
Karakaya et al. Fluids and Barriers of the CNS           (2025) 22:20  
https://doi.org/10.1186/s12987-025-00630-3

RESEARCH Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by-​nc-​nd/4.​0/.

Fluids and Barriers of the CNS

Neurogenesis and glial impairments 
in congenital hydrocephalus: insights 
from a BioGlue‑induced fetal lamb model
Dicle Karakaya1,2, Kristin Lampe1, Jose L. Encinas3, Soner Duru1, Lucas Peiro1, Halil Kamil Oge2, 
Francisco M. Sanchez‑Margallo4, Marc Oria1,5,6,7† and Jose L. Peiro1,8*† 

Abstract 

Background  Congenital hydrocephalus (HCP) is a prevalent condition, that leads to fetal cerebral ventricle dilation 
and increased intracranial pressure. It is associated with significant neurological impairments, partly due to the disrup-
tion of neurogenesis and gliogenesis. This study aims to investigate alterations in the proliferation and differentiation 
of neural progenitor cells (NPCs) in a fetal lamb model of obstructive HCP induced by intracisternal BioGlue injection, 
to identify the potential optimal intervention time for prenatal surgery.

Methods  This study involved 22 fetal lambs, divided into control (n = 10) and HCP (n = 12) groups with hydrocepha-
lus induced at approximately 85–90 gestational days. Histological and molecular techniques, including hematoxylin 
and eosin staining, triple immunofluorescence, Western blot analysis, and RT-qPCR, were utilized to assess changes 
in NPCs, astrocytes, and oligodendrocytes across three different gestational stages (E105, E125, and E140). The analysis 
of data was done by using multiple (unpaired) two-sample t-test and was represented as mean and standard deviation.

Results  HCP led to significant disruptions in the ventricular zone (VZ), with the translocation of NPCs into the intra-
ventricular CSF and formation of periventricular heterotopias. This study revealed an initial surge in the expression 
of NPC markers (Pax6 and Sox2), which decreased as HCP progressed. Astroglia reaction intensified, as indicated 
by increased expression of GFAP, vimentin, and aquaporin 4, particularly at later stages of pregnancy (p < 0.001, 
p < 0.001 and p < 0.001, control and HCP E140, respectively). Myelin formation was also adversely affected, 
with reduced expression of oligodendrocyte markers (Olig2 and Sox10, p = 0.01 and p = 0.009, control and HCP 
E140, respectively) and myelin proteins (MOBP, MOG and MBP, p = 0.02, p = 0.049 and p = 0.02 control and HCP E140, 
respectively).

Conclusions  This study contributed to clarify the profound impact of congenital HCP on neurogenesis and glio-
genesis in an experimental fetal lamb model. The VZ disruption and altered expression of key neurogenic and glial 
markers suggested a significant pathological process underlying neurodevelopmental abnormalities. The findings 
suggested a potential window for prenatal surgical intervention between E105 and E125 in the sheep model, offering 
new avenues for prenatal therapeutic approaches and improving surgical outcomes in affected fetuses and neonates.
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Background
Congenital hydrocephalus (HCP), characterized by the 
excessive accumulation of cerebrospinal fluid (CSF), 
leads to the dilation of ventricles and increased intracra-
nial pressure [1] secondary to the obstruction of the sys-
tem. It is a multifactorial disease that can initiate during 
the early embryonic development. It is one of the most 
common congenital anomalies, with an incidence rang-
ing from 1 to 3 per 1000 live births, and it constitutes 
the primary indication for pediatric neurosurgical inter-
ventions [1]. HCP that onsets during fetal, perinatal, or 
neonatal stages tends to be more challenging to treat and 
often leads to unfavorable neurological outcomes [1]. The 
severity of damage and prognosis depend on the under-
lying cause of hydrocephalus, associated malformations, 
age at onset, and timing and success of surgical interven-
tion [2, 3].

It is crucial to know that hydrocephalus represents 
more than just a disorder related to CSF dynamics; it 
significantly affects the brain parenchyma development, 
so surgical interventions may not address all aspects of 
this condition [4–6]. In many shunted hydrocephalic 
children, neurological impairments cannot be reversed 
and ventriculomegaly often persists [7, 8]. There is also 
evidence suggesting that congenital hydrocephalus and 
disorders of brain maldevelopment with abnormal neu-
rogenesis share common mechanisms and etiologies, 
such as cell junction pathologies and mutations in path-
ways involved in cell proliferation and growth [9–11].

Fetal hydrocephalus is also associated with alterations 
in the ependymal cells and lining, that lead to ependymal 
loss/denudation at the cerebral ventricles and aqueduct 
[12, 13]. This disruption starts around the 16th to 17th 
gestational week [14] in the telencephalon and continues 
throughout pregnancy, following both spatial and tempo-
ral patterns from caudal to rostral causing severe dam-
age [9, 10, 13, 15, 16]. Denudation of the telencephalic 
ventricular zone (VZ) leads to abnormal neurogenesis, 
resulting in the translocation of neural progenitor cells 
(NPCs) into the CSF, the formation of subependymal 
rosettes, and the development of periventricular hetero-
topia, which is considered the focus of epilepsy observed 
in hydrocephalic patients [9, 17].

Furthermore, neuroinflammation has been proposed 
as a significant factor contributing to the progression of 
HCP, characterized by activation of microglia and astro-
cytes which are critical in the inflammatory response 
within the brain [1, 18]. These glial cells release various 
cytokines and chemokines that can exacerbate brain 
injury by promoting further inflammation and contribut-
ing to neuronal and axonal damage. Research indicates 
that the rise in intracranial pressure due to hydrocepha-
lus correlates with the onset of gliosis, and that the shunt 

placement, regardless of duration, results in a decrease 
in both astrocytic and microglial reaction [19]. Concur-
rently, dysmyelination occurs as the oligodendrocytes, 
which are responsible for myelin formation, become 
impaired. All these findings are complemented by the 
recent study by Bonilla G et al., who have demonstrated 
astrocyte and microglial activation leading to neuroin-
flammation with a decrease of oligodendrocytes and pro-
genitors kaolin-induced hydrocephalus model in juvenile 
pigs [20].

Numerous studies have demonstrated how changes 
manifest in animal models, detailing cellular mechanisms 
such as the stenosis of cerebral aqueducts [9, 13], pro-
tein overexpression in ependymal cells [21], microglial 
response [22] and neuronal and oligodendrocyte loss [23]. 
Further experimental insights from Del Bigio MR and 
Zhang YW [15, 24] along with Jimenez AJ et al. [16] have 
explored the pathophysiological consequences of hydro-
cephalus, revealing degenerative and proliferative brain 
changes in kaolin-induced hydrocephalus models and in 
hyh mutant mice, respectively. Clinical observations also 
corroborate these findings. They provide direct observa-
tions from human cases, documenting neuroependymal 
denudation in premature neonates with intraventricular 
hemorrhage [25] and full-term human fetal spina bifida 
aperta [12], and linking cell junction pathology to ven-
tricular zone disruption in hydrocephalic patients [17]. 
Together, these studies bridge experimental models and 
clinical observations, presenting a comprehensive view of 
the developmental and pathological progression of fetal 
hydrocephalus from both perspectives.

The aim of this study was to determine the proliferation 
and differentiation of NPCs into immature neural cells, 
astrocytes, and oligodendrocytes in the subventricu-
lar zone. Moreover, to compare their changes at differ-
ent intrauterine stages to finally predict the appropriate 
time point for an eventual therapeutic fetal intervention 
in an experimental fetal obstructive hydrocephalus sheep 
model.

Methods
Animal groups and BioGlue‑induced fetal lamb obstructive 
HCP model
A total of 12 pregnant ewes with age less than 2 years old 
were used in this study. Among them, 10 ewes had twin 
pregnancies, totaling 22 fetal lambs. In twin pregnancies, 
HCP was induced in one fetus by injecting BioGlue, while 
the other twin fetus was maintained as a control and no 
injections were administered for reducing the number 
of sheep and surgical risks such as fetal loss.The experi-
ments followed the guidelines for animal research and 
were approved by the Institutional Animal Care and Use 
Committee (IACUC: ES100370001499) at the Jesus Uson 
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Minimally Invasive Surgery Centre, Caceres, Spain and 
by the Institutional Animal Care and Use Committee at 
Cincinnati Children’s Hospital Medical Center (IACUC 
2021–0008), Cincinnati, Ohio, USA.

All young pregnant mothers were housed in groups 
under standard housing conditions at constant tempera-
ture (22 ± 1  °C) and humidity (30–55%) with a standard 
12-h light/dark cycle. They were fed standard sheep chow 
and unlimited access to water (ad libitum) was provided.

The animal model was based on a previously described 
by Oria et al. and conducted at the Cincinnati Children’s 
Hospital [26, 27]. Surgical procedures were performed 
under sterile conditions at approximately 85–90 ges-
tational days (E85-90), during the second trimester of 
pregnancy. The ewes were fasted for 12 h prior to surgery 
but had ad libitum access to water. Sedation was induced 
using intravenous ketamine (10  mg/kg) and midazolam 
(0.3–0.5 mg/kg), followed by the administration of 2–3% 
isoflurane via an endotracheal tube, with oxygen, using 
mechanical ventilation. Approximately 30  min before 
surgery, the sheep received 1 g of cefazolin intravenously, 
and, for pain control, each animal was administered 
0.005  mg/kg of buprenorphine (intramuscularly). The 
uterus was externalized, and after manually stabilizing 
the fetal head, a 22-gauge catheter needle was directed 
upwards at a 45-degree angle through the transuterine 
route, entering the subarachnoid space from the caudal 
aspect of the external occipital protuberance. Approxi-
mately 1.5 mL of cerebrospinal fluid (equal to the injec-
tion volume) was aspirated and then 1.5  mL of sterile 
BioGlue (consisting of purified bovine albumin and glu-
taraldehyde) was slowly injected into the cisterna magna. 
To reduce the volume of BioGlue to 1.5  mL was based 
on our observations from earlier studies where 2.0 and 
2.5  mL of BioGlue led to severe and acute hydrocepha-
lus [26]. Our aim was to diminish the severity and rapid 
progression of hydrocephalus, enabling a more detailed 
investigation into its chronic development and reducing 
fetal loss. After the transuterine injection, the maternal 
abdominal wall and skin were closed in a layered fashion.

To better understand the timeline of experimen-
tal design and pathological changes in this study, it is 
important to compare the gestational periods of sheep 
and humans and align their respective developmental 
stages. Fetal lambs have a gestational period of approxi-
mately 145 to 150  days, while human gestation lasts 
about 280 days. Key developmental milestones are rela-
tively comparable; day 45–50 in sheep corresponds to 
the end of the first trimester in humans, day 85–90 in 
sheep approximates the mid-second trimester  [26], and 
day 120–125 matches the late second trimester-early 
third trimester in humans. Full term for sheep, around 
day 145–150, parallels full-term human gestation. This 

comparison allows researchers and clinicians to corre-
late developmental changes and potential interventions 
across species, particularly studies on prenatal medicine, 
fetal surgery, and developmental biology.

The following groups were divided randomly and 
examined at three gestational ages (E105, E125, and 
E140):

1.	 Control: non-affected fetal brains (n = 3–4 for each 
time point).

2.	 HCP: fetal brains with BioGlue-induced hydrocepha-
lus (n = 3–4 for each time point).

These groups were formed to investigate and compare 
developmental and hydrocephalus-related changes across 
different time-points of fetal development. Cesarean 
sections were performed at approximately E105, E125 
and E140 under maternal anesthesia and then, sheep 
were euthanized with intravenous pentobarbital sodium 
(1 cc/4.5 kg).

Morphological and histological examination
Fetal brains were extracted, with one hemisphere being 
preserved in formalin for histopathological investiga-
tions, and the other half was sectioned and frozen at 
−80 °C for molecular studies.

Half of each brain was kept in formalin for 48  h and 
embedded in a paraffin block using a Leica Eg1150H sys-
tem, following a series of washes with 70% alcohol. Then, 
the blocks were sectioned into 5-µm slices, encompassing 
the periventricular region. These sections were further 
processed according to the standard protocol for hema-
toxylin and eosin (H&E) staining.

Immunostaining
To identify NPCs, brain tissue sections were stained 
with primary antibodies against Pax6 (Abcam, ab5790, 
1:50) and Sox2 (NovusBio, NB110-37235, 1:200). To label 
astrocytes, primary antibodies targeting GFAP (glial 
fibrillary acidic protein) (NovusBio, NBP1-05198, 1:1000) 
and vimentin (Sigma, V6630, 1:50) were used. Both pro-
teins are intermediate filament proteins found in astro-
cytes [28]. And lastly, Olig2 (Millipore, ABE1024, 1:250), 
a transcription factor that activates genes associated with 
myelination in oligodendrocytes, and MBP (myelin basic 
protein) (AvesLab, MBP89927985, 1:100) were used as 
markers of the oligodendrocytes and formation of myelin 
[29].

For immunofluorescence staining, after deparaffini-
zation of the sections, the slides were placed in a pres-
sure cooker on high pressure at 114 °C-121 °C in 10 mM 
pH 6 sodium citrate buffer during 15  min for heat-
mediated antigen retrieval, and then incubated at room 
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temperature (RT) for 25–30 min. Following cooling, the 
sections were incubated with 0.1% Triton X-100 (Sigma 
Aldrich) in phosphate-buffered saline (PBS) for 10  min 
at RT to permeabilize the cells. All samples were washed 
with PBS and incubated with a blocking solution (1% 
bovine serum albumin (BSA), 10% normal goat serum, 
0.1% Triton X-100, and 0.05% Tween-20 in PBS) for 1 h.

The sections were then incubated overnight at 4 °C in a 
humid chamber with the primary antibodies mentioned 
previously. Sections were washed and incubated for 1 h 
at RT with secondary antibodies (Alexa Fluor 488-con-
jugated goat anti-rabbit IgG secondary antibody, 1:1000; 
Alexa Fluor 568-conjugated goat anti-mouse IgG second-
ary antibody, 1:1000; Alexa Fluor 647-conjugated goat 
anti-chicken or goat anti-guinea pig IgG secondary anti-
body, 1:500; Thermo Fisher Scientific), and DAPI (1:4000) 
was used to stain DNA, making the nuclei visible. To 
remove unwanted autofluorescence, Vector TrueVIEW 
Autofluorescence Quenching Kit (SP-8400-15, Vector 
Laboratories) was used to perform “Quenching” before 
cover-slipping with Prolong Diamond anti-fade mount-
ing media (Thermo Fisher Scientific, P36961) and visual-
ized with a Nikon fluorescence microscope (Nikon Inc.).

Two different triple immunofluorescence staining 
(Pax6-GFAP-Olig2 and Sox2-Vimentin-MBP) were 
applied to identify NPCs, astrocytes, and oligodendro-
cytes/myelin distribution.

Western blot analysis
Total protein isolation was carried out using homog-
enization in N-PER buffer (Neuronal Protein Extraction 
Reagent, Thermo Scientific) with protease and phos-
phatase inhibitor cocktails. Protein quantification was 
performed using the Pierce™ BCA Protein Assay Kit 
(Thermo Scientific).

Western blot analysis was subsequently conducted for 
Pax6, Sox2, GFAP, Vimentin, Olig2, MBP and doublecor-
tin (DCX). Blots were treated with primary antibodies 
against Pax6 (Abcam, ab5790, 1:1000), Sox2 (NovusBio, 
NB110-37235, 1:2000), GFAP (NovusBio, NBP1-05198, 
1:5000), Vimentin (Sigma, V6630, 1:200), Olig2 (Milli-
pore, ABE1024, 1:1000), MBP (AvesLab, MBP89927985, 
1:2000) and DCX (Invitrogen, PA5-17428, 1:1000) over-
night at + 4  °C, followed by a one-hour treatment with 
secondary antibodies (anti-rabbit IgG HRP-linked, Cell 
Signaling Technology, 7074S, 1:1000; anti-mouse IgG 
HRP-linked, Cell Signaling Technology, 7076S, 1:1000; 
donkey anti-chicken IgY H&L (HRP), Abcam, ab16349, 
1:2000 and goat anti-Guinea pig IgG H&L (HRP), 
Abcam, ab97155, 1:10000) at room temperature. Beta-
actin (mouse, Abcam, ab8226, 1:1000, and rabbit, Cell 

Signaling Technology, 4970S, 1:1000) was used as a ref-
erence protein. To estimate the sizes of the bands, a 
biotinylated protein ladder (Cell Signaling Technology, 
81851S) and anti-biotin HRP-linked antibody (Cell Sign-
aling Technology, 7075P5, 1:1000) were used. Chemi-
luminescent imaging was performed using a Bio-Rad 
ChemiDoc MP (Bio-Rad) with either PierceTM ECL 
Western Blotting Substrate or SuperSignalTM West 
Femto Maximum Sensitivity Substrate.

RNA extraction and RT‑qPCR analysis
Frozen brain tissues were transferred to 2 ml microcen-
trifuge tubes, and 1 ml of TRIzol was added to each tube. 
Using a Qiagen dispenser, a ball bearing was added to 
each sample tube, and the samples were homogenized for 
2–5 min at 30 Hz in a Qiagen TissueLyserII homogenizer. 
For phase separation, 200  μl of chloroform was added, 
the mixture was incubated at RT for 5 min, and the sam-
ples were centrifuged at 12000xg at 4 °C. The upper liquid 
layer was transferred to a clean tube, and RNA was pre-
cipitated by adding 500 μl of isopropanol. After pipetting, 
the mixture was incubated at RT for 15 min. To form a 
gel-like pellet, the samples were centrifuged at 12000xg 
for 10 min at 4 °C. After discarding the supernatant, the 
pellets were washed with 1 mL of DEPC-treated water 
containing 75% ethanol, vortexed, and then centrifuged 
at 7500xg for 5 min at 4 °C. This step was repeated once 
more, and after removing the 75% ethanol, the RNA was 
air-dried and then dissolved in 50–100 μl of RNase-free 
water. RNA quantity and quality were assessed using an 
Epoch BioTek Synergy spectrophotometer (Biotek Instru-
ments, Winooski, VT, United States), considering the 
A260 and A260/A280 values.

A 1 μg RNA/sample was reverse transcribed into com-
plementary DNA (cDNA) utilizing the Qiagen RT2 First 
Strand Kit (Qiagen Sciences, MD, United States) fol-
lowing the manufacturer’s protocol and then used as a 
template for RT-qPCR employing TaqMan® gene expres-
sion assays (Applied Biosystems, Foster City, CA, United 
States). RT-qPCR was performed using cDNA samples, 
Taqman™ Master Mix (Thermo Fisher Scientific) and 
species-specific probes for sheep. Samples were run in 
duplicate for target genes and normalized using HPRT1 
as the endogenous control. Relative quantification of 
transcript expression was carried out using the 2–ΔΔCt 
method, where Ct represents the threshold cycle.

Samples underwent duplicate runs for target genes and 
were normalized using HPRT1 as the endogenous con-
trol. Relative quantification of transcript expression was 
conducted using the 2–ΔΔCt method, with Ct represent-
ing the threshold cycle.
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Statistical analysis
The data are represented as mean and standard deviation, 
unless otherwise specified. A p-value < 0.05 was consid-
ered statistically significant. To evaluate the statistical 
significance of differences between experimental groups 
Control vs HCP, a multiple (unpaired) two-sample t-test 
was conducted for normally distributed continuous data 
(Additional file  1). Prior to performing the t-test, the 
assumption of normality was assessed using the Sha-
piro–Wilk test in Control and HCP groups. Graphical 
and statistical computations were performed using the 
GraphPad Prism 10 software package.

Results
VZ disruption leads to translocation of NSCs/NPCs into CSF 
and PH formation
After HCP induction during E85-90  days, disruption of 
the VZ (also called ependymal denudation) was observed 
around the ventricles starting at E105 throughout all time 
periods. SVZ cells located at these denudation foci were 
the subjects of analysis in this research for understanding 
the pathology.

There is evidence that ependymal denudation leads to 
various neuropathological events, including the forma-
tion of periventricular heterotopia and subependymal 
rosettes, and the translocation of NSCs/NPCs to the 
CSF, suggesting a link between VZ disruption and abnor-
mal cortical organization and function [9, 17]. H&E and 
immunofluorescence staining’s showed that neural pro-
genitors exposed at the surface of the disrupted VZ and 
displaced into the ventricle. In areas where NSCs/NPCs 
have been lost due to VZ disruption results in the accu-
mulation of arrested neuroblasts produced in the SVZ 
in periventricular areas, contributing to the formation of 
PH (Fig. 1).

Disrupted VZ results in reduction of neural precursor cells
Neurogenesis in the developing brain involves com-
plex interactions between different progenitor cell types 
and transcription factors that regulate their differen-
tiation and fate. The expression of specific markers like 
Sox2, Pax6, and Tbr2 is essential for controlling the pro-
liferation and differentiation of these progenitor cells 
[30]. Pax6 is critical for the development of the central 

Fig. 1  Histopathological findings with H&E staining. Disruption of the VZ results in abnormalities in neurogenesis. A E105-HCP: Periventricular 
region of a hydrocephalic fetus at E105 with a large denuded area (broken arrows) and subependymal rosettes (asterisk). B E125-HCP: Translocation 
of NSCs/NPCs to the CSF (full arrows). C E140-HCP: Periventricular heterotopia formation (× 10, scale bar 100 μm)
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nervous system. Its expression is observed in neuroepi-
thelial (NECs) and radial glial cells (RGCs), which have 
the capacity to give rise to neural stem cells (NSCs). 
Recent research has shown the various functions of Pax6, 
including its involvement in maintaining the NSC popu-
lation, regulating both embryonic and adult neurogen-
esis, contributing to brain modeling, facilitating neuronal 
migration, and participating in the formation of neural 
circuits [31]. Likewise, Sox2 is a transcription factor asso-
ciated with the self-renewal of NPCs and shares func-
tional similarities with Pax6 [32].

Consistent with these insights, one aspect of the cur-
rent study was to investigate the distribution of NPCs 
throughout fetal development in the cases of HCP. At 
the onset of gestation (E105), immunofluorescence stain-
ing revealed an initial surge in Pax6 and Sox2-positive 
cells, which gradually declined as pregnancy progressed 
(Figs.  2D, 3D). These findings in early-stage hydroce-
phalic samples (E105) were supported by both Pax6 and 
Sox2 gene and protein expressions, which displayed an 
increase compared to those in control group, although 
the differences were not statistically significant. None-
theless, with the progression of gestation, Pax6 and 
Sox2 expression gradually increased until E140 in the 

control group compared to the E105 and E125 groups, 
while a decrease in Pax6 expression was observed in the 
HCP groups, albeit not statistically significant. Notably, 
a remarkable downregulation of Sox2 was observed at 
E125 and E140 compared to the control groups (p = 0.002 
and p < 0.001, control and HCP E125 and E140, respec-
tively) (Figs. 2A, 3A).

Ependymal denudation causes alterations in neurogenesis
Next, we aimed to investigate how changes in other tran-
scription factors, including Tbr2, Ascl1, and DCX are 
implicated in neuronal differentiation and migration dur-
ing subsequent stages of pregnancy under both normal 
conditions and in the presence of HCP.

Distinct transcription factor sequences, such as 
Pax6 → Ngn2 → Tbr2 → Tbr1, coordinate the differentia-
tion of radial glia to basal intermediate progenitors (bIPs) 
and subsequently to postmitotic projection neurons 
[33, 34]. Tbr2 acts as a key regulator of bIP identifica-
tion and biogenesis [35–37], influencing the generation 
of glutamatergic projection neurons while suppress-
ing alternative neural fates in the cerebral cortex [37], 
whereas Ascl1 (also called Mash1) promotes GABAergic 
interneurons [36, 38], with GABAergic differentiation 

Fig. 2  Expressions and distributions of Pax6, GFAP, Olig2 and Sox10 in HCP. A Pax6 gene and protein expressions increased in HCP compared 
with control brain tissue at E105. As gestation progressed, its expression decreased gradually. B From the early stages of HCP, significant increase 
in GFAP relative expression were observed. Western blot analysis also confirmed higher protein levels of GFAP in the hydrocephalic groups, 
indicating an enhanced astroglial response to HCP. C Sox10 relative gene expression and Olig2 protein level downregulated starting from E125 
(Data in the bar graphs represent mean ± SEM, green bars: control, blue bars: HCP) (*p < 0.05, **p < 0.01). D) Immunostainings of Pax6 (green), GFAP 
(red), Olig2 (magenta) and DAPI in control and hydrocephalic brains at three gestational ages E105, E125 and E140 (× 20, scale bar 50 μm). E Pax6 
(green) and GFAP (red) reactive NPCs exhibited co-expression (yellow) at E105 in HCP (white arrows) (× 40, scale bar 20 μm)
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being suppressed by Pax6 [33]. Besides that, DCX serves 
as a marker for migrating neuroblasts and immature neu-
rons, which is crucial for neuronal differentiation and 
migration [36, 39], overall shaping the complex processes 
underlying cortical development and neuronal subtype 
specification.

We observed dysregulation in the expression of Ascl1 
and Tbr2 genes during different stages of pregnancy in 
hydrocephalic samples compared to controls, suggesting 
disturbances in cortical neuron differentiation pathways. 
Our study demonstrated initial increases in the expres-
sion of the intermediate progenitor cell markers Ascl1 
and Tbr2 at E105, followed by divergent trends in sub-
sequent stages (E125 and E140). Throughout these peri-
ods, Ascl1 gene expression decreased, while Tbr2 gene 
expression significantly increased in hydrocephalic sam-
ples compared to those in the control group (p < 0.001, 
p < 0.001 and p < 0.001, control and HCP E105, E125 and 
E140, respectively). Furthermore, we found that both the 

gene expression and protein levels of DCX increased sig-
nificantly in hydrocephalic fetuses at E105 (p = 0.001 and 
p = 0.001, control and HCP E105, respectively), with sub-
sequent downregulation at term (p = 0.004 and p = 0.001, 
control and HCP E140, respectively) (Fig. 4A).

To determine the distribution of immature neurons 
and characterize the cells forming PH in hydrocephalic 
samples at term, we stained the cells with DCX. It was 
observed that PHs consisted of densely packed, round 
shaped, irregularly stained DCX-positive cells with 
strong basophilic nuclei and a thin cytoplasmic rim, 
located beneath denuded areas (Fig. 4B).

Astroglial reaction occurring in denuded ventricular areas 
becomes more severe as pregnancy progresses
In the case of HCP, these denuded areas trigger a perive-
ntricular astroglial reaction, featuring hypertrophy and 
hyperplasia of astrocytes and forming a new layer mim-
icking ependymal cells to maintain homeostasis [40–43]. 

Fig. 3  Expressions and distributions of Sox2, Vimentin, Aq4, MOBP, MOG and MBP in HCP. A Sox2 gene and protein expressions were higher in HCP 
compared to control group at E105. However, as gestation progressed, its expression notably decreased. B Upregulation of Vimentin and Aq4 
relative expressions were seen, particularly after E125. Western blot analysis showed significantly higher Vimentin protein level in the hydrocephalic 
groups at E140. C MOBP and MOG relative expressions upregulated at E105 but after E125, their gene expressions and MBP protein level decreased 
significantly (Data in the bar graphs represent mean ± SEM, green bars: control, blue bars: HCP) (*p < 0.05, **p < 0.01). D Immunostainings of Sox2 
(green), Vimentin (red), MBP (magenta) and DAPI in control and hydrocephalic brains at E105, E125 and E140 (× 20, scale bar 50 μm)
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Reactive astrocytes in HCP exhibit increased expres-
sion of intermediate filament proteins such as GFAP and 
vimentin, which are crucial for organizing cytoplasmic 
structures [28, 40]. Additionally, Aquaporin 4 (Aq4), 
predominantly found in periventricular areas, is overex-
pressed in reactive astrocytes in hydrocephalic brains as 
well and facilitates water entry to restore osmotic equi-
librium [44].

Since the astrocytic markers, GFAP and vimentin, are 
also expressed in RGCs, we sought to evaluate astro-
glial reactivity in the VZ and SVZ in HCP fetuses by also 
assessing Aq4 gene expression, at each time point. From 
early stages in HCP, significant increases in GFAP, Vimen-
tin, and Aq4 gene expression were seen, with a more pro-
nounced increase in the later stages of pregnancy (E140) 
(p < 0.001, p < 0.001 and p < 0.001, control and HCP E140, 
respectively). Western blot analysis further confirmed 
significantly higher protein levels of GFAP and Vimentin, 

particularly at term, in the hydrocephalic groups, sug-
gesting an intensified astroglial response as HCP pro-
gresses (p = 0.048 and p = 0.025, control and HCP E140, 
respectively) (Fig. 2B, 3B).

In these regions, the proliferation of reactive astrocytes 
follows a distinct pattern. Initially, they are arranged 
loosely and express vimentin and GFAP. In later stages, 
some of these astrocytes form small clusters of cells, 
which then become a highly compact, continuous layer 
[42]. In our study, immunofluorescence staining revealed 
differences in GFAP and vimentin staining patterns 
between control and HCP samples. While GFAP and 
vimentin were predominantly expressed in NPCs within 
the VZ of control groups, hydrocephalic samples, espe-
cially at E140, exhibited more prominent staining of 
reactive astrocytes in the SVZ under the denuded areas. 
Additionally, vimentin showed a more chaotic and punc-
tate staining pattern in hydrocephalic samples, suggesting 

Fig. 4  Alterations in the expression of Ascl1, Tbr2 and DCX during different stages of pregnancy in HCP. A The relative expression of Ascl1 and Tbr2 
initially increased, followed by opposite trends at E125 and E140. Throughout these periods, Ascl1 expression decreased, whereas Tbr2 expression 
upregulated in HCP. Besides that, DCX showed significant increases in both gene expression and protein levels in hydrocephalic fetuses at E105, 
but then downregulation was seen at E140 (Data in the bar graphs represent mean ± SEM, green bars: control, blue bars: HCP) (*p < 0.05, **p < 0.01). 
B In normal brain tissue, DCX-positive cells in the SVZ are arranged in chains (red dashed circles), whereas in hydrocephalic samples, PHs have 
densely packed, disorganized DCX-positive cells (white arrows indicate the borders of the cell cluster) (H&E: × 20, scale bar 50 μm, IF: × 40, scale 
bar 20 μm)
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altered astroglial morphology and organization (Fig. 2D, 
3D). Interestingly, at E105, GFAP + astrocytes found 
in the VZ of hydrocephalic brains also expressed Pax6 
(Fig.  2E). These findings demonstrate that Pax6- and 
GFAP-positive cells in the VZ exposed to CSF identified 
early in development suggesting that NPC Pax6 cells may 
undergo differentiation into astrocytes and lead to astro-
genesis, potentially contributing to the maintenance of 
homeostasis and facilitating repair processes.

Early onset‑fetal hydrocephalus reduces the formation 
of myelin
During brain development, gliogenesis follows neurogen-
esis and produces astrocytes and oligodendrocytes [45]. 
Oligodendrocytes, crucial for myelin formation in the 
central nervous system, undergo different developmen-
tal stages from oligodendrocyte progenitor cells (OPCs) 
to mature myelinating oligodendrocytes (OLs). HCP 
also leads to white matter damage as the enlargement of 
the ventricles stretches and compresses the surrounding 
white matter, potentially compromising myelin, axons, 
and blood vessels [15].

Transcription factors involved in gliogenesis are not 
restricted to astrocyte differentiation; they also play 
crucial roles in oligodendrocyte production [40]. To 
investigate the involvement of transcriptional regula-
tors of oligodendrocyte differentiation, oligodendro-
cyte transcription factor 2 (Olig2) and Sox10 were used 
as OPC markers, while myelin basic protein (MBP), 
myelin-associated oligodendrocyte basic protein 

(MOBP), and myelin oligodendrocyte glycoprotein [46] 
were used as markers for OLs [47, 48]. Olig2 serves as a 
master regulator of the early stages of oligodendrocyte 
development [48, 49], acting as an upstream regulator 
of Sox10 [50]. Our findings demonstrated an upregu-
lation in the gene expression of MOBP and MOG in 
the HCP group compared to that in the control group 
at gestational day E105 (p < 0.001and p = 0.049, control 
and HCP E105, respectively), followed by a notable 
decrease in Sox10, MOBP, and MOG gene expression 
during the mid and late stages of pregnancy (p = 0.002 
and p = 0.009, p = 0.02 and p = 0.02, p > 0.05 and 
p = 0.049 control and HCP E125 and E140, respec-
tively). MBP protein expression was not detected in 
the early stage (E105), as myelin formation had not 
yet occurred. However, both MBP and Olig2 protein 
expressions showed a significant downregulation in the 
HCP groups, in later stages (E125 and E140) (p = 0.029 
and p = 0.02, p = 0.01 and p = 0.01, control and HCP 
E125 and E140, respectively) (Figs. 2C, 3C).

Immunofluorescence staining, it was observed that, 
particularly at E125, Pax6-positive NPCs translo-
cated to the CSF were also positive for Olig2, indicat-
ing that NPCs migrating to the CSF could potentially 
represent a subset progressing towards an oligoden-
drocyte fate during development (Fig.  5A, B). The 
downregulation of Sox10 mRNA and the translocation 
of Pax6 + Olig2 + cells into the CSF observed in HCP 
at E125 may correlate with a decrease in Olig2 protein 
level at later stage (E140) compared to control.

Fig. 5  A In the denuded area, neural precursors have been reaching the ventricular lumen (black arrows) (E125-HCP, × 20, scale bar 50 μm), B In 
these areas where astrocytosis (GFAP, red) was also seen, these cells were co-stained with Pax6 (green) and Olig2 (magenta) (white arrows) (× 40, 
scale bar 20 μm)
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Discussion
The complex and close relationship between fetal-onset 
HCP and abnormal neurogenesis has been further eluci-
dated by studies emphasizing the common pathology of 
the VZ affecting NSCs and then multiciliate ependymal 
cells [5, 10, 17]. Insights from the intracisternal BioGlue-
induced fetal lamb obstructive HCP model enhance our 
understanding of how this disruption in VZ contributes 
to disturbances in both neurogenesis and gliogenesis, 
providing the first detailed description of neuropathol-
ogy in this model, and further studies on this topic is 
expected.

Before discussing the findings of the study, we found it 
appropriate to compare the HCP model induced by Bio-
glue that we used in this study with HCP models created 
with non-invasive methods. Comparing the BioGlue-
induced HCP model to non-invasive congenital HCP 
models such as maternal treatment with teratogens, 
exposure to viruses, radiation, mineral or vitamin defi-
cient diets, and genetic mutations (the hydrocephalus 
Texas (HTx) rat or the hyh mice) highlights differences in 
methodologies, mechanisms, and.

insights into the disease’s pathophysiology and poten-
tial treatments. The BioGlue-induced hydrocephalus 
model is created in large animals such as lambs, contrasts 
with non-invasive congenital hydrocephalus models 
that often use small animals like mice and rats. The use 
of large animals offers advantages, especially since it is 
applied to gyrencephalic brains, which are anatomically 
and physiologically more similar to the human brain and 
where pathology is observed throughout the brain, mak-
ing surgical techniques and their outcomes more directly 
translatable to clinical settings [51], whereas the mouse 
and rat brains frequently used in other fetal hydrocepha-
lus models mentioned above are lissencephalic. These 
fetal HCP models are effective for examining the natural 
progression of the malformation during the fetal period 
and facilitates detailed studies on genetic pathways and 
various pharmacological agents but any intrauterine 
application of shunt systems and devices is often chal-
lenging [1, 52]. While they are less expensive and easier 
to maintain, they may not fully reflect the complexity of 
human neuroanatomical structures. Thus, each model 
has unique strengths and limitations, making them com-
plementary depending on the research focus—whether it 
is surgical intervention applicability or genetic and devel-
opmental pathway analysis.

Fetal-onset HCP presents challenges due to con-
current pathophysiological mechanisms, including 
increased intraventricular pressure, compression and 
stretching of brain parenchyma, ischemia/hypoxia, and 
structural alterations of neurons and ependymal cells, 
causing brain anomalies [15, 42]. Disruption of the VZ 

in hydrocephalic human fetuses, evident as early as 16 
GW, results in distinct consequences depending on the 
timing and extent of disruption. While perinatal VZ 
disruption results from ependymal loss and lining dis-
ruption/denudation, fetal VZ disruption leads to the 
loss of NSCs/NPCs [10]. VZ disruption in various brain 
regions, such as the Sylvian aqueduct [13, 16, 42] and 
pallium, affects neuro/gliogenesis and can lead to spe-
cific structural abnormalities such as PHs [53], contrib-
uting to neurological deficits observed in hydrocephalic 
children, that are not resolved by CSF shunting.

Studies in animal models such as hyh mice [54] and 
kaolin-induced HCP in rats [55] and ferrets [56] show 
that disruption of VZ integrity leads to an initial and 
progressive surge in NSC proliferation to generate 
new neurons to replace damaged ones. This is followed 
by a gradual decline until they disappear entirely and 
impairing neuronal repair, suggesting that NSCs play a 
role in both the pathophysiology and repair process of 
HCP. However, this mechanism has a limit where NSC 
proliferation is not matched by apoptosis, leading to a 
reduction in NSCs, as seen in acute brain injuries [57]. 
Furthermore, loss of radial glia/NSCs that form the VZ 
[9] and increased cell death due to cerebral ischemia 
[24, 58–60] contribute to the reduced numbers of 
SVZ progenitors, potentially affecting neurogenesis. 
A recent study found a significant decrease in prolif-
erative cells in the subventricular zone of hydroceph-
alus-induced pigs and this reduction in SVZ area was 
significantly associated with an increase in ventricular 
volume [20].

Pax6 is a central regulator, that facilitates the transi-
tion from NECs to apical radial glia (aRGs) [30], and also 
influences the differentiation of specialized neuronal sub-
types, including glutamatergic and dopaminergic neu-
rons [61]. Another key transcription factor, Sox2 (SRY 
-sex determining region Y- box 2), cooperates with Pax6 
in gene regulation [31] and is essential for maintaining 
the proliferation and differentiation of NSCs throughout 
neurogenesis [36]. Thus, the temporal and spatial expres-
sion patterns of these factors regulate the sequential gen-
eration of cortical neurons, from early progenitors to 
postmitotic neurons, ensuring the proper formation of 
cortical layers and the establishment of neuronal diver-
sity. Based on the literature, our results indicate a poten-
tial association between disruption in VZ and alterations 
in Pax6 and Sox2 expression observed in hydrocephalic 
samples. Although the initial surge in NSC/NPC prolif-
eration observed in early-stage HCP (E105) fetal lambs 
may represent a compensatory mechanism aimed at gen-
erating new neurons to replace damaged ones, the subse-
quent decline in Pax6 and Sox2 expression, particularly 
Sox2 expression at term, suggests a failure in neurogenic 



Page 11 of 17Karakaya et al. Fluids and Barriers of the CNS           (2025) 22:20 	

processes and impaired neuronal repair, aligning with the 
pathophysiology of HCP observed in animal models [57].

Next, we focused on comprehending the modifications 
in transcription factors that determine the fate of neu-
ronal differentiation in HCP. The consequences of VZ 
disruption extend to the differentiation of two main pop-
ulations of cortical neurons, GABAergic and glutamater-
gic, with disruptions of different anatomical origins. In 
mice, disruption of the VZ in the ganglionic eminences 
impairs the neurogenesis of GABAergic neurons [16, 
53], while disruption of the pallium primarily affects 
glutamatergic neurons and gliogenesis [9]. This disrup-
tion leads to a shift in the balance of neuron produc-
tion, resulting in early overproduction of neurons in the 
absence of a VZ, followed by progressive loss of progeni-
tor cells. Furthermore, it has also been shown that Pax6 
overexpression accelerates neural maturation towards 
early neuronal precursors without ultimately affecting 
net neurogenesis, instead leading to a decline in NPCs 
over time [62]. These insights indicate the critical role of 
VZ integrity in organizing proper cortical development 
and the complex relationship between VZ disruption, 
neurogenesis, and the pathogenesis of HCP [63–65].

Our research revealed alterations in the expression of 
Ascl1 and Tbr2 genes during different gestational stages 
in hydrocephalic samples compared to controls, indicat-
ing disruptions in cortical neuronal differentiation path-
ways, characterized by initial increases in Ascl1 and Tbr2 
expression at E105, followed by distinct trends in subse-
quent stages, along with significant upregulation of DCX 
gene expression and protein levels at E105, followed by 
downregulation at term. Our findings corroborate the 
observations in the literature, indicating a shift in the bal-
ance of neuron production in HCP, characterized by an 
early overproduction of neurons followed by a progres-
sive loss of progenitor cells and neuroblasts. In addition, 
our data showed that as neurogenesis progressed after 
E125, Pax6 and Sox2 levels decreased while Ascl1 levels 
increased. This finding suggested that a subset of genes 
involved in neurogenesis, regulated by Pax6 and Sox2 in 
NPCs, may also be targeted by other transcription factors 
such as Ascl1 [31].

Interestingly, we demonstrated that the transcription 
factors Ascl1 and Tbr2 act oppositely in intermediate 
progenitor cells. These transcription factors are known 
to serve distinct functions. While Ascl1 alone directs 
cells towards a GABAergic inhibitory interneuron fate 
in the ventral telencephalon [66, 67], its collaboration 
with dopaminergic, cholinergic, or serotonergic factors 
induces the formation of dopaminergic, cholinergic, or 
serotonergic neuronal subtypes, respectively. On the 
other hand, Tbr2 is crucial for specifying glutamatergic 
neurons within the cerebral cortex and is involved in 

regulating the organization of excitatory neuron circuits 
and promoting neurogenesis [37]. Therefore, our data 
suggest that various types of neurons and cortical regions 
may be impacted differently in HCP. Nonetheless, further 
studies are warranted to validate these findings. Overall, 
our research contributes to understanding the complex 
interplay between VZ disruption and the role of key tran-
scription factors in neurogenesis in HCP.

RGCs play a central role during early brain develop-
ment and provide neural and glial precursors. After neu-
rogenesis, RGCs undergo a gliogenic switch that leads 
to the differentiation of astrocyte precursors, first into 
intermediate progenitor cells and then into mature astro-
cytes [68]. Astrogenesis relies on the inhibition of neu-
rogenic genes. Following commitment to the astrocyte 
lineage, progenitors migrate along radial glial cell pro-
cesses, ultimately populating the entire central nervous 
system and expressing markers such as GFAP, vimentin, 
S100β, Aldh1L1, glutamine synthase and Aq4 [40]. Reac-
tive astrogliosis, a response to pathological conditions, 
requires morphological changes to protect the central 
nervous system from inflammation and neurodegenera-
tion. This astroglial reaction may also diminish the prolif-
erative activity of neural progenitors, as observed in adult 
rabbits with silicone oil-induced HCP [69]. Unlike micro-
glia, astrocytes undergo slower morphological changes, 
with hypertrophy and GFAP upregulation occurring 
within 2–3 days after injury [40]. These activated astro-
cytes release cytokines that recruit other astrocytes, 
resulting in scar formation, and potentially interrupting 
neuronal regeneration [70]. And even in cases of success-
ful shunting, glial scars persist in hydrocephalic brains 
[22]. Additionally, it has also been shown that these 
astrocytes contribute to ependymal repair by acquiring 
ependymal cell-like properties in hyh mice [42, 44, 71].

Studies in H-Tx rats have demonstrated a progressive 
rise in GFAP RNA levels with the advancement of HCP, 
indicating the role of GFAP in reactive astrogliosis [19, 
72]. Besides GFAP, the upregulation of vimentin, which is 
typically found in early astrocyte development [73], and 
the overexpression of Aq4 in periventricular astrocytes 
[44] are also observed in reactive astrocytes in HCP. Cur-
rent research displayed notable increases in the gene and 
protein expression of GFAP, Vimentin, and Aq4, with a 
more prominent rise observed later in pregnancy (E140), 
suggesting an increased astroglial response throughout 
HCP progression. Moreover, in hydrocephalic animals, 
overexpression of Pax6 in early gestational stage (E105) 
and its co-expression with GFAP + cells within the VZ 
exposed to CSF, suggest that these cells may be commit-
ted to astrocytic differentiation, potentially counteract-
ing neurogenesis as shown previously in spina bifida [74]. 
Overall, these findings highlight the dynamic response 
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of astrocytes to HCP for maintaining brain homeostasis 
under pathological conditions.

Previous studies have reported that periventricular 
axons are the primary targets involved in hydrocephalic 
brain damage. Investigations have shown that direct 
damage to oligodendrocytes by HCP causes impaired 
myelin production in immature hydrocephalic rats [75], 
increases oligodendrocyte cell death in periventricu-
lar white matter of the juvenile hydrocephalic pigs [20], 
and disrupts differentiation and migration of oligoden-
drocyte progenitors, leading to reduced myelin produc-
tion [76]. Therefore, HCP may inhibit myelin formation 
in the brain by a variety of concurrent factors, such as 
stretching and compression, edema, hypoxia, and oli-
godendrocyte death [1]. Our results revealed an initial 
upregulation of MOBP and MOG gene expression in the 
HCP group at E105, followed by a subsequent decrease 
in Sox10, MOBP, and MOG gene expression during 
pregnancy, and both MBP and Olig2 protein expression 
declined significantly in the HCP groups at later stages 
(E125 and E140), representing myelin damage which 
was also evident in immunostaining. Additionally, Olig2 
is a critical patterning factor in neurogenesis as well as 
oligodendrogenesis, and its downregulation results in an 
increased astrocytic lineage [62, 77]. Hence, this might 
also contribute to the pronounced periventricular astro-
glial reaction. Therefore, disarrangement of transcription 
factors such as Olig2 and Pax6, coupled with the overex-
pression of astrocytic markers, could serve as a reason-
able mechanism triggering the early differentiation of 
NPCs into astrocytes. We consider this to be a protective 
response following injury in denuded areas.

Finally, we attempted to estimate the optimal timing 
for fetal intervention in HCP. The focus of most studies 
has been on the postnatal effects of elevated intracranial 
pressure and the effectiveness of standard CSF diversion 
procedures (ventricular shunting or neuroendoscopic 
procedures). However, the timing of these interventions 
is often inadequate or late, and the fetal-onset HCP leads 
to a range of neurological deficits [78]. During neuronal 
development, the peak of neural proliferation and migra-
tion in humans occurs between the 12th and 18th GW, 
followed by a gradual decline. Gliogenesis follows neuro-
genesis and continues postnatally, while ependymogen-
esis initiates around the 18th GW and is completed after 
birth [10]. Disruption of the VZ in hydrocephalic human 
fetuses begins in the second trimester and extends into 
the third trimester, coinciding with the timing of HCP 
diagnosis by ultrasound [10]. In addition, it is well-known 
that fetal surgery for myelomeningocele is commonly 
performed between the 19th and 25th GW, and there is 
often a high incidence of concomitant VZ disruption and 
HCP [10]. In this BioGlue-induced fetal hydrocephalic 

lamb model, we observed VZ disruption as early as E105, 
the earliest stage we examined. Subsequently, we demon-
strated a decrease in NPCs, an increase in astroglial activ-
ity, and the onset of myelin damage, particularly after 
E125. Considering all the information mentioned above 
and based on the literature, it was found that perform-
ing surgical intervention between E105 and E125, which 
corresponds to the end of the second trimester and the 
beginning of the third trimester in humans, indicating an 
appropriate and effective therapeutic window for prena-
tal surgery before irreversible processes begin (Fig. 6).

In recent years, endoscopic third ventriculostomy 
(ETV) has gained popularity and has begun to be used 
even in younger patients and it appears to be particularly 
effective for certain conditions such as aqueductal steno-
sis [79]. Moreover, a prenatal surgical approach demon-
strated in a fetal sheep model, suggested that performing 
ETV prenatally is feasible and could effectively reduce 
ventricle pressure, dilatation, brain mantle compression, 
and prevent permanent damage during brain develop-
ment. This prenatal approach could offer an alternative 
and promising treatment option for congenital obstruc-
tive HCP cases without genetic anomalies compared to 
postnatal shunting [52, 80].

Although there have been considerable advancements 
in fetal diagnosis, progress in the prenatal treatment of 
congenital HCP remains insufficient and evolving. While 
derivative surgery aims to reduce brain damage, it is not 
a cure for HCP-induced brain maldevelopment [9]. It 
can prevent some pathological changes [81], but func-
tional improvements still remain incomplete [15], with 
persistent ependymal denudation, impaired capillary cir-
culation [76] and incomplete restoration of neurons and 
myelin formation [15, 75, 82, 83].

Recent studies emphasize the evolution of HCP 
research from traditional surgical methods to innova-
tive therapies that target the disease’s biological mecha-
nisms. The NIH workshop in 2007 identified the need 
for exploring novel medical devices and the potential 
of stem cell therapy for neuroregeneration as key future 
research directions [14]. Despite the limited success of 
non-surgical approaches over decades, recent advances 
have shown promising results from pharmacological 
approaches like minocycline [1, 84, 85] and erythropoi-
etin [86], which are specifically neuroprotective. Besides 
these, targeted pharmacological agents such as mTOR 
inhibitor rapamycin [87] and anti-inflammatory drug 
Bindarit [88] have been effective in preventing ven-
triculomegaly and improving neurological functions 
in animal models. These developments suggest a shift 
towards treating HCP as a manageable neurodevelop-
mental condition rather than just a surgical challenge. 
Innovative methods like delivery of neurospheres into 
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the CSF, have demonstrated potential to mitigate neuro-
logical impairments in HCP [10]. Additionally, prelimi-
nary experiments with stem cell grafting indicated that 

these transplanted cells can repair disrupted ventricular 
zones and correct abnormalities in neurogenesis, offering 
hope not only for treating HCP but also for potentially 

Fig. 6  Alterations in neurogenesis and gliogenesis in fetal-onset hydrocephalus. During normal early neurodevelopment, neuroepithelial cells 
(NECs) in the neural tube differentiate into multipotent apical radial glial cells (aRGs) in the VZ. Subsequently, asymmetric divisions of aRGs 
generate basal progenitors (BPs) in the SVZ, including basal radial glial cells (bRGs) and basal intermediate progenitors (bIPs), which contribute 
to the production of cortical neurons and macroglia, essential for the development of the neocortex and formation of cortical folds. In this 
research on hydrocephalus in fetal lambs, disruptions in the VZ were observed as early as E105. Initial compensatory mechanisms occurred 
through increased proliferation of the NSCs and NPCs, followed by decreases in important neurogenic regulators such as Pax6 and Sox2, particularly 
at term. Notably, this surge was associated with significant upregulation of DCX, suggesting active neurogenesis at this early stage. However, 
this proliferation was accompanied by a decline in the expression of critical neurogenic markers such as Pax6 and Sox2, particularly noticeable 
towards the term, indicating compromised neuronal repair capabilities. Additionally, alterations in the expression of Ascl1 and Tbr2 pointed 
to disrupted neuronal differentiation pathways, with fluctuating expression patterns evident across various gestational stages. The progression 
of hydrocephalus was also marked by increased expression of astroglial markers (GFAP, Vimentin, and Aq4), along with pronounced myelin damage 
indicated by the reduced expressions of MOBP, MOG, and Sox10 as the gestation advanced. Collectively, these findings suggest that surgical 
intervention between E105 and E125 may offer a critical therapeutic window, providing a potentially effective period for prenatal surgery 
to mitigate the irreversible damage due to hydrocephalus (created on BioRender.com)
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addressing other neurodevelopmental disorders through 
regenerative and pharmacological therapies [10, 11, 89, 
90]. This research could also led to discover tailored 
pharmacological interventions, such as growth factors 
and hormones, which influence the differentiation of 
neurons and glia, thus facilitating the development of 
novel medications to regulate the normal development of 
cerebral cortex (5).

Certain study limitations do exist. First, the use of 
BioGlue-induced hydrocephalus model in fetal lambs 
may not entirely mimic the complex neurodevelopmen-
tal processes and naturally occurring pathophysiologi-
cal mechanisms of the disease in humans due to species 
differences, which could affect the translatability of the 
findings. Secondly, in our BioGlue-induced hydrocepha-
lus model, ventriculomegaly was induced predominantly 
symmetrically across samples due to its application 
within the cisterna magna that cause aqueductal steno-
sis. However, individual variations in response could lead 
to asymmetric ventriculomegaly that could introduce 
additional complexities. This could introduce variations 
in the histological and molecular data, potentially affect-
ing the interpretation of our results. Another limitation 
is the sample size, which, although sufficient for analy-
ses, might be small for detecting more subtle changes 
and variations within and between groups. Lastly, the 
study focuses primarily on the immediate impacts of 
hydrocephalus on neurogenesis and gliogenesis without 
long-term follow-up to assess the overall survival and 
neurological outcomes.

A better understanding of pathophysiological mech-
anisms involved in fetal-onset HCP and emerging 
developments in fetal surgical interventions present-
ing promising opportunities for early interventions to 
address dysregulation in neuro/gliogenesis in HCP.

Conclusion
Hydrocephalus is a prevalent condition in routine neu-
rosurgery, representing one of the most frequent con-
genital anomalies and a leading cause of neurosurgical 
procedures in pediatric patients. Today, while surgical 
intervention is feasible postnatally, numerous irreversible 
alterations have typically already occurred during fetal 
development and irreversible by the time the surgery is 
currently performed. The present investigation identified 
alterations in neuro-/gliogenesis associated with fetal-
onset HCP throughout pregnancy and predicted the ideal 
timing for a potential prenatal surgical intervention. Pre-
natal surgery for obstructive isolated HCP could become 
a therapeutic option that may improve patient outcomes 
in the future.
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VZ	� Ventricular zone
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