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Abstract
Hydrocephalus, characterized by ventriculomegaly due to cerebrospinal fluid accumulation in the cerebral 
ventricles, is a co-morbidity factor in several neurodevelopmental, psychiatric and neurodegenerative diseases. 
Aquaporin-4 (AQP4) is crucial for brain water homeostasis, with Aqp4 knockout mice showing sporadic 
ventriculomegaly and increased brain water content. Kinase D interacting substrate of 220 kDa (Kidins220), 
a transmembrane protein involved in neuronal survival, synaptic activity and neurogenesis, controls AQP4 
levels in ependymocytes and brain astrocytes. Indeed, Kidins220 deficiency in mice leads to hydrocephalus by 
downregulating VPS35, a key component of the retromer complex, and targeting AQP4 to lysosomal degradation. 
Importantly, the ependymal barrier of idiopathic normal pressure hydrocephalus patients shows a similar 
downregulation of KIDINS220 and AQP4. In addition, pathogenic variants in the KIDINS220 gene are linked to 
SINO syndrome, a rare disorder characterized by spastic paraplegia, intellectual disability, nystagmus, and obesity 
associated with hydrocephalus and ventriculomegaly. Given the retina’s structural and functional similarities to the 
brain, we hypothesized that Kidins220 deficiency would affect retinal water regulation. However, the diminished 
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Introduction
Hydrocephalus is a condition characterized by an 
increase in the volume of the brain ventricles, or ven-
triculomegaly, caused by the accumulation of cerebrospi-
nal fluid (CSF). Ventriculomegaly is also a co-morbidity 
factor in several psychiatric and neurodegenerative dis-
eases, including schizophrenia, Parkinson’s disease, and 
Alzheimer’s disease [1–3]. Despite this, the patho-
genic mechanisms and the molecular and cellular pro-
cesses related to ventricular enlargement remain largely 
unknown.

The water channel aquaporin-4 (AQP4) plays a criti-
cal role controlling whole-brain water homeostasis. This 
is evidenced by the presence of sporadic ventriculomeg-
aly, accelerated progression of induced hydrocephalus 
and increased basal brain water accumulation in AQP4 
knockout mice [4–7].

Kinase D interacting substrate of 220 kDa (Kidins220) 
[8], also known as ankyrin-repeat rich membrane span-
ning (ARMS) [9], is a transmembrane protein effector 
of diverse receptors and signaling pathways promoting 
neuronal survival, differentiation and synaptic activity 
[10, 11], as well as adult neurogenesis [12]. Alterations 
in Kidins220 have been found in neurological and neu-
rodegenerative disorders, including cerebral ischemia, 
Alzheimer’s disease, and Huntington’s disease [13–18].

Kidins220 has been recently identified as a critical 
determinant in the control of brain water homeostasis 
and hydrocephalus development by molecular mecha-
nisms regulating AQP4 turnover [19]. AQP4 is regulated 
by the sorting nexin 27 (SNX27)-retromer, a complex 
which facilitates AQP4 endosome-to-plasma membrane 
recycling and avoids its lysosomal degradation [19]. 
Kidins220 deficiency downregulates the levels of vacuolar 
protein sorting 35 (VPS35) and SNX27, key components 
of the SNX27-retromer complex [20], resulting in the 
degradation of AQP4 at lysosomes [19]. Consistent with 
this, Kidins220-deficient mice (Kidins220f/f) exhibit ven-
triculomegaly and loss of AQP4, SNX27 and VPS35 in the 
ventricular ependymal layer and brain astrocytes [19]. In 
addition, the ventricular ependymal lining of idiopathic 
normal pressure hydrocephalus (iNPH) patients presents 

reduced levels of both KIDINS220 and AQP4 [19]. Fur-
ther underscoring KIDINS220 involvement in the patho-
genesis of human hydrocephalus, novel variants of the 
KIDINS220 gene are linked to schizophrenia [21, 22] and 
SINO syndrome, a rare disorder characterized by spastic 
paraplegia, intellectual disability, nystagmus, and obesity 
[23–25], both diseases associated with ventriculomegaly.

The retina, considered an extension of the brain, could 
undergo structural and functional changes in cases of 
Kidins220 deficiency, similar to those observed in the 
brain. The retina is composed of multiple layers with 
various cell types, including the retinal pigment epithe-
lium, neuronal elements (photoreceptors, bipolar cells, 
horizontal cells, amacrine cells, and ganglion cells), and 
glial cells (Müller glia, astrocytes, and microglia) [26]. 
Like in the brain, aquaporins (AQPs) play a crucial role in 
maintaining ionic and osmotic balance in the neurosen-
sory retina. Nine types of AQPs have been identified in 
human and rodent retinal tissue, with AQP1 and AQP4 
being the most abundant [27–29]. AQP4 is expressed in 
both the retina and the optic nerve (ON), but its presence 
in the retina is restricted to Müller glia and astrocytes. In 
the retina, AQP4 is predominantly found in the terminal 
feet of Müller glia that are in contact with the vitreous or 
capillary endothelium [27, 30, 31]. This specific expres-
sion in Müller glia indicates a crucial role in water man-
agement within the retina, directing the osmotic flow of 
water towards the vitreous and vessels rather than the 
subretinal space [31, 32]. Notably, large CSF molecules 
can penetrate the ON but not the retina in mice, indicat-
ing the presence of distinct mechanisms governing CSF 
dynamics in these two tissues [33].

In the retina, upon neuronal activation, potassium 
ions (K+) are released into the extracellular space. Mül-
ler cells capture these ions through their K+ channels 
and subsequently release them into the blood through 
Kir4.1 channels at the perivascular processes of Müller 
cells. Simultaneously, water, osmotically coupled to the 
transglial K+ current, flows from the retinal parenchyma 
to the blood through surface AQP4 channels of Mül-
ler cells. Thus, Müller cells dehydrate the retinal tissue 
and regulate the water balance in response to neuronal 

expression of Kidins220 and VPS35 in the retina of Kidins220-deficient hydrocephalus mice, did not cause edema 
or downregulate AQP4 in Müller cells. Surprisingly, there was an increase in AQP4 levels within this glial cell 
population. Conversely, AQP4 expression in the optic nerve astrocytes was reduced, as observed in brain astrocytes, 
suggesting a distinctive adaptive response to hydrocephalus in Müller glia within the Kidins220-deficient retina. 
Furthermore, we observed phenotypic modifications in retinal glia in Kidins220-deficient hydrocephalus mice. 
However, we did not find any signs of neuronal damage in the retina. Future studies using OCT and OCTA in 
SINO syndrome patients with ventriculomegaly will be essential in elucidating the relationship between KIDINS220 
pathogenic variants, retinal alterations, papilledema, and visual function.
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activity and synaptic transmission [34]. In mice defi-
cient in AQP4, a decrease in the b-wave potential of the 
electroretinogram is observed, suggesting that impaired 
excitation or altered function of bipolar cells is due to the 
inhibition of rapid water transport through Müller cells 
and consequently, K+ transport [35].

To date, no previous studies have examined the impact 
of Kidins220 deficiency in the retina or in the ON. Given 
that a decrease in Kidins220 is associated with lower 
levels of AQP4 in hypomorphic Kidins220f/f mice, we 
anticipated the possibility of retinal edema appearance in 
these animals. This hypothesis was based on the poten-
tial decrease in AQP4 expression, considering that water 
regulation in the retina relies on these water channels in 
Müller glia. Contrary to expectations, we did not find 
signs of edema or downregulation of AQP4 in Müller 
glia. Instead, there was a notable increase in the expres-
sion of these channels within Müller cells. This finding 
suggests that Müller glia possess a specialized adaptive 
mechanism aimed at eliminating excess retinal water 
associated with hydrocephalus to protect retinal tissue 
and function. Conversely, astrocytes expressing AQP4 
in the ON mirrored the behavior of Kidins220-deficient 
brain astrocytes, exhibiting the anticipated downregula-
tion of this water channel.

Additionally, we observed phenotypic modifications 
in glial cells in both the retina and the ON responding 
to the context of low Kidins220 expression. However, 
Kidins220-deficient hydrocephalus mice did not show 
any signs of neuronal damage in the retina, where retinal 
neuronal survival was preserved.

Materials and methods
Experimental animals
Kidins220f/f mice and Wild-Tipe (WT) mice in C57BL/6J 
background were generated in G. Schiavo laboratory [36] 
Hydrocephalus and Kidins220 deficiency in Kidins220f/f 
mice was discovered and characterized by Del Puerto et 
al. [19]. Briefly, Kidins220f/f adult mice do not show differ-
ences in body weight but present an increment in brain 
weight compared to their littermates, and both male and 
female mice develop ventriculomegaly to various extents, 
from mild to severe [19]. The generation of Kidins220f/f 
mice involved genetic manipulations that caused signifi-
cant decreases in Kidins220 expression in different tis-
sues and brain regions, as we have demonstrated. Thus 
Kidins220f/f animal constitute a hypomorphic mouse 
model with a general marked deficiency of this protein 
[19]. Male 3-month-old Kidins220f/f or WT littermates 
were employed in independent experiments for compari-
son purposes. Genotyping was performed by PCR using 
specific pairs of primers. All animals were produced and 
housed at the animal care facility at Instituto de Inves-
tigaciones Biomédicas Sols-Morreale (IIBM, CSIC-UAM, 

Madrid, Spain) and maintained under 12/12 h light-dark 
cycle and with access to food and water ad libitum in a 
temperature-controlled environment. Overall mouse 
health was assessed by daily inspection for signs of dis-
comfort, weight loss or changes in behavior, mobility 
and feeding or drinking habits. Procedures involving 
animals had been approved by Institutional (IIBM and 
CSIC) and local Ethical Committees and were conformed 
to the appropriate national legislations (RD 53/2013) 
and the guidelines of the European Commission for the 
accommodation and care of laboratory animals (revised 
in Appendix A of the Council of Europe Convention 
ETS123).

Magnetic resonance imaging
MRI studies were performed in the High Field MRI and 
Spectroscopy facility (IIBM, CSIC-UAM) using a Bruker 
Biospect 7.0-T horizontal-bore system (Bruker Medical 
Gmbh, Ettlingen, Germany), equipped with a 1 H selec-
tive birdcage resonator of 23 mm and a Bruker gradient 
insert with 90  mm of diameter (maximum intensity 36 
G/cm). All data were acquired using a Hewlett-Packard 
console running Paravision software (Bruker Medical 
Gmbh) operating on a Linux platform. Kidins220f/f (n = 9) 
and WT (n = 10) animals were anesthetized by inhalation 
of oxygen (1 L/min) containing 3% isoflurane and main-
tained during the experiment employing a mask and 2% 
isoflurane in O2. Animal temperature was maintained 
at approx. 37  °C with a heating blanket. The respiratory 
rate of the animals was monitored using a Biotrig physi-
ological monitor (SA Instruments, Stony Brook, NY) 
and the breathing rate was maintained in 60 +/- 40 bpm. 
T2-weighted (T2-W) spin-echo anatomical images 
were acquired with a rapid acquisition with relaxation 
enhancement (RARE) sequence in axial orientations 
and the following parameters: TR = 2500 ms, TE = 44 
ms, RARE factor = 8, Av = 6, FOV = 2.3  cm, acquisition 
matrix = 256 × 256, slice thickness = 1.00 mm without gap 
and number of slices = 14. To calculate the ventricular 
volume of each ventricle in mm3, the ventricular area was 
measured in all series of images obtained in MRI-T2W 
for each animal.

OCT and OCTA analysis
The spectral-domain optical coherence tomography (SD-
OCT) examination was performed in Kidins220f/f (n = 9) 
and WT (n = 10) under general anesthesia induced by 
intraperitoneal injection. Anesthesia was administered 
as a combination of ketamine (75  mg/kg; Anesketin®, 
Dechra Veterinary Products SLU, Barcelona, Spain) and 
medetomidine (0.26  mg/kg; Medetor®, Virbac España 
S.A., Barcelona, Spain). This anesthesia was reversed by 
the antagonist atipamezole (Antisedan, 5 mg/mL; Pfizer). 
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To maintain basal body temperature, mice were housed 
in cages with a heat source during the recovery period.

In vivo assessment of retinal structures ensued follow-
ing pupil dilation with tropicamide 10  mg/ml (colircusi 
tropicamide, Alcon Healthcare, Barcelona, Spain) utiliz-
ing the SD-OCT Spectralis equipped with Heidelberg 
Eye Explorer software for animals v7.0.4 (Heidelberg 
Engineering, Heidelberg, Germany). During exploration, 
heating pads were employed to prevent a reduction in 
body temperature. The cornea was maintained moistur-
ized with topical application of cross-linked sodium hyal-
uronate (VisuXL®, Visufarma SpA, Rome, Italy).

Given the small size of the murine eye in comparison to 
humans, a + 25-diopter optical lens was integrated with 
the OCT camera (Heidelberg, Germany). Additionally, a 
polymethyl methacrylate (PMMA) contact lens (3.2 mm 
diameter, base curve 1.7; VERAPERM VET, Interlenco, 
Madrid, Spain) was applied to the murine eye to establish 
a uniform refractive surface.

The measurement beam was meticulously aligned to 
center the optic nerve head (ONH) within the OCT anal-
ysis. Real-time eye tracking was activated to offset minor 
eye movements, including those arising from respiration 
or motion artifacts.

An expert investigator manually reviewed and cor-
rected all segmentations. Retinal thickness was strati-
fied into predefined areas in accordance with the Early 
Treatment Diabetic Retinopathy Study (ETDRS) guide-
lines, following the methodology described by Salobrar-
Garcia et al. (2021) [37]. Three concentric rings with a 
total diameter of 3 mm and centered on the optic nerve 
were used (Supplementary Fig.  1). The central 1  mm 
ring(C0), which corresponded to the entrance of the large 
blood vessels in the mouse retina, was excluded from the 
analysis, leaving two rings: an inner ring with a 2  mm 
diameter and an outer ring with a 3 mm diameter. Fur-
thermore, these rings were divided into four quadrants: 
superior (S), inferior (I), nasal (N) and temporal (T); and 
these quadrants were divided into inner (S1, I1, N1, T1) 
and outer (S2, I2, N2, T2) sectors. As for the retinal nerve 
fiber layer (RNFL) thickness analysis, the results were 
presented in six sectors: inferior-nasal (IN), nasal (N), 
superior-nasal (SN), superior-temporal (ST), temporal 
(T) and inferior-temporal (IT). Only the left eye was ana-
lyzed in this study.

The optical coherence tomography angiography 
(OCTA) images were acquired using the Spectralis II 
OCT Angiography animal module (Heidelberg Engineer-
ing, Heidelberg, Germany). The retinal vasculature was 
analyzed using an angle of 20° × 20°, a lateral resolution 
of 4,08 × 3,87  μm/pixel and a total of 512 β-Scans (Sup-
plementary Fig. 1).

All images underwent examination, and those featur-
ing artifacts such as defocus, shadows, or suboptimal 

segmentation were eliminated. The images of satisfac-
tory quality were exported in TIFF format for subsequent 
analysis utilizing the AngioTool software. AngioTool 
(version 0.6a; National Institutes of Health, National 
Cancer Institute, Bethesda, MD, USA) was developed 
as a streamlined tool for angiogenesis analysis. It facili-
tates the examination of various vascular morphometric 
parameters, including vessel area, total number of junc-
tions, junction density, average vessel length, total num-
ber of ends, and lacunarity. Notably, AngioTool conducts 
vascular analysis without segmenting the retina and 
assesses the entirety of the OCTA image. The principle 
underlying the analysis of OCTA images using AngioTool 
has been previously described in the works of Zudaire et 
al. (2011) and López- Cuenca et al. (2022) [38, 39].

Immunostaining
Kidins220f/f (n = 6) mice and WT (n = 6) mice were anes-
thetized with an i.p injection of medetomidine (Mede-
tor®, Virbac España S.A., Barcelona, Spain) and ketamine 
(Anesketin®, Dechra Veterinary Products SLU, Barcelona, 
Spain) and then transcardially perfused with saline solu-
tion followed by 4% paraformaldehyde. Optical cups con-
taining retinas and ON were kept overnight in the same 
fixative solution after corneas and lens extraction. Next 
day, optical cups were cryoprotected by immersion in 
sucrose solutions with increasing concentrations (10%, 
20%, and 30%) for 1  h, 2  h, and overnight, respectively, 
and then embedded in tissue freezing medium (Tissue-
Tek® O.C.T.™ Compound, Sakura Finetek Spain, [Barce-
lona], Spain).

Complete series of 12  μm-thick sagittal sections were 
obtained by cryostat (Leica Biosystems, [Heidelberger], 
Germany) from the nasal to temporal retina. Immunos-
tainings were performed in slide-mounted sections incu-
bated in a background solution comprising 2% Triton 
X-100 and 10% R. T. U Animal-Free Blocker (SP-5035; 
Vector Laboratories, Inc., [CA], USA) in 0.1 M PBS and 
then incubated with the appropriate primary antibodies 
prepared in a solution containing 1% R. T. U Animal-Free 
Blocker, 2% Triton-X 100, and PBS overnight at 4  °C. In 
cases where the primary antibody was developed in the 
same host tissue (mouse), a preliminary step was taken 
before incubation with the primary antibody to prevent 
nonspecific reactions, using M.O.M. (Mouse on mouse 
blocking reagent) from Vector Laboratories, Inc., [CA], 
USA. Sections were then incubated with secondary anti-
bodies, prepared in PBS 0.1 M, overnight at 4ºC. Finally, 
sections were mounted using Vectashield Vibrance Anti-
fade® medium with DAPI (Ref. H-1800; Vector Laborato-
ries, [CA], USA).

Immunostained slides were examined using a Zeiss 
Axio Imager M.2 fluorescence microscope (Carl 
Zeiss AG, Oberkochen, Germany) equipped with the 
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Apotome-2 module (Carl Zeiss AG, Oberkochen, Ger-
many) and a high-resolution Axio Cam 503 Mono camera 
(Carl Zeiss AG, Oberkochen, Germany). The microscope 
utilized a Zeiss 10 filter set for Alexa Fluor 488, a Zeiss 64 
filter set for Alexa Fluor 594, and a 49-filter set for Alexa 
Fluor 405. Images were captured and analyzed using 
ZEN2 software (Carl Zeiss AG, Oberkochen, Germany), 
maintaining consistent lighting conditions and magni-
fications throughout the capture process. Some images 
were captured using a Confocal microscope Zeiss LSM 
710 laser-scanning microscope (Zeiss, Germany).

Figures were prepared using Adobe Photoshop CS4 
Extended 10.0 (Adobe Systems, [CA], USA).

Quantitative retinal analysis
For quantitative analysis in retina, six non-consecutive 
cross-sections, from the nasal to temporal retina, were 
chosen from Kidins220f/f and WT mice (n = 6 per geno-
type). Within each cross-section, three non-adjacent 
zones corresponding to the superior, central, and inferior 
retina were analyzed using a 20x magnification objec-
tive, representing a retinal area of 0.3004 mm2 (Supple-
mentary Fig. 2). All images were captured under uniform 
conditions, with consistent values for exposure time and 
excitation intensity, facilitating qualitative comparisons.

To quantify the area occupied by the following antibod-
ies—GFAP, Iba-1, AQP4, VPS35—in the micrographs 
obtained from the selected cross-sections, a thresholding 
tool within the MATLAB environment was employed. 
The thresholds identify pixels corresponding to objects 
of interest by analyzing grayscale values, enabling their 
distinction from other regions within the image based on 
grayscale values. Subsequently, the quantifications were 
carried out using an algorithm developed by our research 
team within the MATLAB environment [40].

To quantify the intensity of vimentin staining, a quan-
titative analysis of the mean gray fluorescence value was 
performed using the open-source imaging analysis soft-
ware ImageJ in micrographs obtained from selected reti-
nal cross-sections. Measurements were performed using 
a 100 × 50 pixel ROI at the level of the NFL/GCL where 
the end-feet of Müller cells are located.

Quantification of Iba-1 + cells, Iba-1/CD68 + cells, 
Brn3a + cells, and caspase 3 + cells was conducted on each 
selected cross-section using a double-blind procedure. 
The manual counting was performed utilizing the “Inter-
active” counting tool in ZEN2 software (Carl Zeiss AG, 
Oberkochen, Germany). This software is integrated with 
the Apotome device and the fluorescence microscope.

For quantitative analysis in ON, six non-consecutive 
cross-sections were chosen from Kidins220f/f and WT 
mice (n = 6 per genotype). Within each ON cross-section, 
three zones corresponding to the retina, prelaminar (PL) 
region, and retrolaminar (RL) region were photographed 

using a 20x magnification objective. All images were cap-
tured under uniform conditions, with consistent values 
for exposure time and excitation intensity, facilitating 
qualitative comparisons. Photomicrographs at 10x mag-
nification were also taken to provide an overview of the 
main regions of the ON and to facilitate the visualization 
of the staining with the various antibodies used.

For the quantitative analysis of the expression of the 
following antibodies —AQP4, GFAP, Kidin220, VPS35— 
in each of the aforementioned ON regions, a quantitative 
analysis of the mean gray fluorescence value was per-
formed using the open-source imaging analysis software 
ImageJ. Measurements were performed using a 200 × 200 
pixel ROI in the PL region and in the RL region of the 
ON, as well as at the level of the NFL/GCL in the retinal 
region closest to the optic nerve head (only for the AQP4 
quantification).

Preparation of protein extracts and immunoblot analysis
Retinas from Kidins220f/f or WT littermates were dis-
sected, frozen in dry ice and homogenized in RIPA buffer 
(25 mM Tris-HCl, pH 7.6, 1% Triton X-100, 0.5% sodium 
deoxycholate, 0.1% SDS, 150 mM NaCl) with protease 
and phosphatase inhibitors. Lysates were centrifuged for 
30 min at 14,000 rpm at 4 °C, and resulting supernatant 
was considered the total lysate soluble fraction. Prior 
to SDS-PAGE electrophoresis, equal amounts of lysates 
with sample buffer were treated at 97  °C, except those 
samples for AQP4 immunoblot analysis that were treated 
at 37  °C. This temperature shift is crucial since boiling 
protein samples typically abolishes the ability of AQP4 
antibodies to distinguish the different isoforms (M23, M1 
and M23-ex) [41]. For immunoblot analysis membranes 
were incubated with different primary and secondary 
antibodies (see detailed information in Supplementary 
Table 1) and immunoreactive bands were detected by 
ECL (PerkinElmer, Waltham, MA USA). Immunoblot 
signals were quantified by densitometric analysis with 
ImageJ 1.47d software (NIH) and normalized using 
β-actin band signal intensities. Data were expressed rela-
tive to values obtained in their respective WT mice.

Antibodies
AQP4 rabbit polyclonal antibody, and Brn3a, Vimen-
tin and Dystrophin mouse monoclonal antibodies 
were from Sigma-Aldrich (St Louis, MO, USA. SNTB2 
mouse monoclonal antibody, recognizing α-, β1-, and 
β2-Syntrophin, was from Thermo Fisher Scientific 
(Massachusetts, USA). GFAP mouse monoclonal anti-
body was from Millipore (Massachusetts, MA, USA). 
Kidins220 rabbit polyclonal antibodies were generated 
in T. Iglesias laboratory as described [8, 42]. VPS35 goat 
polyclonal antibody was from Abcam (Cambridge, UK). 
CD68 monoclonal antibody was from BioRad (California, 
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USA). Caspase-3 rabbit polyclonal antibody was from 
Cell signaling (Massachusetts, USA). Iba-1 and C3d com-
plement rabbit polyclonal antibodies were from Wako 
Chemicals (Richmond, USA) and DAKO (Glostrup, Den-
mark), respectively. Donkey anti-rat Alexa Fluor 488, goat 
anti-mouse Alexa Fluor 488, goat anti-mouse Alexa Fluor 
594, donkey anti-goat Alexa Fluor 488, donkey anti-goat 
Alexa Fluor 647, donkey anti-rabbit Alexa Fluor 594 and 
donkey anti-rabbit Alexa Fluor 555 secondary antibodies 
were from Invitrogen (Thermo Fisher Scientific). Horse-
radish peroxidase conjugated anti-rabbit secondary anti-
body was from Invitrogen (Thermo Fisher Scientific) and 
horseradish peroxidase conjugated anti-mouse second-
ary antibody was from Rockland (Pottstown, PA, USA). 
Detailed information about all the above-mentioned 
antibodies and dilutions used for the different applica-
tions is given in Supplementary Table 1.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 
v.9 (GraphPad Software, La Jolla, CA, USA), and the 
same software was utilized for graph design. When the 
data deviated from a normal distribution, nonparamet-
ric tests were employed for analysis. Conversely, when 
the data conformed to a normal distribution, parametric 
tests were utilized.

For immunostaining data analysis, the Mann–Whit-
ney U test (for unpaired data) or Wilcoxon W test (for 
paired data) was employed. Statistical analysis of the vol-
ume (mm3) of the lateral and third ventricles (LV + TV), 
Sylvius aqueduct (SA) and fourth ventricle (FV) were 
carried out using unpaired Student’s t-test. Immunob-
lot analyses of significant differences between means 
were carried out using unpaired Student’s t-test. Results 
are shown as mean ± s.e.m. and differences were consid-
ered statistically significant when p < 0.05. The notations 
denoting different levels of significance were * p < 0.05, ** 
p < 0.01, *** p < 0.001, **** p < 0.0001.

Results
Deficiencies in Kidins220 protein in the retina of 
Kidins220f/f hypomorphic mice
In this study we have examined the levels of Kidins220 
in the retina, both in wild-type (WT) and Kidins220-
deficient hydrocephalus mice (Kidins220f/f) [19]. First, 
we corroborated the hydrocephalus phenotype of all 
Kidins220-deficient animals used for these studies before 
the obtention of their retinas by magnetic resonance 
imaging (MRI; Fig. 1).

Immunofluorescence analysis of Kidins220 in the ret-
ina revealed a general labelling across the different layers 
in WT animals, with Kidins220 signal being more intense 
in the retinal ganglion cell layer (GCL) (Fig. 2A). In con-
trast, the overall staining of this protein was decreased in 

Kidins220f/f mice (Fig.  2A). Consistent with this obser-
vation, immunoblot analysis of protein lysates obtained 
from retinal tissue showed a significant reduction in 
Kidins220 levels, (37% decrease) (p < 0.01), in samples 
from Kidins220-deficient mice compared to WT controls 
(Fig. 2B).

Kidins220 deficiency does not lead to alterations in retinal 
thickness or vascular pattern
To examine the effect of Kidins220 deficiency on retinal 
morphology and microvascular structure, we conducted 
OCT analysis. The results showed no statistically signifi-
cant differences in either total retinal thickness (Fig. 3A) 
or RNFL thickness (Fig. 3B) in any of the sectors analyzed 
in Kidins220f/f compared to WT mice (Table  1). Addi-
tionally, papilledema was not observed during fundus 
examination or OCT studies.

We then compared vascular parameters obtained from 
OCTA between the two study groups (Kidins220f/f vs. 
WT) using the AngioTool software. We found no sig-
nificant changes (Fig.  3C; Table  2), indicating that the 
reduction in Kidins220 levels does not result in major 
alterations in the retinal vessels.

The number of retinal ganglion cells and the incidence of 
retinal apoptosis do not vary in Kidins220-deficient mice
Kidins220 is known to be a key for neuronal survival 
pathways [17]. Therefore, we analyzed the number of 
Brn3a + retinal ganglion cells (RGC), anticipating a 
decrease in their number in Kidins220-deficient mice. 
However, our analysis revealed no significant changes in 
RGC numbers Kidins220-deficient retinas compared to 
those of WT mice, whether analyzing the total retina or 
examining different retinal sectors (peripapillary, inter-
mediate, and peripheral) (Fig.  4). Consistent with this 
result, we did not detect differences in cell death between 
the two groups of mice after labelling the retinas with the 
apoptotic marker for cleaved caspase-3, either in the total 
retina or in retinal sectors (peripapillary, intermediate, 
periphery) (Fig. 4).

Kidins220 deficiency in the retina is associated with 
changes in retinal astrocytes, Müller glia and microglia
We then examined microglia, astrocytes and Müller glia 
in the retina using markers for these glial cells to deter-
mine possible changes due to Kidins220 deficiency. 
The retinal area occupied by Iba-1 + microglial cells 
(Iba-1 + RA) was significantly increased in Kidins220f/f 
animals compared to WT (103% increase) (p < 0.0001) 
(Fig. 5A, B). Similar findings were observed when quan-
tifying the number of Iba-1 + cells in different retinal lay-
ers, revealing an increase in the number of Iba-1 + cells 
in Kidins220f/f mice retina (Fig. 5A, C). This increase was 
statistically significant both in the outer plexiform layer 
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(OPL) (78% increase) (p < 0.0001) and in the inner com-
plex layer (ICL) (69.45% increase) (p < 0.001), which com-
prises the inner plexiform layer (IPL), GCL, and nerve 
fiber layer (NFL). Additionally, Iba-1+/CD68 + phago-
cytic cells were also more numerous in Kidins220f/f ani-
mals compared to WT in the OPL (224.96% increase) and 
ICL (168.79% increase) (p < 0.0001 for both) (Fig. 5A, D).

Kidins220f/f animals exhibited alterations in reti-
nal astrocytes in response to a context of Kidins220 
deficits, with a statistically significant increase in the 
retinal area occupied by glial fibrillary acidic protein - 
GFAP - (GFAP-RA) immunostaining (40.39% increase) 
(p < 0.0001) (Fig.  6A, B). Higher magnification images 

might suggest a possible hypertrophic phenotype of 
Kidins220-deficient astrocytes (Fig. 6A, lower panels).

GFAP co-immunostaining with the complement factor 
C3 further suggested a phenotypic change in astrocytes 
of the GCL in Kidins220f/f retinas (Supplementary Fig. 3). 
Additionally, vimentin expressed in astrocytes and Mül-
ler glia also augmented in the retina of Kidins220f/f com-
pared to WT mice (23.68% increase) (p < 0.0001) (Fig. 7A, 
B).

Kidins220-deficient retina shows an increase in glial AQP4 
while exhibiting lower expression of VPS35
We have previously reported that Kidins220 deficiency 
diminishes the levels of the water channel AQP4 and the 

Fig. 1  Obstructive hydrocephalus in Kidins220f/f deficient mice where retinas have been analyzed. Representative in vivo brain coronal view of T2-
weighted (T2-W) magnetic resonance images (MRI) showing lateral and third ventricles (LVs + TV; left panels), aqueduct of Sylvius (SA; central panels) and 
fourth ventricle (FV; right panels) of 2-month-old WT and Kidins220f/f male mice. Graphs represent the quantification of the volume (mm3) of the lateral 
and third ventricles (LV + TV), Sylvius aqueduct (SA) and fourth ventricle (FV) in WT and Kidins220f/f mice. Each data point denotes one individual. Data are 
mean ± s.e.m. and were analyzed by two-tailed unpaired Student t-test. **p < 0.01, ****p < 0.0001. Scale bar 1 mm
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key retromer complex component, VPS35, in the ependy-
mal cells lining the brain ventricular walls and astrocytes 
[19]. We therefore examined whether similar changes 
were occurring in the retina, as astrocytes and Müller 
cells also express AQP4. Opposite to what was observed 
in the brain, immunostaining of AQP4 was increased in 
Kidins220-deficient retina compared to controls, espe-
cially in the layers underneath the GCL (27.26% increase) 
(p < 0.0001) (Fig. 8A, B).

Regarding VPS35, its signal was diffusely expressed in 
the photoreceptor outer segment layers (OS), OPL, IPL 
and GCL, with more intensity in the GCL-NFL (Fig. 8A). 
Consistent with data obtained in the brain, the retinal 
area occupied by VPS35 immunostaining (VPS35-RA), 
was significantly lower in the Kidins220f/f group com-
pared to WT, with a more pronounced decrease in the 
signal observed in the GCL and other retinal layers than 
in the IPL (61.41% decrease) (p < 0.0001) (Fig.  8A, C). 
Overall, these results suggest that AQP4 retinal upregu-
lation may occur mainly in Müller glia, where VPS35 
downregulation is less evident.

We also assessed the expression levels of dystrophin, a 
molecule that, together with syntrophins, can participate 
in AQP4 anchoring and is part of the dystrophin-asso-
ciated complex [43], not finding increases between WT 
and Kidins220f/f retinas by immunofluorescence analysis 
(Supplementary Fig. 4). In addition, immunoblot analysis 

showed no variations in dystrophin or syntrophin levels 
(Supplementary Fig. 5).

This result could indicate that Kidins220 deficiency 
may enhance the upregulation of a pool of retinal AQP4 
that is independent of the canonical dystrophin mem-
brane-anchoring complex.

To further support this notion, we next checked for 
possible variations in AQP4-M23-ex by immunoblot. 
This AQP4 isoform bears a C-terminal extension and 
displays a perivascular polarization and expression in 
dystrophin-dependent pools [41]. According to these 
authors, that identified M23-ex, immunoblot analysis of 
unboiled protein extracts can identify three bands cor-
responding to AQP4 M23 (23  kDa), M1 (32  kDa) and 
M23-ex (35  kDa). Our analysis of retinal non-boiled 
lysates from WT and Kidins220f/f mice detected M23, 
M1 and M23-ex isoforms (Supplementary Fig. 6). How-
ever, quantification of the different immunoblot bands 
did not render significant differences between control 
and Kidins220-deficient lysates (Supplementary Fig.  6). 
Together, data could indicate that expression of AQP4 
M23-ex is not altered, suggesting that this dystrophin-
dependent pool of AQP4 remains preserved in condi-
tions of Kidins220 deficits.

However, AQP4 immunoblot data are in striking con-
trast to those obtained by immunofluorescence analysis 
(Fig.  8), suggesting that destruction of tissue compart-
mentalization by homogenization and lysis for the 

Fig. 2  Kidins220 levels are decreased in the retina of Kidins220f/f deficient mice. (A) Representative fluorescence microscopy images of Kidins220 immu-
nostaining (red) in WT and in Kidins220f/f deficient animals. The different retina layers are indicated. Nuclei are labelled with DAPI (blue). Magnified images 
(Zoom) are shown in the right panels. (B) Representative Kidins220 and b-actin (loading control) immunoblots of retina lysates from WT and Kidins220f/f 
mice and the corresponding Kidins220 levels quantification graph. Data are mean ± s.e.m.; each data point denotes one individual mouse; **p < 0.01, by 
two-tailed unpaired Student’s t-test. Abbreviations: ONL (Outer nuclear layer), OPL (Outer plexiform layer), INL (Inner nuclear layer), IPL (Inner plexiform 
layer), GCL (Ganglion cell layer). Scale bar 50 μm, zoom 10 μm
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Fig. 3  Kidins220f/f deficient animals show no major changes in the retina structure and vasculature. (A) Representative eye fundus (Left panels) and total 
retinal thickness measure by OCT (Right panels) of WT and Kidins220f/f mice, with no papilledema observed in Kidins220-deficient animals. (B) Repre-
sentative images of the retinal area analyzed for the measurement of the RNFL total thickness (Left panels), and the RNFL total thickness by OCT (Right 
panels) of WT and Kidins220f/f mice. (C) Representative images of deep vascular complex of WT and Kidins220f/f mice by OCTA. Abbreviations: ILM (Inner 
limiting membrane), BM (Bruch membrane), RNFL (Retinal nerve fiber layer), OCT (Optical Coherence Tomography), OCTA (Optical Coherence Tomogra-
phy Angiography)

 



Page 10 of 21Fernández-Albarral et al. Fluids and Barriers of the CNS           (2025) 22:16 

obtention of soluble protein extracts can give rise to 
misleading results. This would be the case for the retina 
and the optic nerve, complex tissues divided in multiple 
regions and constituted by multiple different cell types. 
On the contrary, immunofluorescence microscopy allows 
to perform qualitative and quantitative analysis of these 
tissues preserving their architecture and regional and cel-
lular identity.

The optic nerve of Kidins220-deficient mice presents an 
increase in GFAP expression accompanied by decreases in 
AQP4 and VPS35
Compared to the retina, the ON can be more directly 
influenced by the CSF, and sense changes in CSF pressure 
in hydrocephalus conditions. The increase in intracranial 

pressure caused by CSF excess can lead to elevated pres-
sure in the arachnoid space surrounding the ON [44]. 
Thus, we hypothesized that the effects of Kidins220 defi-
ciency in the ON could be more similar to those occur-
ring at the ependymal barrier of the brain ventricles.

First we examined Kidins220 and VPS35 labelling in 
the ON, finding a significant decrease in the expression 
of both molecules (Fig. 9A-C) in Kidins220f/f mice com-
pared to WT mice, both in the prelaminar (PL) region 
(28.39% decrease for Kidins220, 22.80% decrease for 
VPS35) (p < 0.05 for both) and in the retrolaminar (RL) 
region (37.84% decrease for Kidins220, 40.60% decrease 
for VPS35) (p < 0.001 for both).

Next, we analyzed AQP4 in the ON, that showed a 
heterogeneous immunolabelling in WT mice, with low 

Table 1  Values of RNFL thickness and total retina thickness measured with OCT
WT Kidins220f/f p-value

n= 10 n= 9
Mean SD Mean SD

RNFL (µm) S 22.60 4.81 22.67 2.78 0.7619
I 25.60 1.07 26.67 2.69 0.2803
N 22.80 3.33 22.89 1.54 0.6295
T 24.40 2.76 23.89 1.62 0.8649
SN 22.60 6.02 23.00 2.92 0.5594
ST 22.40 4.01 22.11 4.37 0.8884
IN 24.90 2.38 25.67 2.55 0.4785
IT 26.60 3.17 28.56 3.00 0.2474
Global 23.90 2.28 24.00 0.87 0.8895

Total Retina (µm) VOLUME (mm3) 1.723 0.02 1.707 0.02 0.1219
S1 246.00 6.04 242.89 4.91 0.2845
I1 240.90 4.23 237.67 5.32 0.2851
N1 240.90 4.12 240.22 2.95 0.7636
T1 240.30 4.30 239.11 3.66 0.4817
S2 254.90 4.07 252.22 3.42 0.1866
I2 244.80 3.26 244.44 2.60 0.7348
N2 245.40 4.67 245.56 1.74 0.9486
T2 245.70 3.59 243.67 3.35 0.2482

Mean values ± standard deviation (SD) of RNFL thickness and total retina thickness of different sectors analyzed. Data analyzed via Mann-Whitney U-test. 
Abbreviations: RNFL (Retinal nerve fiber layer), S (Superior), I (Inferior), N (Nasal), T (Temporal), SN (supero-nasal), ST (supero-temporal), IN (infero-nasal), IT 
(infero-temporal)

Table 2  Values of retinal vessels analysis with OCTA
WT Kidins220f/f p-value

n= 10 n= 9
Mean SD Mean SD

Vessel’s area 218394.5 6471.1 217954.7 7265.8 0.624
% of vessel area 44.03 1.29 43.95 1.37 0.806
Junctions total number 554.7 66.7 582.6 49.0 0.288
Junctions density 0.00112 0.00014 0.00117 0.00010 0.327
Total vessel length 24618.45 1298.12 25037.84 1061.64 0.327
Mean vessel length 355.9 123.8 402.9 107.1 0.191
Endpoints total number 438.3 57.9 424.8 27.5 0.683
Average lacunarity 0.0579 0.0043 0.0585 0.0053 0.935
Mean values ± standard deviation (SD) of different vascular parameters analyzed in the deep vascular complex. Data analyzed via Mann-Whitney U-test
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Fig. 4  Kidins220 deficiency in the retina is not associated with loss of retinal ganglion cells (RGC) or decreases in their survival. (A) Representative fluores-
cence microscopy images of retinas labeled for apoptotic cleaved caspase 3 + cells (red) and cells stained with the RGC specific marker Brn3a (green) in 
WT and in Kidins220f/f deficient animals. Nuclei are labelled with DAPI (blue). (B, C). Quantitative analysis of total number of cleaved caspase 3 + cells and 
Brn3a + cells, respectively, in the total retina or in different sectors - PP (peripapillary), I (intermediate), and P (peripheral) - in WT and Kidins220f/f animals. 
Data are mean ± s.e.m.; each data point denotes an individual measure of the number of Brn3a + cells in retinal sections of WT and Kidins220f/f animals 
and were analyzed via Mann-Whitney U-test. Abbreviations: ONL (Outer nuclear layer), OPL (Outer plexiform layer), INL (Inner nuclear layer), IPL (Inner 
plexiform layer), GCL (Ganglion cell layer). Scale bar 50 μm
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expression in the PL and glial lamina cribrosa (GLC) 
regions, and higher expression in the RL region (Fig. 10A, 
B). Notably, the expression of AQP4 was significantly 
decreased in the PL region (11.74% decrease) (p < 0.05), 
being this reduction more pronounced in the RL region 
(42.23% decrease) (p < 0.0001) of the ON in Kidins220f/f 
mice (Fig.  10A, B). However, when analyzing the retina 
(R), specifically the NFL/GCL layer closest to the ON 
head, AQP4 expression was significantly increased 
(35.97% increase) (p < 0.0001) in Kidins220f/f mice. 

Furthermore, comparison of AQP4 immunostaining in 
the retina and the RL region of the ON of Kidins220-
deficient mice, rendered significant differences (95% 
increase) (p < 0.0001) (Fig. 10A, B).

Regarding GFAP expression, it was significantly aug-
mented in the ON in Kidins220-deficient animals in PL 
(31.06% increase) (p < 0.01) and in RL (52.08% increase) 
(p < 0.001), indicative of astrocytic changes associated 
with Kidins220 deficiency (Fig. 10A, C).

Fig. 5  Increased phagocytic microglia in the mouse retina with deficits in Kidins220. (A). Representative fluorescence microscopy images of Iba-1 (red) 
and CD68 (green) staining to label phagocytic microglia cells in WT and in Kidins220f/f mice. Nuclei are labelled with DAPI (blue). (B, C, D). Quantitative 
analysis of total retinal area (RA) occupied by Iba-1 + immunostaining. (B), the number of Iba-1 + cells (C) and Iba-1+/CD68 + cells (D) in different retina 
layers - OS (outer segment layer), OPL (outer plexiform layer) and ICL (inner complex layer) in WT and Kidins220f/f animals. Data are mean ± s.e.m.; each 
data point denotes an individual measure of the Iba1 + RA, the number of Iba-1 + cells and the number of Iba-1+/CD68 + cells in retinal sections of WT 
and Kidins220f/f animals and were analyzed via Mann-Whitney U-test. ***p < 0.001, ****p < 0.0001. Abbreviations: ONL (Outer nuclear layer), OPL (Outer 
plexiform layer), INL (Inner nuclear layer), IPL (Inner plexiform layer), GCL (Ganglion cell layer). Scale bar 50 μm

 



Page 13 of 21Fernández-Albarral et al. Fluids and Barriers of the CNS           (2025) 22:16 

Fig. 6  Increased GFAP expression in astrocytes of Kidins220-deficient retina. (A). Representative fluorescence microscopy images of GFAP + immunola-
belling (green) in WT and Kidins220f/f retinas. Nuclei are labelled with DAPI (blue). (B). Quantitative analysis of total retinal area occupied by GFAP + im-
munostaining (GFAP-RA). Data are mean ± s.e.m.; each data point denotes an individual measure of the GFAP-RA in retinal sections of WT and Kidins220f/f 
animals and were analyzed via Mann-Whitney U-test. ****p < 0.0001. Abbreviations: GFAP (Glial fibrillary acidic protein), ONL (Outer nuclear layer), OPL 
(Outer plexiform layer), INL (Inner nuclear layer), IPL (Inner plexiform layer), GCL (Ganglion cell layer). Upper panels: Scale bar 50 μm (20X); Lower panels 
with magnified images: Scale bar 25 μm (40X)
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Fig. 7  Increased expression of vimentin in astrocytes and Müller glia in Kidins220-deficient retina. (A). Representative fluorescence microscopy images 
of Vimentin + immunolabelling (green) in WT and Kidins220f/f retinas. Nuclei are labelled with DAPI (blue). (B). Quantitative analysis of the mean gray fluo-
rescence value of Vimentin + immunostaining. Data are mean ± s.e.m.; each data point denotes an individual measure of the mean gray value in retinal 
sections of WT and Kidins220f/f animals and were analyzed via Mann-Whitney U-test. ****p < 0.0001. Abbreviations: ONL (Outer nuclear layer), OPL (Outer 
plexiform layer), INL (Inner nuclear layer), IPL (Inner plexiform layer), GCL (Ganglion cell layer). Scale bar 50 μm
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Discussion
This study is the first to analyze the retinal and ON 
behavior in a hydrocephalus model caused by Kidins220 
deficiency, using adult Kidins220f/f hypomorphic 
mice [19]. Consistent with previous findings in vari-
ous brain structures and other tissues from Kidins220f/f 
hypomorphic animals [19] we observed a decrease in 
Kidins220 levels in retinal and ON tissues compared to 
control littermates.

Ventriculomegaly, or hydrocephalus, characterized by 
an imbalance in CSF circulation, is a notable feature of 
Kidins220-deficient mice [19]. In humans, hydrocepha-
lus is commonly associated with increased intracranial 
pressure due to excess of CSF, which elevates pressure 
in the arachnoid space surrounding the ON [44]. This 
pressure elevation can lead to papilledema, as observed 
in humans [45]. In the human ON, the lamina cribrosa 
(LC) region plays a crucial role in managing the transi-
tion between intraocular and intracranial pressure, due 

Fig. 8  Kidins220-deficient retina presents an unexpected increase of AQP4 and low levels of VPS35. (A). Representative fluorescence microscopy images 
of AQP4 (red) and VPS35 (green) expression in WT and in Kidins220f/f animals. Nuclei are labelled with DAPI (blue). (B, C). Quantitative analysis of total 
retinal area occupied by AQP4+ (AQP4-RA) (B) and VPS35+ (VPS35-RA) (C) immunostaining in WT and Kidins220f/f mice. Data are mean ± s.e.m.; each data 
point denotes an individual measure of the AQP4-RA and the VPS35-RA in retinal sections of WT and Kidins220f/f animals and were analyzed via Mann-
Whitney U-test. ****p < 0.0001. Abbreviations: ONL (Outer nuclear layer), OPL (Outer plexiform layer), INL (Inner nuclear layer), IPL (Inner plexiform layer), 
GCL (Ganglion cell layer). Scale bar 50 μm
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to its biomechanical properties, allowing it to adapt to 
small pressure changes and prevent alterations in the 
axons of RGCs passing through it [46]. However, sus-
tained increases in intracranial pressure can disrupt 
translaminar pressure in the LC region of the ON, caus-
ing it to bulge towards the eyeball and resulting in pap-
illedema [47, 48]. Additionally, this elevated intracranial 
pressure compresses RGC axons and blood vessels pass-
ing through the LC, causing stasis in axoplasmic flow and 
fluid efflux from the vessels [47, 49]. In contrast, papill-
edema was not observed in our examination of 3-month-
old Kidins220f/f deficient mice using fundus examination 
or OCT studies. This discrepancy could be due to the 
potential development of papilledema at an older age 

in our animal model or anatomical differences between 
the human and mouse ON. Unlike humans, mice lack a 
connective tissue in the LC, that is instead composed of 
astrocytes. This structural variation may confer differ-
ent biomechanical properties [50], making the mouse 
GLC more elastic and less prone to anterior protrusion, 
thus avoiding visible manifestations of papilledema. Con-
sistent with the lack of papilledema in our hydrocepha-
lus mice, an E2f5−/− hydrocephalus mouse model, where 
elimination of E2f5 gene leads to excessive CSF produc-
tion, also does not present this condition [51]. In addi-
tion, the more flexible properties of mice astrocytic GLC 
could result in reduced mechanical damage to axons and 
vessels passing through this region of the ON, thereby 

Fig. 9  Kidins220 deficiency is accompanied by VPS35 deficits in the optic nerve. (A) Representative fluorescence microscopy images of Kidins220 (red) 
and VPS35 (green) immunolabelling in the optic nerve of WT and in Kidins220f/f mice. Nuclei are labelled with DAPI (blue). (B, C). Quantitative analysis of 
the mean gray fluorescence value of Kidins220+ (B) and VPS35+ (C) immunostaining in WT and Kidins220f/f mice. Data are mean ± s.e.m.; each data point 
denotes an individual measure of the mean gray value of Kidins220 + and VPS35 + immunostaining in retinal sections of WT and Kidins220f/f animals and 
were analyzed via Mann-Whitney U-test. *p < 0.05, ***p < 0.001. Abbreviations: Retina (R),Sclera (S), Optic Nerve (ON),Prelaminar (PL),Glial Lamina Cribrosa 
(GLC),Retrolaminar (RL).Scale bar 100 μm

 



Page 17 of 21Fernández-Albarral et al. Fluids and Barriers of the CNS           (2025) 22:16 

Fig. 10 (See legend on next page.)
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reducing tissue edema. This increased flexibility may 
be associated with decreased RGC mortality, consistent 
with our observations. In our analysis, we did not detect 
significant differences in the number of Brn3a + RGCs or 
in the expression of the apoptosis marker cleaved cas-
pase-3 in Kidins220f/f mice compared to WT mice. These 
results align with findings in E2f5−/− hydrocephalus mice, 
where no changes were recorded in the thickness of the 
RGC layer or the NFL [51].

Increased intracranial pressure in the LC may result 
in an imbalance in translaminar pressure, potentially 
affecting the retinal fluid elimination system through the 
ocular glymphatic system. In the eye, the glymphatic sys-
tem initiates with the aqueous humor which reaches the 
retina via the vitreous humor and mixes with the retinal 
interstitial fluid. Excess fluid is then transported by the 
axons of RGCs through the LC barrier, accumulating in 
perivenous spaces supported by AQP4 channels. From 
there, the fluid is directed towards the dural and cervi-
cal lymphatic vessels [52, 53]. This process is partially 
driven by the intraocular-intracranial pressure difference. 
If this mechanism malfunctions, fluid may accumulate in 
the retina. However, in Kidins220f/f mice, no evidence of 
fluid accumulation in the retina is observed. OCT exami-
nation reveals no retinal thickening, whether analyzing 
total retinal or NFL thickness. These findings are con-
sistent with observations in the E2f5−/− hydrocephalus 
mouse model, where histological analyses of various reti-
nal layers, including the ONL, INL, RGC layer, and NFL, 
showed no significant changes [51]. Therefore, in hydro-
cephalus mice, fluid accumulation in the retina might be 
cleared through alternative pathways.

In contrast to the reduction in AQP4 levels in astro-
cytes and ependymocytes lining the brain lateral ven-
tricles we have previously observed in Kidins220f/f mice 
[19], the retina of these animals presents increased AQP4 
levels, mainly in Müller glia. Müller cells play a crucial 
role in regulating water balance in the retina by remov-
ing water excess towards the vessels and vitreous humor 
[32, 34, 54, 55]. An increase in AQP4 in the retina of 
Kidins220f/f mice could contribute to eliminating excess 
retinal fluid through Müller glia, thereby preventing its 
accumulation.

Differing markedly to the retina, AQP4 levels decrease 
in the ON of Kidins220f/f animals. Astrocytes composing 
the ON GLC lack AQP4 [27], as we have also observed 
in this report. This condition may be necessary to limit 

fluid transfer between the perivascular space and the 
ON in this area, where maintaining a pressure difference 
is essential. Furthermore, the absence of AQP4 in these 
GLC astrocytes could guide axonal fluid transport by 
restricting water movement through alternative routes 
within the astrocytes [53]. Overall, our data suggest a 
conserved pathway regulating AQP4 through Kidins220 
and the retromer in ependymocytes, and astrocytes from 
the brain and the ON, but different in the retina.

While retinal thickness and vascularity remain 
unchanged, Kidins220-deficient retinas show increased 
GFAP expression in astrocytes, increased vimentin 
expression in astrocytes and Müller glia, and an increase 
in the number and phagocytic activity of microglia. How-
ever, Kidins220 deficiency is not associated with loss 
RGCs or decreases in their survival, a phenomenon that 
might be anticipated given the role of Kidins220 in pro-
moting neuronal survival pathways [17]. It is possible 
that the changes undergone by astrocytes and Müller 
cells and microglia triggered in response to hydroceph-
alus damage aims to maintain retinal homeostasis by 
upregulating AQP4 in Müller glia and astrocytes facili-
tating fluid elimination towards vessels and vitreous 
humor [56], thereby preventing retinal edema formation. 
In addition, mechanical stress due to intracranial pres-
sure could cause adjustments in astrocytes in the GLC 
through integrin-like mechanosensors [47]. As astro-
cytes form networks connected by gap junctions, they 
could transmit these alterations to retinal astrocytes 
[57]. The modifications of microglial cells in the reti-
nas of Kidins220f/f mice could be triggered by astrocyte 
changes. After damage, astrocytes generate cytokines 
and chemokines such as CCL2, CXCL1, CXCL10, GM-
CSF, and IL-6, and molecules such as the C3 complement 
factor, which induce alterations in microglial cells [58]. In 
addition, the heightened phagocytic activity of microglia 
could suggest a need to clear accumulated debris in the 
retina. Future investigations in Kidins220f/f animals will 
elucidate whether this phenomenon could be attributed 
to a potential malfunction of their glymphatic system of 
waste clearance.

In Kidins220f/f hydrocephalus mice, the deficiency of 
Kidins220 results in negative regulation of the SNX27-
retromer, leading to lysosomal degradation of AQP4 
[19]. This decrease in VPS35, the key component of the 
SNX27-retromer complex, and in AQP4, as previously 
observed in brain astrocytes and in ependymal cells of 

(See figure on previous page.)
Fig. 10  The optic nerve of Kidins220-deficient mice exhibits increased GFAP expression with decreased AQP4 content. (A) Representative fluorescence 
microscopy images of AQP4 (red) and GFAP (green) immunostaining in the optic nerve of WT and Kidins220f/f animals. Nuclei are labelled with DAPI 
(blue). (B, C). Quantitative analysis of the mean gray fluorescence value of AQP4+ (B) and GFAP+ (C) immunostaining in WT and Kidins220f/f mice. Data 
are mean ± s.e.m.; each data point denotes an individual measure of the mean gray value of AQP4 + and GFAP + immunostaining in retinal sections of WT 
and Kidins220f/f animals and were analyzed via Mann-Whitney U-test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; or Wilcoxon W-test, ####p < 0.0001. 
Abbreviations: Retina (R), Sclera (S), Optic Nerve (ON), Prelaminar (PL), Glial Lamina Cribrosa (GLC), Retrolaminar (RL). Upper panels: Scale bar 100 μm (10X); 
Lower panels: Scale bar 50 μm (20X)
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Kidins220-deficient mice [19], is also evident in their 
ON. Given the retina is an extension of the brain, a simi-
lar regulatory mechanism was anticipated in retinal tis-
sue. However, while our examination of the retina of 
Kidins220f/f animals revealed reduced levels of Kidins220 
and lower expression of VPS35, we surprisingly observed 
an increase in AQP4 expression. In the retina, Kidins220 
exhibits widespread labeling across various retinal lay-
ers, with a notable presence in the GCL. This pattern 
aligns with previous findings in Xenopus laevis, where 
Kidins220 was primarily expressed in RGCs, as well as 
in other retinal regions such as the photoreceptor layer 
and the ON [59]. Similarly, VPS35 shows diffuse stain-
ing throughout the retina, with increased intensity in the 
GCL, consistent with previous studies identifying VPS35 
predominantly in RGCs, amacrine cells, and astrocytes 
in the mouse retina [60]. Interestingly, the pronounced 
downregulation of Kidins220 and VPS35 in the retina of 
Kidins220-deficient mice is more evident in RGCs com-
pared to other retinal cells, particularly in Müller glia 
where AQP4 upregulation is more prominent. One plau-
sible explanation for these findings is that the levels and 
function of the retromer are tightly controlled in Mül-
ler cells to ensure their crucial role in maintaining water 
homeostasis, thereby preserving the viability of RGCs 
and overall visual health.

In humans, KIDINS220 gene pathogenic variants are 
associated with SINO syndrome, hydrocephalus and 
ventriculomegaly [23–25]. In addition to nystagmus, less 
frequent ocular manifestations, such as strabismus/eso-
tropia, have been reported in recently identified SINO 
syndrome cases [25]. Future studies utilizing OCT and 
OCTA in individuals with SINO syndrome and ven-
triculomegaly will be essential in determining whether 
different pathogenic variants correlate with retinal altera-
tions and papilledema. Additionally, these investigations 
will provide insights into the potential impact of these 
changes on visual performance, thereby enhancing our 
understanding of the ocular manifestations of SINO syn-
drome and guiding future treatment approaches aimed at 
enhancing the quality of life of those affected.
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