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Abstract
Reparative inflammation is an important protective response that eliminates foreign organisms, damaged cells, and physi-
cal irritants. However, inappropriately triggered or sustained inflammation can respectively initiate, propagate, or prolong 
disease. Post-hemorrhagic (PHH) and post-infectious hydrocephalus (PIH) are the most common forms of hydrocephalus 
worldwide. They are treated using neurosurgical cerebrospinal fluid (CSF) diversion techniques with high complication and 
failure rates. Despite their distinct etiologies, clinical studies in human patients have shown PHH and PIH share similar CSF 
cytokine and immune cell profiles. Here, in light of recent work in model systems, we discuss the concept of “inflammatory 
hydrocephalus” to emphasize potential shared mechanisms and potential therapeutic vulnerabilities of these disorders. We 
propose that this change of emphasis could shift our thinking of PHH and PIH from a framework of life-long neurosurgical 
disorders to that of preventable conditions amenable to immunomodulation.
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Abbreviations
PHH	� Post-hemorrhagic hydrocephalus
PIH	� Post-infectious hydrocephalus
TLR	� Toll-like receptor
CSF	� Cerebrospinal fluid
ChP	� Choroid plexus epithelium
CPC	� Choroid plexus cauterization
NKCC1	� Na-K-Cl cotransporter 1
SPAK	� STE20/SPS1-related, proline-alanine-rich 

kinase
IVH	� Intraventricular hemorrhage

Introduction

Hydrocephalus is generally defined as the progressive dis-
tension of the brain’s ventricular system due to inadequate 
movement of CSF from its site of production at the choroid 
plexus epithelium (ChP) to its site(s) of reabsorption. As 
our understanding of hydrocephalus advances, however, the 
complex nature of CSF homeostasis has become evident, 
with increased appreciation of other important physiological 
factors such as cardiac pulsatility [1, 2], and the proposal of 
alternative anatomic sites of CSF secretion and absorption. 
Furthermore, recent human genomic analysis is highlight-
ing important differences between congenital and acquired 
hydrocephalus, with data showing up to 25% of sporadic 
congenital hydrocephalus arising from de novo mutation 
and impaired neural stem cell fate [3]. In those forms of 
hydrocephalus associated with active CSF accumulation, 
intracranial pressure increases as the ventricles enlarge, 
often resulting in irreversible brain damage. If untreated, 
hydrocephalus can lead to progressive neurological decline, 
coma and, ultimately, death [4].

Although hydrocephalus is a frequent complication of 
many central nervous system (CNS) insults [4–7], post-
hemorrhagic and post-infectious are the two most com-
mon forms of acquired hydrocephalus worldwide [4, 7]. 
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Pathological CSF dynamics observed in these conditions 
have historically been attributed to intraventricular obstruc-
tion or inadequate CSF reabsorption [8, 9]. However, many 
patients with post-hemorrhagic hydrocephalus (PHH) [10] 
and post-infectious hydrocephalus (PIH) [11] demonstrate 
no discernible physical impediment to CSF flow through 
either the ventricular system or subarachnoid spaces. Fur-
ther, recent work is demonstrating pathological changes in 
CSF hypersecretion and flow dynamics, ependymal integ-
rity, and damage/scarring of the intraventricular and paren-
chymal CSF pathways underlie the pathogenesis of acquired 
hydrocephalus [4, 6, 10, 12]. Even with these advancements 
in our understanding, however, the mainstay of treatment 
for PIH and PHH remains surgical CSF diversion, com-
monly through placement of a ventricular-peritoneal shunt. 
Newer treatments based on a more complete molecular 
understanding of disease pathophysiology are required.

Here, we review the current epidemiology, etiology, 
and clinical management of PIH and PHH, and highlight 
recent findings suggesting that these most common forms 
of acquired hydrocephalus share a common inflammatory-
dependent pathophysiological mechanism. In so doing, we 
emphasize the role of the choroid plexus epithelium (ChP), 
which serves as both the major part of the blood-CSF barrier 
(much like the blood–brain barrier in the brain parenchyma) 
and the main producer of CSF [13]. An improved under-
standing of the shared pathophysiology of these forms of 
acquired hydrocephalus may catalyze discovery of effective 
pharmaceutical and/or biological treatments, thus reducing 
the need for invasive neurosurgical procedures.

Hydrocephalus: classification, etiology, 
and epidemiology

Hydrocephalus has been generally classified as non- 
communicating (obstructive) or communicating (non-
obstructive), defined by the presence or absence of a physical 
blockage preventing CSF flow through the ventricular sys-
tem. These broad definitions are further defined by whether 
hydrocephalus is congenital (i.e., primary) or acquired (i.e., 
secondary). Acquired hydrocephalus often occurs as a result 
of intracranial hemorrhage, infection, tumor, or head trauma. 
As numerous insults can result in the development of hydro-
cephalus, the high burden of disease affects individuals of 
all age groups, imposing a heavy physical, emotional, and 
socioeconomic impact worldwide [14].

A paucity of reliable data for disease incidence rates 
and prevalence has long prevented accurate estimates of 
the global burden of hydrocephalus [7]. Two recent meta-
analyses, however, have provided much needed insight into 
the burden of childhood and adult hydrocephalus. Dewan 
et  al. estimate nearly 400,000 new cases of childhood 

hydrocephalus worldwide each year [7]. Furthermore, 
Isaacs et al. indicate a global prevalence of hydrocepha-
lus of 88 cases per 100,000 individuals under 18 years of 
age, 11 cases per 100,000 individuals between ages 19 
and 64, and 175 cases per 100,000 individuals over the 
age of 64 [14]. Interestingly, disparities in the burden of 
hydrocephalus between lower and higher income countries 
were also noted, with both analyses reporting significantly 
higher incidence rates among lower- and middle-income 
countries [7, 14]. Thus, Isaacs et al. found low- and middle-
income countries had an annual incidence per 100,000 of 
nearly 30 cases more than that of high-income countries 
[14]. Dewan et al. similarly reported annual rates of 123 
cases of pediatric hydrocephalus per 100,000 in low-to-
middle income countries vs. 79 cases per 100,000 in high 
income countries [7]. Thus, the burden of hydrocephalus 
is driven to a large degree by socio-economic status. As 
discussed below, a major reason for this disparity is the 
predominance of PIH among children of poorer countries 
in which neonatal and infant infections are more common 
[7].

Worldwide, PIH is the most common cause of hydro-
cephalus in the pediatric population [4], with the highest 
prevalence in Africa, Latin America, and Southeast Asia 
[7]. Lower- and middle-income countries report ~123,000 
cases of PIH each year [7]. By contrast, PIH is seldom seen 
in higher income regions. This discrepancy likely reflects 
higher rates of perinatal infections secondary to unsanitary 
practices during childbirth and with newborns, and lack of 
advanced obstetric care [15, 16]. Furthermore, many agents 
cause PIH, and predominant pathogens vary with geographic 
location [17], likely reflecting regional differences in bacte-
rial flora, living conditions (e.g., proximity to farm animals, 
housing standards) [17], the standard of perinatal care [7, 
17], and seasonal changes in rainfall [18]. For example, 
and perhaps unsurprisingly, rates of PIH within the African 
meningitis belt increase in parallel with seasonal peaks in 
meningitis infections [19]. Furthermore, congenital Zika 
virus is a cause of life-threatening hydrocephalus in Brazil 
[20], while in endemic areas such as South Africa [21], India 
[22, 23], China [24], and Philippines [25], post-tuberculosis 
hydrocephalus constitutes a considerable disease burden. 
In higher income countries, PIH is most commonly due to 
prenatal infections of the mother transmitted to the fetus in 
utero. Such cases are commonly due to Toxoplasma gondii 
and cytomegalovirus (CMV) [4, 17, 26]. Postnatal and pedi-
atric etiologies are typically bacterial meningitides caused 
by Escherichia coli, Streptococcus agalactiae, and Listeria 
monocytogenes [4, 17, 26]. The most common causes of 
bacterial PIH in adults include Neisseria meningitidis and 
Streptococcus pneumoniae [27]. Viral, fungal, and protozoan 
infections also contribute a significant hydrocephalus burden 
in immunocompromised patients [28, 29].
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In contrast, PHH is the most common cause of acquired 
hydrocephalus in higher-income countries, occurring in ~38 
neonates per 100,000 live births [7, 30]. PHH predomi-
nates in very low birth weight (VLBW) preterm neonates 
(< 1500 g), due to rupture of the highly vascularized ger-
minal matrix [31, 32]. Without adequate prenatal, neonatal 
intensive, and neurosurgical care, neonatal PHH is often 
fatal [33]. Accordingly, infantile PHH is underrepresented 
in countries that lack the perinatal resources to save and 
maintain the lives of preterm infants [7]. For example, East 
Africa has ~1 neurosurgeon per 10,000,000 people [15] and 
few neonatal resources; thus, most VLBW neonates fail to 
survive [31]. PHH is also common in adults [31, 34, 35], and 
most frequently caused by blood leaking into the ventricular 
system following hypertensive hemorrhage, aneurysm rup-
ture, or traumatic brain injury [36].

Management of acquired hydrocephalus

Regardless of the etiology of acquired hydrocephalus, treat-
ment typically involves CSF diversion through the place-
ment of a ventricle-peritoneal shunt or endoscopic third 
ventriculostomy (ETV). One caveat is the presence of an 
intracranial mass causing ventricular obstruction, for which 
surgical resection of the mass lesion would first be attempted 
to restore normal CSF flow. However, as PIH and PHH are 
the most common etiologies of acquired hydrocephalus, 
shunting is perhaps the most common treatment for hydro-
cephalus among all age groups [4, 26, 37–40].

Ventriculo-peritoneal shunting involves tunneling a sili-
cone elastomer tube under the skin running from the ven-
tricles in the head into the abdominal cavity, with a valve 
in place that regulates CSF drainage [4]. Shunts provide a 
lower rate of failure in the early months following surgery 
[40, 41], faster improvement in ventricular size [4, 40], and 
moderate level of required technical expertise [42]. How-
ever, complications arise frequently, typically in the form of 
mechanical obstruction/malfunction, tubing complications, 
and infection. This high likelihood of shunt failure requires 
long-term, consistent, and emergent access to neurosurgical 
care [41]. Indeed, shunt failure is the most common medical 
device failure in the USA, with 2- and 10-year failure rates 
of > 50% and 70%, respectively, after primary shunt place-
ment [4, 43]. Furthermore, nearly 26% of revision operations 
fail within 30 days of placement [44]. Thus, as many patients 
develop shunt dependence after PIH/PHH, a lifelong need 
for accessible neurosurgical care is common. In one retro-
spective chart review, pediatric patients with shunts required 
on average 2.66 revisions, with ~85% of patients requiring 
at least one revision and ~5% of patients requiring 10 or 
more [45]. These frequent and potentially life-threatening 
complications and the interventions required to correct them 

explain many patients’ reports of significantly decreased 
quality of life after shunt placement [4, 43].

Alternatively, in some cases, an endoscopic third ven-
triculostomy (ETV) with or without choroid plexus cauteri-
zation (CPC) can be performed. In this procedure, an endo-
scope is used to perform fenestration of the third ventricular 
floor, providing an alternate pathway for CSF flow and 
reabsorption. Choroid plexus cauterization employs electro-
thermal destruction of the ChP in attempt to decrease CSF 
production. ETV/CPC has been increasingly utilized for the 
treatment of infants with both PHH and PIH worldwide [46, 
47]. In comparison to shunt placement, ETV/CPC shows 
decreased failure rates long-term [41], and eliminates hard-
ware complications [48] (specifically, infection and failure). 
In addition, although the change in ventricular size on imag-
ing may be less robust, cognitive development and brain 
growth in infants younger than 6 months of age are compa-
rable after ETV/CPC and after shunting [26, 49]. The most 
significant limitations to ETV/CPC are the requirement for 
advanced technical expertise to perform the procedure [50], 
a higher rate of short-term failure, and an unclear impact 
on other critical functions of the ChP, including immune 
function, nutrient reabsorption, and neurodevelopment [51]. 
However, recent data suggests that ETV/CPC is becoming 
the preferred treatment for hydrocephalus, especially in 
developing countries with limited access to urgent neuro-
surgical care [26].

Lastly, neuroendoscopic lavage (NEL), although a less 
commonly used technique, has been reported as a poten-
tial early intervention for patients with hemorrhagic and 
infectious hydrocephalus. This procedure is performed 
similarly to an ETV; however, instead of fenestrating the 
third ventricular floor, the endoscope is used to irrigate 
the ventricular system under direct visualization. A sep-
tostomy can also be performed during the procedure to 
reach the contralateral lateral ventricle for further wash-
out of blood/infectious material. Unlike VPS and ETV, 
NEL does not provide CSF diversion; rather, the goal of 
the procedure is to remove as much of the irritant (blood 
or infection) as possible to restore a physiological ven-
tricular environment and CSF flow. A recent retrospec-
tive analysis in preterm infants with IVH demonstrated 
lower permanent shunt rate and improved neurological 
outcome in patients undergoing early NEL [52], and 
an earlier study showed improved shunt survival for 
those who did progress to require shunt placement [53]. 
Another recent case report and literature review deter-
mined positive outcomes in adult patients with ventricu-
litis that underwent NEL in addition to EVD and septos-
tomy for further washout [54]. These reported outcomes, 
although modest, strongly suggests that the presence of 
blood and infectious debris stimulate an acute response, 
that, if attenuated early, may provide restoration of CSF 
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homeostasis and prevent permanent damage that leads to 
hydrocephalus. Furthermore, given this technique allows 
direct access and irrigation of the ventricular system, it 
could provide an additional method of drug delivery for 
new and promising therapeutic targets to treat or prevent 
acquired hydrocephalus.

Pathogenesis of hydrocephalus

Hydrocephalus is the clinical manifestation of an altera-
tion in fluid homeostasis in the central nervous system, 
leading to accumulation of CSF in the ventricular system 
of the brain. Classical models of CSF dynamics describe 
CSF production by the choroid plexus and absorption by 
extra-ventricular arachnoid granulations. Current theo-
ries of both post-hemorrhagic and post-infectious hydro-
cephalus center around the disruption of homeostatic CSF 
dynamics due to obstruction of intraventricular CSF flow 
and/or dysfunction of the arachnoid granulations decreas-
ing reabsorption capacity [9, 33]. Older studies report 
findings of fourth ventricular outflow tract obstruction 
due to fibrous thickening of the leptomeninges creating 
a tetra-ventricular hydrocephalus in post-hemorrhagic 
brains [55, 56], while some have suggested that blood and 
its breakdown products acutely obstruct the narrow CSF 
passages in the brain (i.e., cerebral aqueduct) [57, 58]. For 
cases of non-obstructive/communicating post-hemorrhagic 
hydrocephalus, arachnoid granulation dysfunction has 
been implicated, proposed to result from microthrombi and 
IVH-related debris plugging arachnoid villi and impairing 
CSF reabsorption. Indeed, obliterative arachnoiditis in the 
posterior fossa may also lead to impaired CSF flow [59].

Although some cases of hydrocephalus occurring after 
hemorrhage or infection do result from frank obstruction 
due to an intraventricular blood clot or infectious scarring 
of the aqueduct, it may fail to fully explain the clinical 
presentation. The “plugged drain” paradigm overlooks the 
role of increased CSF secretion [5, 6] and ChP inflamma-
tion observed in human samples and animal models [6, 
60–63] and is supported by limited experimental evidence 
[6, 31]. The absence of identifiable arachnoid granulations 
in human infants and most hydrocephalus animal models 
[64, 65], the presence of additional sites of CSF absorption 
(ventricular ependyma, perineural space, leptomeninges, 
glymphatics, and nasal mucosa nasal) [59, 64, 66–68], 
and evidence showing ChP villous hyperplasia and tumors 
cause CSF hypersecretion potentially sufficient to cause 
hydrocephalus [5] together argue for an underlying mecha-
nism of acquired hydrocephalus more complex (and per-
haps more elegant) than straightforward ventricular outlet 
obstruction.

Choroid plexus as secretory 
and immuno‑modulatory epithelium

Secretory function of the ChP

The structure and function of the ChP is that of a polar-
ized, secretory epithelium, consisting of a monolayer of 
cuboidal epithelial cells surrounding a core of fenestrated 
capillaries and forming the blood-CSF barrier. Although 
the ChP’s location deep within the ventricles of the brain 
has made it difficult to study, improved knowledge of its 
activity and regulation is critical to advancing our under-
standing of brain development, physiology, and pathophys-
iology. ChP cells in animal models produce the majority 
of CSF (~80%) [69] through active secretion of sodium 
(Na+), potassium (K+), and chloride (Cl−) ions, with 
osmotically driven movement of water into the ventricular 
space. As the most actively secreting epithelium, the ChP 
produces CSF at a rate of ~400–500 mL per day (~25 mL/
hour) [13], receives the most blood flow per gram of tissue 
in the body, and expends the most energy through ATP 
utilization than any other epithelium [13, 70].

A novel organoid model system recently developed by 
Pellegrini et al. allows in vitro generation of a ChP-like epi-
thelium from human pluripotent stem cells. These ChP orga-
noids demonstrate secretion of a CSF-like fluid, expresses 
ChP markers (transthyretin (TTR), aquaporin 1 (AQP1), 
and other ChP-related proteins), and many of the transcrip-
tomics and proteomic features of in vivo ChP. Single-cell 
RNA sequencing (scRNAseq) of the organoid cells has sug-
gested heterogenous population of “dark” and “light” cells 
in the ChP and uncovered a new myoepithelial cell type in 
the ChP, with initial findings suggesting these different cell 
types exhibit distinct secretory roles in CSF production and 
secretion [71].

Given the historical difficulty of studying the ChP, the proteins 
and mechanisms essential to CSF production and secretion remain 
debated and actively investigated. Multiple models have been pro-
posed, many centering on the unique polarity of transporters on 
the apical membrane of the ChP, especially Na+/K+-ATPase, and 
changes in osmotic and ion concentrations across the epithelium 
[13]. Currently, ChP-mediated CSF secretion is thought to be 
accomplished by a combination of basolateral and apical mem-
brane transporters. The basolateral membrane components such as 
anion exchanger 2 (AE2) and Ncbe, function to take up Na+, Cl−, 
and HCO3

− from the blood, and at the apical membrane, Na+, 
Cl−, and HCO3

− secretion into the ventricles, is mediated by Na+/
K+-ATPase, Na+-HCO3

− cotransporters (NBCs), K+-Cl− cotrans-
porters (KCCs), and Na+/K+/Cl− cotransporter 1 (NKCC1), with 
water uptake and secretion mediated by aquaporin expression, 
cotransporters (glucose transporter 1, GLUT1), and possibly para-
cellular transport through tight junctions [1, 13, 72].
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Experimental evidence clearly supports the view that 
apical NKCC1 participates in the secretion of cerebrospi-
nal fluid in the mature brain: Na+ transport from blood to 
CSF is inhibited by ventricular application of furosemide 
[73]. Interestingly, loss-of-function NKCC1 mutations in 
humans cause encephalopathy and impaired epithelial secre-
tion throughout the body that is accompanied by increased 
CSF damage biomarkers and “slit ventricles” suggestive 
of decreased CSF production [74]. Outstanding questions 
remain as to the mechanism by which NKCC1 affects the 
rate of CSF secretion: by transporting outwardly as sug-
gested by Steffensen et al. [75] or by inward transport to 
maintain cell volume and/or Cl− levels [76]. The contro-
versy over the direction of net NKCC1-mediated transport 
might result from the transporter operating quite close to its 
equilibrium, and therefore operating in different directions 
based on CSF ionic gradients and other factors, as in certain 
disease states. More in vivo work is clearly needed to settle 
the issue.

ChP functions as an immune barrier

The CNS has been described as an “immune-privileged” 
tissue; however, this concept is being redefined as our 
understanding of the neuro-immune landscape advances 
[77]. While the CNS parenchyma is characterized by lim-
ited adaptive and innate immune response, endothelial and 
epithelial brain barriers, located at the superficial leptome-
ningeal vessels, parenchymal vessels, and ChP, provide 
immune surveillance and regulate immune cell entry [78]. 
The ChP forms an important interface between the CNS 
and periphery, allowing communication between the blood 
and CSF spaces. Floating in the brain’s ventricles, epithelial 
cells surround a connective stroma, through which penetrate 
blood vessels containing fenestrated capillaries. In contrast 
to the open capillary/stromal interface, the epithelial cells 
of the ChP are joined by tight junctions that compose the 
blood-CSF barrier (BCSFB) [79, 80].

Microglia, the resident immune cells found in the paren-
chyma of the brain, play an important role in brain function 
and homeostasis, guard the CNS from insults, and main-
tain their region-specific densities through self-renewal [80, 
81]. The vast majority of the immunological diversity of the 
CNS, however, is now thought to be restricted to its border 
regions. This diverse population of immune cells, called 
border-associated macrophages (BAMs), are found in the 
perivascular space, meninges, and ChP, and are an area of 
active investigation. As work advances, new insights into 
the neuro-immune landscape of the CNS are being revealed 
[80, 82].

BAMs found in the ChP (ChP BAMs) have historically 
been elusive and challenging to study; however, advance 
techniques using live in vivo imaging and analysis using 

single-cell RNA sequencing (scRNAseq) are allowing a 
more detailed look into this population of cells. Recent stud-
ies describe a heterogenous population of ChP immune cells, 
including stromal macrophages, blood-borne macrophages, 
and epiplexus (Kolmer) cells located on the CNS side of 
the BCSFB [80, 83]. These studies are also helping clarify 
the origin and function of these cells. Epiplexus cells, long 
described as “macrophages” appear to share properties of 
microglia, including ontogeny, transcriptome, and self-
renewal capacity, suggesting they may, in fact, be a subset of 
microglia inhabiting the ChP [81]. In contrast, stromal ChP 
macrophages are replaced via CCR2-dependent recruitment 
of circulating Ly6C+ blood monocytes [84, 85]. Epiplexus 
cells also demonstrate similarities to disease associated mac-
rophages (DAMs), a phenotype of microglia presenting in 
response to brain pathology. Gene ontology network analysis 
shows common ontologies of DAMs and epiplexus cells, 
related to lipid metabolism, leukocyte differentiation/migra-
tion, and stimulus detection [80], suggesting an important 
role of these cells in disease states.

Dendritic and T cells are also found in the ChP stroma 
and play important roles in normal physiology and disease. 
As a response to lipopolysaccharide (LPS)-induced inflam-
mation, T cells in the ChP undergo proliferation, and their 
stimulation shifts the monocyte/dendritic cells toward a 
leukocyte recruitment and antigen presentation phenotype 
[77]. Recent scRNAseq analysis identified a dendritic cell 
cluster in the ChP reminiscent of migratory dendritic cells, 
with expression of Ccr7 and Nudt17, suggesting they may 
also migrate to draining lymph nodes [81]. In humans, den-
dritic cells are densely present in the normal ChP [86], and 
in rodents, they have been described nestled between ChP 
cells with extension of their processes to the apical ChP 
surface [79, 86, 87], serving a key role in immunosurveil-
lance. Even in healthy states, T cells are found in the CSF 
and ChP, and ~80% of cells in normal human CSF are CD4+ 
T cells, further supporting the role of the ChP in lymphocyte 
trafficking and regulation [88].

The ChP demonstrates a unique immunological plasticity, 
functioning as a highly regulated entrance for circulating 
peripheral immune cells into the CSF, in response to dis-
ease processes [89]. Surprisingly, however, compared to our 
understanding of immune cell migration and translocation 
across the blood brain barrier (BBB) [90], our understanding 
of the mechanisms controlling cellular movement across the 
choroid plexus remains in its infancy. Several mechanism of 
immune transmigration have been reported, including para-
cellular and transcellular in the ChP, and influx of stromal 
macrophages through choroid plexus epithelial cells during 
development has been termed “emperipolesis” [88]. Dur-
ing inflammation, the paracellular route, through the spaces 
between ChP epithelial cells appears to predominate [91]; 
however, disrupted cell–cell interactions is also a likely route 
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of immune cell entry into the CSF [88]. This aspect of the 
ChP immune regulation remains an active area of research, 
and it will be important to elucidate these mechanisms of 
immune cell trafficking across the BCSFB [92].

Interestingly, recently studies have demonstrated an early 
development role of the ChP, in response to maternal immune 
activation. Cui et al. demonstrate a proinflammatory mater-
nal environment increases the pro-inflammatory cytokines 
of embryonic mice, and enhances activation and migration 
of ChP macrophages across the embryonic BCSFB [93, 94]. 
These findings suggest a variety of neurodevelopmental pro-
cesses and diseases may be driven by the ChP immune envi-
ronment very early on in development. In adults, ChP immune 
function has been described to play a role in multiple human 
pathologies, including lyme disease [95], multiple sclerosis 
[86], stroke [96, 97], and neuropsychiatric disorders [98].

Multiple models and advanced tools now exist to pre-
cisely study the activation and response of the immune 
cells in the ChP [92]. Currently, one of the most common 
is intraperitoneal injection of LPS. Peripheral exposure 
to LPS causes systemic inflammation, which induces an 
inflammatory response in the ChP, including elevation of 
pro-inflammatory cytokines, IL-1β, CC-motif ligand 2 
(CCL2), CXC-motif ligand 1 (CXCL1), CXCL2, and Il-6 
[99], as well as extracellular vesicles and pro-inflammatory 
miRNAs [100]. Further, the specific response of the epi-
thelia and stromal cells is important to distinguish, as these 
components of the BCSFB likely affect the regulation of 
apical and basal membrane expression differently, leading 
to differential changes in CSF composition and stromal 
expression [101]. This is demonstrated by studies showing 
proinflammatory cytokines altering the apical cation chan-
nel transient receptor potential vanilloid-4 (TRPV4) result-
ing in changes in ion flux and potentially CSF production 
[102], as well as reciprocal interactions between epithelial 
and stromal cells, demonstrated by similar cytokine recep-
tors being found on cells in both locations [99].

Toll-like receptors (TLRs) are the main players in the 
activation of inflammatory pathways through the innate 
immune system. TLRs are found on both the apical and 
basolateral membranes of the ChP [6, 55, 97], but most 
highly expressed in macrophages and other immune cell 
types, including epiplexus cells. Along with other pattern 
recognition receptors (e.g., NOD-like receptors (NOD)), 
they bind pathogen-associated molecular patterns (PAMPs) 
to activate non-specific innate immune responses [103, 
104] and exhibit ligand-specific regulation in response to 
pro-inflammatory stimuli [6, 60, 61]. PAMPs that trigger 
cytokine production through TLRs including LPS on gram 
negative bacteria, peptidoglycans in the cell wall of bac-
teria, and dsRNA/DNA of viral pathogens. LPS, a ligand 
of TLR4, causes upregulation of cytokines in the ChP, 
and interestingly, causes upregulation of cellular adhesion 

molecules, and down-regulation of tight junction com-
ponents [92, 105]. A recent study in mice demonstrated 
TLR2-mediated transmigration of neutrophils and mono-
cytes in postnatal day 8 mice after exposure to LPS, as well 
as cytoskeleton remodeling [106].

Furthermore, recent work has focused on endogenous, 
non-canonical ligands also bound by TLRs, and how they 
may contribute to inflammatory responses. For example, 
TLRs have been shown to bind damage-associated molecu-
lar patterns (DAMPs) released from dying or injured tissues 
[107], including matrix degradation products, heat shock 
proteins, S100A8/S100A9 [108], LPA [109], and blood 
breakdown products (e.g., methemoglobin [metHgb], heme, 
and iron) present in the setting of intraventricular hemor-
rhage (IVH) [110–113]. In a preterm rabbit pup model of 
IVH, TLR4 upregulation of mRNA for TLR4 and nuclear 
factor κB (NF-κB), as well as proinflammatory molecules, 
was seen in the ChP, and found to be reversed with injection 
of a hemoglobin scavenger [60]. In a recent study using CSF 
samples from premature infants with IVH, an upregulation 
of proinflammatory miRNAs was detected in the acute set-
ting, and found to be decreased at later timepoints once oxi-
dized hemoglobin products were no longer detected [114]. In 
a novel rat model of IVH where autologous blood is directly 
injected into the brain ventricles, immune cell activation and 
NF-κB expression were found to be upregulated through a 
TLR4 dependent-mechanism [6]. These findings suggest that 
the ChP immune response is similarly activated in the pres-
ence of pathogens like LPS, as well as other irritants like 
intraventricular blood products.

CSF hypersecretion as a response 
to neuroinflammation in PIH

Outside the CNS, secretory epithelial tissues commonly 
respond to a pro-inflammatory environment with increased 
fluid secretion [115], which functions to clear pathogens and/
or debris from the epithelial surface [116, 117]. However, sus-
tained or dysregulated inflammation and fluid hypersecretion in 
many organs can exacerbate disease states, as in chemical, auto-
immune, or infectious pleuritis, colitis, pancreatitis, and other 
conditions [4, 13]. Increased and/or unregulated activity of the 
ChP secretory epithelium leads to pathological CSF accumu-
lation in the ventricular system of the brain, often producing 
tissue ischemia and death without urgent surgical intervention.

Pathological CSF accumulation in the ventricles is a well-
known complication of neuroinflammatory pathologies, 
including intraventricular infection. Study of the effect of 
inflammation on the ChP secretory response has been chal-
lenging historically due to the lack of techniques to measure 
and manipulate CSF secretion in vivo. However, our recent 
development of a novel microsurgical technique has pro-
vided the ability to directly measure real-time CSF secretion 
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rate in living rats [118] and mice [119], uncovering novel 
observations of CSF dynamics [6]. Additional recent, excit-
ing work is beginning to demonstrate important mechanistic 
links between the secretory and immune functions of the 
ChP, detecting similarities among different etiologies of 
hydrocephalus, including infectious and hemorrhagic.

TLR4‑dependent ChP inflammation

Inflammation resulting from any underlying etiology causes tis-
sue damage, which often propagates and amplifies the response 
to the initial insult. In addition to the presence of PAMPs endog-
enous to the infectious agent, secondary tissue injury initiates 
the release of host-derived DAMPs from damaged epithelial 
barriers and other tissues. Both PAMPs and DAMPs can bind 
and activate TLRs located on microglia and ChP cells [60]. In 
the setting of infection, LPS binds TLR4 receptors and trig-
gers a signaling cascade through NF-κB dependent pathways, 
and peripheral injection of LPS is a stimulus strong enough to 
activate brain microglia [120]. However, and perhaps more sur-
prisingly, a similar TLR4-mediated pathway is triggered with 
intracerebral injections of autologous blood [6, 62].

In patients with intraventricular hemorrhage (IVH), the 
ChP is one of the first tissues in the brain exposed to these 
mis-localized blood products [60, 121, 122]. Intraventricu-
lar injection of autologous blood into the lateral ventricle 
of rodents causes ventriculomegaly, NF-κB activation, and 
cytokine production in the ChP. Furthermore, in human 
infants with IVH, methemoglobin (metHgb), a blood break-
down product found in the CSF after intracranial hemor-
rhage, correlates with TLR4-dependent production of the 
cytokine TNFα. Experimental in vivo IVH models using 
rabbit pups show effects similar to those observed clinically. 
In this model, direct delivery of cell-free metHgb is suf-
ficient to cause ventriculomegaly associated with increases 
in TLR4-NF-κB, TNF-α, and IL-1β in the ChP [60, 61]; 
furthermore, physiological levels of metHgb typical of clini-
cal IVH are sufficient to activate TLR4 homodimers and/or 
TLR4/2 heterodimers [82, 83]. In the IVH rodent model, 
ChP inflammation was characterized by robust phosphoryla-
tion of NF-κB, the upregulation of TNF-α and IL-1β, and 
infiltration of activated ED-1+ microglia and macrophages 
[6]. These findings suggest that blood products, and metHgb 
more specifically, function as DAMPs to promote TNFα 
secretion through a TLR4-dependent mechanism of neuro-
inflammation [110, 123, 124].

TLR4‑dependent, SPAK‑mediated ChP 
hypersecretion of CSF

In addition to a robust TLR4-NF-κB-dependent ChP inflam-
matory response, rats injected intraventricularly with autol-
ogous blood also demonstrate a threefold increase in CSF 

production. In this model, CSF hypersecretion is seen as early 
as 24 h after IVH, is sustained for approximately 7 days, and 
is sufficient to cause ventriculomegaly or PHH [6]. Interest-
ingly, the increase in CSF secretion was found to be sensitive 
to bumetanide, an inhibitor of the NKCC1 cotransporter. Fur-
ther investigation demonstrated a TLR4-dependent activation 
of NKCC1 through phosphorylation by the NF-κB-regulated 
STE20/SPS1-related, proline-alanine-rich kinase (SPAK). 
SPAK binds and phosphorylates NKCC1 in the apical mem-
brane of the ChP, upregulating its activity and resulting in 
CSF hypersecretion [6, 125, 126].

Looking to well-studied secretory epithelial tissues out-
side the nervous system gives further mechanistic insights 
into this pathway of inflammatory-mediated, SPAK-
dependent hypersecretion. SPAK integrates and transduces 
environmental signals intracellularly. In animal models of 
inflammatory bowel disease, both TNF-α and IFN-γ [127, 
128] activate SPAK in an NF-κB-dependent pathway, which 
results in increased epithelial transport and permeability 
[128–130]. Conversely in a mouse model, SPAK knockout 
animals showed milder colitis, as well as decreased proin-
flammatory cytokine secretion, and reduced epithelial per-
meability [131]. In IgA nephropathy, SPAK knockout in 
mice prevents production of inflammatory mediators and T 
cell activation, and macrophages show decreased production 
of proinflammatory cytokines, as well as reduced NF-κB/
MAPK activation [132]. Furthermore, SPAK binds the TNF 
receptor, RELT (receptor expressed in lymphoid tissues) to 
directly activate both p38 and JNK1/2 signaling pathways 
[133]. Similar findings are demonstrated in a rodent model 
of acute lung injury (ALI), in which increased NKCC1 
expression aggravates ALI, and hyperglycemic induction 
of NKCC1 causes pulmonary edema, lung inflammation, 
increased expression of pro-inflammatory cytokines, and 
infiltration of immune cells. Bumetanide administration 
inhibited activation of the WNK4 (with no lysine kinase 
4)-SPAK-NKCC1 pathway and reduced the inflamma-
tory and secretory responses in the animals [134]. And in 
a separate model, activation of the WNK4-SPAK-NKCC1 
cascade modulated macrophage activation in LPS-induced 
lung inflammation and injury [135].

Interestingly, SPAK is more abundant in the ChP than 
in most other tissues and demonstrates robust expression 
in the apical membrane of the ChP [136]. Upstream regula-
tion of SPAK is mediated through TLR4-NF-κB signaling, 
and SPAK in turn binds and activates multiple downstream 
ion transporters, including NKCC1. Therefore, SPAK may 
serve as a critical mechanistic link between TLR4-dependent 
inflammation and CSF hypersecretion. In further support 
of this hypothesis, genetic inhibition of either TLR4 or 
SPAK, or pharmacological inhibition of TLR4-NF-κB or 
SPAK-NKCC1, suffice to normalize CSF secretion in PHH 
through reduction in IVH-induced NKCC1 phosphorylation 
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and activation [6]. Taken together, these findings argue that 
intraventricular hemorrhage induces CSF hypersecretion 
through an inflammatory mechanism dependent on TLR4 
and SPAK.

Notably, there remains some debate regarding the role 
of NKCC1 in CSF production and secretion at the ChP. 
Recently, Xu et al. found that in early postnatal develop-
ment, the expression of NKCC1 is increased, and in their 
mouse model, engineered elevation of NKCC1 levels was 
associated with decreased CSF and reduced ventriculomeg-
aly [137]. Gregoriades et al. present findings that suggest 
NKCC1 functions in net influx to maintaining intracellu-
lar chloride and water content at a concentration to allow 
CSF secretion [76]. However, findings by Steffenson et al. 
demonstrate bidirectional NKCC1 flow, with a new outward 
secretory function for direct CSF production [75]. Further-
more, the findings of SPAK-mediated PHH CSF hypersecre-
tion and sensitivity to NKCC1 inhibition with bumetanide 
[6] argue that NKCC1 directly contributes to CSF produc-
tion and hypersecretion in pathological disease states. As 
our understanding of choroid plexus physiology continues 
to grow, it will likely reveal nuanced regulation of vecto-
rial fluid transport dependent on specific factors such as ion 
concentrations, basal activity versus pathological states, and 
developmental stages of the organism.

ChP inflammatory response: potential 
pathologic feed‑forward mechanism

In the setting of intraventricular infection or hemorrhage, the 
inflammatory response appears to cause acute CSF hyperse-
cretion which results in ventriculomegaly and clinical hydro-
cephalus. This timeline tracks well with the development of 
acute post-infectious and post-hemorrhagic hydrocephalus 
seen in patients. However, some patients who initially do 
not require permanent CSF diversion may develop delayed 
hydrocephalus requiring later intervention [138, 139] and 
many patients remain dependent on CSF diversion lifelong. 
This then raises the question of a chronic process that pre-
vents return of normal, physiological CSF fluid dynamics, 
with important implications for development of pharmaco-
logical treatments of acquired hydrocephalus.

One explanation for the continued ventriculomegaly 
in these patients is the possibility that additional TLR-
dependent or other innate immune mechanisms sustain a 
basal neuroinflammatory state, leading to inflammation-
induced scarring, cilia dysfunction, or damage to other 
CSF homeostatic pathways, promoting aberrant, even 
reversed CSF dynamics after resolution of the initial 
insult. The glymphatic system may also play an impor-
tant role in both acute and chronic inflammation, as a site 
of entry for immune cells [140] and a component of CSF 

drainage, immune cell trafficking, and neuroinflammation 
[141, 142]. After resolution of an initial insult, microglial 
and epithelial derived cytokines are released to promote 
epithelial proliferation and repair [143]; however, in the 
setting of chronic inflammation or tissue damage, a feed-
forward mechanism may prevent longer term resolution 
and exacerbate tissue damage and inflammation, as in many 
peripheral organs such as intestinal and respiratory epi-
thelial tissues [144, 145]. This theory is further supported 
by neuro-endoscopic observations of damaged and “burnt 
out” ChP, intraventricular fibrosis, and friable ependyma 
in patients with previous intraventricular hemorrhage or 
infection. Ependymal denudation and ventricular zone 
disruption in experimental chronic PHH have also been 
reported [146].

Opportunities for pharmacological 
treatment of “inflammatory” hydrocephalus

As our understanding of acquired hydrocephalus evolves, 
similarities between the mechanistic underpinnings of infec-
tious and hemorrhagic hydrocephalus are becoming clear. 
Infectious pathogens and blood products, through PAMPs 
and DAMPs, respectively, trigger innate immune responses 
in the ChP and likely also in brain parenchyma to drive a 
signaling cascade leading to aberrant CSF fluid dynamics 
and hydrocephalus. These similarities raise the compelling 
possibility that pharmacotherapeutics targeting this com-
mon inflammatory process could modulate the ventricular 
response to these insults—preventing significant morbidity 
and mortality from both PIH and PHH.

In the acute setting, many patients with acquired hydro-
cephalus, especially hemorrhagic-mediated injury, require 
urgent CSF diversion. This is typically achieved through the 
placement of an external ventricular drain (EVD), Ommaya 
reservoir, or lumbar drain. These devices conveniently allow 
access to CSF spaces in the CNS, which could be used for 
intraventricular or intrathecal administration of medica-
tions. This targeted administration in fact is used clinically 
to administer highly potent antibiotics in the setting of severe 
ventriculitis [147]. New agents, such as those targeting TLR4 
or SPAK, could be infused through these devices to short-
circuit the hydrocephalus-promoting inflammatory response 
and potentially prevent long-term CSF diversion in the form 
of a VP shunt or ETV/CPC. One such agent, Tak242, a small-
molecule inhibitor of TLR4-mediated signaling, has demon-
strated therapeutic effects in acute experimental PHH [6] and 
is being used in clinical trials for treatment of patients with 
sepsis [148]. Additionally, other anti-inflammatory agents 
targeting the TLR4-NF-κB pathway are being investigated, 
including pyrrolidine dithiocarbamate [149] and melatonin 
[150, 151]. Systemic administration of anti-inflammatory 
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agents in the acute setting of the infectious or hemorrhagic 
insult may also be beneficial, as suggested by experimental 
PHH models showing response to intraperitoneal injection of 
Tak242 [6]. Intraperitoneal minocycline, a second-generation 
tetracycline with anti-inflammatory properties, reduces ven-
triculomegaly in spontaneously hypertensive SHR rats through 
attenuation of macrophage/microglial activation [152]. Other 
agents, including neutralizing antibodies or decoy receptors 
targeting DAMP/PAMP or cytokine receptors may also be 
beneficial, with potentially fewer off-target side effects than 
those of less specific pharmacotherapeutics.

Modulation of the SPAK/NKCC1 pathway is also a prom-
ising avenue for development of drugs targeting pathologi-
cal inflammatory-mediated CSF hypersecretion. Unfortu-
nately, current clinically available NKCC1-inhibitors, such 
as bumetanide and its derivatives, are systemically admin-
istered and have poor CNS penetration [6, 153]. Although 
bumetanide given in combination with phenobarbital for 
neonatal epilepsy was associated with hearing loss [154], it 
has been used successfully in clinical trials for treatment of 
autism in children [155–157]. Intraventricular or intrathecal 
administration may provide improved benefit of these drugs; 
however, more work is needed to understand the efficacy and 
safety of this route of delivery.

Targeting of SPAK may be a particularly advantageous 
route, given its role in both CSF hypersecretion and activa-
tion of the TLR4-dependent inflammatory response [6]. And 
although a master regulator of many other important targets 
[125], SPAK expression is highest in the ChP, and offers 
potential to be a powerful modulator of both PIH and PHH. 
The recently synthesized, novel, potent, and selective SPAK 
inhibitor, 5-chloro-N-(5-chloro-4-((4-chlorophenyl)(cyano)
methyl)-2-methylphenyl)-2-hydroxybenzamide (ZT-1a), has 
indeed shown promise in reducing CSF secretion in experi-
mental PHH with intracerebroventricular administration, and 
protects against brain damage in a stroke model when admin-
istered systemically [158]. Mounting data thus suggests that 
the immune-secretory plasticity of the choroid plexus is cen-
tral to development of acquired, inflammatory hydrocephalus, 
and that pharmacological targeting of TLR4 and/or SPAK 
offers the promise of non-invasive therapies for patients.

Conclusions

The development of novel non-surgical, mechanism-
based therapies for PIH/PHH could help avoid the adverse 
effects and complications of current invasive treatments 
and make treatments more accessible to areas of the world 
lacking neurosurgeons and related resources. Emerging 
data are shedding light into hydrocephalus pathophysi-
ology, beginning to suggest that prevention of PIH/PHH 
is a feasible goal. We have proposed that the concept of 

“inflammatory hydrocephalus” conveys more accurately 
the pathogenic mechanisms and therapeutic vulnerabilities 
shared between PHH and PIH than does the term “second-
ary hydrocephalus.” We believe this change of nomencla-
ture could catalyze a shift in thinking about these types of 
hydrocephalus from the category of life-long neurosurgi-
cal brain plumbing disorders to that of preventable neuro-
inflammatory conditions. Much future work nonetheless 
remains before any treatment strategies can be considered, 
including: (i) continued identification of specific inflam-
matory mechanisms and targets contributing to pathogen-
esis of PHH and PIH, (ii) development of pharmacologic 
agents modulating these targets, and (iii) pre-clinical tri-
als of these drugs in relevant experimental models. An 
approach addressing neuro-inflammation may not only 
prevent shunt dependence, but also ameliorate associated 
neurodevelopmental sequelae, including cerebral palsy 
and secondary inflammation-induced tissue damage, 
unaddressed by surgical CSF diversion. Such an approach 
would reduce the lifelong economic burden and morbid-
ity associated with shunt placement and offer life-saving 
assistance in regions with limited neurosurgical access.
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