly and will likely provide an important addition to preclinical models in the near future.




7. Electrolyte Transporters, Channels, and Pumps: Potential Roles in Fluid/Electrolyte Homeostasis


The main driving force for the transepithelial ion flux is Na+ [84,105]. In one potential scenario, Na+ enters the CPe from the bloodstream by the NCBE and Na+-HCO3− co-transporter 1 (NBCn1) channels. Subsequently Na+-K+-ATPase pumps Na+ into the CSF [79,81,84]. The Na+-K+-ATPase is also important for K+ homeostasis. It removes excess K+ from the CSF by pumping the ions into the cell [106]. It has been suggested that the potassium voltage-gated channel subfamily Q member 1 (KCNQ1) and potassium voltage-gated channel shaker-related subfamily member 3 (KCNA3) can join with potassium voltage-gated channel subfamily E regulatory subunit 2 (KCNE2) to form K+ channels on the basolateral side of cell to excrete K+ into the blood [107]. The K+ Cl− co-transporter KCC3 also moves K+ from the CSF into the bloodstream [108]. While these multiple K+ channels have been implicated, which are critical, regulated transporters and channels remain unknown.



NKCC1 is a co-transporter that regulates the movement of Na+, K+, and two Cl− ions across the CPe apical membrane [79]. The directionality of the electrolyte transport as well as the ability of the protein to transport water is controversial. For a synopsis of the controversy surrounding the directionality of the flux, the reader is referred to a point–counterpoint exchange in the Journal of Physiology [109,110,111,112]. More recently, data suggest that the direction of electrolyte movement may be heavily influenced by local ion concentrations [113] or the developmental stage [114]. It was previously reported that around 600 molecules could be moved by NKCC1 [115], but recent studies suggest that the transporter only moves around 86 water molecules [116]. The NKCC1 is not only expressed on the CPe but in many tissues where it is important for maintaining cell volume [117,118,119]. When NKCC1 is mutated or knocked out, it causes severe disease symptoms [120]. However, NKCC1 knockout rodent models do not have altered ventricle sizes, but they do have brain malformations and smaller CPe cells compared to their wildtype counterparts [120,121]. There are some rare cases where human patients are deficient in NKCC1 due to a mutation in solute carrier family 12 member 2 (SLc12a2). Since NKCC1 is found throughout the body, patients suffer from multiple serious problems, including severe intellectual disability, hearing loss, respiratory weakness, and gastrointestinal issues [120,122].



There are many groups that have investigated NKCC1’s role in CSF production, but their conclusions are conflicting. For example, when NKCC1 is pharmacologically blocked during inflammatory conditions in rats, less CSF is produced by the CPe [123]. However, when NKCC1 was overexpressed in a neonatal post-hemorrhagic hydrocephalic mouse model, CSF production diminished, and the brain ventricle size returned to normal [124]. Another study investigated the role of NKCC1 under normal conditions in a rat model and found that when NKCC1 was blocked, CSF production was not reduced [125]. One explanation for these diverse findings is that the transporter can adapt to maintain homeostasis. NKCC1 seems to be able to move ions to either side of the membrane depending on the external/internal environment [113,119]. Additional studies will be required to determine the factors involved in the control and mechanism of NKCC1 in the CPe. One way to investigate the role of NKCC1 would be to test cultured CPe cells for fluid secretion in different conditions. The recently characterized human cell line, HIBCPP, provides a unique epithelium in which fluid secretion can be easily determined [57]. Culturing the CPe in vitro removes any confounding factors and can help determine the role of NKCC1 in CSF production.



Pharmacologically blocking NKCC1 has been investigated in preclinical models. However, before this can be translated into the clinical sphere, better NKCC1 antagonists need to be developed. Bumetanide is a common clinical inhibitor, but this drug has very low brain penetration [126]. Therefore, it needs to be infused directly into the ventricles for efficacy in decreasing CSF production [123]. Additionally, this drug affects both NKCC1 and NKCC2 and therefore has substantial renal effects, causing excessive diuresis [126]. Some other symptoms include low K+ and Cl− in the blood, metabolic alkalosis, and elevated levels of uric acid in the blood. There has been some work carried out to create better NKCC1 inhibitors, and a recent review written by Savardi et al. covers a few of them [126].



TRPV4 is a channel that is osmo-, shear-, temperature-, and pressure-sensitive [127,128,129,130,131,132]. Activation results in a Ca2+ and Na+ influx into the CPe and, secondarily, causes a substantial change in transepithelial permeability and an electrolyte flux that appears to involve multiple transporters [97]. This channel may play a role in CSF production in pathological states. In an experiment with Tmem67−/− rats, a genetic form of hydrocephalus was reversed with a treatment with the TRPV4 antagonists HC067047 and RN 1734 [70]. Blocking TRPV4 with an antagonist may be a promising form of treatment for communicating hydrocephalus. TRPV4 knockout mice have no obvious physiological or behavioral phenotypes under normal conditions [132,133]. Therefore, using a TRPV4 antagonist would likely be safe for patients. In fact, oral TRPV4 antagonists were tested in clinical trials as a treatment for heart failure [134]. The drug, GSK2798745, was well tolerated by healthy and ill patients alike [134,135].



There may be a relationship between TRPV4 and NKCC1. When TRPV4 transports Ca2+ into the cell, WNK (with no lysine kinase) may be stimulated. A study in human salivary glands found that WNK can be activated when there is an increase in the cellular levels of Ca2+ [136]. WNK then phosphorylates the SPS1-related proline/alanine-rich kinase (SPAK), which secondarily activates NKCC1 [106,137].



KCC3 is associated with inherited forms of hydrocephalus. When the channel is mutated, it leads to decreased K+ transport in the brain [79,138]. KCC3 dysfunction is also associated with Mendelian disease agenesis of the corpus callosum with peripheral neuropathy, which causes malformation of the corpus callosum [139]. NKCC1 is related to KCC3, with both ion channels being regulated by the WNK/SPAK pathway [140]. KCC3 is inhibited by WNK/SPAK activation. When it is phosphorylated, it moves Na+ and Cl− ions out of the cell. It is thought that KCC3 can be phosphorylated to increase cell volume, or that it can be dephosphorylated to decrease cell swelling [140,141,142].



The cystic fibrosis transmembrane conductance regulator (CFTR) is another transport protein whose role in the CPe is controversial. CFTR secretes Cl− ions from epithelial cells [143,144]. It has been reported that there is no CFTR mRNA in the CPe of rats [78,79]. However, unpublished data from our laboratory indicates the presence of CFTR in both human and porcine epithelial cells at the mRNA level and an effect of CFTR inhibitors on the transepithelial ion flux. In other tissues of the body, like the lungs, TRPV4 has been shown to be important for activating CFTR [145].



Additionally, the CPe is important for pH regulation. There are many acid–base transporter proteins like the NCBE (Na+-driven chloride bicarbonate exchanger), AE2, and NBCE2 (Na+-driven bicarbonate co-transporter) [79]. Other important transporters for pH homeostasis include acid–base transporters Cl−−/H+, sodium/hydrogen exchanger 6 (NHE6), and chloride/proton exchanger 7 (CLC-7) [80].



NCBE may be an important transporter for understanding the pathophysiology of hydrocephalus (Figure 4). The transporter is likely regulated by inflammation in the brain. When mouse CPe cells were treated with inflammatory cytokines TNFα and IL-1β, NCBE expression decreased [146]. Inhibiting carbonic anhydrase with acetazolamide prevents CSF secretion, pointing to the importance of HCO3- in CSF production [147]. There may be interplay between NCBE and multiple transporters that impact CSF secretion. When the gene responsible for NCBE, solute carrier family 4 member 10 (Slc4a10), is knocked out in mouse models, aquaporin 1 and Na+-K+-ATPase expression is drastically decreased [148]. Additionally, the WNK/SPAK pathway regulates the functional activity of NCBE [149]. It was shown in pancreatic epithelial cells that SPAK inhibits the expression of the sodium-dependent bicarbonate transporter NBCE1-B [150]. As previously discussed, the WNK/SPAK pathway regulates ion channels like TRPV4 and NKCC1 that may be important for the regulation of CSF. It has also been noted that mice with Slc4a10 mutations have small ventricles [148,151]. Humans with de novo Slc4a10 mutations have small ventricles as well as cognitive impairments and epilepsy [152,153].



Even though the CP is a small tissue, it is essential for the production of CSF. CPe cells are uniquely polarized so that they can produce large amounts of CSF to maintain homeostasis. The CPe is able to complete this task by precisely controlling the flow of electrolytes and water with the help of a complex system of ion channels, transporters, pumps, and their intracellular regulators. Some of these electrolyte channels, specifically TRPV4, NKCC1, NCBE, and KCC3, seem to be involved in CSF production and ventricle size. These channels as well as the biochemical pathways that regulate their activity are prime targets to explore in the search for potential pharmaceutical interventions to treat hydrocephalus. However, the lack of consensus as to which electrolyte transporters and channels are the primary drivers of CSF production and composition has a limiting effect on drug development. An increased understanding of the pathways that regulate CSF production is also critical for a full elucidation of potential overlap in regulation of various electrolyte movements. The standardization of model systems as well as collaboration between laboratories with apparently conflicting results is important for forward progress in this field.




8. Conclusions


Hydrocephalus is a complex disease with many origins. There have been myriad attempts to find better treatments for hydrocephalus, but, currently, invasive shunt surgeries or ETVs remain the standard of care. To facilitate the development of pharmacological interventions that can be used on an as-needed basis, it is key to increase our understanding of how CSF production and composition are regulated. An important component of this research is to develop and characterize animal and cell culture models that are widely used within the research community. Currently, each laboratory or group of collaborating investigators appears to have their own animal model(s), and there is little consistency in how hydrocephalus is induced and little agreement as to which genetic models best mirror human pathology. A similar situation exists with regard to the cultured cell models. There is no consensus as to which characteristics are most important and should be de rigueur in any cultured lines. Both animal and cell culture models are necessary as both can be used in an iterative fashion, particularly in the realm of drug testing. If there were agreements with regard to standardized models, the replication of results may facilitate the resolution of existing controversies and would, undoubtedly, facilitate pharmaceutical development from targets to drugs.
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Figure 1. Schematic of hydrocephalus categorization. Created with BioRender.com accessed on 26 January 2024. 
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Figure 2. Schematic of hydrocephalus treatments. VPS—ventriculoperitoneal shunt, CSF—cerebrospinal fluid, LPS—lumboperitoneal shunt, ETV—endoscopic third ventriculostomy. Created with BioRender.com accessed on 7 March 2024. 
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Figure 3. Schematic of different choroid plexus models. The transporters and channels indicated in each cell are not meant to be comprehensive but to indicate those proteins that have been conclusively identified. PCP-R—porcine choroid plexus–Riems, NKCC1—sodium potassium chloride co-transporter 1, TRPV4—transient receptor potential vanilloid-type 4, NCBE2—sodium-driven chloride bicarbonate exchanger 2, HIBCPP—human choroid plexus papilloma, AE2—anion exchanger 2, NCBE—sodium-driven chloride bicarbonate exchanger, iHCPEnC—immortalized human choroid plexus endothelial cell. Created with BioRender.com. 
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