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Pediatric hydrocephalus, the leading reason for brain surgery in children, is characterized by enlargement of the cerebral ventricles
classically attributed to cerebrospinal fluid (CSF) overaccumulation. Neurosurgical shunting to reduce CSF volume is the default
treatment that intends to reinstate normal CSF homeostasis, yet neurodevelopmental disability often persists in hydrocephalic children
despite optimal surgical management. Here, we discuss recent human genetic and animal model studies that are shifting the view
of pediatric hydrocephalus from an impaired fluid plumbing model to a new paradigm of dysregulated neural stem cell (NSC) fate.
NSCs are neuroprogenitor cells that comprise the germinal neuroepithelium lining the prenatal brain ventricles. We propose that
heterogenous defects in the development of these cells converge to disrupt cerebrocortical morphogenesis, leading to abnormal brain-
CSF biomechanical interactions that facilitate passive pooling of CSF and secondary ventricular distention. A significant subset of
pediatric hydrocephalus may thus in fact be due to a developmental brain malformation leading to secondary enlargement of the
ventricles rather than a primary defect of CSF circulation. If hydrocephalus is indeed a neuroradiographic presentation of an inborn
brain defect, it suggests the need to focus on optimizing neurodevelopment, rather than CSF diversion, as the primary treatment strategy

for these children.
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The standard model of cerebrospinal fluid
circulation and pediatric hydrocephalus

First described by Hippocrates, hydrocephalus (Gr, “water on the
brain”) is one of the oldest known neurological disorders with
archeological records suggesting its recognition as far back as
ancient Egypt (Aschoff et al. 1999). Hydrocephalus is characterized
by enlargement of the cerebrospinal fluid (CSF)-filled ventricles
(ventriculomegaly) and clinical symptoms of elevated intracra-
nial pressure. Although hydrocephalus can present at any age,
pediatric hydrocephalus affects 1/1,000 live births and is the
most common reason for children to undergo brain surgery (Tully
and Dobyns 2014). Secondary or acquired hydrocephalus occurs
as a complication from an underlying pathology, typically hem-
orrhage, infection, or obstructive mass. Intraventricular hemor-
rhage due to prematurity is the most common etiology of acquired
hydrocephalus in developed countries, compared with pathogenic
infections in developing nations. Pediatric hydrocephalus without
a clear inciting event or etiology is classified as primary or con-
genital.

Embedded in the canonical definition of hydrocephalus is the
belief that it is a “plumbing” disorder of failed CSF circulation

(Fig. 1a). Pioneered by Walter Dandy more than a century ago,
the “bulk flow” model posits that the choroid plexus secretes
CSF into the ventricles, creating pressure gradients that drive
CSF flow into the subarachnoid space, where it is reabsorbed
into the systemic circulation via arachnoid granulations and villi
(Symss and Oi 2013). Other proposed sites of CSF drainage include
the para-vascular glymphatic system and lymphatic vessels (Iliff
et al. 2012; Ma et al. 2017; Louveau et al. 2018). Ependymal
cells lining the ventricles are also thought to contribute to CSF
circulation, as they possess motile cilia that beat in an oar
like manner to produce near-wall flow (Worthington and Cath-
cart 1963; Ohata et al. 2014). Impaired absorption or obstruc-
tion of CSF flow is thought to cause hydrocephalus, and it can
occur in the absence of anatomical obstruction (communicat-
ing or nonobstructive hydrocephalus), or with complete/partial
obstruction (noncommunicating or obstructive hydrocephalus)
most often due to aqueductal stenosis (Kahle et al. 2016). Accord-
ing to the standard model, an abnormality in any of the steps
in CSF homeostasis (imbalance in production versus absorption
of CSF, impaired cilia-driven fluid flow currents, or anatomical
obstruction) is thought to initiate pathologic overaccumulation
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of CSF in the ventricular system (Fig. 1a). Fluid accumulation
may result in elevated intracranial pressure and compression of
the surrounding cerebral parenchyma (Fig. 1a). If left untreated,
hydrocephalus may lead to neurologic compromise, coma, and
death from fatal brain herniation.

Persistence of neurodevelopmental
disability despite CSF diversion in
hydrocephalus

Based on the classical view that CSF overaccumulation begets
hydrocephalus, lifelong neurosurgical shunting to reduce CSF
volume has been the standard of care for this pathology since the
1950s. While neurosurgical shunting can be lifesaving for some
patients by preventing further clinical deterioration, these surgi-
cal procedures are associated with complications and morbidity,
including shunt malfunctions, infections, and repeat surgeries
(Kahle et al. 2016). Furthermore, in many shunted hydrocephalic
children, symptoms of intracranial hypertension may be relieved,
yet neurodevelopmental outcomes remain poor and ventricu-
lomegaly often persists (Maixner et al. 1990; Casey et al. 1997;
Hoppe-Hirsch et al. 1998; Lindquist et al. 2005; Chance and Sand-
berg 2015; Rodriguez and Guerra 2017; Duy and Kahle 2021; Schiff
et al. 2021) (see Fig. 1b for example of hydrocephalic patient who
continues to exhibit enlarged ventricles and mild neurocognitive
impairments after neurosurgical shunting). These observations
underlie the fundamental challenge of pediatric hydrocephalus
therapy: surgical CSF diversion can address some consequences of
disease but does not necessarily target the underlying pathophys-
iological mechanisms of hydrocephalus. This raises the question
of whether ventricular expansion in hydrocephalus is a primary
active process or rather a consequence of an impaired develop-
mental process that impacts multiple aspects of anatomic and
functional brain maturation (Rodriguez and Guerra 2017; Duy
et al. 2019; Vasung et al. 2022; Duy, Rakic, et al. 2022). The lack
of satisfactory treatments highlights the urgency to better under-
stand the mechanisms of pediatric hydrocephalus beyond the
explanations provided by the standard model of CSF circulation.

A subset of pediatric hydrocephalus is increasingly being
recognized not only as a disorder of aberrant CSF homeostasis
but fundamentally as a brain parenchymal disorder secondary
to impaired neurodevelopment (Miyan et al. 2001; Guerra and
Guerra 2014; Guerra et al. 2017; Furey et al. 2018; Jin et al. 2020;
Duy, Rakic, et al. 2022; Duy et al. 2022). Pediatric hydrocephalus
often presents with a constellation of other structural brain
defects, such as a markedly thin cerebral cortex (Furey et al. 2018;
Jin et al. 2020), open lip schizencephaly (Furey et al. 2018; Allocco
et al. 2019; Jin et al. 2020), agenesis of major axons such as in the
corpus callosum and pyramidal tract (Adle-Biassette et al. 2013),
and neural tube defects (Elgamal 2012; Chance and Sandberg
2015). Patients with primary and secondary forms of pediatric
hydrocephalus may exhibit long-term neurodevelopmental
deficits, including intellectual disability, motor disturbance,
epilepsy, and cerebral palsy (Futagi et al. 2002; Persson et al.
2006; Gilard et al. 2018). Although brain dysfunction in the
setting of hydrocephalus is commonly attributed to compression
secondary to increased intracranial pressure (Del Bigio 1993;
Khan et al. 2006; Del Bigio 2010), intact neurological functions or
surprisingly mild impairments have been observed in rodents and
human patients with ventriculomegaly and signs of mechanical
compression (Lewin 1980; Canu et al. 2005; Feuillet et al. 2007;
McMullen et al. 2012; Alvin and Miller 2016; Alders et al.
2018; Ferris et al. 2019). Furthermore, experimental blockade
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of CSF flow by mechanical obstruction often does not result in
neurological symptoms despite leading to ventricular dilation
(Campos-Ordonez and Gonzalez-Perez 2021; McAllister et al.
2021). Thus, brain damage due to mechanical compression or CSF
hydrodynamic effects may not suffice to explain the persistence
of neurodevelopmental disability in patients with hydrocephalus
despite technically successful CSF diversion. The “paradoxes” of
clinical hydrocephalus underscore the need to recognize pediatric
hydrocephalus as a potential secondary sequela resulting from
primary inborn brain defects and that ventriculomegaly is
one cardinal feature accompanied by impairments in brain
morphogenesis and neurobehavioral features.

Neural stem cells (NSCs) are the progenitor cells of all neurons
and macroglia of the cerebral cortex. Normal brain morphogen-
esis depends on the ability of NSCs to expand and generate
diverse neuronal and glial cell types at the appropriate brain
regions and developmental time. As we describe below, genetic
mutations, infections, and hemorrhage leading to pediatric hydro-
cephalus have all been identified as pathological processes that
may disrupt prenatal NSC development. We posit that altered
NSC development is a unifying cellular pathology that underlies
diverse forms of pediatric hydrocephalus. We discuss the multi-
tude of genetic and secondary triggers that cause pediatric hydro-
cephalus by impairing prenatal NSC development and provide a
reappraisal of current therapeutic paradigms.

Neuroembryology and hydrocephalus:
neuroprogenitors at the brain—-CSF interface
during development

Figure 2 summarizes several major developmental events across
time of human brain development (see Silbereis et al. 2016 for
more detailed review). The average length of gestational develop-
ment (defined as the time from conception to birth) is ~38 weeks
and can be divided into 3 equal trimesters: first (postconception
week, PCW, 0-11), second (PCW 12-25), and third trimester (PCW
26-38). Neural development begins early in the first trimester with
the formation of the neural tube from the ectoderm at PCW4.
The hollow fluid-filled lumen of the tube forms the ventricular
system, whereas the wall of the neural tube is formed entirely
of proliferative NSCs called neuroepithelial cells that later transi-
tion into radial glia NSCs. The first trimester is characterized by
rapid NSC proliferative expansion at the ventricular wall, thereby
amplifying the progenitor pool before the onset of neurogenesis
by ~PCW7. The bulk of cortical neurogenesis (excitatory neurons)
is completed during the second trimester (~PCW27) with certain
other interneuron populations generated afterward with potential
extension into postnatal life. Gliogenesis follows neurogenesis
and generally peaks around birth. For most of gestational brain
development, the cerebral ventricles are lined by a germinal neu-
roepithelium (also termed the ventricular zone) consisting of self-
renewing NSCs capable of subsequent neurogenic or gliogenic
divisions (Fig. 3). Neuronal progenies of NSCs are born at the
ventricular neuroepithelium and migrate to their final positions
in the overlying cortical plate, which is the prospective cerebral
cortex. After birth, NSCs of the ventricular wall are replaced
by a monolayer of multiciliated ependymal cells, progenies of
terminally differentiated NSCs. Although immature ependymal
cells begin to appear in the ventricular wall during the second
trimester, mature multicilated ependymal cells do not cover the
majority of the ventricular wall surface until after birth in both
human and mouse (Coletti et al. 2018). Furthermore, the presence
of ependymal cells on histology does not imply functionality, as
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Fig. 1. Standard model of CSF circulation and hydrocephalus pathology. a) Standard model of CSF circulation in the adult human brain. Hydrocephalus
is characterized by enlargement of the cerebral ventricles classically attributed to dysregulated CSF flow, leading to overaccumulation of CSF that
distends the ventricles and raises the intracranial pressure. Neurosurgical CSF diversion that aims to reduce CSF volume and intracranial pressure
is the primary treatment strategy for hydrocephalus. Image modified from Servier medical art (https://smart.servier.com) permitted by the creative
commons attribution license (https://creativecommons.org/licenses/by/3.0/). b) Clinical case that demonstrates an example wherein the standard
model of CSF circulation does not sufficiently explain the pathogenesis of hydrocephalus. Patient is a 3-year-old girl who presented with progressive
macrocephaly. Neuroimaging prior to surgery (top panels) demonstrated extreme communicating ventriculomegaly with strikingly turbulent CSF flow
and small cerebral cortex. A ventriculoperitoneal shunt was placed to divert CSF from the ventricles into the peritoneal cavity. Postoperative imaging
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optical coherence tomography imaging of ventricular explants
has shown that ependymal cilia are not functionally mature until
1 week after birth in the mouse (Duy et al. 2022).

Given that pediatric hydrocephalus can be diagnosed in utero
by routine ultrasonography as early as PCW15 during early second
trimester (Pretorius et al. 1985), hydrocephalus onset in some
cases thus correlates more with periods of active NSC prolifera-
tion in the ventricular wall and neurogenesis rather than ependy-
mogenesis (Fig. 2, example of a noninvasive MRI showing fetal
hydrocephalus is shown). The manifestation of hydrocephalus
prior to the functional emergence of mature ependymal cells and
presumably cilia-driven CSF flow suggests that loss of CSF flow
due to motile cilia failure is unlike to be the developmental mech-
anism that initiates ventriculomegaly in pediatric hydrocephalus
diagnosed in utero. Other classic CSF circulation components,
such as CSF absorption by arachnoid granulations and CSF secre-
tion by the choroid plexus, also mature after birth (Rados et al.
2021; Jones and Sellars 1982; Xu et al. 2021). Thus, the anatomical
and cellular elements involved in driving active CSF circulation, at
least according to the standard model, have yet to mature in the
brain at time points when hydrocephalus can already be detected
during early cortical development by routine pregnancy imaging.
This challenges the dogma that dysfunction of CSF circulation
components (such as “clogging” of the arachnoid granulations
leading to reduced CSF drainage or defective cilia-generated CSF
flow) is crucial for the pathogenesis of pediatric hydrocephalus
(Kousi and Katsanis 2016). Rather, the detection of hydrocephalus
in utero suggests that the primary pathogenesis in some cases
may instead arise from abnormal development of ventricular wall
NSCs and altered cortical neurogenesis.

Disruption of the ventricular
neuroepithelium in human pediatric
hydrocephalus

Neuropathological examinations of postmortem brain tissues
from human patients with primary and posthemorrhagic forms
of pediatric hydrocephalus have revealed abnormalities in the
germinal neuroepithelium (Xue et al. 2003; Dominguez-Pinos
et al. 2005; de Wit et al. 2008; Del Bigio 2011; Sival et al.
2011; Guerra et al. 2015; McAllister et al. 2017; Dohare et al.
2019). The major neuropathological findings in the human
hydrocephalic brain tissues include: (i) abnormal expression of
cell junction molecules in the neuroepithelium; (ii) formation
of periventricular heterotopias (nodules of misplaced neurons),
and (ili) disruption and denudation of the neuroepithelium,
leading to NSC loss and release from the epithelial surface
into CSF (Krueger et al. 2006). Intraventricular hemorrhage is
also associated with a profound decrease in cell division and
neural proliferation in the neuroepithelium (Xue et al. 2003;
Del Bigio 2011; Dohare et al. 2019). Similar disruptions in the
ventricular neuroepithelium have also been described in genetic
rodent models of hydrocephalus, such as the hyh mutant mouse
and the H-Tx rat (Jiménez et al. 2001; Chae et al. 2004; Guerra
et al. 2015). These neuropathological events can precede the
manifestation of hydrocephalus, appearing as early as the 16th
gestational week in human pediatric hydrocephalus patients
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(Dominguez-Pinos et al. 2005), corresponding to critical devel-
opmental timepoints of proliferative NSC expansion and cortical
neurogenesis.

It is also important to clarify that while previous reports have
often used the term “ependyma” to refer to the ventricular lining
(liménez et al. 2001), mature ependymal cells do not cover the
majority of the lateral ventricular lining until 10 days after birth
in humans (Coletti et al. 2018). Rather, the ventricles are lined
primarily by NSCs (neuroepithelial cells and radial glia cells)
throughout most of prenatal brain development, at least during
the first and second trimesters of gestation. Thus, the major
finding from neuropathological examinations of human fetuses
with pediatric hydrocephalus is disruption of the NSC-enriched
neuroepithelial lining, not of the multiciliated ependyma. These
findings directly correlate the pathogenesis of human pediatric
hydrocephalus with perturbations of the proliferative NSC com-
partments lining the cerebral ventricles.

Genetically encoded dysregulation of
prenatal NSCs causes human congenital
hydrocephalus

Perhaps, the most unbiased and clinically relevant approach
to understand disease pathogenesis is through the discovery
of causative gene mutations in human patients (Chong et al.
2015). Studies of familial congenital hydrocephalus (primarily
of consanguineous unions) have identified several genes that
cause disease with X-linked (L1CAM and AP1S2) or autosomal
recessive (MPDZ and CCDC88C) inheritance (Rosenthal et al. 1992;
Tarpey et al. 2006; Ekici et al. 2010; Al-Dosari et al. 2013; Shaheen
et al. 2017). More recent studies using whole exome sequencing
of numerous case-parent trios have found that damaging de
novo gene mutations account for ~20% of patients with sporadic
(nonfamilial) congenital hydrocephalus, with TRIM71, PTEN,
SMARCC1, FOXJ1, and PIK3CA exhibiting exome-wide significant
enrichment of de novo mutations (Furey et al. 2018; Jin et al.
2020; Duy et al. 2022). Over 100 other genes have been described
to be mutated in syndromic hydrocephalus (Kousi and Katsanis
2016). Although hydrocephalus-associated genes have diverse
molecular functions and are involved in numerous pathways,
integrative genomic analyses have revealed the convergence of
these genes in cortical neurogenesis elements (Jin et al. 2020;
Hale et al. 2021; Duy et al. 2022), contrary to the dogma that
hydrocephalus arises from abnormal fluid hydrodynamics. Below,
we highlight several cellular and molecular pathways that
illustrate the convergence of diverse genetic cause of congenital
hydrocephalus on the regulation of prenatal NSC progression in
the ventricular neuroepithelium, with particular focus on genes
discovered in human hydrocephalus patients.

Ciliopathies

Dysfunction of motile cilia protruding from ependymal cells
has been a popular explanation for the pathogenesis of hydro-
cephalus. It is believed that abnormal ciliary beating by the
multiciliated ependyma reduces CSF circulation, contributing to
pathologic overaccumulation of CSF responsible for ventricular

showed complete resolution of CSF turbulence with persistence of ventriculomegaly. Although the patient’s progressive macrocephaly was arrested,
she continued to exhibit mild neurocognitive impairments. Thus, reinstatement of CSF homeostasis may address some consequences of disease
and prevent further deterioration but does not necessarily target the underlying developmental pathology. Images from patient were modified with

permission from (Duy and Kahle 2021).
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Correlation of congenital hydrocephalus with human neurodevelopmental timepoints
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In utero diagnosis of hydrocephalus correlates with neuroprogenitor proliferation prior to ependymal cell maturation
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Fig. 2. Timeline of key events in human cerebral cortex development and correlation to in utero diagnosis of hydrocephalus. Figure modified from
Silbereis et al., Neuron, 2016 (Silbereis et al. 2016). Top and bottom panels provide a timeline of human cerebrocortical development (Kang et al. 2011) with
age in postconceptional days (pcd), postconceptional weeks (pcw), and postnatal years (y). The schematic provides approximate timing and sequence of
cellular processes in the ventricular wall and prefrontal cortex. Bars indicate the peak developmental period in which each feature is acquired; dotted
lines indicate that feature acquisition occurs to lesser degrees at these ages, and arrows indicate that the feature is present thereafter throughout life.
Ahuman MRI showing in utero diagnosis of hydrocephalus is shown, corresponding to a period during which proliferative NSCs make up the ventricular
wall well before appearance of multiciliated ependymal cells. Right column lists relevant references: a) Coletti et al. (2018); b) Bystron et al. (2006), Meyer
(2007), Workman et al. (2013); c) Choi and Lapham (1978), deAzevedo et al. (2003), Kang et al. (2011); d) Kanget al. (2011), Yeung et al. (2014); ) Huttenlocher
(1979), Kwan et al. (2012), Molliver et al. (1973), Petanjek et al. (2011); f) Miller et al. (2012), Yakovlev and Lecours (1967); g) Huttenlocher (1979), Petanjek

et al. (2011); h) Kostovic and Rakic (1990).

dilation. This explanation is likely an oversimplification for
several reasons.

First, much of the evidence linking cilia dysfunction to hydro-
cephalus has come from mouse studies in which knockout of
cilia-related genes results in ventriculomegaly. However, human
motile ciliopathies are rare causes of hydrocephalus (Jin et al.
2020). When hydrocephalus does occur in motile ciliopathies, it
is often associated with systemic findings such as lung disease
or altered body symmetry, reflecting the presence of motile cilia
in peripheral organs (Wallmeier et al. 2019). The predominant
phenotype of human ciliopathies is a syndrome characterized
by symptoms referable to altered extracerebral ciliary function
rather than a pathology that selectively impacts cilia in the cere-
bral ventricles. Thus, ciliopathies do not explain the pathogen-
esis of human hydrocephalus cases that lack clinical manifes-

tations referable to altered motile cilia function outside of the
brain.

Second, human and murine ventriculomegaly can occur inde-
pendently of motile cilia function, as several genetic mouse mod-
els of hydrocephalus exhibit ventriculomegaly without defects in
the multiciliated ependyma (Shimada et al. 2019; Ito et al. 2021;
Duy et al. 2022). Similarly, knocking out S100A10 in the mouse
disrupts ependymal cilia orientation associated with reduced CSF
circulation, yet ventricular dilation does not occur (Seo et al.
2021). Despite that motile cilia are absent in the ventricular wall
during most of gestational brain development (Coletti et al. 2018),
hydrocephalus in humans can already be diagnosed as early as
PCW15 by noninvasive fetal imaging (Pretorius et al. 1985). Similar
to human observations, numerous mouse models hydrocephalus,
including a ciliopathy model, exhibit ventriculomegaly at birth
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Proliferative neural stem cells (NSCs) line the brain’s ventricles during prenatal development
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Fig. 3. NSCs line the cerebral ventricles before birth. Shown are fluorescent images of a coronal section from an embryonic day 15.5 wild-type mouse
brain that was stained with DAPI and SOX2 (a marker of NSCs). SOX2* NSCs line the entire cerebral ventricular system. Zoomed in images show
neuroprogenitor cell division at the apical surface of the ventricular wall directly adjacent to CSF. NSCs are therefore the predominant cell types at
the brain-CSF interface before birth. Images were modified from (Allocco et al. 2019) permitted by the creative commons attribution license (https://

creativecommons.org/licenses/by/4.0/).

prior to the maturation of motile cilia at the ventricular wall
(Carter et al. 2012; Banizs et al. 2005; Duy et al. 2022). The man-
ifestation of hydrocephalus prior to maturation of motile cilia
suggests that abnormal ependymal ciliary function is not causally
related to the phenotype of ventricular dilation.

Third, the contribution of motile cilia to intraventricular CSF
transport remains a topic of debate. A study of ventricular cilia
in the zebrafish suggests that motile ciliary beating actually
prevents mixing of CSF between ventricular compartments, while
net CSF flow across compartments is driven by cardiac pulsations
and body movement (Olstad et al. 2019). In vivo endoscopic video
motion analyses of human ventricles demonstrate that ventricle
wall motion and CSF pressure variations correspond to cardiac
frequencies, pointing to pulsations driven by the heart rather than
ependymal cilia as the main driver of intraventricular CSF flow
(Butler et al. 2017). The causal links between abnormalities of
ependymal ciliary function, presumably altered CSF transport,
and ventriculomegaly remain to be established. At the very least,
impaired cilia-driven CSF flow does not appear to be an absolute
requirement for the development of the hydrocephalus pheno-
type (Shimada et al. 2019; Ito et al. 2021; Seo et al. 2021).

Finally, a CSF hydrodynamic-focused perspective of ciliary
function neglects the developmental functions of nonmotile
primary cilia that may also contribute to aberrant neurodevel-
opment in hydrocephalus (Guemez-Gamboa et al. 2014). Apical
domains of ventricular zone NSCs contain primary cilia that are
in direct contact with CSF, making them well-positioned to detect
growth factors and morphogens that influence patterning, cell
fate determination, and migration, among other aspects of NSC
development (Guemez-Gamboa et al. 2014; Hasenpusch-Theil et
al. 2020). Thus, dysfunction of the ventricular zone nonmotile
primary cilia could impair prenatal NSC progression that
directly contributes to ventriculomegaly and cortical thinning in
hydrocephalus in the absence of impaired motile ciliary function.
Multiple mouse studies have shown that genetic ablation of
primary cilia restricted to prenatal NSCs results in hydrocephalus
associated with altered neural proliferation and decreased
numbers of cortical neurons, which is unlikely explained in full

by altered CSF circulation (Tong et al. 2014; Foerster et al. 2017,
Schock et al. 2017).

Neuroepithelial architecture and morphology

The cerebroventricular wall comprises proliferative NSCs form-
ing a pseudostratified neuroepithelium during most of human
gestation. Like other epithelial tissues, the neuroepithelium is
notable for its polarized morphology, at the level of individual NSC
(apical-basal polarity) and at the level of NSC populations within
the same plane (planar cell polarity). Neuroepithelial integrity
depends on the presence of junctional molecules that anchor
NSCs to each other and to the apical surface of the ventric-
ular wall. Multiple known congenital hydrocephalus genes are
involved in adhesion/junction (MPDZ and L1CAM) (Weller and
Gartner 2001; Feldner et al. 2017), apical-basal polarity (CRB2)
(Slavotinek et al. 2015), and planar cell polarity (reviewed exten-
sively in (Kousi and Katsanis 2016). Disruptions of these genes
could contribute to altered integrity and architecture of the neu-
roepithelium lining the cerebral ventricles, leading to a weakened
wall more susceptible to deformation and ventricular dilation.
Structural abnormalities in the neuroepithelium may also affect
cortical neurogenesis and lead to hypoplasia of the cortical man-
tle in congenital hydrocephalus.

Embryonic patterning of NSCs lining the cerebral
ventricles

The mammalian cerebral cortex is partitioned into discrete
yet interconnected regions that process particular aspects of
physiology and behavior, including sensation, movement, and
cognition (Sur and Rubenstein 2005; Rakic 2009). The complex
and intricate arealization of the cortex necessitates mechanisms
that pattern proliferative NSCs lining the cerebral ventricles to
generate the correct progeny at the appropriate time and place.
Dysregulation of neural patterning is thus associated with severe
malformations of the cortex (classically holoprosencephaly) and
ventricular system. Several human congenital hydrocephalus
genes are classically involved in patterning of the nervous system,
including ventral-dorsal patterning (SHH and its receptor PTCH1)
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(Furey et al. 2018; Jin et al. 2020) and anterior—posterior patterning
(CCDC88C encoding DAPLE, which is associated with the Wnt
pathway) (Ekici et al. 2010). Experimental manipulation of these
pathways in the mouse suggests that impaired morphology of
the ventricular neuroepithelium is the primary developmental
pathology that generates ventriculomegaly. De-repression of SHH
signaling by removal of either Gpr161 or Ptchl results in severe
prenatal ventriculomegaly associated with increased NSC prolif-
eration and irregular folding of the ventricular neuroepithelium,
without apparent defects in ependymal cells or the cerebral
aqueduct (Dave et al. 2011; Shimada et al. 2019). As efficient
CSF transport depends on the shape of the ventricular system
(Chiang et al. 2009; Longatti et al. 2019), abnormal neuroepithelial
patterning leading to ventricular dysmorphology may directly
decrease efficiency of CSF flow even in the absence of obvious
physical obstruction (e.g. aqueductal stenosis) or motile ciliary
dysfunction.

PI3K signaling

Phosphoinositide 3-kinase (PI3K) signaling is a major signal
transduction pathway involved in cell proliferation and growth
(Liu et al. 2009). PIK3CA encodes the PI3-kinase P110 alpha subunit
that phosphorylates phosphatidylinositol-4,5-diphosphate (PIP;)
to produce phosphatidylinositol (3,4,5) triphosphate (PIP3). PIPs
binds and stimulates AKT kinase, leading to mTOR activation.
PTEN encodes the PIPs-phosphatase that reverses this reaction.
Although these PI3K pathway genes are most often studied in
the context of oncogenesis, they also influence proliferation,
differentiation, and migration of prenatal NSCs in the brain
(Groszer et al. 2001; Endo et al. 2009; Roy et al. 2019; Andrews
et al. 2020). Germline and somatic mutations in components of
the PI3K pathway have been identified in human patients with
brain overgrowth disorders (hemimegaloencephaly) and autism
(Varga et al. 2009; Lee et al. 2012). Whole-exome sequencing
has recently identified de novo mutations in PIK3CA, PTEN,
and MTOR in human patients with congenital hydrocephalus
(in et al. 2020; DeSpenza et al. 2021). Both overactivation of
Pik3ca (Roy et al. 2019) and deletion of Pten (Ohtoshi 2008) in the
mouse result in severe hydrocephalus associated with excessive
proliferation of prenatal ventricular zone NSCs, which provides
a mechanistic explanation for cortical overgrowth in PI3K-
related hemimegaloencephaly. Intriguingly, the Pik3ca-mutant
mouse model also exhibits abnormal expression of cell junction
proteins at the apical surface of the embryonic ventricular zone,
suggesting that impaired integrity of the prenatal ventricular
wall (consisting of NSCs) may contribute as a physiological cause
of nonobstructive ventriculomegaly observed in the model (Roy
et al. 2019).

SWI/SNF complex in hydrocephalus

The SWI/SNF complex is an ATP-dependent chromatin remodel-
ing complex that is essential for gene expression regulation in
the development of multiple organs, including the brain. Loss-of-
function mutations in SMARCC1, encoding a core subunit of the
SWI/SNF complex, have now been identified in human congenital
hydrocephalus (Furey et al. 2018; Jin et al. 2020). The physiologi-
cal cause of hydrocephalus in SMARCC1-mutant patients is pre-
sumed to be a CSF circulation defect since all patients presented
with aqueductal stenosis (Jin et al. 2020). However, aqueductal
stenosis may itself arise from a prenatal NSC defect, given that
excessive proliferation of NSCs may initiate obliteration of the
aqueduct (Lin et al. 2013; Zega et al. 2017). Indeed, a mouse
model harboring a missense mutation in Smarccl exhibits failed

neural tube closure associated with dysregulated NSC prolifera-
tion and survival (Harmacek et al. 2014). Conditional knockout
of Smarccl in dorsal telencephalic NSCs results in detachment
of NSCs from the apical surface due to abnormal establishment
of adherens junctions at the ventricular lining (Narayanan et
al. 2018), but without hydrocephalus. These NSC abnormalities
may certainly contribute to impaired aqueduct development to
cause hydrocephalus in the setting of SMARCC1 dysfunction.
However, altered NSC development likely affects the development
of the overall ventricular system and cerebral cortex rather than
producing an isolated defect confined to the aqueduct, since
SMARCC1 is widely expressed in all ventricular zone NSCs of the
telencephalon (Narayanan et al. 2018). In fact, aqueductal stenosis
is neither required or sufficient to initiate ventriculomegaly, as
hydrocephalus often occurs with a patent aqueduct, and exper-
imental blockade of the cerebral aqueduct in animal models
may fail to cause ventricular dilation or even raise intracranial
pressure (Klarica et al. 2009; Liu et al. 2020).

TRIM71 implicates an ancient heterochronic stem
cell pathway in human congenital hydrocephalus
TRIM71 harbors the most de novo mutations in human sporadic
congenital hydrocephalus (Furey et al. 2018; Jin et al. 2020; Duy
et al. 2022). TRIM71 encodes an RNA-binding protein that is the
primary target of the let-7 microRNA. The TRIM71/let-7 axis is
conserved across diverse animal species, and it is believed that
this regulatory axis constitutes a universal timekeeping mecha-
nism to ensure that stem cell division and differentiation occur
at the appropriate time in development (Ecsedi and Grosshans
2013; Duy et al. 2019). The best characterized molecular function
of TRIM71 is its role in the posttranscriptional silencing RNA
targets that influence stem cell proliferation and differentia-
tion (Mitschka et al. 2015; Rand et al. 2018; Torres-Fernandez
et al. 2019; Welte et al. 2019; Liu et al. 2021). In the mouse,
TRIM71 is highly expressed in the embryonic neuroepithelium,
and knocking out TRIM71 results in embryonic lethality and failed
neurulation associated with excessive neural differentiation at
the expense of NSC proliferation (Maller Schulman et al. 2008;
Chen et al. 2012; Mitschka et al. 2015). These findings suggest
that TRIM71 functions to promote NSC self-renewal while sup-
pressing differentiation, ensuring generation of a sufficient NSC
pool to support subsequent neuro-gliogenesis. Remarkably, all
human hydrocephalus-associated TRIM71 mutations clustered in
its RNA-binding NHL domain (Furey et al. 2018; Jin et al. 2020),
resulting in a severe loss of binding to RNA targets (Welte et al.
2019; Duy et al. 2022). We initially hypothesized that the resulting
dysregulation of TRIM71 RNA targets depletes the NSC pool by
causing premature differentiation at the expense of NSC pro-
liferative expansion, ultimately leading to reduced neurogenesis
that underlies the cortical thinning observed in congenital hydro-
cephalus patients with TRIM71 mutations (Duy et al. 2019). Con-
sistent with this hypothesis, a humanized mouse model harboring
a human hydrocephalus-associated missense mutation in Trim71
exhibits fetal-onset hydrocephalus associated with reduced cor-
tical neurogenesis stemming from premature differentiation of
embryonic neuroprogenitors (Duy et al. 2022). This reduced neuro-
genesis renders a thin and biomechanically unstable cerebral cor-
tex that facilitates secondary ventricular enlargement in hydro-
cephalic Trim71 mutant mice without primary defects in CSF cir-
culation (Duy et al. 2022). Thus, a genetically encoded dysregula-
tion in brain morphogenesis is sufficient to cause hydrocephalus
primarily by disrupting the mechanical stability of the cerebral
parenchyma.



Convergence of hydrocephalus risk genes in
neurogenesis-related elements of the developing
human brain

Advances in genomics have enabled the identification an ever
increasing number of new genes involved in susceptibility for
congenital hydrocephalus, providing hope for mechanistic under-
standing and therapeutic development. However, these findings
also pose new challenges in understanding biology given the
extreme genetic heterogeneity and a large number of biological
pathways potentially involved in disease. To that end, an inte-
grative systems biology approach offers the ability to search for
points of disease convergence in specific biological pathways and
spatiotemporal loci of human brain development in a hypothesis-
free manner (Parikshak et al. 2013; Willsey et al. 2013; Li et al.
2018). Combining human genetics with transcriptomic maps of
gene expression during normal human brain development, pio-
neering studies have identified early human cortical development
and multiple neuronal cell types in the cerebral cortex as spa-
tiotemporal loci of disease convergence implicated by autism risk
genes (Parikshak et al. 2013; Willsey et al. 2013). Applying a similar
integrative genomics approach to congenital hydrocephalus, we
have found that hydrocephalus risk genes converged in transcrip-
tional networks that are also implicated in other neurodevelop-
mental disorders such as autism and microcephaly (Jin et al. 2020;
Duy et al. 2022), a cortical malformation characterized by the
development of a small cerebral cortex due to defective NSC pro-
liferation and neurogenesis. Consistent with this, we also found
that congenital hydrocephalus risk genes converged in discrete
cell types involved in human cortical neurogenesis, including
embryonic neuroepithelial NSCs and excitatory neurons (Jin et al.
2020; Duy et al. 2022).

The implication of these findings is 2-fold. First, in contrast
to the dogma that hydrocephalus is a disorder of impaired
fluid circulation, functional genomic analyses suggests that the
etiology of congenital hydrocephalus is likely more related to
impaired prenatal brain development and defective neurogenesis.
Second, the convergence of hydrocephalus and autism risk genes
in the same transcriptional module suggests shared disease
mechanisms between hydrocephalus and other disorders of
cortical maldevelopment. Thus, understanding the molecular
genetic mechanisms of congenital hydrocephalus may facilitate
the discovery of convergent developmental pathologies involved
in related neurodevelopmental disorders that affect the growth
and assembly of the cerebral cortex. Indeed, mutations in several
congenital hydrocephalus-associated genes, PTEN (Jin et al.
2020) and WDR81 (Shaheen et al. 2017), can also cause autism
(Satterstrom et al. 2020; DeSpenza et al. 2021) or microcephaly
(Cavallin et al. 2017), respectively.

Environmental insults perturb ventricular
NSC development, leading to acquired
hydrocephalus

Although human genetics has provided valuable insights into the
biology of congenital hydrocephalus, the most common causes
of pediatric hydrocephalus worldwide are due to environmental
perturbations. We focus here on 2 common causes of acquired
pediatric hydrocephalus: intrauterine infections and intraventric-
ular hemorrhage. The common theme between these 2 etiologies
of acquired hydrocephalus is that in both situations, prenatal
NSCs are exposed to external factors normally not present in
their microenvironment, leading to dysregulation in NSC survival,
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self-renewal, and differentiation. These impairments culminate
in an overall loss of NSCs and their differentiated progeny that
populate the brain parenchyma. Understanding the impact of
infections and hemorrhage on brain development provides yet
another window into how NSC defects lead to pediatric hydro-
cephalus.

NSCs are the cellular target of teratogenic
infectious agents

Congenital infections are an important cause of newborn mortal-
ity and morbidity. These infections occur when a mother trans-
mits the pathogen to her child either during gestation (via the pla-
centa) or delivery (via the vaginal canal). The common pathogens
that cause in utero infections can be summarized by the TORCH
acronym (Toxoplasmosis, Other agents including syphilis, vari-
cella, and Zika, Rubella, Cytomegalovirus, and Herpes Simplex)
(Coyne and Lazear 2016). TORCH infections that occur during
prenatal development via the placenta have a devastating impact
on the brain, often leading to microcephaly, hydrocephalus, and
neurological sequelae such as intellectual disability, epilepsy, and
sensorineural hearing loss. Although microcephaly and hydro-
cephalus are typically considered separate conditions of different
underlying pathogenic mechanisms, detailed neuroradiographic
studies of patients with congenital Zika syndrome showed that
both malformations can appear together (Juca et al. 2018; van der
Linden et al. 2019; Niemeyer et al. 2020). Zika-infected infants
initially presented with a classic picture of microcephaly (low
head circumference and low brain volume) that then progressed
to show symptoms of increased intracranial pressure and hydro-
cephalus, including ventricular dilation, worsening neurological
symptoms, vomiting, and sudden increases in head circumference
(van der Linden et al. 2019). These striking findings in congenital
Zika syndrome suggest that clinical hydrocephalus that require
neurosurgical CSF diversion can arise as a secondary complica-
tion of cerebrocortical hypoplasia.

The primary cellular pathology of congenital TORCH infec-
tions in the brain is unequivocally a detrimental impact on pre-
natal NSC development. In vivo studies of animal models and
in vitro studies of human stem cells have demonstrated that
TORCH pathogens preferentially infect NSCs by binding to specific
receptors, while differentiated progeny cells are relatively spared
(Onorati et al. 2016). Infected NSCs exhibit defects in pluripotency
(decreased self-renewal and impaired neural differentiation) and
undergo cell death (Luo et al. 2010; Dang et al. 2016; El Ghouzzi
et al. 2016; Onorati et al. 2016). TORCH infections also induce
a cascade of maternal inflammatory responses contributing to
deficient NSC growth, in line with the vulnerability of NSCs to
inflammatory insults (Dang et al. 2016; Vasistha et al. 2020).
Indeed, even just the cytokines that are induced by the mother
in the setting of infections may alter the ventricular integrity of
the fetus, as transient changes in neuroprogenitor proliferation
have been observed in a model of maternal inflammation induced
by administration of lipopolysaccharide (Stolp et al. 2011). The
overall outcome of TORCH infections is thus a depletion in the
ventricular NSC pool, leading to deficient neuro-gliogenesis that
manifests at the organ level as cortical hypoplasia, microcephaly,
and hydrocephalus.

Hemorrhage exposes NSCs to foreign factors that
disturb brain development

Intraventricular hemorrhage is the most common cause of
acquired hydrocephalus in developed countries because of the
resources available for sophisticated and expensive neonatal
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intensive care. Posthemorrhagic hydrocephalus commonly occurs
due to premature birth, a condition in which the highly vascular-
ized and fragile germinal matrix (an area of periventricular brain
parenchyma) is prone to bleed under stress, allowing entry of
blood into the adjacent ventricular system. A CSF hydrodynamic
mechanism is classically invoked to explain the pathogenesis of
posthemorrhagic hydrocephalus: obstructive ventriculomegaly
occurs due to physical obstruction of intraventricular CSF flow
by blood microthrombi with subsequent inflammation and
fibrosis of the arachnoid granulations leading to reduced CSF
clearance from the ventricular system (Strahle et al. 2012).
Denudation of the multiciliated ependyma following intraventric-
ular hemorrhage also contributes to pathologic CSF accumulation
secondary to reduced cilia-driven CSF circulation (McAllister et
al. 2017; Lummis et al. 2019). However, these explanations are
an oversimplification, given that arachnoid granulations are not
mature until after the 39th gestational week in humans (Gémez
et al. 1982), whereas posthemorrhagic hydrocephalus occurs at
much earlier timepoints. The classical explanations also do not
account for observations of poor neurodevelopmental outcomes
and reduced cortical gray matter volume in premature infants
with intraventricular hemorrhage (Vasileiadis et al. 2004).

Emerging evidence demonstrates the deleterious impact
of intraventricular hemorrhage on prenatal NSCs and neuro-
gliogenesis. Studies of brain tissues from preterm infants
with intraventricular hemorrhage show disorganization of the
neurogenic ventricular zone and suppression of NSC proliferation
(Xue et al. 2003; McAllister et al. 2017; Dohare et al. 2019).
Investigations of animal models have begun to define the cellular
and molecular mechanisms underlying the deleterious effects
of hemorrhage on prenatal NSC and cortical neurogenesis.
Using a fetal mouse model of posthemorrhagic hydrocephlaus,
Yung et al. reported that a blood-borne lipid (lysophosphatidic
acid) causes aberrant activation of Rho/Rac signaling, leading
to disruption of NSC attachment at the ventricular zone and
initiation of fetal ventriculomegaly (Yung et al. 2011). More
recent investigations combining both examinations of fetal
human brain tissues and rabbit models of premature birth have
shown that intraventricular hemorrhage downregulates Wnt
signaling, resulting in apoptosis of NSCs and suppression of
cortical neurogenesis (Dohare et al. 2018, 2019). These findings
highlight derangements in NSC signaling as disease mechanisms
that initiate ventriculomegaly and cortical underdevelopment
in posthemorrhagic hydrocephalus. Strikingly, pharmacological
manipulations aimed at targeting the identified molecular
alterations restored neurogenesis and prevented development
of hydrocephalus in the studied models (Yung et al. 2011; Dohare
et al. 2019).

Disruption of brain-CSF biomechanical
interactions: linking NSC perturbations and
impaired neurodevelopment to ventricular
dilation in hydrocephalus

We propose a novel NSC model of pediatric hydrocephalus patho-
genesis wherein intrinsic and environmental insults converge to
perturb development of NSCs at the ventricular neuroepithelium,
directly leading to ventricular and cortical malformation in pri-
mary and acquired hydrocephalus (Fig. 4). A particularly unique
aspect of our model is that we emphasize the “vessel” holding the
fluid (the neural tissue comprising the germinal neuroepithelium
or brain parenchymal compartment) as the anatomical site of

disease pathogenesis rather than the ventricular CSF compart-
ment as classically believed. Thus, our model provides a patho-
physiologic explanation of how ventriculomegaly occurs even in
the absence of primary initiating defects in CSF circulation such
as ependymal cilia failure or anatomical obstruction to CSF flow.
This is in contrast to previous discussions of NSC involvement in
hydrocephalus by other authors (Rodriguez et al. 2012; Rodriguez
and Guerra 2017), who still endorsed a fluid hydrodynamic-view
of hydrocephalus by proposing that the loss of NSCs initiates ven-
tricular dilation by causing obliteration of the cerebral aqueduct
or impaired ependymogeneis with attendant loss of cilia-driven
CSF flow.

In fact, neither aqueductal obliteration nor loss of ependymal
cells is sufficient or necessary to cause cortical malformation and
ventriculomegaly in hydrocephalus for several reasons already
discussed in prior sections but summarized again briefly here.
First, experimental blockade of CSF flow does not always lead
to ventricular dilation or raised intracranial pressure in animal
models (Klarica et al. 2009; Liu et al. 2020), and even when
ventriculomegaly does occur, there are no associated neurological
sequelae similar to those observed in human patients with pedi-
atric hydrocephalus (Campos-Ordonez and Gonzalez-Perez 2021;
McAllister et al. 2021). Several case reports have also documented
the presence of isolated aqueductal stenosis leading to complete
obstruction of CSF flow in human individuals who otherwise are
neurologically normal and do not exhibit hydrocephalus (Rados
et al. 2014; Rados, Oreskovi¢, et al. 2021). Second, with regards
to ependymal cilia-generated flow, pediatric hydrocephalus is
often detected in utero prior to the emergence of multiciliated
ependymal cells (Coletti et al. 2018). Furthermore, despite that
knockout of motile cilia-related genes often causes hydrocephalus
in the mouse, in humans, primary ciliary dyskinesia rarely
results in hydrocephalus (Jin et al. 2020). These paradoxical
observations challenge the current dogma that a gross defect in
CSF compartment, stemming from aqueductal stenosis or loss of
ependymal cells, is responsible for ventricular dilation and neuro-
logical symptoms observed in clinical hydrocephalus. In fact, the
most important clinical observation challenging this dogma is
that reduction of CSF volume by neurosurgical treatment still
fails to improve neurodevelopment and restore brain growth
in children with hydrocephalus (Duy and Kahle 2021; Schiff
et al. 2021), suggesting that the relevant pathology arises from
defective development of neural parenchyma instead of the fluid
compartment.

Rather than requiring an obvious defect in active CSF circula-
tion (cilia dysmotility or anatomical obstruction) to cause hydro-
cephalus, we propose that NSC defects leading to the depletion of
the neural parenchyma are sufficient to initiate ventriculomegaly.
Understanding this proposed model requires the recognition that
a positive pressure always exists inside the lumen of the ven-
tricular system, because otherwise the overlying neural tube and
brain parenchymal compartment (the “vessels” holding the fluid)
would collapse (Lowery and Sive 2009; Duy, Rakic, et al. 2022). This
pressure generated by CSF in the ventricular lumen must also
be balanced by forces exerted by neural tissue surrounding the
fluid. The absence or reduction of such counteracting forces due
to the depletion of the overlying neural parenchyma thus favors
secondary ventricular dilation even when the intraventricular
pressure is not abnormally high, as predicted by computational
models (Pefia et al. 2002). Indeed, impaired biomechanical prop-
erties of the brain parenchyma due to innate reduction/atrophy
of brain tissue leading to decreased resistance to CSF pressure
have been proposed to be the pathophysiologic explanation for
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Fig. 4. A NSC paradigm of human pediatric hydrocephalus. a) Normal development of the human ventricular system and cerebral cortex. During
gestation, the ventricular wall is composed of a germinal neuroepithelium that has 2 crucial functions. First, as the epithelial barrier between fluid and
brain parenchymal component, the germinal neuroepithelium has an important function in resisting the pressure generated by CSF in the ventricular
lumen. Second, the germinal neuroepithelium contains proliferative NSCs that produce all neurons and macroglia of the cerebral cortex. After birth,
this neuroepithelium is replaced by multiciliated ependymal cells that may contribute to local CSF flow driven by motile cilia, though in humans,
the roles of ependymal ciliary motion in generating CSF circulation remain debated. MR image of control prenatal human brain from Gholipour
et al. Scientific Reports, 2017 (Gholipour et al. 2017); MR image of control adult human brain from OpenNeuro dataset ds000221; images of histological
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ventricular dilation despite low intracranial pressure in some
human hydrocephalus patients (Pang and Altschuler 1994).

During the earliest stages of neural development, the only
neural tissue surrounding intraventricular CSF is proliferative
NSCs, since the entire wall of the neural tube is a pseudostratified
neuroepithelium comprised of neuroepithelial stem cells. This
pseudostratified neuroepithelium of proliferative NSCs continues
to cover the ventricular wall directly adjacent to CSF for the
bulk of prenatal development. As the major and only epithe-
lial barrier between fluid and brain parenchymal compartment
during gestation, the germinal neuroepithelium (and therefore
NSCs) has important functions in resisting intraventricular CSF
pressure (Fig. 4a). Consequently, dysregulated NSC fate (due to
mutations in hydrocephalus-associated genes or damage from
exposure to environmental insults) may compromise the struc-
tural integrity of the germinal neuroepithelium, leading to a
weakening of the developing ventricular wall and a failure to
resist the intraventricular CSF pressure (Fig.4b). In support of
the hypothesis that dysregulated NSC fate initiates mechanical
instability of the ventricular wall, histological studies have found
abnormal expression of cell junction proteins in the developing
ventricles of hydrocephalic mouse models and human patients
(Chae et al. 2004; Rodriguez et al. 2012; McAllister et al. 2017; Roy
et al. 2019). Ventricular dilation may thus initiate in utero due to
a mechanically unstable ventricular neuroepithelium even in the
absence of anatomically obstructed CSF flow.

Impaired development of NSCs in the germinal neuroepithe-
lium also results in defective cortical neurogenesis, leading to
decreased cortical cell mass that renders a weakened cortical
mantle that is more susceptible to mechanical deformations
(Fig. 4b). Additional downstream processes involved in the growth
and assembly of the cerebral cortex may also be affected, such
as neuropil formation, white matter growth, synaptogenesis, and
gliogenesis. Depletion of the neural parenchyma components,
such as neuronal density, likely results in reduced brain tis-
sue stiffness (Schregel et al. 2012; Freimann et al. 2013; Duy
et al. 2022). In the setting of reduced brain stiffness, continued
production of CSF from the choroid plexus would expand the
already large ventricular compartment, pushing the thin, low-
resistance cortical ribbon to the dural-bone interface even at low-
pressure gradients that are normally incapable of deforming the
overlying brain parenchyma (Pefa et al. 2002; Nagra et al. 2009;
Wilkie et al. 2011, 2012). Thus, perturbations in cerebrocortical
morphogenesis and brain biomechanics arising from NSC defects
may contribute to the progression of ventricular dilation. Indeed,
we have recently utilized atomic force microscopy to show that
reduced neurogenesis in a genetic mouse model of hydrocephalus
is associated with reduced stiffness of the hydrocephalic cortical
mantle (Duy et al. 2022). In vivo measurements of brain biome-
chanics by magnetic resonance elastography have also revealed
reduced brain parenchymal stiffness in human hydrocephalus
patients (Olivero et al. 2016; Wagshul et al. 2021). Although altered

NSC development can also theoretically perturb the development
of multiciliated ependymal cells after birth (Fig. 4b), a defect in
ependymal cells is still unlikely to explain subsets of fetal-onset
hydrocephalus that manifests before the functional maturation
of ependymal cilia (Coletti et al. 2018; Duy et al. 2022) (Fig. 2).
Altogether, we hypothesize that a developmental pathology in cor-
tical NSCs initiates a cascade of events that culminate in cerebro-
cortical dysgenesis and aberrant brain-fluid biomechanical inter-
actions that directly facilitate ventricular expansion. This NSC
paradigm of hydrocephalus frames the brain parenchyma as the
anatomical site of pathogenesis rather than the CSF compartment
in some or potentially many forms of pediatric hydrocephalus.

Clinical ramifications: optimizing
neurodevelopment in pediatric
hydrocephalus

The NSC paradigm provides explanatory power and translational
value for the clinical care of patients with hydrocephalus, the
mainstay treatments for which almost exclusively focus on sur-
gical CSF drainage and reduction of ventricle size. Namely, the
paradigm of hydrocephalus as a primary disorder of cerebro-
cortical development may in part explain the co-occurrence of
hydrocephalus with other “brain parenchymal” phenotypes such
as intellectual disability, epilepsy, and autism, as well as with
other structural brain defects including cortical thinning and
schizencephaly (Lindquist et al. 2005; Persson et al. 2006; Schoner
et al. 2013; Allocco et al. 2019; Oegema et al. 2019; Munch et al.
2020; DeSpenza et al. 2021). Moreover, these findings may shed
light on why some children with hydrocephalus fail to show
significant neurodevelopmental improvement even after normal
CSF circulation is presumably reinstated by CSF diversion surg-
eries (Gupta et al. 2007; Kulkarni et al. 2013; Riva-Cambrin et al.
2021; Schiff et al. 2021). While neurosurgical shunting may still
be indicated in selected cases to prevent clinical deterioration
and neurologic compromise, CSF diversion is largely palliative
and does not address the underlying developmental pathology of
pediatric hydrocephalus. This warrants the need to expand the
therapeutic options beyond draining fluid to potentially include
pharmacological and/or behavioral interventions directed toward
abnormal cognitive and neurobehavioral function akin to those
typically reserved for children with developmental neuropsychi-
atric disorders such as autism. Genetic testing by exome-wide or
even genome-wide approaches may be a useful diagnostic adjunct
in this regard (Sullivan et al. 2021; Duy, Timberlake, et al. 2022).
In the long-term, the definitive prevention and cure of pediatric
hydrocephalus will require new interventions that target the
underlying cellular and molecular perturbations that may arise
before birth. Advances in prenatal genetic testing (Zhang et al.
2019), fetal surgical interventions (Farmer et al. 2003), and gene
therapy successes in other human neurodevelopmental disorders
(Mendell et al. 2017) suggest the therapeutic feasibility of early

sections from control prenatal and adult human brains from the BrainSpan atlas. NECs, neuroepithelial cells; RGCs, radial glia cells; IPCs, intermediate
progenitor cells; oRGCs, outer radial glia cells. b) Pathophysiologic explanation of how altered ventricular NSCs during gestation lead to hydrocephalus
and cortical maldevelopment. The developmental consequences of perturbed NSC fate are 2-fold. First, the germinal neuroepithelium of the developing
brain ventricles weakens and thus fails to resist intraventricular CSF pressure, initiating ventricular dilation early in gestation. Second, abnormal
development of the germinal neuroepithelium leads to abnormal cortical neurogenesis, leading to a thin and “floppy” cerebral cortex wall that also
fails to hold the CSF pressure, leading to progression of ventriculomegaly. Impaired NSC fate can theoretically also result in abnormal ependymogenesis
and failure of motile cilia-driven CSF flow, leading to secondary effects on CSF circulation. However, altered development of the ependyma is neither
sufficient or required to cause hydrocephalus as discussed in the main text, thus the contribution of disrupted ependyma to the primary developmental
pathogenesis of pediatric hydrocephalus remains questionable and should only be considered as a secondary consequence that may potentially worsen
the phenotype but not absolutely required for initiation of the disease phenotype.



in utero interventions to correct molecular dysregulation of brain
development and neuroprogenitor fate in hydrocephalus. Proof-
of-concept studies in animal models of hydrocephalus have also
demonstrated the ability of pharmacological interventions to pre-
vent ventriculomegaly and improve neurological function (Foer-
ster et al. 2017; Roy et al. 2019; Iwasawa et al. 2022). For instance,
Foerster et al. (2017) showed in the mouse that the conditional
depletion of primary cilia in NSCs results in ventriculomegaly and
upregulation of the mTOR pathway, both of which can be cor-
rected by prenatal administration of the commonly used mTOR
inhibitor, rapamycin. In a more recent study, Iwasawa et al. (2022)
showed that the administration of the anti-inflammatory agent
Bindarit improves neurological function and cortical myelina-
tion in a genetic mouse model of hydrocephalus even though
ventriculomegaly is only mildly reduced by therapeutic treat-
ment. Although much work remains before clinical translation
to humans, these promising studies show that precise targeting
cellular and molecular defects by tailored pharmacological inter-
ventions is a viable strategy to optimize neurodevelopment in
pediatric hydrocephalus without the need for invasive surgery.
Thus, understanding NSC regulation and its alterations due to
genetic mutations and environmental perturbations could shift
our view of pediatric hydrocephalus from a lifelong neurosurgical
condition to that of a preventable neurodevelopmental disorder.
This shift to viewing pediatric hydrocephalus as a pharmacolog-
ically treatable neurodevelopmental disorder also suggests that
the lessons learned in hydrocephalus may also be applied toward
the prognostication, treatment stratification, and prevention of
other common developmental neurologic and neuropsychiatric
disorders (Duy, Rakic, et al. 2022; Duy, Timberlake, et al. 2022).
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