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Annabelle Réaux‑Le Goazigo1, Françoise Brignole‑Baudouin1,2,3,4, Céline Olmière7, Christophe Baudouin1,3,5,6†, 
Juliette Buffault1,3,5,6† and Stéphane Mélik Parsadaniantz1*†    

Abstract 

Background  Glaucoma is a leading cause of blindness, affecting retinal ganglion cells (RGCs) and their axons. By 
2040, it is likely to affect 110 million people. Neuroinflammation, specifically through the release of proinflammatory 
cytokines by M1 microglial cells, plays a crucial role in glaucoma progression. Indeed, in post-mortem human studies, 
pre-clinical models, and ex-vivo models, RGC degeneration has been consistently shown to be linked to inflamma-
tion in response to cell death and tissue damage. Recently, Rho kinase inhibitors (ROCKis) have emerged as potential 
therapies for neuroinflammatory and neurodegenerative diseases. This study aimed to investigate the potential 
effects of three ROCKis (Y-27632, Y-33075, and H-1152) on retinal ganglion cell (RGC) loss and retinal neuroinflamma-
tion using an ex-vivo retinal explant model.

Methods  Rat retinal explants underwent optic nerve axotomy and were treated with Y-27632, Y-33075, or H-1152. 
The neuroprotective effects on RGCs were evaluated using immunofluorescence and Brn3a-specific markers. 
Reactive glia and microglial activation were studied by GFAP, CD68, and Iba1 staining. Flow cytometry was used 
to quantify day ex-vivo 4 (DEV 4) microglial proliferation and M1 activation by measuring the number of CD11b+, 
CD68+, and CD11b+/CD68+ cells after treatment with control solvent or Y-33075. The modulation of gene expression 
was measured by RNA-seq analysis on control and Y-33075-treated explants and glial and pro-inflammatory cytokine 
gene expression was validated by RT-qPCR.

Results  Y-27632 and H-1152 did not significantly protect RGCs. By contrast, at DEV 4, 50 µM Y-33075 significantly 
increased RGC survival. Immunohistology showed a reduced number of Iba1+/CD68+ cells and limited astroglio-
sis with Y-33075 treatment. Flow cytometry confirmed lower CD11b+, CD68+, and CD11b+/CD68+ cell numbers 
in the Y-33075 group. RNA-seq showed Y-33075 inhibited the expression of M1 microglial markers (Tnfα, Il-1β, Nos2) 
and glial markers (Gfap, Itgam, Cd68) and to reduce apoptosis, ferroptosis, inflammasome formation, complement 
activation, TLR pathway activation, and P2rx7 and Gpr84 gene expression. Conversely, Y-33075 upregulated RGC-spe-
cific markers, neurofilament formation, and neurotransmitter regulator expression, consistent with its neuroprotective 
effects.
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Conclusion  Y-33075 demonstrates marked neuroprotective and anti-inflammatory effects, surpassing the other 
tested ROCKis (Y-27632 and H-1152) in preventing RGC death and reducing microglial inflammatory responses. These 
findings highlight its potential as a therapeutic option for glaucoma.

Keywords  Glaucoma, Rho kinase inhibitor, Neuroprotection, Immunomodulation, RNAseq analysis, Retinal explant

Background
Glaucoma is a sight-threatening optic neuropathy in 
which RGC death leads to blindness if left untreated. 
Ocular hypertension is a well-known risk factor that pro-
motes glaucoma development [1]. Current therapeutic 
strategies manage intraocular pressure (IOP) through the 
topical administration of pressure-lowering agents, such 
as prostaglandin analogs and beta blockers, surgical pro-
cedures, such as filtering surgery, and laser procedures, 
such as trabeculoplasty [2, 3]. However, these strategies 
are insufficient to prevent glaucoma progression and 
only delay the loss of vision. Moreover, in normal-tension 
glaucoma, the benefit of managing IOP is not well estab-
lished, and hypotensive strategies are inefficient [4]. Pro-
moting RGC survival through neuroprotective strategies 
could dramatically modify the poor visual prognosis of 
patients with glaucoma. Neuroinflammation appears to 
be a major element in glaucoma progression [5, 6]. Early 
retinal reactivity of glial cells e.g., microglial cells, Mül-
ler cells, and astrocytes, has been observed in the central 
visual pathway of glaucoma patients. This inflammatory 
component of the pathology has also been observed in 
preclinical models of ocular hypertension [7, 8]. Thus, 
the control of inflammatory cells and immunomodula-
tion could represent a powerful therapeutic approach 
[9–12]. Upon activation, these cells release a cocktail 
of cytokines, chemokines, and reactive oxygen species 
(ROS) that subsequently contribute to RGC loss [13, 
14]. More precisely, during retinal degeneration, micro-
glial cells become activated and specifically polarize to a 
pro-inflammatory phenotype (also called M1). The M1 
microglial state is characterized by the secretion of vari-
ous pro-inflammatory cytokines, such as TNFα, IL-1β, 
and IL-6, the expression of cell-surface markers such as 
CD68, and the production of ROS [15, 16]. Compounds 
able to protect RGCs or delay RGC death and reduce 
the pro-inflammatory M1 phenotype could constitute a 
promising therapeutic option [17, 18].

A new concept of treatment that acts directly on the 
trabecular cytoskeleton has recently emerged. Rho-
kinase inhibitors (ROCKis) specifically target cellular 
pathways involved in the modification of the cytoskel-
eton and extracellular matrix and decrease IOP by 
increasing aqueous humor (HA) outflow [19, 20]. These 
inhibitors target the Rho family proteins, including 
Rho-A, B, C, and E, consisting of small G proteins that 

become activated after binding to guanosine triphos-
phate (GTP). These factors are mainly involved in vari-
ous cellular functions, including proliferation, adhesion, 
morphology, motor function, apoptosis, and neurite 
elongation. Rho-kinases (ROCKs) are the downstream 
effectors of Rho proteins. ROCK1 and ROCK2, the two 
isoforms of these protein kinases, share 65% homol-
ogy, of which 87% is in the kinase domain. Their level 
of expression varies depending on the tissue type, the 
ROCK2 isoform being the predominant isoform in the 
eye. ROCK1 and ROCK2 are activated by two path-
ways, the “Rho-A-dependent” pathway, in which ROCK 
activation is dependent on the binding of Rho-A-GTP 
to the Rho binding domain (RBD), and a second path-
way that allows ROCK activation through caspase-3 
or granzyme B [21, 22]. Such activation enables the 
unfolding of ROCK and its transition to the active form, 
with numerous targets, including substrates involved in 
cell adhesion, neurite retraction, phagocytosis, apop-
tosis, cell migration, etc. More recently, the potential 
roles of ROCKis in neuroprotection (maintenance of 
neuronal structure and function) and axonal regenera-
tion have been investigated in neurological diseases, 
such as spinal cord injury, Alzheimer’s disease, multi-
ple sclerosis, and glaucoma [20, 23–27]. Some ROCKis 
have also demonstrated an anti-inflammatory role by 
acting on intracellular signaling pathways involved in 
inflammation, and by modulating the activation state of 
glial cells [28–30].

Numerous animal models have been developed, but 
they face challenges concerning the reproducibility of 
RGC loss rates. Unlike cell lines or dissociated RGC 
cultures, we have recently developed and utilized a 
neuroretinal explant model [32]. This model preserves 
the multicellular and layered architecture of the ret-
ina, closely mimicking in-vivo conditions, with natu-
ral intercellular interactions and cellular responses. It 
allows direct access to the RGC layer, reduces the num-
ber of animals used, and is less time-consuming than 
conventional animal models, given the degeneration 
rate of RGCs [33–35]. Optic nerve transection induces 
the death of 90% of injured RGCs within 14 days post 
axotomy [36]. Thus, this model is a useful intermediary 
model between in vivo models, which are pertinent but 
time/cost/animal-consuming, and rapid/high-through-
put cell culture models, which are often based on a 
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single cell type and insufficiently relevant to reflect the 
complexity of an entire tissue.

This study aimed to explore the effects of three ROCKis 
(Y-27632, Y-33075, and H-1152) on RGC loss and reti-
nal neuroinflammation. Using an ex-vivo adult rat reti-
nal explant model that mimics key features of glaucoma, 
such as RGC degeneration and inflammation, we used 
immunohistology and transcriptomic RNA-seq analysis 
to assess these effects [37].

Materials and methods
Animals
Adult (8-week-old) male Long Evans rats weighing 250–
300  g were purchased from Janvier Laboratories. Ani-
mals were kept in pathogen-free conditions with food 
and water ad  libitum and housed in a 12-h light/12-h 
dark cycle. All experiments were conducted after evalu-
ation and approval by the Institutional Animal Care and 
Use Committee following the guidelines of Directive 
2010/63/EU of the European Parliament on the protec-
tion of animals used for scientific purposes.

Retinal explant cultures
Retinal explant culture was performed as previously 
described in Reboussin et  al. [32]. Briefly, eight-week-
old Long Evans rats were used to collect retinal explants 
for culture. Rats were euthanized, and the eyes were 
excised and quickly placed in an ice-cold CO2 independ-
ent medium (Thermo Fisher Scientific, ref. 18,045-054). 
Under sterile conditions at 4  °C, the anterior chamber, 
lens, and vitreous body were removed, and the retina was 
separated from the surrounding ocular tissues by dis-
section with curved micro-forceps. Then, retinas were 
cut into four equal quarters and flat-mounted with the 
RGC layer facing up on Millicell-polytetrafluoroethylene 
(PTFE) 0.4-μm culture plate inserts (Merck Millipore, 
ref. PICM01250) in culture medium composed of Neu-
robasal A (Thermo Fisher Scientific, ref. 10,888,022), 2% 
B27 supplement (Thermo Fisher Scientific, ref. 0080085-
SA), 1% N2 supplement (Thermo Fisher Scientific, ref. 
17,502,048), L-glutamine (Thermo Fisher Scientific, ref. 
25,030,032), and 1% penicillin-streptomycin 10,000 U/
mL at 37  °C in a humidified 5% CO2 environment. Half 

of the medium was refreshed after 24 h and then changed 
every 48 h thereafter.

Pharmacological agent screening
ROCKis Y-27632, Y-33075, and H-1152 were purchased 
from MedChemExpress (Monmouth Junction, NJ, USA). 
They were all dissolved in DPBS following the supplier 
recommendations to prepare stock solutions and then 
diluted daily in retinal culture medium to the final con-
centrations used in the experiments (Table 1). They were 
directly applied to the RGC in a 3-µl droplet carefully dis-
pensed onto the surface of the explants daily and added 
to the culture medium.

Immunohistochemistry
Tissue preparation
For cryosections, retinal explants were fixed in 4% PFA 
for 1 h at 4 °C and then dehydrated in 30% sucrose (Dul-
becco’s phosphate buffer saline (DPBS); pH 7.4) overnight 
at 4  °C, before being embedded in OCT (Tissue-Tek® 
O.C.T. Compound, Sakura® Finetek) and frozen in liq-
uid nitrogen. Twelve-micrometer thick cryosections of 
retinal explants were produced using a Leica CM 3050S 
cryostat and stored at – 20 °C until immunostaining. For 
wholemount counting, retinal explants were fixed in 4% 
PFA at 4 °C for 1 h and rinsed in DPBS before the immu-
nofluorescence step.

Immunofluorescence labeling of whole flat‑mounted retinal 
explants and cryosections
Retinal explant wholemounts or cryosections were 
incubated for 2 h at room temperature (RT) in a block-
ing buffer (5% bovine serum albumin (BSA), 2% Tri-
ton X-100, and 0.5% Tween 20, in DPBS) and incubated 
overnight at 4  °C in incubation buffer (2.5% BSA, 1% 
Triton X-100 and 0.25% Tween 20 in DPBS) with mono-
clonal mouse anti-Brn-3a (1/100, Merck Millipore, ref. 
MAB1585), monoclonal mouse anti-CD68 (1/400, AbD 
Serotec, ref. MCA341R), polyclonal rabbit anti-GFAP 
(1/500, Dako, Agilent, ref. Z033429-2), and polyclonal 
rabbit anti-Iba1 (1/500, Wako, ref. W1W019-19741). 
Explant wholemounts or cryosections were washed 
three times in DPBS and incubated with an Alexa Fluor 
594-conjugated donkey anti-mouse immunoglobulin 

Table 1  ROCKis provided by MedChemExpress, with the stock solution and working solution concentrations

Rock inhibitor Supplier Stock solution (mM) Working 
solution 
(µM)

Y-27632 dihydrochloride MedChemExpress #HY-10583 100 500

Y-33075 dihydrochloride MedChemExpress #HY-10069 10 50

H-1152 dihydrochloride MedChemExpress #HY-15720A 20 100
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(1/500, Thermo Fisher Scientific, ref. A21203) or an Alexa 
Fluor 488-conjugated donkey anti-rabbit immunoglobu-
lin (1/500, Thermo Fisher Scientific, ref. A21206) as sec-
ondary antibodies (Thermo Fisher Scientific). The nuclei 
were stained with DAPI (1/500) for 1  h, at RT. Finally, 
retinal explant wholemounts or cryosections were 
washed and mounted in Fluoromount (Sigma Aldrich, 
ref. F4680-25ML).

Histological analysis and immunostaining quantification
For RGC quantification in wholemount retinas, imaging 
was performed at 20 × magnification (665 µm2) using an 
epifluorescence microscope (Zeiss AX-10). Retinal gan-
glion cells were identified based on the Brn3a-specific 
marker. Images were captured at four locations from the 
optic nerve to the peripheral retina for each explant. Cells 
were counted manually using image analysis software 
(ImageJ, the United States National Institutes of Health 
(NIH)) and the cell counter plugin and are expressed as 
the “number of Brn3a+ RGCs/field”. Images for GFAP, 
Iba1, and CD68 immunostaining of cryosections or 
wholemount explants were captured using an inverted 
confocal microscope (Olympus, FV1000) at × 20 or × 40 
magnification.

Microglia identification and flow cytometry analysis
At day ex-vivo (DEV) 4, retinal explants from the control 
solvent and Y-33075 groups were collected (n = 7–17) and 
dissociated using Liberase TL (Roche, ref. 05401020001) 
in DPBS for 30 min at 37 °C. Retinal explants were then 
dissociated and suspended by pipetting, filtered through 
a 70-µM filter, and centrifuged at 500×g for 5  min at 
4  °C. Retinal cell pellets were then incubated with Vio-
bilityTM fixable dye 405/520 (1/100, Miltenyi Biotec, 
ref. 130-130-421) and then anti-CD11b-PE (1/100, Bio-
rad, MCA275PE) and anti-CD68-Alexa 647 (1/100, Bio-
rad, MCA341A647) antibodies. We selected CD11b, a 
widely used microglial marker that identifies both non-
activated and activated phenotypes, as the membrane 
antigen marker for FACS analysis. CD68 was chosen as 
a marker specifically expressed in activated microglia. 
Using the ratio of these markers allows us to account 
for variability in microglial cell numbers, whether acti-
vated or not, which can vary due to differences in explant 
size. To quantify the degree of inflammation accurately, 
it is necessary to use this ratio. Flow cytometry was per-
formed on a FACS  Celesta SORP  (BD Biosciences) and 
the results analyzed using FlowJo software (FlowJo, LLC).

Quantitative RT‑PCR
Total RNA of retinal explants (3  mg/explant) was puri-
fied using the NucleoSpin RNA kit (Macherey–Nagel, ref. 
740,955.250) according to the manufacturer’s protocol. 

Total RNA was reverse-transcribed into cDNA using 
a High-Capacity RNA to cDNA kit (Life Technologies, 
ref. 4,368,814) according to the manufacturer’s instruc-
tions. Real-time PCR was performed using the TaqMan 
Fast Advanced Master Mix (Applied Biosystems, ref. 
4,444,963) and an Applied Biosystem Quant Studio 5 
instrument (Applied Biosystems). The delta-delta Ct 
method (ddCt) was used to analyze relative gene expres-
sion. Rps18 was used as a housekeeping gene.

RNA extraction and RNA‑seq libraries
For whole transcriptome analysis, total RNA was 
extracted from retinal explants treated with 50  µM 
Y-00375 (n = 4) or control solvent (n = 4) and those left 
untreated on day 0 (DEV 0 group, n = 6) after tissue lysis 
using the NucleoSpin RNA kit (Macherey–Nagel, ref. 
740,955.250) according to the manufacturer’s protocol. 
Total RNA was quantified and its quality was determined 
using a BioAnalyser 2100 with the RNA 6000 Nano Kit 
(Agilent Technologies, Leuven, Belgium). RNA samples 
with a RIN > 7.3 were selected for RNA-seq analysis. 
mRNA libraries were prepared following the manufac-
turer’s recommendations (mRNA stranded with ligation 
from ILLUMINA).

The final library preparation of pooled samples was 
sequenced on a Nextseq 2000 ILLUMINA device with a 
P2-200 cycle cartridge (2 × 400 million 100-base reads) 
corresponding to 2 × 28 million reads per sample after 
demultiplexing.

RNA‑Seq data analysis and bioinformatic analysis 
of biological processes and pathways
Fastq files obtained from the sequencing were aligned 
using STAR (v2.7.9a) against the Rat reference genome 
from Ensembl v110 (generated 2023/08/29), with the 
option “quantMode GeneCounts” to extract the raw 
counts for each gene, and all count files were concat-
enated into a single file. A sample file was created with 
the sample data, including the conditions (control sol-
vent, DEV 0, Y-33075 50 µM) and number of replicates. 
The count file and sample file were loaded into our in-
house R Shiny application EYE DV seq (Plateforme Phé-
notypage Cellulaire et Tissulaire, Institut de la Vision, 
Paris, France). We added 1 to all counts in the count file 
to avoid any 0-read count errors. We then removed the 
genes with a total count of < 10 for all samples. Finally, 
DESeq2 (v1.40.2) analysis was performed comparing 
the groups defined in the ‘condition’ column, with ‘con-
trol solvent’ as the control group and ‘Y-33075 50  µM’ 
as the treated group. The results were then filtered for 
significant genes using the p-values (< 0.05, base mean 
minimum 500, exclusion of log2 fold change between − 2 
and + 2), allowing us to obtain a total of 131 differentially 
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expressed genes. An enrichment analysis was performed 
to determine the involved pathways using the GO data-
base (using the Bioconductor packages ‘org.Rn.eg.db’ (v 
3.17.0) and ‘clusterProfiler’ (v 4.8.1)).

Statistical analysis
Statistical analyses were performed using Graph-
Pad Prism 9. Data are presented as the mean ± SEM. 
Unpaired t-tests or Mann–Whitney tests were performed 
for unpaired comparisons of RGC viability after counting 
based on Brn3a staining, RNA-seq and RT-qPCR data 
analysis, and flow cytometry analysis.

Results
RGC degeneration and microglial response in a retinal 
explant culture model
As we previously reported [32], the best therapeutic 
window to assess neuroprotection by ROCKis and their 
effects on microglial cells was determined by evaluating 
RGC degeneration and microglial cell proliferation and 
activation following optic nerve axotomy in the retinal 
explant culture model. Thus, the Brn3a-specific RGC 
marker was used for RGC counting on DEV 0 and DEV 
4 (Fig.  1a). Brn3a+ RGC loss was significant on DEV 4 
relative to DEV 0 (686 ± 13.45 vs. 381.9 ± 42.30 RGCs, 
P = 0.0019) (Fig. 1b). We then analyzed Iba1+ and CD68+ 
cells in wholemount retinal explants at DEV 0 and DEV 
4 by immunostaining. We observed an increase in Iba1+ 
and CD68+ cell number showing morphological activa-
tion, such as a phenotype characterized by enlarged soma 
and ramifications and shortened processes (Fig.  1c). 
Assessment at DEV 4 allowed us to evaluate Y-27632, 
Y-33075, and H-1152 for their ability to prevent or delay 
RGC degeneration and control or prevent microglial 
cell activation and proliferation following optic nerve 
axotomy.

Y‑33075 is neuroprotective for RGCs
To evaluate the capacity of each ROCKi to prevent RGC 
degeneration, we counted Brn3a+ RGCs per field after 
exposing retinal explants to Y-27632, Y-33075, or H-1152 
for four days. Exposure to 50  µM Y-33075 significantly 
improved Brn3a+ RGC survival on DEV 4 relative to the 
control group (592.5 ± 23.86 vs. 392.4 ± 22.23 RGCs/field, 
P < 0.0001). Furthermore, there was no significant differ-
ence in Brn3a+ RGC counts between the 50 µM Y-33075 
group at DEV 4 and the initial count at DEV 0 (Fig. 2b), 
demonstrating the ability of Y-33075 to prevent or delay 
RGC death. By contrast, Y-27632 and H-1152 did not 
provide any neuroprotective effect on RGC survival at 
concentrations of 500  µM and 100  µM, respectively. 
Therefore, Y-33075 is the most effective ROCKi in delay-
ing or preventing RGC death after four days of culture.

Y‑33075, Y‑27632, and H‑1152 strongly decrease 
microglial cell proliferation and activated‑like phenotype 
in wholemounts and retinal explants cryosections at DEV 4
We analyzed Iba1+ and CD68+ cells by immunostaining 
in wholemount retinal explants and retinal explant cry-
osections at DEV 0 and DEV 4 to determine the micro-
glial response and their polarization phenotype following 
exposure to each ROCKi. Wholemount retinal explants 
were stained for Iba1 and imaged by confocal microscopy 
to determine the phenotype-like morphology of Iba1+ 
cells. At DEV 0, microglial cells showed a resting-like 
morphology, with small cell bodies and thin ramifica-
tions. After four days in culture, the phenotype tended to 
show a reactive and activated form, with increased soma 
size and thicker ramifications and shortened processes 
(Fig.  3a). At DEV 0, Iba1+ microglial cells were mostly 
located in the inner plexiform layer (INL) and ganglion 
cell layer (GCL), and no CD68+ cells were found (Fig. 3b). 
The number of Iba1+ and CD68+ cells was higher in 
the control solvent group at DEV 4 than at DEV 0, with 
a morphological activation-like phenotype. The num-
ber of Iba1+/CD68+ cells was higher in the inner lay-
ers of the retina, comprising RGCs, the inner plexiform 
layer (IPL), inner nuclear layer (INL), and outer plexi-
form layer (OPL). However, exposure of retinal explants 
to ROCKis led to a lower number of Iba1+ and CD68+ 
cells in all retinal layers at DEV 4 than those exposed 
to the control solvent at DEV 4. The decrease was the 
greatest in the Y-33075 treated group for both Iba1 and 
CD68 immunostaining. FACS analysis to compare the 
Y-33075 and control solvent groups at DEV 4 definitively 
showed a significantly smaller microglial cell population 
in the Y-33075-treated group. This was shown by a clear 
decrease in the percentage of CD11b+ (****p < 0.0001), 
CD68+ (p = 0.028), and CD11b+/CD68+ (p = 0.013) cells 
(Fig.  3c). These data demonstrate that ROCKi exposure 
conferred limited microglial proliferation and activation 
in retinal explants at DEV 4 relative to the control solvent 
group. This limited microglial activation was confirmed 
by a resting morphology. Moreover, the distribution and 
activation of the microglial cells differed throughout the 
retina at DEV 4 between the ROCKi-treated and control 
solvent groups.

Y‑33075 and H‑1152 significantly limit astrogliosis to inner 
retinal explant layers in retinal explant cryosections at DEV 
4
We performed GFAP immunostaining of retinal explant 
cryosections on DEV 0 and DEV 4 to evaluate astro-
gliosis induced by the culture conditions and ROCKi 
exposure (Fig.  4a). On DEV 0, GFAP immunoreactiv-
ity in astrocytes and Müller cells was mainly located 
in the nerve fiber layer (NFL) and OPL. However, 
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by DEV 4, GFAP immunoreactivity spread and was 
upregulated in all retinal layers in the control solvent 
and Y-27632 exposed groups, with the end-feet reach-
ing the OPL and longer processes than on DEV 0. By 
contrast, GFAP immunostaining was limited to the 
NFL and, to a lesser extent, the OPL in the Y-33075- 
and H-1152-treated groups. To strengthen our results, 
we conducted RT-qPCR analysis of Gfap gene expres-
sion (Fig.  4b). Our findings confirmed the occurrence 

of astrogliosis between DEV 0 and DEV 4 in the control 
solvent group, as evidenced by a significant increase 
in Gfap gene expression (***p < 0.01). Additionally, we 
observed that Gfap mRNA expression is significantly 
downregulated in the H-1152 treated group compared 
to the DEV 4 control solvent group. These data demon-
strate that exposure to Y-33075 and H-1152 resulted in 
limited glial activation in retinal explants at DEV 4 rela-
tive to the control group.

Fig. 1  RGC degeneration and microglial cell activation in neuroretinal explant culture. Representative images of wholemount retinal explants 
in culture from DEV 0 and DEV 4 immunolabeled with Brn3a at 20 × magnification (scale bar = 150 µm) (a) and quantification of Brn3a+ RGCs 
(n = 3–4 per group) from wholemount retinal explants (b). Error bars indicate the standard error of the mean. **P = 0.0019. (c) Representative 
confocal images of wholemount retinal explants in culture at DEV 0 (n = 4) and DEV 4 (n = 4) immunolabeled with Iba1 (green), and CD68 (red) 
at 40 × magnification (scale bar = 50 µm)
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Differential analysis of gene expression in retinal explants 
treated with Y‑33075
Y-33075 at 50  µM was the most effective ROCKi in 
protecting against RGC loss. Thus, we investigated 

the underlying neuroprotective and immunomodula-
tory mechanisms by analyzing transcriptomic differen-
tial gene expression. We performed RNA-seq on retinal 
explants treated with 50 µM Y-33075 and compared the 

Fig. 2  Immunostaining of wholemounts and counting of RGCs after exposure to ROCKis. a Representative images of wholemount retinal explants 
in culture at DEV 0 and control solvent DEV 4 or treated DEV 4 groups (500 µM Y-27632, 50 µM Y-33075, and 100 µM H-1152) immunolabeled 
with Brn3a at 20 × magnification (scale bar = 150 µm). b Quantification of Brn3a+ RGCs (n = 9–24 per group, ****p < 0.0001) from wholemount 
retinal explants. Unpaired t tests or Mann–Whitney tests were performed between the control and each treated group at DEV 4. Error bars indicate 
the standard error of the mean
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transcriptome with that of the control solvent group. 
The distribution of the gene expression of the samples 
under these two conditions is shown in Fig. 5a. Features 
with fewer than 500 counts were excluded, resulting in 
the detection of 23,098 genes. Among them, 131 showed 
significantly different expression between the two groups 
(adjusted p-value, padj < 0.05).

A volcano plot of the differentially expressed genes 
(DEGs) in the Y-33075 treated group versus the control 
solvent group is shown in Fig. 5b. Among the DEGs, 118 
genes were downregulated in the Y-33075 treated condi-
tion, and 13 were upregulated.

Y‑33075 significantly downregulates gene expression 
involved in inflammatory and cell death processes
The 25 most significantly downregulated genes in the 
Y-33075-exposed group ranked by the binary logarithm 
of fold change (log2FC). For each gene identifier, the 
name, log2FC, and adjusted p-value (padj) are presented.

Top 25 significantly downregulated genes in the Y‑33075 
group
The 25 most significantly downregulated genes in the 
Y-33075 treated group (Fig.  6a and Table  2) versus the 
control solvent group are involved in the complement 
activation and protein activation cascades (C1qa, C1qb, 
C1qc, and Cfh), microglial and glial cell activation and the 
neuroinflammatory response (Tafa3, C1qa, and Cx3cr1), 
the chronic inflammatory response (Cx3cr1 and Ccl2), 
and  microglial development and maintenance (Csf1r) 
(Fig. 6b) based on the GO database for biological process 
analysis.

Downregulation of glial and microglial cell markers
We investigated other genes of interest to corroborate 
the immunohistology analysis concerning microglial 
and glial cell markers and to investigate the inflam-
matory process, cell death, and the inflammasome at 
the transcriptomic level. RNA-seq data showed a sig-
nificant decrease in the classical microglial markers 
Cd11b and Cd68 and the glial marker Gfap between the 
DEV 4 control and Y-33075-treated groups (Fig.  6c). 
This decrease in immune cell marker expression after 

Y-33075 exposure was confirmed by RT-qPCR analysis 
for Cd11b and Cd68. There was no significant differ-
ence on DEV 4 between the control and treated groups 
for Gfap mRNA (Additional File 1A). These data cor-
roborate and reinforce the immunohistology analy-
ses, showing a significant effect of 50  µM Y-33075 on 
microglial proliferation and activation and limiting of 
astrogliosis at the protein and mRNA levels.

Downregulation of classical M1 gene expression markers
We investigated the expression of the classical M1 pro-
inflammatory cytokines markers Tnfa and Il1b (Fig. 6d). 
Tnfa and Il1b gene expression was significantly lower in 
the Y-33075-exposed group than in the control solvent 
group at DEV 4. This downregulation of Tnfa and Il1b 
expression was confirmed by RT-qPCR analysis (Addi-
tional file 1B.)

Downregulation of inflammasome component markers
We studied the expression of genes involved in the 
NLRP1 and NLRP3 inflammasome pathways, which 
play a crucial role in glaucoma pathology, to deter-
mine the mechanism of action of the neuroprotection 
and immunomodulation induced by Y-33075 expo-
sure (Fig.  6e). Nlrp1a was strongly downregulated in 
the treated group at DEV 4 following axotomy. Nlrp3, 
Pycard, and Casp1, three genes that code for proteins 
composing the NLRP3 inflammasome, were signifi-
cantly downregulated after four days of Y-33075 expo-
sure at 50  µM. The Il18 gene, of which the protein 
pro-IL-18 is cleaved by active caspase-1, was also sig-
nificantly downregulated after Y-33075 exposure.

Downregulation of apoptosis and ferroptosis markers
Finally, we studied the gene expression of Casp3 and 
Casp8 as intrinsic and extrinsic apoptosis markers and 
Ptgs2 gene expression as a ferroptosis marker (Fig. 6f ). 
These three genes were significantly downregulated at 
DEV 4 after Y-33075 exposure.

Fig. 3  Y-27632, Y-33075, and H-1152 prevent microglial cell proliferation and activation in wholemount retinal explants in culture. a Representative 
confocal images of wholemount retinal explants in culture at DEV 0 and for the control solvent DEV 4 and treated DEV 4 groups (50 µM Y-33075, 
100 µM H-1152, and 500 µM Y-27632) immunolabeled with Iba1 (green) at 20 × magnification (n = 6 per group), scale bar = 150 µm. b Representative 
confocal images of retinal explant cryosections in culture at DEV 0 and for the control solvent DEV 4 and treated DEV 4 groups (50 µM Y-33075, 
100 µM H-1152 100 µM and Y-27632 500 µM) immunolabeled with Iba1 (green) and CD68 (red) at 40 × magnification (n = 6 per group), scale 
bar = 100 µm. (C) Graph displaying the calculated percentages of microglial cells on viable cells (CD11b+, CD68+ and double CD11b+/ CD68+) 
labeled in explants at DEV 4 as determined by flow cytometry analysis. Unpaired t test or Mann–Whitney test were performed between the control 
and Y-33075-treated group at DEV 4 (n = 7–17/group, *p < 0.05, ****p < 0.0001). Error bars indicate the standard error of the mean

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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Downregulation of other genes of interest involved 
in the inflammation pathway or RGC function
We investigated the expression of other genes of inter-
est involved in the inflammatory pathway or the main-
tenance of RGC function. They included Tlr2, 3, and 
4 (Fig.  7a), the NF kappa b pathway genes Nfkb1 and 2 
for their role in the inflammatory activation pathway 
(Fig.  7b), and P2rx7 as a mediator of proliferation and 
migration of retinal microglia, Nos2 as a well-known pro-
inflammatory mediator, and Gpr84 as a proinflammatory 
receptor (Fig. 7c). The expression of all these genes was 
significantly downregulated by 50 µM Y-33075 after four 
days of culture.

Y‑33075 significantly upregulates genes expressed 
by RGCs involved in neurotransmitter regulation

Top 13 significantly upregulated genes in the Y‑33075 
group
Among the 13 most highly upregulated genes (Table  3) 
after exposure to 50  µM Y-33075, we found neurofila-
ment markers, including the Nefh (neurofilament heavy 
chain) gene, which is a direct neuronal marker, and the 
Prph (Peripherin) gene, which is expressed by photore-
ceptors. Other genes involved in the regulation of neu-
rotransmitters, such as Nrn1 (Neuritin1), of which the 
expression promotes RGC survival, and Rbpms (RNA 
binding protein mRNA processing factor) and Slc17a6 
(Solute carrier family 17 member 6), both RGC-specific 
markers, were also significantly upregulated (Fig. 8b).

Upregulation of the expression of other classical 
and specific RGC and neuronal genes after exposure 
to Y‑33075
Finally, the neuronal marker Thy1 and the RGC-specific 
marker Pou4f1 were significantly upregulated in the 
treated group versus the control solvent group after four 
days of culture (Fig. 8c).

The schematic representation illustrates a potential 
mechanism by which the ROCK inhibitor Y-33075 pro-
tects against retinal ganglion cell (RGC) death. Optic 
nerve axotomy triggers RGC death through several 
mechanisms, including neuroinflammation, apoptosis, 
ferroptosis, and pyroptosis. The ROCK inhibitor Y-33075 
promotes RGC survival by modulating these pathways. 

The green arrow indicates that Y-33075 reduces micro-
glial and astrocyte activation (as evidenced by decreased 
CD68 + and IBA1 + cells, along with reduced GFAP 
immunoreactivity), diminishes M1 polarization, and 
downregulates the transcription of genes associated 
with apoptosis, ferroptosis, and pyroptosis (indicated in 
italics). In the diagram, green arrows represent activa-
tion/upregulation, while red arrows denote inhibition/
downregulation.

Discussion
Numerous downstream elements of the ROCK path-
way show high expression in the central nervous system, 
overseeing diverse neural processes, such as neuronal 
survival, axonal outgrowth, and guidance [38]. Given the 
substantial impact of Rho and ROCK on numerous cel-
lular functions, focusing on this pathway is considered to 
be of value in addressing neurodegenerative diseases [26, 
42, 43].

Previous studies have determined the action of ROCKis 
on the trabecular side of glaucomatous disease. Specifi-
cally, these compounds increase aqueous humor outflow 
by directly affecting the trabecular meshwork matrix and 
trabecular meshwork cell cytoskeleton [39, 40]. Although 
ROCKi drugs have been validated and commercialized 
for the treatment of ocular hypertension, their originality 
lies in their potential to directly act on the retinal side of 
the disease, in addition to their direct effects on the tra-
becular meshwork. There is increasing evidence that the 
Rho-ROCK pathway is involved in the pathophysiology 
of optic nerve damage in glaucoma, as ROCK is upreg-
ulated in the optic nerve head of glaucomatous patients 
[26, 41]. In addition, the topical administration of a 
ROCK/Net inhibitor has been demonstrated to promote 
the survival and regeneration of retinal ganglion cells fol-
lowing optic nerve injury [42]. For more than a decade, 
numerous experimental studies have investigated the 
effects of ROCKi in promoting neurite outgrowth, axonal 
regeneration, and reducing or stimulating gliosis in in-
vitro models of RGC cultures, retinal explants, and after 
traumatic optic nerve lesions. These findings suggest that 
inhibiting ROCK may be a versatile strategy for treating 
glaucoma.

Here, we employed an ex-vivo model that involves 
axotomy and neuroretinal explants of rats. This model 

(See figure on next page.)
Fig. 4  Y-33075 and H-1152 prevent astrogliosis in retinal explants. a Representative confocal images of retinal explant cryosections in culture 
at DEV 0 and for the control solvent DEV 4 and treated DEV 4 (50 µM Y-33075, 100 µM H-1152, and 500 µM Y-27632) groups immunolabeled 
with GFAP (green) at 40 × magnification (n = 6 per group). Scale bar = 100 µm. b Gfap gene expression analysis in retinal explants at DEV 0 and DEV 
4. Unpaired t-test test was performed between the control solvent and each other group. Error bars represent the standard error of the mean. 
*p < 0.05, ***p < 0.005
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Fig. 4  (See legend on previous page.)
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offers distinct advantages over in vitro models that use 
cell lines or dissociated primary cells. Notably, it allows 
for the assessment of cellular effects with a multicel-
lular response involving both neurons and glial cells. 
Importantly, this approach preserves the retinal tis-
sue architecture, thus retaining the complexity of the 
effects arising from cellular interactions. Previous stud-
ies [32, 43] have validated these aspects, facilitating 
the experimental reproduction of two crucial features 
observed in glaucomatous optic neuropathy: the accel-
erated and irreversible degeneration of RGCs and the 
presence of proliferative and reactive glial cells that 
contribute to the local production of inflammatory fac-
tors [5, 6, 44]. Thus, this model provides an accurate 
means to reproducibly evaluate the neuroprotective, 
anti-inflammatory, and immunomodulatory potential 
of ROCKis. It offers these insights without investment 
of the time and resources required for establishing an 
in-vivo model, while also minimizing the number of 
animals euthanized.

The primary goal of this study was to evaluate the 
effectiveness of three ROCKis (Y-27632, Y-33075, and 
H-1152) in modulating the molecular and cellular 
mechanisms that promote the survival of retinal gan-
glion cells (RGCs) and reduce retinal inflammation. We 
examined tissue transcriptomes and determined gene 
expression patterns using RNA-seq following treatment 
of retinal explants with the ROCKi that showed the most 
potent neuroprotective effects. This approach proved to 
be robust in pinpointing differentially expressed genes, 
uncovering novel transcripts, and providing insights 
into the functional roles of genes within these biologi-
cal processes. Subsequently, we adopted a connectome 
approach to elucidate the connectivity patterns and inter-
actions among distinct mRNA molecules involved in cel-
lular communication and signaling pathways.

The three compounds used in the present study, 
Y-27632, Y-33075, and H-1152, have already been shown 
to have a potential dual mechanism of action, both tra-
becular and neuroprotective [28, 45–49]. However, they 

Fig. 5  RNA-seq analysis of DEV 0 and DEV 4 treated and untreated retinal explants. a Principal component analysis (PCA) plot of DEV 0 and DEV 
4 control solvent and Y-33075 RNA-seq analysis illustrating the distribution of gene expression of the samples for the three conditions. b Volcano 
plot identifying the differentially expressed genes (DEGs) in the Y-33075 treated group versus the control solvent group. Red dots represent 
the 131 genes that were significantly differentially expressed (padj < 0.05) with a fold-change ≤ − 2 or ≥+ 2 (− 2 ≤ log2FC ≥  + 2), of which 118 were 
downregulated and 13 upregulated in the Y-33075 treated condition

(See figure on next page.)
Fig. 6  Analysis of downregulated genes in Y-33075-exposed retinal explants. a Heatmap showing the response to treatment corresponding 
to the control solvent or Y-33075 and the variability of expression for each sample for the 25 most significantly downregulated genes in the Y-33075 
group versus the control solvent group. b RNA-seq-based read count plot gene expression analysis of the TOP 25 downregulated genes in retinal 
explants at DEV 0 and DEV 4. c RNA-seq-based read count plot gene expression analysis of microglial and glial cell markers in retinal explants at DEV 
0 and DEV 4. d RNA-seq based read count plot gene expression analysis of M1 inflammatory markers in retinal explants at DEV 0 and DEV 4. e Read 
count plots of the inflammasome component gene markers Nlrp1, Nlrp3, Pycard, and Casp1 and their downstream targets Il1b and Il18 in retinal 
explants at DEV 0 and DEV 4. f Read count plots of the apoptosis gene markers Casp3 and Casp8 and the ferroptosis gene marker Ptgs2 in retinal 
explants at DEV 0 and DEV 4. Unpaired t tests or Mann–Whitney tests were performed between the control solvent and 50 µM Y-33075-treated 
groups at DEV 4. Error bars indicate the standard error of the mean. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001)
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Fig. 6  (See legend on previous page.)
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differ mainly in their therapeutic target and inhibitory 
potential. Y-27632 was one of the first ROCKis to be 
developed and inhibits both isoforms of Rho kinases, 
whereas H-1152 specifically targets ROCK2, the most 
highly expressed isoform in the central nervous sys-
tem [50]. In addition, Y-33075 (or Y-39983) appeared to 
be of particular interest because of its very high inhibi-
tion potential, more than 20 times greater than that of 
Y-27632 [51]. The mechanisms of action of Y-33075 are 
still relatively unknown, unlike those of Y-27632 and 
H-1152, probably due to the lower specificity of Y-33075 
for Rho kinase activity, the minimal inhibitory concen-
tration of Y-33075 for protein kinase C and calmodulin-
dependent protein kinase II being lower than that of 
the other ROCKis. Thus, this molecule appeared to be 
a weaker candidate for exploring the specific biological 
effects of ROCK pathway inhibition [52].

In this study, only the ROCKi Y-33075 showed a signifi-
cant effect on RGC survival at a concentration of 50 µM 
on DEV 4. Few studies have investigated the efficacy of 
Y-33075 on RGC survival, with inconsistent results. In 
the study of Sagawa et  al., exposure to Y-33075 in an 
ex-vivo model of neuroretinal explants from adult cats 

showed no significant effect on RGC survival [53]. In 
another study based on an in-vivo rat model of optic 
nerve crush, RGC density was significantly higher in rats 
exposed to ROCKis [54]. RNA-seq analysis carried out in 
our study revealed the upregulation of genes specifically 
expressed by RGCs in the neuroretina (Rbpms, Pou4f1 
and Slc17a6) and by neurons (Thy1), confirming the effi-
cacy of Y-33075, even in the acute model of optic nerve 
axotomy. In addition, the same analysis showed that the 
expression of gene markers of neurofilaments (Nrn1, 
Nefh) and a photoreceptor marker (Prph) were much 
higher in treated explants than in controls. Although we 
did not specifically analyze the quantitative and qualita-
tive evolution of neurites, these results are consistent 
with those of previous studies showing that Y-33075 pro-
motes neurite formation and growth [53–55]. Y-33075 
therefore appears to be effective in promoting RGC sur-
vival while also acting on the dynamic metabolism of 
neurites.

On the other hand, several studies have demonstrated 
the efficacy of H-1152 and Y27632 in reducing RGC 
apoptosis [29, 45, 56, 57]. Exposure to these molecules at 
comparable concentrations in our ex-vivo model showed 

Table 2  Top 25 downregulated genes in the Y-33075-treated group versus the control solvent group

Gene ID Gene name log2 Fold Change padj

Ccl2 C–C motif chemokine ligand − 4.767 4.64E-19

Qpct Glutaminyl-peptide cyclotransferase − 4.774 2.20E-299

Fam135b Family with sequence similarity 135, member B − 4.811 6.41E-303

Stab1 Stabilin 1 − 4.916 6.31E-62

Slc24a4 Solute carrier family 24 member 4 − 4.994 0.00E + 00

Gpr179 G protein-coupled receptor 179 − 5.01 1.15E-204

Lyz2 Lysozyme 2 − 5.135 2.76E-54

Sebox SEBOX homeobox − 5.306 1.39E-238

Gabrr1 Gamma-aminobutyric acid type A receptor subunit rho 1 − 5.339 0.00E + 00

Cfh Complement factor H − 5.384 3.97E-64

C1qa Complement C1q A chain − 5.399 1.25E-29

Grm6 Glutamate metabotropic receptor 6 − 5.54 0.00E + 00

C1qc Complement C1q C chain − 5.657 7.41E-46

Gsg1 Germ cell associated 1 − 5.751 7.46E-112

Cx3cr1 C-X3-C motif chemokine receptor 1 − 5.772 1.55E-46

Lrit2 Leucine-rich repeat, Ig-like and transmembrane domains 2 − 5.932 8.24E-68

Tafa3 TAFA chemokine like family member 3 − 5.963 1.40E-234

C1qb Complement C1q B chain − 5.967 1.89E-25

Csf1r Colony stimulating factor 1 receptor − 6.232 6.17E-90

Lactbl1 Lactamase beta like 1 − 6.266 5.21E-170

Ncf1 Neutrophil cytosolic factor 1 − 6.329 6.25E-76

Ptgds Prostaglandin D2 synthase − 6.378 3.55E-250

Adgre1 Adhesion G protein-coupled receptor E1 − 6.841 1.44E-54

Pcp2 Purkinje cell protein 2 − 7.392 4.28E-229

Lrit1 Leucine-rich repeat, Ig-like and transmembrane domains 1 − 7.804 0
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no efficacy on RGC survival, despite using relatively 
high concentrations and H-1152 does indeed exhibit a 
distinct anti-gliosis effect (Figs.  3 and 4), but this effect 
alone does not appear to be sufficient to protect retinal 
ganglion cells (RGCs) from death. Therefore, we cannot 
rule out the possibility that a direct effect on RGCs, such 
as anti-apoptotic or anti-ferroptotic mechanisms, may 
be necessary, at least in part, for their protection. The 
death of RGCs following optic nerve axotomy is driven 
by a combination of interconnected factors, including but 
not limited to the glial response. Other key contributors 
to this complex process include loss of trophic support, 

oxidative stress, axonal degeneration, apoptotic path-
ways, and ferroptosis, among others and still debated 
process.

Also, these results could be due to the variability of 
RGC responses evaluated in different models and thera-
peutic windows. However, we previously demonstrated 
the sensitivity of our model to reference neuroprotective 
molecules such as BDNF [32, 58]. We can thus affirm that 
these two ROCKis had a weaker neuroprotective effect 
than Y-33075 under our study conditions.

Thus, Y-33075 was more effective than the other 
ROCKis on RGC survival. This effect can be explained by 

Fig. 7  Analysis of other genes of interest downregulated by Y-33075. RNA-seq-based read count plot gene expression analysis of Tlr2, Tlr3, and Tlr4 
(a), Nfkb1 and Nfkb2 (b), and P2rx7, Nos2, and Gpr84 genes (c) in retinal explants at DEV 0 and DEV 4. Unpaired t tests or Mann–Whitney tests were 
performed between the control solvent and the 50 µM Y-33075 treated groups at DEV 4. Error bars represent the standard error of the mean. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001)
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its much higher inhibitory potential than the others, as 
well as by the recruitment of other protein kinases (pro-
tein kinase C and calmodulin-dependent protein kinase 
II). The results of this study do not allow us to conclude 
with certainty about the mechanisms involved. How-
ever, RNA-seq analysis identified strong downregulation 
of certain gene markers of apoptosis (Casp3 and Casp8) 
and ferroptosis-related genes (Ptgs2) in Y-33075-exposed 
explants [59, 60]. The neuroprotective efficacy of ROCKis 
could therefore be mediated by the direct modulation of 
apoptosis or ferroptosis signals. Indeed, numerous stud-
ies have highlighted the importance of ROCK in cell 
death signaling in different models of neuronal injury, 
via, for example, increased activity of the PTEN pathway 
or the p38/MAP kinase pathway [61, 62]. However, given 
the complexity of the mechanisms involved in the onset 
of RGC degeneration in glaucoma, it is improbable that 
this mechanism alone accounts for the neuroprotective 
effects induced by Y-33075.

As previously mentioned, glaucomatous optic neuropa-
thy, as well as preclinical models of glaucoma in rodents, 
is characterized by the activation and proliferation of 
microglial and astrocytic cells in the neuroretina, which 
are responsible for the release of cytokines and 

chemokines involved in RGC loss [5]. Microglial cells 
exist in two active forms with antagonistic effects: the 
neurotoxic pro-inflammatory M1 or “classical” activation 
state and the neuroprotective M2 or “alternative” activa-
tion state [15, 63, 64]. During RGC degeneration, the M1 
state of microglia is particularly involved, notably by 
leading to the production of pro-inflammatory factors 
such as TNFα, IL-1β, and IL-6. Reducing the activation of 
these pro-inflammatory microglial cells could therefore 
be a significant therapeutic target. Inhibition of the 
ROCK pathway appears to be particularly promising. In 
addition to being involved in the morphological and 
functional regulation of RGCs, it is also critical for the 
production of these inflammatory phenomena, in par-
ticular, for the induction of the M1 profile of microglia, 
the release of inflammatory cytokines, and the produc-
tion of astrocytic gliosis [65]. In our study, we were able 
to assess the effects of ROCKis on the activity and mor-
phology of microglial cells and astrocytes. In addition, 
exposing explants to ROCKis led to a reduction in micro-
glial cell proliferation, as shown by Iba1+ immunostain-
ing and FACS analysis of CD11b+ and CD68+ for 
Y-33075. There was also a qualitative and quantitative 
decrease in microglial cell activation (Iba1+/CD68+ and 

Table 3  Top 13 upregulated genes in the Y-33075 treated group versus the control solvent group

Upregulated genes in the Y-33075 exposed group at DEV 4 versus the control solvent group ranked by the binary logarithm of fold change (log2FC). For each gene 
identifier, the name, log2FC, and adjusted p-value (padj) are presented.

Gene ID Gene name log2 Fold change padj

Nrn1 Neuritin 1 4.223 1.47E-46

Ciart Circadian associated repressor of transcription 3.523 2.64E-90

Prph Peripherin 2.983 3.16E-115

Lamb3 Laminin subunit beta 3 2.851 5.50E-12

Trarg1 Trafficking regulator of GLUT4 2.826 9.82E-88

Rbpms2 RNA binding protein mRNA processing factor 2 2.777 2.96E-60

Rbpms RNA binding protein mRNA processing factor 2.757 5.99E-89

Tppp3 Tubulin polymerization-promoting protein family member 3 2.463 4.75E-59

Slc17a6 Solute carrier family 17 member 6 2.429 3.56E-64

Fosl1 FOS like 1 AP-1 transcription factor subunit 2.198 6.58E-15

Nefh Neurofilament heavy chain 2.074 1.08E-17

Rgs5 Regulator of G-protein signaling 5 2.037 9.56E-43

Nell2 Neural EGFL like 2 2.016 3.08E-87

(See figure on next page.)
Fig. 8  Analysis of upregulated genes in Y-33075 exposed retinal explants. a Heatmap depicting the treatment response to either the control 
solvent or Y-33075, along with the expression variability for each sample among the 13 significantly upregulated genes in the Y-33075 group 
compared to the control solvent group. b Read count plots for the neurofilament gene markers Nefh and Prph, the neurotransmitter gene 
marker Nrn1, and the RGC-specific gene markers Rbpms and Slc17a6 in retinal explants at DEV 0 and DEV 4, which are among the top 13 most 
highly expressed genes. c Read count plots of the RGC-specific gene marker Pou4f1, the neuronal gene Thy1 in retinal explants at DEV 0 and DEV 
4. Unpaired t tests or Mann–Whitney tests were performed between the control solvent and 50 µM Y-33075-treated groups at DEV 4. Error bars 
indicate the standard error of the mean. *p < 0.05, ***p < 0.001, ****p < 0.0001)
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Fig. 8  (See legend on previous page.)
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CD11b+/CD68+ cells) and a reduction in astrocytic infil-
tration throughout the retina. These results have been 
relatively well documented for H-1152 and Y-27632 [26, 
29]. By contrast, only one study had previously reported 
the activity of the ROCKi Y-33075 on retinal gliosis. 
Y-33075 appeared to reduce the extension of glial pro-
cesses in the ex-vivo model of neuroretinal explants from 
cats [53]. To gain a better understanding of its still rela-
tively unknown anti-inflammatory effects, we carried out 
a transcriptomic analysis on explants exposed to 50 µM 
Y-33075 compared to those treated with the control sol-
vent. RNA-seq, validated for certain classical study genes 
by RT-qPCR analysis, confirmed previous findings, show-
ing downregulation of the transcription of pro-inflamma-
tory factors for the M1 state of microglia (Tnfα and Il1b) 
and the glial cell markers Cd11b, Cd68, and Gfap. Other 
factors associated with the activation (Tafa3, C1qa and 
Cx3cr1) and development and maintenance (Csf1r) of 
these cells were downregulated. Y-33075 therefore 
appears to have anti-inflammatory and immunomodula-
tory activity, notably by regulating the proliferation and 
activation of microglial and astrocytic cells. In addition, 
transcriptional analysis identified a decrease in gene 
expression of many other pro-inflammatory factors, 
including those of the classical complement activation 
pathway (C1qa, C1qb, C1qc, and Cfh). A similar finding 
was reported in a recent study in which inhibition of the 
Rho kinase pathway induced inactivation of the classical 
complement pathway [66]. Moreover, C1q has recently 
been identified as one of the upregulated cofactors in the 
retinas of animal models of glaucoma [67]. However, its 
activity is highly complex. On the one hand, it promotes 
the survival of RGCs by indirectly regulating their electri-
cal activity while inducing the opsonization of apoptotic 
RGCs. The benefit of the reduction in gene expression of 
the C1q fraction of complement on RGCs found in our 
study is, therefore, debatable. Further studies will be 
required to assess the effects of ROCKi modulation of the 
classical complement pathway on the evolution of inflam-
matory parameters in models of RGC inflammation and 
degeneration. The expression of components of the 
inflammasome (Nlrp1, Nlrp3, Pycard and Casp1) and its 
targets (Il1b and Il18) has been studied to determine the 
action mechanism of neuroprotection and immunomod-
ulation induced by Y-33075 exposure [68]. Indeed, the 
inflammasome and its targets play a crucial role in glau-
coma pathology. Its activation is promoted by caspase-8 
expression, which has been shown to promote NLRP1/
NLRP3 inflammasome activation and IL-1β production 
in acute glaucoma. These factors were strongly downreg-
ulated after Y-33075 exposure following axotomy. The 
Nlrp3, Pycard, Casp1, and Il18 genes, of which the pro-
tein pro-IL-18 is cleaved by active caspase-1, thus 

triggering the inflammatory response, was also signifi-
cantly downregulated by Y-33075 exposure. These find-
ings are consistent with the results of a study 
demonstrating that exposure to ROCKis significantly 
decreases IL-1β and caspase-1 production [69]. The 
involvement of the NLRP3 inflammasome in the induc-
tion of RGC degeneration by pyroptosis in experimental 
glaucoma models has also been suggested by a recent 
study [70]. IL-1β could, therefore, play a key role in the 
pathogenesis of glaucoma, at the crossroads of neuroin-
flammation and pyroptosis. It is highly probable that 
inhibition of the production of such a molecule by 
Y-33075 plays a fundamental role in protecting RGCs, 
along with its anti-apoptotic and retinal anti-inflamma-
tory effects. We also investigated other genes of interest 
differentially expressed by glaucoma patients. The Tlr 2, 
3, and 4 genes, for which anatomical studies have shown 
increased microglial and glial expression in the retinas of 
glaucoma patients [71], were strongly downregulated by 
Y-33075. Activation of the TLR pathway, leading to 
increased expression of proinflammatory proteins via the 
NFkb pathway, of which the Nfkb1 and 2 genes were also 
downregulated in our study, provides an indication of the 
mode of action of Y-33075 in immunomodulation. The 
purinergic receptor P2RX7 gene, which was significantly 
downregulated in our model following Y-33075 exposure, 
has been identified as a potent mediator of retinal micro-
glia proliferation and migration, and its role in inflamma-
some activation is well documented. More specifically, its 
role in retinal diseases, such as glaucoma, age-related 
macular degeneration (AMD), and uveitis, has been thor-
oughly reviewed [72, 73]. P2RX7 is involved in the release 
of the pro-inflammatory cytokines IL-1β and IL-18 by 
activating the inflammasome NLRP3 and TNFα after 
stimulation by ATP [74]. Sanderson et  al. also demon-
strated that stimulation of P2X7R by the agonist BzATP 
(100 μM) in human organotypic retinal cultures induces 
the loss of RGC markers and mediates RGC death [75]. It 
could therefore be a powerful therapeutic target in ocular 
diseases. NOS-2, a well-known proinflammatory media-
tor activated by TNFα, is also overexpressed in the optic 
nerve head of glaucomatous donors [76]. Yuan et  al. 
investigated the expression of pro-inflammatory markers 
in optic nerve heads of human glaucomatous donor eyes 
and those from donors with no recorded ocular disease. 
This study showed NOS-2 expression to be markedly 
higher than that in normal patient optic nerve heads in 
the prelaminar regions and lamina cribosa of the optic 
nerve head, reactive astrocytes, and parenchymal micro-
glia in advanced glaucoma. Consistent with our RNA-seq 
results showing the downregulation of Tnfa, Nos-2 was 
also significantly downregulated by Y-33075 in our 
model. Finally, GPR84, already known to be a 
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pro-inflammatory receptor, was recently identified as a 
mediator of a subpopulation of microglial cells that pro-
motes TNF/IL-1α expression [30]. Using transcriptomic 
analysis, Sato et al. observed that a particularly cytotoxic 
form of microglia that promotes TNF/IL-1α expression 
showed high GPR84 positivity in an optic nerve crush 
model. They evaluated the anti-neuroinflammatory 
effects and modulation of Gpr84 expression induced by 
the ROCKi ripasudil and concluded that Rho kinase acti-
vation is a key event in the development of GPR84high 
neurotoxic microglial polarization. Our RNA-seq data 
showed the downregulation of Gpr84 after Y-33075 expo-
sure, in accordance with the downregulation of Tnfa and 
other pro-inflammatory markers.

Conclusion
This study demonstrates the neuroprotective potential 
of the ROCK inhibitor Y-33075 through its effective-
ness in rescuing RGCs and its anti-inflammatory and 
immunomodulatory properties (Fig.  9, schematic repre-
sentation of a potential mechanism by which the ROCK 
inhibitor Y-33075 protects against RGC death). This dual 
mechanism of action offers hope for the development of 
neuroprotective therapies for glaucoma. The involvement 
of multiple signaling pathways helps to address the com-
plexity of RGC degeneration. However, further research 
is needed to fully understand the mechanisms of action 
of this potent ROCKi.
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