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A B S T R A C T

Biallelic mutations in the SACS gene, encoding sacsin, cause early-onset autosomal recessive spastic ataxia of 
Charlevoix-Saguenay (ARSACS), a neurodegenerative disease also characterized by unique and poorly under
stood retinal abnormalities. While two murine models replicate the phenotypic and neuronal features observed in 
patients, no retinal phenotype has been described so far. In a zebrafish knock-out strain that faithfully mirrors the 
main aspects of ARSACS, we observed impaired visual function due to photoreceptor degeneration, likely caused 
by cell cycle defects in progenitor cells. RNA-seq analysis in embryos revealed dysfunction in proteins related to 
fat-soluble vitamins (e.g., TTPA, RDH5, VKORC) and suggested a key role of neuroinflammation in driving the 
retinal defects. Our findings indicate that studying retinal pathology in ARSACS could be crucial for under
standing the impact of sacsin depletion and may offer insights into halting disease progression.

1. Introduction

Autosomal recessive spastic ataxia of Charlevoix-Saguenay 
(ARSACS) is an early-onset, neurodevelopmental and neurodegenera
tive condition presenting with ataxia, spasticity and peripheral neu
ropathy (Bouhlal et al., 2011). Distinctive pathological features include 
atrophy of the upper cerebellar vermis with loss of Purkinje cells (PCs), 
corticospinal tract degeneration, axonal damage in both the central and 
peripheral nervous systems mirrored at the cellular level by aberrant 
microstructure of neuronal neurofilament network, impaired axonal 
flow and ensuing disruption of the mitochondrial (Aly et al., 2022; 
Bagaria et al., 2022; Takiyama, 2006; Vermeer et al., 1993). Clinical and 
allelic heterogeneity is ample in ARSACS. Although most patients do not 
show ophthalmological complaints and present normal vision, abnormal 
thickening of the peripapillary retinal nerve fiber layer (RNFL) observed 
on optical coherence tomography (OCT) is a distinguishing feature in 
individuals with ARSACS (Parkinson et al., 2018). OCT, a non-invasive 
imaging test that uses light waves to take cross-sectional pictures of the 
retina, revealed in a multicenter study the presence of foveal hypoplasia 

in nearly all ARSACS cases analyzed, together with a sawtooth retinal 
appearance with papillomacular folds seen in most cases (Rezende Filho 
et al., 2021). While in part suggestive of impaired macular function, 
these findings might represent a long-term complication in ARSACS 
patients with progressive motor neuron disorder, as well as potential 
biomarker in future clinical trials. Nonetheless, the natural process of 
RNFL thickening in ARSACS is unknown, though it is believed to result 
from the slowing of axoplasmic flow within retinal ganglion cells axons 
(Borruat et al., 2017). However, there is a phenotypic heterogeneity in 
patients thickening (Takiyama, 2007; Yu-Wai-Man et al., 2014) and it is 
of interest that electroretinogram (ERG) data in a patient show inner 
retinal dysfunction in both rod and cone systems (Borruat et al., 2017), a 
phenotype that could be explained by the accumulation of proteins at an 
inner retinal level, or as a secondary effect on retinal bipolar cells 
(Borruat et al., 2017). Overall, the why and extent of retinal phenotype 
in ARSACS remain largely unexamined. Building on insights derived 
from more common genetically-driven retinopathies (Appell et al., 
2024), retinal studies might represent a promising target for investi
gating the consequences of sacsin loss in a controlled niche and an 
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attracting system to test efficacy of potential therapies counteracting 
sacsin depletion. Yet, brain donation programs in neurodegenerative 
disease face many obstacles and worldwide studies on public attitudes 
about corneal tissue donation show high rates of unwillingness to donate 
and donation refusal (Bracher et al., 2021). Thus, it is no surprise that 
there is limited availability of human tissues in ARSACS (Bagaria et al., 
2022). Moreover, no retinal defects have been described to date in the 
two validated mouse models that phenotypically and neuro
pathologically replicate sacsin impairment (Larivière et al., 2019; 
Larivière et al., 2015). With eyes similar to humans in structure and 
function, zebrafish has become a well-established tool to study vision in 
vertebrates (Angueyra and Kindt, 2018). Zebrafish are diurnal tetra
chromats and have a cone-dominated vision similar to humans, unlike 
mice presenting a rod-dominated vision due to their nocturnality. 
Zebrafish retina possesses cone photoreceptors that are sensitive to UV, 
blue, green, and red light, resulting in excellent color vision and visual 
acuity (Zang and Neuhauss, 2021). Previously, we modeled sacsin 
depletion in zebrafish, showing that mutant embryos present with se
vere motor impairment, hindbrain atrophy recalling PC degeneration, 
mitochondrial dysfunction, and oxidative stress, mimicking features 
seen in mice (Naef et al., 2021). In addition, at 48 hpf sacs-/- larvae 
exhibited an increased number of apoptotic cells densely distributed in 
the ocular area, a finding likely associated with the moderate micro
phthalmia observed in mutants (Naef et al., 2021). In this work, we 
further investigated the effects of sacsin loss on retinal development. 
Our results highlight the critical impact of sacsin on retinal development 
and visual function. At 120 hpf, the observed disorganization and 
degeneration of photoreceptors, coupled with the activation of micro
glia, suggest that neuroinflammation plays a pivotal role in the retinal 
phenotype of ARSACS.

2. Materials and methods

2.1. Animal experimentation

Adult zebrafish were kept in a recirculating water system at 26 
◦C–28.5 ◦C under a 14-h light/10-h dark cycle. Embryos were kept in an 
E3 medium at 30 ◦C (Brogi et al., 2021). Zebrafish sacs mutants were 
previously generated as reported in (Naef et al., 2021). All experiments 
performed in this work comply European Community standards for the 
use of animals in experimentation under the supervision of the Institu
tional Animal Care and Use Committee of the University of Pisa, and 
complied with the 3R principles (MacArthur Clark, 2018).

2.2. Whole mount in situ hybridization

Embryos were dechorionated and fixed at 72 hpf with 4 % Formal
dehyde in PBS (FA).Whole-mount in situ hybridization was performed as 
described previously (Mero et al., 2021).

2.3. Histological analysis and eye morphometry measurement

Larvae were fixed in cold formalin, embedded in agarose blocks, and 
processed for paraffin embedding. Sections of 5 μm were cut from larval 
heads and adult eyes, stained with hematoxylin eosin, and examined 
under a light microscope according to (Sabaliauskas et al., 2006). Im
ages were captured and analyzed using ImageJ software, available from 
the USA National Institute of Health (http://rsb.info.nih.gov/ij). For eye 
morphometry measurement, three boxes of 25 × 75 μm were measured 
for each larva eye.

2.4. Immunofluorescence

To prevent the development of pigmentation, embryos were treated 
with 0.005 % phenylthiourea from 24 hpf. Whole-mount immunohis
tochemistry was performed as described in (Della Vecchia et al., 2022). 

The primary antibody used were: rabbit anti-GFAP (GTX1287, Genetex, 
1:200); mouse anti-rhodopsin (ab5417, Abcam, 1:400); mouse anti- 
Huc/Hud (A21271, Invitrogen, 1:500); rabbit anti-cleaved Caspase 3 
(D175, Cell Signalling, 1:200); rabbit anti-PHH3 (phospho-Histone H3, 
PA5–85506, Invitrogen, 1:500); Rabbit Anti-Zebrafish Blue Opsin 
Antibody (EJH012, Kerafast, 1:200); Rabbit Anti-Zebrafish UV Opsin 
Antibody (EJH013, Kerafast, 1:200); mouse anti-acetylated-tubulin 
(018M4788V, Life Technology, Monza, IT, 1:500); rabbit anti-protein 
kinase C alpha (PKC alpha, GXGTX130453, Genetex 1:200); the mouse 
anti-4C4 (1:200) is a gift from Professor Peter Hitchcock, (Department of 
Ophthalmology and Visual Sciences, University of Michigan, USA).

2.5. Analysis of larvae phenotype

We counted the number of larvae exhibiting thickening of the retinal 
nerve fiber layer, stained with anti-acetylated tubulin, and calculated 
the percentage of larvae displaying the phenotype. Out of the 60 larvae 
analyzed, 20 sacs mutant larvae showed thickening of the optic nerve (in 
both eyes) compared to WT. The analysis performed was qualitative 
rather than quantitative.

2.6. TUNEL staining

TUNEL staining was performed using the In Situ Cell Death Detection 
Kit, Fluorescein (11684795910, Roche, Basel, Switzerland) following 
the manufacturer’s instructions as described in (Zhong et al., 2014).

2.7. Quantitative reverse transcription polymerase chain reaction (qRT- 
PCR)

RNA was extracted from 30 embryos at 120 hours post-fertilization 
(hpf) using the Quick RNA Miniprep kit (Zymo Research, Irvine, CA) 
in accordance with the manufacturer’s guidelines. cDNA synthesis and 
qRT-PCR were performed as detailed in a previous study (Naef et al., 
2024). Gene expression levels were quantified using the 2-ΔΔCt method 
(Livak and Schmittgen, 2001). Data from at least three independent 
experiments were normalized to the expression of the housekeeping 
gene β-actin (ENSDARG00000037746).

2.8. Electroretinography (ERG)

ERG was performed on zebrafish (both sacs-/-and controls) at 5 dpf. 
Each individual larva was anaesthetized with tricaine and stimulated 
with flashes of 7 different light intensities with an interval of 60 s be
tween each flash, given by high power led light source with liquid light 
guide hpx-l5 (Sutter Instruments, Novato, CA). The recording settings 
were performed as already described and readapted (Masek et al., 
2023), electrophysiological signals were amplified 1000-fold (EXT-02F, 
NPI,Tamm, Germany), band pass filtered (0.001–0.3 kHz), and digitized 
at a rate of 10 kHz (Axon Digidata 1550B, Clampex 10.7.0.3, Molecular 
Devices, Berkeley, CA) and flash luminance was detected in cd*s/m2 by 
using a photometer (Konica Minolta) and represented as a logarhythm. 
The corresponding ERG b-wave amplitude was quantified as already 
described (Marchese et al., 2024).

2.9. Optokinetic response (OKR)

The optokinetic response of zebrafish larvae was evaluated to iden
tify visual system defects according to (Camussi et al., 2024). Larvae 
were immobilized in 5 % methyl cellulose on an inverted Petri dish and 
placed in the VisioBox (ViewPoint Behavior Technology, Lyon, France), 
where black and white vertical stripes were projected. Eye movements 
(saccades) were measured using PHIVisualize software, with results 
expressed as saccades per minute.
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2.10. Visual background adaptation (VBA) reflex

Larvae at 120 were placed in petri dishes and immobilized in 1 % 
agarose low melting for 20 min of darkness, followed by immediate 
dorsal view imaging. After this, the larvae were exposed to bright light 
for 15 min, and images were taken in the same way according to (Le 
et al., 2012).

2.11. Locomotor behavior

The visual motor response test (VMR) was conducted on hatched 
larvae at 120hpf, using 96-well plates (1 larva/well) positioned in the 
DanioVision system connected with EthoVision XT17 software (Noldus 
Information Technology). Following acclimatization to the recording 
chamber, zebrafish were adapted to stable lighting conditions (450 mW/ 
m2) for 30 min, after which illumination was abruptly discontinued 
(lights ON vs. lights OFF) according to (Maurer et al., 2010). Light/dark 
background preference test was performed according to (Steenbergen 
et al., 2011; Rock et al., 2022).

2.12. RNA-sequencing

Total RNA was extracted from 30 zebrafish larvae at 120 hpf for each 
sample using the Quick RNA miniprep kit (ZymoResearch, Irvine, CA, 
USA), according to the manufacturer’s instructions, and checked for 
purity using NanoPhotometerTM Pearl, version 1.2 (IMPLEN, Westlake 
Village, CA, USA). Three biological replicates were used for each 
analyzed condition (sacs-/- and controls larvae). Libraries were prepared 
with from 350ng of total RNA using the TruSeq Stranded kit (Illumina, 
San Diego, CA, USA), quantified by real-time PCR, pooled at equimolar 
concentration, and sequenced with Illumina technology applying stan
dard manufacturer protocols. Reads were aligned to the zebrafish 
reference genome assembly (GRCz11) using the STAR aligner (http://co 
de.google.com/p/rna-star). To allow comparison of gene expression 
profiles, the normalized gene abundance level of the controls was 
compared with the profile of sacs-/- and reported as log2 fold change 
(log2(FC)). Transcripts showing a log2(FC) ≥ 0.58 and an adjusted p- 
value (p-adj) ≤ 0.05 were considered differentially expressed. GO chord 
plots were plotted by using a free online platform for data analysis and 
visualization: https://www.bioinformatics.com.cn/en.

2.13. Protein-protein interaction network construction and module 
analysis

Protein-protein interaction (PPI) information was obtained through 
an online STRING analysis (https://string-db.org/). Proteins were clus
tered using the “K-Means” clustering algorithm. The” K-Means” algo
rithm finds a defined number of clusters based on their centroids. The 
clusters were identified based on the Cellular Components and Biolog
ical Process.

2.14. Quantification of microglia morphology

Roundness index is defined as 4 × Area/ (π × Major Axis2), with 
values ranging from 0 (indicative of a linear shape) to 1 (indicating a 
perfect circle). A value of 1 indicating an amoeboid shape and a value of 
0 indicating a highly ramified morphology. Microglial roundness was 
quantitatively assessed using ImageJ software (https://imagej.net/ij/;
National Institutes of Health, Bethesda, MD, USA). Images of microglia 
were first converted to grayscale by selecting Image > Type > 8-bit. To 
enhance the visibility of the microglial cells, a threshold was applied 
(Image > Adjust > Threshold), adjusting the sliders until the cells were 
highlighted in red. The images were then converted to binary format 
(Process > Binary > Make Binary), where the microglia appeared as 
white objects on a black background. In cases where cells were clumped 
together, the Watershed function (Process > Binary > Watershed) was 

used to separate them. Particle analysis was performed (Analyze >
Analyze Particles) with size parameters set to exclude noise, ensuring 
only the cells of interest were measured.

2.15. Statistical analyses

All data in the manuscript represent three or more independent ex
periments giving similar results. We performed the statistical analysis 
using GraphPad Prism 6 software. All data were analyzed using either 
parametric or non-parametric methods, based on the distribution of the 
response variable as determined by the Shapiro–Wilks test. Homoge
neity of variance was checked with the Levene test. The significance 
between groups was determined using two-way Anova Bonferroni’s 
multiple comparisons test or the Kruskal Wallis test or the non- 
parametric two-tailed Mann-Whitney rank sum test, as indicated in 
each figure legend. Statistical analysis for qRT-PCR experiments was 
performed using the two-tailed paired Student’s t-test. Statistical sig
nificance is reported as: * p < 0.05, ** p < 0.01, *** p < 0.001, or **** p 
< 0.0001.

3. Results

3.1. Zebrafish sacs-/- mutants showed normal eye morphology but 
affected lamination of the retinal layers

Previous studies in zebrafish have described mRNA sacs expression 
patterns in the early embryos (24 hpf) (Romano et al., 2013) but no data 
on later stages are available in the literature. To fill this gap, we per
formed whole mount in situ hybridization (WISH) at 72 hpf, a critical 
stage for retinal development, revealing that sacs mRNA is localized in 
the most anterior region of the central nervous system and in the eye 
fields (Fig. 1A), specifically in the periphery of the retina (Fig. 1A’). To 
investigate putative mechanisms of moderate microphthalmia (Naef 
et al., 2021) in sacs-/- mutant larvae, we examined their retinal 
morphology through hematoxylin/eosin staining of retinal sections of 
120 hpf larvae. The results showed that there was no obvious difference 
in cell layer organization between mutant and controls (Fig. 1B). On the 
other hand, we observed significantly reduced thickness of retinal pig
mented epithelium (RPE) (25 %), Outer Nuclear Layer (ONL) (11 %), 
Inner Nuclear Layer (INL) (30 %), and Ganglion Cellular Layer (GCL) 
(37.5 %) compared to control embryos (Fig. 1B’). In addition to defects 
in retinal layer formation, sacs-/- mutants presented expanded pigmen
tation in skin melanocytes even when exposed to bright light for 15 min 
(Fig. 1C). This phenomenon is indicative of an impaired visual back
ground adaptation (VBA) reflex and suggestive of altered visual 
responsiveness (Letelier et al., 2023).

3.2. Visual behavior is impaired in zebrafish mutants

To quantitatively characterize eye performance, optokinetic 
response (OKR) recordings were obtained for control and sacs-/- larvae, 
following an established protocol (Rodwell et al., 2023). We observed 
that 120 hpf sacs-/- mutants showed a significant reduction in the fre
quency of saccades, with an average of 12 saccades per minute 
compared to 15 saccades recorded in controls (Fig. 2A). These results 
confirmed that sacs-/- mutants exhibit deficits in visual function. Then, 
we performed light/dark background preference behavior (Chen et al., 
2018) in a 24-well plate apparatus prepared to achieve equal light and 
dark areas (Fig. 2B). Notably, sacs-/- mutants exhibited freezing behavior 
in the light condition (crossed time/min) and did not show a preference 
for the bright/white (% time in the light area) area during the dark phase 
when compared to controls (Fig. 2B). We also tested our sacs-/- mutants 
using the visual-motor response (VMR) assay, useful for measuring the 
responsiveness of zebrafish larvae to light changes (Venkatraman et al., 
2020). At 120 hpf zebrafish sacs-/- larvae showed an affected VMR 
(Fig. 2C), as their motor activity appeared significantly higher in the 
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“light-OFF” condition compared to control siblings, and greatly reduced 
in the “light-ON” condition (Fig. 2C’). Even if at the dark-light transition 
a synchronous and abrupt decrease in motor activity was observed in 
both control and sacs-/- larvae, a finding corresponding to the O-bend 
response (Burton et al., 2017), we observed that larval motor activity of 
mutants remained strongly decreased compared to control larvae 
(Fig. 2C).

3.3. Zebrafish mutants showed failure in the balance between 
proliferation and differentiation

As we observed alterations in the thickness of retinal layers, we 
examined sacsin-deficient retinas for potential cell cycle defects and/or 
cell death imbalances. In zebrafish, a single pool of multipotent pro
genitors undergoes symmetric proliferative divisions to expand the tis
sue and gives rise to all retinal cell types (Wan and Goldman, 2016). To 
investigate proliferation defects, we immunolabeled control and sacs-/- 

mutants for the M-phase nuclear marker phosphohistone-H3 (PHH3). 
Despite the high proliferative rate of the eye primordium at 24–30 hpf 
(Letelier et al., 2023), confocal imaging revealed a significant increase in 
M-phase positive nuclei in sacs-/- compared to control eyes (Fig. 3A). In 
addition, although the proliferation wave has largely completed in 
control eyes by 60 hpf (Letelier et al., 2023), retinal progenitors in 120 
hpf mutant fish continued to divide, as evidenced by a significant in
crease in PHH3+ cells, particularly in the outer and peripheral regions 
(Fig. 3B). These findings suggest that loss of sacsin might lead to an 
extended period in which retinal progenitor cells (RPCs) remain cycling, 
resulting in a consequent delay in cell cycle exit. The increase in M-phase 
positive nuclei was also observed in other brain regions (yellow and blue 
arrows Fig. 3C), such as the optic tectum and the eye, and accompanied 

by defects in axonal outgrowth as shown by immunofluorescence for 
acetylated-α tubulin, labeling post-mitotic neurons (Fig. 3D). Addition
ally, one-third of sacs mutants larvae compared to WT stained with 
acetylated-α tubulin showed thickening of the optic nerve in both eyes 
(yellow arrow, Fig. 3E-E’). This low penetrance of the phenotype could 
be explained by the fact that abnormal retinal thickening is a common, 
although not universal, feature among patients with ARSACS (Yu-Wai- 
Man et al., 2014). An increase in cell proliferation typically leads to an 
imbalance in the timing of differentiation, resulting in a reduction of 
early-born retinal neurons, such as retinal ganglion cells (RGCs), in favor 
of later cell types, including amacrine, bipolar, and Müller glial cells 
(Miles and Tropepe, 2016). Given the observed microphthalmic 
phenotype in larvae and the unexpected reduction in cellular counts in 
the inner nuclear layer (INL), we investigated potential modifiers of the 
underlying pathological mechanisms beyond unbalanced neurogenesis. 
Since apoptosis might contribute to this condition (Miles and Tropepe, 
2016), we assessed whether retinal cells undergo apoptosis. We per
formed a TUNEL assay (Fig. 4A-A’) and stained retinal cryosections at 
120 hpf with anti-cleaved caspase-3 (C3) antibodies (Fig. 4B-B’). While 
control retinas exhibited few fluorescent apoptotic TUNEL+ cells 
(Fig. 4A-A’), a significant increase in apoptotic cells was observed in the 
sacs-deficient larvae. Consistently, sacs-/-mutants showed a significant 
increase in the number of apoptotic C3+ cells compared to controls 
(Fig. 4A-A’). Apoptotic cells were mainly observed in the INL, suggesting 
that cell death in this layer may contribute to the decreased thickness 
observed in sacs-/- retinas. Additionally, we observed apoptotic cells in 
the GCL and the ONL in sacs-/- mutants, indicating compromised survival 
of these cells. These findings suggest that increased apoptosis in neural 
retina cells may underlie the microphthalmia phenotype and potentially 
contribute to impaired vision.

Fig. 1. Loss of sacs gene affect neural retina formation and altered VBA reflex. (A) At 72 hpf sacs gene is expressed in the most anterior region of the CNS and in the 
eye field (red circle in A, lateral view; red arrow in A’, ventral view). (B-B′) Hematoxylin/eosin staining revealed a normal organization in retina structure in sacs-/- 

larvae and reduced thickness of ONL (the outer nuclear layer), INL (inner nuclear layer), GCL (ganglion cell layer), and in RPE (retinal pigmented epithelium) and in 
total retinal thickness. Error bars indicate mean ± s.e.m. Statistical differences were computed using the two-tailed Mann-Whitney test and are indicated as (*p <
0.05; ***p < 0.001). (IPL (inner plexiform layer)). Results were obtained from representative sections from 5 zebrafish control embryos and 5 sacs-/- mutant larvae. C) 
Head dorsal view of 120 hpf control and sacs-/- larvae with insets showing their pigmentation pattern (red arrow). Scale bar = 100 μm. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.4. Loss of sacsin leads to structural disorganization and loss of 
photoreceptors in the ONL

The results so far indicate that sacsin is not essential for the early 
specification of the neural retina in zebrafish. This finding allowed for a 
detailed analysis of cell fate choices in sacs knock-out larvae. Although 
all retinal layers are present, the specific identities of the cells within 
these layers required further investigation. Analysis at 120 hpf revealed 
no significant decrease in bipolar cells (white arrows, Fig. 5A’), but an 
increase in HuC-positive cells, a marker for differentiated amacrine cells, 
was evident by evaluation of mean fluorescence intensity (Fig. 5B) 
suggesting that loss of sacsin may play a crucial role in regulating 
amacrine cell specification (white arrows, Fig. 5B’). Additionally, we 
stained larvae for markers off terminal differentiation in rods (anti- 
rhodopsin) and cones (blue-opn1sw and uv-opn1sw) at 120 hpf (Fig. 5C- 
E’). Analysis of rhodopsin mean fluorescence intensity revealed signif
icant increase in knockout larvae (Fig. 5C). High magnification confocal 
microscopy determined that most of the signal was concentrated in 
photoreceptor outer segments, with clear alterations in the structure and 
morphology of both rod and cone photoreceptors in mutant larvae 
(white arrows, Fig. 5D’-F′). These findings support the hypothesis that 
sacsin ablation causes retinal dysplasia, particularly affecting the fine 
morphology of photoreceptor cellular structure.

3.5. Mutants exhibited an increase in b-wave amplitude after light 
stimulation

To better characterize the different response to the light/dark stim
ulus of sacs-/- mutant larvae, we performed ERG recordings at 120 hpf 
(Fig. 6A-B), a time point in development when zebrafish retina becomes 
fully functional, with the exception of late-maturing rods; at this stage 
the recorded field potentials were mainly contributed by cones. In our 
hands, control larvae showed a standard ERG response to light flashes, 
characterized by a large positive b-wave representing the depolarization 
of ON bipolar cells, which also masks the initial a-wave generated by 
photoreceptor (PR) hyperpolarization. We found that b-wave amplitude 
in sacs-/-mutant larvae appeared to be increased in most light conditions 
compared to their counterparts (Fig. 6A-B). The b-wave reflects ON- 
pathway activation and can serve as a proxy for the general excit
ability of the outer retina. These results demonstrate that there is no 
adverse effect on outer retina function, but the significant increase of the 
b-wave amplitude in the ERG of sacs-/- mutants suggests higher light 
sensitivity in mutants if compared to controls. This could be due to 
putative alterations in retinal dopamine and ON-pathway activity, 
which may enhance the photopic cone response by reducing negative 
feedback from horizontal cells in sacs-/- mutant retinas (Niklaus et al., 
2017).

Fig. 2. Visual impairment in the sacs-/- larval zebrafish. (A-A’) Zebrafish sacs-/- mutant larvae at 120 hpf showed reduced optokinetic response. The frequency was 
calculated considering the number of saccades per minute for each larva examined (N = 40 for each group, sacs-/- and controls). (B-B′) Light-Dark preference test was 
performed according to (Rock et al., 2022). At 120 h post-fertilization, sacs-/- mutant larvae displayed freezing behavior under light conditions (measured as crossed 
time per minute) and showed no preference for the bright/white area during the dark phase (measured as percentage of time spent in the light area (N = 15 for each 
group,sacs-/-and controls). ****p < 0.0001 was calculated by Kruskal Wallis test multiple comparisons. (C-C′) Zebrafish sacs-/- mutant larvae at 120 hpf showed an 
affected visual motor response (VMR). Sacs-/- mutants motor activity appears significantly higher in light- off conditions compared to controls siblings and greatly 
reduced in light-on condition (n = 20 for each group, sacs-/- and controls). ****p < 0.0001 was calculated by two-tailed Mann-Whitney test. Error bars indicate mean 
± s.e.m.

V. Naef et al.                                                                                                                                                                                                                                    Neurobiology of Disease 205 (2025) 106793 

5 



Fig. 3. Zebrafish mutants lacking the sacs gene exhibited an imbalance between cell proliferation and differentiation. (A-B). Representative figure of anti-pH 3 
immunostaining. A-A’) Lateral view pictures of control and sacs-/- specimens. At 24 hpf homozygous larvae showed a significant increase in pH 3-positive cells that 
were counted in the whole eye area. **** p < 0.0001 was calculated by the two-tailed Mann-Whitney U Test. Error bars indicate mean ± s.e.m. (B-B′) Anti-pH 3 
immunostaining at 120 hpf in controls and sacs-/- mutant larvae. **p < 0.01, Statistics were calculated by two-tailed Mann-Whitney U Test. (C) Representative 
fluorescence images of anti-pH 3 immunostaining at 120 hpf (dorsal view) in controls and sacs-/- mutant larvae. (D) Immunostaining of acetylated-α tubulin. Dorsal 
view pictures of representative control and sacs-/-specimens. Red arrows indicate defects in axonal outgrowth. (E) Representative immunostaining of acetylated-α 
tubulin at 120 hpf (lateral view). sacs-/- mutants exhibited alteration in optic nerve thickness (yellow arrow). All images were acquired using a Zeiss LSM 900 
confocal-microscope. PHH3+ cells were counted per area. Scale bar = 50 μm (A) and 10 μm (B). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)

Fig. 4. Increased apoptosis contributes to retinal defects in sacs-/- zebrafish mutants. (A) Representative TUNEL staining on retinal frozen section of zebrafish larvae 
at 120 hpf from control embryos and mutants. (A’) Quantification of the number of TUNEL-positive cells in the entire retina based on three independent mea
surements of larvae per group at 120 hpf. ** p < 0.01; *** p < 0.001 were calculated by Kruskal Wallis test multiple comparisons. (B) Immunostaining of the retinal 
section with activated Caspase-3 antibody (green) at 120 hpf. Nuclei were highlighted with DAPI (blue). ONL, outer nuclear layer; INL, inner nuclear layer, GCL, 
ganglion cell layer. Scale bar = 100 μm (A) and 10 μm (B). All images were acquired using a Zeiss LSM 900 confocal-microscope. TUNEL+ cells were counted per area 
considering whole retina section. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Sacsin deficiency alters cell fate and photoreceptor structure in zebrafish retina (A) Representative confocal images of the retina of sacs-/- zebrafish obtained 
after immunostaining of rods with a rhodopsin antibody (red) and with PKC-α to label bipolar cells. (B) Immunostaining of amacrine cells with a HuC antibody (red). 
Nuclei were highlighted with DAPI⋅(C) Analysis of fluorescence mean intensity in knockout larvae compared to controls. (D-F′) Representative confocal images of the 
retina of sacs-/- zebrafish obtained after immunostaining of rods with a rhodopsin antibody (red) and cones (Uv-opn1sw and Blue-opn1sw) in green. Scale bar = 50 
μm (A-B′) and 10 μm (C-D′). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. ERG response is increased in sacs-/- larvae. (A) Representative ERG traces at low, medium and maximum light intensity from control (black), sacs-/- (blue) at 
120 hpf. (B) Averaged ERG b-wave amplitudes from control (black), sacs-/- (blue) larvae. Sacs-/- mutants produce an increase of the ERG b-wave amplitude compared 
with control throughout all light intensities tested (*p < 0.05, **p < 0.01). Data were collected from three independent experiments (N = 30 for each group, sacs-/- 

and controls). For statistical comparison, a two-way ANOVA test was used. (ns: not significant; SI unit for luminance is candela per square meter (cd/m2)). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.6. RNA-seq analysis revealed changes in mitochondrial pathways and 
an impairment in fat-soluble vitamins

To characterize the effects of the loss of sacsin during zebrafish 
development, we performed RNA-seq comparing three different pools of 
sacs-/- mutants and control whole larvae at 120 hpf. The transcriptomic 
profiles identified 488 differentially expressed gene transcripts (DEGs) 
in sacs null-embryos, of which 269 were up-regulated and 219 down- 
regulated (Supplementary file) (see also Fig. 7A). By gene ontology 
(GO) analysis we found an impairment in the fat-soluble vitamin-related 
protein TTPA (alpha-tocopherol transfer protein) and other proteins 
involved in vitamin metabolism and mitochondrial function (Fig. 7A-B). 
These results are particularly intriguing given that chronic deficiency or 
dysregulation of vitamin E can result in irreversible damage to the 
nervous system due to the accumulation of oxidative damage 
(Olufunmilayo et al., 2023) and could be associated with the develop
ment of eye disorders (Davison, 2020). Notably, among other DEGs in 
mutant larvae we identified the downregulated retinol dehydrogenase 5 
(rdh5) gene. This gene plays a significant role in the retinoid cycle 
metabolic pathway, also known as the visual cycle. The visual system 
produces the visual chromophore, 11-cis-retinal, from dietary vitamin A, 
all-trans-retinol, making this vitamin essential for retinal health and 
function (Sahu and Maeda, 2016). Transcriptomic data validation was 
carried out through real-time PCR on multiple genes found to be 
differentially expressed (Fig. 7C). Furthermore, using STRING (htt 
ps://string-db.org/), we performed a Protein-Protein Interaction Anal
ysis (PPI) that revealed multiple up-regulated proteins related to the 
inflammatory response and oxidative stress in sacs-/- mutants compared 
to controls (Supplementary Fig. 1) and down-regulated proteins related 
to mitochondrial activity and oxidative phosphorylation 

(Supplementary Fig. 2).

3.7. Mutant retinas displayed activation of Müller Glia and inflammatory 
response

A chronic inflammatory response in the zebrafish retina can cause 
tissue damage, worsen neurodegeneration, and hinder the retina’s nat
ural regenerative abilities (Iribarne and Hyde, 2022). Clearance of 
apoptotic cells in the developing retina occurs by microglia during 
normal retina development, and recent experimental work supports a 
role for inflammation and resident microglia in the regeneration of rod 
photoreceptors in zebrafish (Mitchell et al., 2018). Under normal con
ditions, retinal microglia morphology is ramified with long processes 
and integrated among the highly organized retinal tissue. Generally, 
when responding to neurological insults, microglia transform 
morphology from ramified to an ameboid shape and migrate to sites of 
cell death (Guo et al., 2022). Based on this background, using the 4c4 
antibody that recognizes lgals3bpb, a predicted highly glycosylated 
protein functioning in the microglial lineage (Rovira et al., 2023), we 
found activated microglia that appeared ameboid in shape and largely 
localized in the GLC and the outer mutant retina (Fig. 8A-E). Hyper
activation of microglia/macrophages could induce chronic inflamma
tion, thereby forming a positive feedback loop (Shao et al., 2022) that is 
both detrimental to the injured tissue and could be incompatible with 
regeneration. Additionally, inflammation can impair the regenerative 
functions of Müller glia, which are crucial for retinal repair and regen
eration (Koke et al., 2010). In a healthy retina, Müller glia are located in 
the INL in a quiescent state and function by providing structural and 
functional support to the retinal neurons (Koke et al., 2010). Following 
retinal damage, in response to pro-inflammatory molecules released by 

Fig. 7. RNA-seq analysis revealed mitochondrial pathway changes and fat-soluble vitamin deficiency. (A) Significant genes with padj<0.05 and log2FC > 0.58 or 
log2FC < − 0.58 are highlighted in yellow or blue, respectively. Genes not significantly expressed are represented by grey points. (B) The top enriched Biological 
Processes GO categories have then been plotted. Loss of sacsin during early development leads to an impairment in fat-soluble vitamin related protein (e.g TTPA) and 
other proteins involved in mitochondrial function and metabolism. Relative mRNA expression of DEGs genes were evaluated in sacs-/- larvae at 120 hpf normalized to 
β-actin. Three independent RNA samples from sacs-/- mutant larvae at 120 hpf and from controls. *p < 0.05 or **p < 0.01 were calculated by two-tailed Student’s t- 
test. Error bars indicate mean ± s.e.m. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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dying cells, Müller glia enter a proliferative state, migrate to the various 
cellular layers of the retina that have been damaged, and reveal their 
multipotential nature by differentiating into any type of retinal neuron 
(Nagashima and Hitchcock, 2021). For instance, after their death, 
photoreceptors release Tnfα, which is necessary and sufficient to 
reprogram Müller glia in the zebrafish retina (Iribarne et al., 2019). In 
our mutant study, we observed a marked increase of GFAP expression in 
sacs-/- retinas compared to controls (Fig. 8F) (Liu et al., 2022), indicating 
an activation of Müller glia cells. Real-time validation studies of in
flammatory markers including cox2, il-1b, cxcl8-l1, and tnfα confirmed 
the presence of an inflammatory condition in sacs-/- retinas compared to 
controls (Fig. 8G).

4. Discussion

Beyond its major neurological manifestations, ARSACS can also 
impact visual function in patients (Tremblay et al., 2022), although the 
exact mechanisms behind retinal changes remain not fully understood. 
Distinctive retinal abnormalities may suggest retinal hyperplasia due to 
altered developmental patterns (Rezende Filho et al., 2021) such as 
thickening of RNFL. Sacs knock-out and knock-in mice exhibit early- 
onset ataxic, neurofilament bundling and early loss of Purkinje cells, 
followed later by the loss of spinal motor neurons, peripheral neuropa
thy, and muscle atrophy (Larivière et al., 2019; Larivière et al., 2015). 
However, visual defects have not been reported to date in in these 
models. Zebrafish are a key model for retinal biology due to their 
complex, cone-dominated visual system, similar to higher vertebrates. 
Their transparency allows real-time observation of retinal development, 
and their relatively large eyes facilitate early manipulation. The 

zebrafish retina rapidly grows and differentiates from hatching to 
around five days post-fertilization, reaching full development in terms of 
morphology, electrophysiology, and behavior (Morris and Fadool, 
2005). In the sacs-/- zebrafish model (Naef et al., 2021), we observed a 
marked increase in the mitotic index, suggesting a potential delay or 
blockage in retinal neurogenesis. Disruptions in the cell cycle of retinal 
progenitor cells can lead to significant developmental changes in the 
retina. An abnormal increase in the mitotic rate of these progenitors 
often accompanies these disruptions, triggering a cascade of events that 
affect retinal layer formation and organization (Miles and Tropepe, 
2016). This results in delayed differentiation, with fewer early-born 
retinal neurons and a higher proportion of later-developing cell types. 
Retinal differentiation begins at the center and extends toward the pe
riphery as retinal progenitor cells (RPCs) develop into one of the five 
main types of retinal neurons—ganglion cells, horizontal cells, amacrine 
cells, bipolar cells, photoreceptor cells—and Müller glial cells, in that 
sequence (Miles and Tropepe, 2016). Consistent with this specific tem
poral sequence of retinal histogenesis and our hypothesis, sacs-/- larvae 
displayed a reduction in early-born RGCs along with an increase in later- 
born cell types such as amacrine cells, bipolar cells, and Müller glial 
cells. These cell cycle defects in retinal neuronal progenitors would 
typically be associated with an increase in eye size, rather than the 
moderate “microphthalmia” observed in 120 hpf mutants. This 
discrepancy was addressed through experimental observation, revealing 
a substantial increase in the apoptotic rate in sacs-/- developing retinas, 
primarily in the inner nuclear layer (INL), which is predominantly 
composed of later-generated neurons. Additionally, apoptotic cells were 
also noted (GCL) and (ONL) suggesting compromised survival of these 
cellular populations. This dual phenomenon could contribute to 

Fig. 8. sacs-/- mutant retinas showed Müller glia activation and inflammation (A and C) Eye confocal images of control and sacs-/- larvae obtained after immuno
staining with antibody 4C4, which is specific for zebrafish microglia. (B and D) cell digital image. After random selection of cells from the eye picture (A and C), the 
noise was removed by filtering the overall background to get a shape extraction. Next, the image was changed to grayscale, and then transformed into a binary image. 
The binary image was edited to clear the background and to join all branches (B′ and D′). (E) Quantification of the roundness index revealed activated microglia in 
sacs-/- larvae which appeared ameboid in shape. *p < 0.05 was calculated by two-tailed Mann-Whitney U Test (N = 3 for each group). (F) The up-regulation of GFAP 
in sacs-/- retinas as detected by immunostaining. (G) Relative mRNA expression of inflammatory factors evaluated in sacs-/- larvae at 120 hpf. qRT-PCR analysis 
revealed an increase in the levels of inflammatory genes, normalized to β-actin. Three independent RNA samples from sacs-/- mutant larvae at 120 hpf and from 
controls. *p < 0.05, calculated by two-tailed Student’s t-test. Error bars indicate mean ± s.e.m.
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structural abnormalities in the retinal layers (Linden et al., 1999; Pant 
et al., 2013). Consistently, we also found in mutant larvae structural 
disorganization in rod and cone photoreceptors and an increase in 
amacrine cells. From a more functional perspective, loss of sacsin 
reduced the navigational competence of larvae in a light environment, 
as well as their response to sudden bright light. This phenomenon sug
gests that progressive rod dysfunction leads to peripheral vision loss and 
photophobia (Noel et al., 2022). ERG analysis showed that the ampli
tude of the b-wave in sacs mutant animals is significantly larger at me
dium to bright light intensities. The b-wave reflects ON-pathway 
activation and can serve as a proxy for general excitability of the outer 
retina. Abnormal ERG has previously been reported in an ARSACS pa
tient, but without detailed descriptions (Borruat et al., 2017). A possible 
contribution for the observed b-wave increase could reside in electric 
signal modulation exerted by amacrine cells, a cellular population that 
appears to be actually increased in sacs KO larvae. Amacrine innervation 
and tonic release of neurotransmitters and peptides on retinal second 
order neurons has a fundamental role in retinal physiology. Dopamine, 
for instance, is released by a group of distinctive amacrine cells, rising at 
dawn and following a circadian rhythm (Witkovsky, 2004) that has been 
observed to influence behavioral outcomes in light/dark conditions 
(Safarian et al., 2020). This suggests a possible function for dopamine to 
support cone-driven visual circuits, enhancing the photopic cone 
response by reducing negative feedback from horizontal cells (DeVries 
and Schwartz, 1989) and preparing the retina for photopic (daytime) 
vision (Witkovsky, 2004). Another possible contribution to ERG modi
fication could come from electrical signals deriving from rod circuits. In 
spite of this, this hypothesis appear to be unlikely, as rod function does 
not significantly contribute to the larval zebrafish ERG before about 15 
dpf (Noel et al., 2021), making it unlikely that changes in rod coupling 
underlie the enhanced ERG reported here. Alternatively, the increased 
responsiveness of bipolar cells observed here could result from the 
convergence of a reduced number of cone photoreceptors onto a normal 
number of second-order neurons. In this perspective, the photophobic 
freezing observed in mutant larvae could be a consequence of the 
combined dysplastic and degenerative phenotype stemming from the 
decline of the photoreceptor population. Notably, light hypersensitivity 
or glare are well-known and common symptomatic presentations in 
patients with Stargardt disease (Miedziak et al., 2000), Retinitis pig
mentosa (Nguyen et al., 2023), Alström disease (Wang et al., 2022) and 
age-related macular degeneration (AMD). In the present study, molec
ular and behavioral analyses confirmed impaired visual function due to 
structural disorganization or loss of photoreceptors in sacs-/- retinas. 
Despite severe visual impairment and defects in retinal layering 
observed in mutant larvae, the neural-retinal identity appeared unaf
fected, with no observed transformation of the retina into pigmented 
cells. These findings imply that sacsin loss does not influence the early 
establishment or maintenance of neural retina identity. In our study, we 
also observed defects in axonal outgrowth, particularly in the optic 
tectum and the eye region, and about 1/3 of sacs mutant larvae showed 
structurally altered optic nerves. This could be a consequence of the slow 
progressive loss of RGCs. RGCs, due to their morphological features and 
high-energy requirements, are particularly vulnerable to mitochondrial 
dysfunction (Vernazza et al., 2021). Considering that the loss of sacsin 
presents a mitochondrial impairment and network disorganization 
(Bagaria et al., 2022; Girard et al., 2012; Morani et al., 2019), the 
mitochondrial deficits triggered by the loss of the sacsin could possibly 
result in inadequate energy supply in RGCs, contributing to cellular 
apoptosis observed in our mutants. Another important factor potentially 
contributing to retinal phenotypes observed in sacs KO zebrafish could 
reside in neuroinflammation. RNA-seq analysis in whole larvae showed 
an enrichment in genes involved in inflammation and oxidative stress 
response, key factors in the pathogenesis of many degenerative retinal 
diseases (Jadeja and Martin, 2021). In response to injury or disease, 
resident microglia to gather and release various growth factors and pro- 
inflammatory cytokines, stimulates Müller glia to regenerate lost 

neurons (Gao et al., 2021). Persistency of a chronic pro-inflammatory 
environment is a common denominator in retinal degenerative dis
eases, leading microglial cells to become pathologically activated and 
secrete excessive amounts of inflammatory mediators, thereby promot
ing tissue damage and exacerbating the disease (Rashid et al., 2019). 
Consistent with this hypothesis, together with photoreceptor loss in the 
dorsal retina we found in our model a) significant Müller activation, b) 
presence of reactive microglia with ameboid morphology and mostly 
localized in the GCL and outer retina, and c) an increase in mRNA 
expression of the inflammatory factors as cox2b, il-1b, cxcl8-l1, and tnfα. 
Loss of photoreceptors in mutant fish appears not only to be related to 
chronic intra-retinal inflammation, but also potentially to RPE 
dysfunction. In the zebrafish retina, the interaction between photore
ceptors and adjacent RPE cells establishes a metabolic system crucial for 
maintaining overall vision health (Jaroszynska et al., 2021). In our 
model, We observed a significantly reduced thickness in the RPE of 
sacs-/- mutant retinas, together with imbalances in expression of fat- 
soluble vitamin-related proteins, such as ttpa (alpha-tocopherol trans
fer protein) and rdh5, respectively involved in vitamin E and A meta
bolism. In particular, vitamin E stands out as a powerful antioxidant, and 
is essential during embryonic development, especially in eye formation 
(Head et al., 2020). The RPE contains the highest concentrations of 
vitamin E, followed by the outer segments of photoreceptor cells 
(Edwards et al., 2022). One of the main functions of the RPE is the 
phagocytosis of shed photoreceptor outer segment disks, a process 
crucial for their proper recycling (Kwon and Freeman, 2020). Mutations 
in the Ttpa gene, coding for alpha-tocopherol transfer protein (α-TTP), 
lead to ataxia with deficiency of vitamin E, causing irreversible alter
ations to retinal structure and function (Edwards et al., 2022). In addi
tion, several studies have shown that vitamin E deficiency can lead to 
macular degeneration due to increased oxidative stress and RPE meta
bolic dysfunction, resulting in focal disruption of the outer rod segments 
of photoreceptors (Gorusupudi et al., 2017), in a way that is reminiscent 
to what we observed in sacs KO mutant larvae. It is tempting to speculate 
the possible existence of an eye-specific depletion of vitamin E in 
ARSACS patients, and that vitamin E supplementation could possibly 
counteract retinal damage seen in sacs KO larvae. Another critical 
function of the RPE consists in chromophore regeneration in the visual 
cycle, which is strictly dependent on vitamin A levels. Modifications in 
vitamin A metabolism, as seen in sacs mutant larvae, could per se trigger 
mechanisms of retinal degeneration (reviewed in (Sajovic et al., 2022)). 
Finally, sacsin is a known chaperone protein, and could actually play a 
role in assisting the correct folding of opsins in photoreceptors, espe
cially in rod outer segments where concentrations of this protein is 
maximal. Remarkably, misfolding and aggregation of opsins and other 
photoreceptor proteins is a well-known cause of retinal conditions as in 
Stargardt diseases (Tzekov et al., 2011)(Vasudevan et al., 2024).

5. Conclusions

In conclusion, we have successfully investigated the retinal degen
erative phenotype in a sacs mutant zebrafish model. We demonstrated 
abnormal molecular signatures, altered visual-motor behavior, and cell 
cycle defects in progenitor cells. We can thus assume that loss of sacsin 
in zebrafish could be associated with a cone-rod dystrophy, leading to 
visual loss and light hypersensitivity. We acknowledge several limita
tions in our study, including the inherent differences between zebrafish 
and human retinal structures and developmental stages, which may 
affect the direct applicability of our results to patients. Further research 
is required to address these limitations. Nonetheless, the retinal 
phenotype observed in zebrafish mutants could mirror mild subclinical 
forms of retinal dystrophies seen in ARSACS patients, as supported by 
existing literature. Our model offers a valuable platform for under
standing the long-term effects of sacsin depletion and for screening 
potential therapeutic options with immediate translational potential.

Supplementary data to this article can be found online at https://doi. 
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