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Neurovascular injury associated non-apoptotic endothelial
caspase-9 and astroglial caspase-9 mediate inflammation and
contrast sensitivity decline
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Retinal neurovascular injuries are a leading cause of vision loss in young adults presenting unmet therapeutic needs. Neurovascular
injuries damage homeostatic communication between endothelial, pericyte, glial, and neuronal cells through signaling pathways
that remain to be established. To understand the mechanisms that contribute to neuronal death, we use a mouse model of retinal
vein occlusion (RVO). Using this model, we previously discovered that after vascular damage, there was non-apoptotic activation of
endothelial caspase-9 (EC Casp9); knock-out of EC Casp9 led to a decrease in retinal edema, capillary ischemia, and neuronal death.
In this study, we aimed to explore the role of EC Casp9 in vision loss and inflammation. We found that EC Casp9 is implicated in
contrast sensitivity decline, induction of inflammatory cytokines, and glial reactivity. One of the noted glial changes was increased
levels of astroglial cl-caspase-6, which we found to be activated cell intrinsically by astroglial caspase-9 (Astro Casp9). Lastly, we
discovered that Astro Casp9 contributes to capillary ischemia and contrast sensitivity decline after RVO (P-RVO). These findings
reveal specific endothelial and astroglial non-apoptotic caspase-9 roles in inflammation and neurovascular injury respectively; and
concomitant relevancy to contrast sensitivity decline.
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INTRODUCTION
Neurovascular hypoxic-ischemic injuries in the retina are a leading
cause of degenerative vision loss [1] characterized by impairment
of the retinal vasculature through aberrant neovascularization and
decreased blood flow. Neurovascular injuries damage the com-
munication between endothelial, pericytes, glial, and neuronal
cells that form the neurovascular unit (NVU). Disruption of the
NVU results in the breakdown of the blood-retinal barrier (BRB),
edema, inflammation, retinal neuronal atrophy, and visual
dysfunction [2]. While molecular signatures involved in retinal
vascular pathology have been identified, the specific contribution
of the injured endothelium and reactive gliosis to vision
dysfunction and neuronal death remain to be established. Parsing
out the roles of specific cell types in pathology associated with
retinal neurovascular injuries can help identify new therapeutic
targets.
Non-invasive in vivo visualization and manipulation of the NVU

can be done in the retina. To study cell-specific roles of the
components of the NVU in the context of neurovascular injury, we
used a characterized mouse model of Retinal Vein Occlusion
(RVO). RVO is the second most common cause of blindness after
diabetic retinopathy amongst young adults [3] and current
therapeutics do not prevent sustained chronic vision loss
[2, 4, 5]. The laser-induced mouse model of RVO [6] is a

noninvasive method and one of the best translational avenues
to study the role of inflammation [7, 8] and identify signaling
pathways involved in RVO pathology [9, 10]. Using the mouse
model of RVO, we previously discovered that neurovascular injury
induced non-apoptotic activation of endothelial caspase-9 (EC
Casp9). Moreover, we found that EC Casp9 mediated retinal
edema, capillary ischemia, and neuronal death [10], revealing a
cell-specific role of caspase-9 in the pathophysiology of neuro-
vascular injury.
Caspases are a group of cysteine-dependent aspartate-directed

proteases that can activate cell death and inflammatory signaling.
Over recent years their roles in the brain have been further
characterized as relevant promoters of synaptic pruning, axon
guidance, differentiation and in glial cells, as mediators of
inflammation and filament aggregation [11]. Cell-specific non-
apoptotic caspase expression in glial cells have been found in
animal models of neurodegeneration and postmortem brain
tissue. Evidence suggests that microglial caspase-8 is relevant for
the release of pro-inflammatory cytokines [12] and is expressed in
Parkinson’s and Alzheimer’s disease [12, 13]. Astroglial caspase-6 is
a key element in Alexander’s disease [14] and known to mediate
cleavage of the intermediate filament glial fibrillary acidic protein
(GFAP) [15]. Our previous studies demonstrated that RVO induced
high non-apoptotic levels of cl-caspase-6 in astrocytes, which were
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significantly downregulated by the administration of the specific
caspase-9 inhibitor Pen1-XBIR3 [10]. Besides caspase-6 function in
GFAP cleavage [15], caspase-6 also promotes inflammation [16]
and neurodegeneration [17, 18].
Retinal resident glial cells (microglia, Müller glia, and astrocytes)

provide neuronal and vascular support and participate in
neuropathology [19–21]. During retinal vascular injury, glial cells
undergo changes in morphology, become reactive, and release
inflammatory cytokines that lead to neuronal dysfunction,
recruitment of leukocytes, and breakdown of the BRB [20–23].
Understanding the active interaction and contribution of glial cells
to the dysregulation of the neuronal micro-environment and
vasculature requires the characterization of the response of glial
cells, which will illuminate their potential role in mediating
neurodegeneration in retinal vascular disease.
Many studies assessing vitreous samples of RVO patients have

identified increased levels of pro-inflammatory cytokines and
chemokines [24–28]; and similar results are observed in the mouse
model of RVO [6, 8]. The presence of inflammatory mediators in
patients with RVO is correlated with increased foveal thickness
and hypoxic-ischemic injury [27], underlining the relevance of
understanding the source of these cytokines in the injured retina.
Current lines of treatment for RVO include anti-angiogenic and
anti-inflammatory drugs. The first line of treatment targets
vascular endothelial growth factor (VEGF), which acts on
endothelial cells and promotes neovascularization that leads to
edema [29]. Corticosteroid implants target inflammation and while
they help to resolve macular edema they can also lead to cataract
formation and increase of intraocular pressure [30]. Therefore,
there is a need to better understand the inflammatory pathways in
RVO to develop more specific therapeutics that simultaneously
target neuroinflammation, neurodegeneration and retinal edema.
Here, we aimed to evaluate the contribution of endothelial and

astroglial caspase-9 (Astro Casp9) to vision dysfunction, inflamma-
tion and RVO pathology. We found that deletion of EC Casp9
contributed to a decline in contrast sensitivity and modulated the
levels of inflammatory cytokines and glial responses in a time-
dependent manner in RVO. Additionally, we discovered that
knock-out of Astro Casp9 reduced capillary ischemia and contrast
sensitivity decline.

MATERIALS AND METHODS
Animal husbandry and care
All animals were handled in accordance with the Association for Research
in Vision and Ophthalmology (ARVO) statement for the use of animals in
ophthalmic and vision research and monitored by the Institutional Animal
Care and Use Committee (IACUC) of Columbia University.
Animals used in this study were 2-month-old males and females. The

tamoxifen-inducible EC Casp9 mouse line was generated by crossing
Cdh5(Pac)-Cre/ERT2 [31] with caspase-9 flox/flox mice [10]. The EC Casp9
WT/KO line was validated and reported in [10] and the Cdh5(Pac)-Cre/ERT2
promoter has been shown previously to have strong specificity to
endothelial cells [32]. The tamoxifen-inducible Astro Casp9 mouse line
was generated by crossing the hGFAP-Cre/ERT2 to the B6.Cg-Tg(GFAP-Cre/
ERT2) 505Fmv/J (Jackson Stock No: 012849 | GCE [33]). The GFAP promoter
has been previously characterized [33] and used in a mouse model of
glaucoma to knockout caspase-8 specifically in astrocytes [34].
Cre recombination was induced in both colonies after five consecutive

days of 2 mg tamoxifen intraperitoneal injections (100 μL of 20mg/mL).
Tamoxifen was dissolved in corn oil (20 mg/mL), then 2mg of tamoxifen
was administered intraperitoneally (IP) for five consecutive days when
animals were eight weeks old (Fig. 1A).

Mouse model of retinal vein occlusion (RVO)
RVO was induced in major retinal veins (n= 2–3 veins occluded/eye) ten
minutes after tail vein injection of the photoactivatable dye, Rose Bengal
(37.5 mg/kg). Eight minutes after injection, eyes were dilated with
tropicamide, and phenylephrine chloride eye drops, and mice were
anesthetized with IP administration of a cocktail of ketamine (80–100mg/kg)

and xylazine (5–10mg/kg). Two minutes after injection, depth of
anesthesia was confirmed by toe-pinch. Afterwards, retinal veins were
irradiated with the Micron IV image guided laser (532 nm) from Phoenix
Research labs by delivering three adjacent laser pulses (power 100mW,
spot size spot size 50 μM, duration 1 second, total energy 0.3 J) to each
vein at a distance of 375 μM from the optic nerve head. RVO occlusions
were examined by fundus imaging after irradiation and one day after RVO
(P-RVO). Occluded veins were identified by a whitening of the vessel at the
site of the occlusion, dilation distal to the occlusion, and constriction of
vessel diameter proximal to the occlusion. Persistent occlusions from the
time of irradiation up to one day P-RVO, were classified as successful
occlusions. Retinas with detachment, subretinal hemorrhage, or full
ischemia one day P-RVO were excluded from further analysis. A detailed
description of the RVO mouse model can be found in [35].

Image guided optical coherence tomography (OCT) and
analysis
Following anesthesia and pupil dilation as indicated above in the mouse
model of RVO section, OCT images were captured using the Phoenix
Micron IV image-guided OCT system. Two vertical and two horizontal OCT
scans were taken 75 µm from the periphery of the RVO burn areas, pre-
RVO, and one-day P-RVO. Total retinal thickness was determined using the
InSight software.

Disorganization of inner retinal layers (DRIL)
Four OCT images per retina were analyzed in Image J for presence of DRIL.
DRIL was measured with a horizontal line of indistinctive boundaries
between the inner nuclear layer (INL) and the outer plexiform layer (OPL).

Optokinetic response test
In vivo examination of the mouse optokinetic response was performed
using the Striatech Optodrum. The awake mouse was placed on the
platform inside the arena where the Optodrum presented a rotating stripe
pattern to the animals at a rotation speed of 12°/second. Contrast
sensitivity (1/contrast threshold) was determined by assessing the contrast
threshold after presenting incremental visual acuity patterns at 0.05, 0.15
and 0.25 cycles/°. Readings were taken one-day pre-RVO, one and two days
P-RVO.

Immunohistochemistry (IHC) and imaging
Mice were perfused with sterile saline and then with 4% paraformaldehyde
(PFA). Eyes were enucleated and immersed in 4% PFA overnight at 4 °C,
they were then washed three times for 10min with 1X PBS and immersed
in 30% sucrose for three nights at 4 °C. Eyes were embedded in optimal
cutting temperature solution and kept at −80 °C. Embedded eyes were
sectioned at 20 µm thickness. Retinal slides were chosen to match
approximate location of OCT scans and then were washed with 1X PBS for
5 min. Sections were permeabilized with 0.1% Triton X-100 for two hours
and blocked with blocking buffer (10% Normal Goat Serum (NGS), 1%
Bovine Serum Albumin (BSA) (dissolved in 1X PBS and filtered) overnight at
4 °C. Primary antibodies for Iba-1 (1:200, BioCare CP29013), CD68 (1:100
BioRad MCA1957GA), cl-caspase-6 (1:100, Cell Signaling 9761 S), GFAP
(1:2,000 AVES GFAP), nestin (1:100, AVES Nes), and AQP-4 (1:100 Cell
Signaling 59678 S) were prepared with blocking buffer and sections were
incubated overnight at 4 °C. Afterwards, sections were washed four times
with 1X PBS for 5 min, secondary antibodies were diluted in blocking
buffer (1:1,000) and sections incubated for two hours at room temperature.
Then, sections were washed four times with 1X PBS for five minutes and
then stained with nuclear staining (Hoechst, 1:5,000 dilution) for 5 min.
After one wash with 1X PBS for five minutes, retinal sections were
mounted with Fluoromount-G. Retinas were imaged using a spinning disk
confocal microscope (BioVision Technologies) in which z-stack images
were taken.

Deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
Sections were first permeabilized with 0.1% Triton X-100 for two hours.
TUNEL was then done following the manufacturer’s protocol (Promega
G3250). Sections were then processed for IHC as described above.

Analysis of cell counts
Images were first processed using FIJI and brightness and contrast settings
were adjusted to appropriate parameters based on uninjured (no RVO) or
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positive control (TUNEL) retinal tissue and background. Then, the number
of cells were quantified based on colocalization with cellular marker or
nuclei marker using the multi-point function in FIJI. Analysis was
performed by an experimenter who was blinded to genotype and
treatment. Values were averaged by images per section and then averaged
values of sections per eye. More details about IHC quantification of cells
can be found in [36].

Analysis of percent area of expression
Images were first processed using FIJI by adjusting the scale first based on
the magnification at which images were taken. Area of interest was
selected with the polygon setting. Then, the thresholding setting was set
up based on levels of expression of uninjured retinal tissue. The same
thresholding parameter was then used to quantify the percent area of
expression in all retinal images by an experimenter that was blinded to

genotype and treatment. Values were averaged by images per section and
then averaged values of sections per eye.

Microglial morphology analysis
Images were processed using FIJI by adjusting the scale, then applying the
thresholding setting that was based on uninjured retinal tissue. Afterwards,
the analyze particle function was applied to identify particles bigger than
49 µm and measurements settings were adjusted to determine microglia
area, shape description, integrated density, centroid, perimeter, and
Ferret’s diameter. Values were averaged by images per section and then
averaged values of sections per eye.

Microglial area of colocalization
Images were processed using FIJI and after setting up the scale and
selecting the brightness and contrast parameters of expression for Iba-1

Fig. 1 EC Casp9 deletion rescues contrast sensitivity one day P-RVO. A Experimental schematic. Two-month-old iEC Casp9 WT/KO mice
were treated with tamoxifen for five consecutive days. After two days of rest, their optokinetic response was tested pre and one-day P-RVO.
Created with BioRender.com. B Optokinetic test was performed by testing their contrast sensitivity at three acuity settings: 0.05, 0.15, 0.25
cycles/°. C–D Contrast sensitivity and visual acuity values prior to RVO of uninjured iEC Casp9 WT (n= 14–15) and KO (n= 14–19). E Contrast
sensitivity response of uninjured iEC Casp9 WT (n= 7) and KO (n= 8), and iEC Casp9 WT (n= 11) and KO (n= 12) one-day P-RVO at 0.05, 0.15,
0.25 cycles/°. *P ≤ 0.05, Error bars mean ± SEM, Two-way ANOVA, Fisher’s LSD test. F Contrast sensitivity correlated with fractions of veins
occluded, linear regression n= 12.
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and CD68, images were converted to RGB color. Then, color threshold
function was applied and used to measure the area of colocalization.
Values were averaged by images per section and then averaged values of
sections per eye.

Western blot and analysis
Animals were perfused with saline, and retinas were then dissected,
minced, and placed in RIPA buffer with protease (Fisher) and phosphatase
inhibitors II and III (Sigma). Tissue was then sonicated on ice with a Sonic
Dismembrator (Model 500, Fisher Scientific) for one minute (1 second on/
1 second off). Retinas were matched one-day P-RVO based on the fraction
of veins occluded and disorganization of inner retinal layers (DRIL)
percentages, two matched retinas were then combined. Protein concen-
trations were determined using a BCA assay. A total of 100 µg of retinal
protein was loaded per sample. Total protein transfer was determined
using REVERT (LI-COR). Protein blots were blocked with LI-COR Blocking
Buffer for one hour at room temperature and then incubated for two
nights with primary antibody (GFAP GA5 Sigma 63893) at 4 °C. Blots were
washed three times with 0.1% TBS-Tween 20 and then incubated with
secondary antibodies at 1:5,000 overnight at 4 °C. After three ten-minute
washes with 0.1% TBS-Tween 20, blots were imaged using the LI-COR
Odyssey Imaging System. Blots were analyzed using Image Studio Lite
Software; all signals were first normalized to total protein loaded and then
to the average of uninjured littermate control values.

Cytokine arrays and analysis
Retinal tissue was prepared the same way as for Western Blot, except for
the replacement of RIPA buffer with the manufacturer’s cell lysis buffer.
Cytokine arrays were performed according to manufacturer’s protocol
(Abcam, ab211069) and blots were imaged using the LI-COR Odyssey
Imaging System and analyzed with Image Studio Lite Software. Analysis of
the cytokine array was done following recommendation of the protocol
(Abcam, ab211069). Averaged relative expression of each cytokine was
normalized to each membrane’s positive control. Data is presented as
relative expression levels.

Statical analysis
The RVO model, in vivo and in vitro measures and analysis were done by
investigators blinded to animal genotype. Eyes that presented with retinal
detachment, cataract, excessive edema or intraretinal hemorrhage were
excluded from all analyses and only eyes that had one or more occlusion
by one day P-RVO were considered viable. GraphPad Prism and Excel were
used for statistical analysis. One-way and Two-way ANOVA were used to
determined statistical differences followed by Fisher’s LSD test; data are
presented as mean ± SEM. Significance was set to be p < 0.05.

RESULTS
EC Casp9 deletion rescues contrast sensitivity decline P-RVO
One of the effects of RVO is damage to visual function, including a
significant decline in contrast sensitivity threshold [37, 38]. We
sought to explore if our mouse model of RVO recapitulated visual
dysfunction in the form of contrast sensitivity decline after injury.
Since we previously found that EC Casp9 knockout resulted in
decreased retinal edema and neuronal death in RVO [10], we also
evaluated the role of EC Casp9 on vision function one-day P-RVO.
To this end, we tested contrast sensitivity with incremental visual
acuity frequencies of 0.05, 0.15, and 0.25 cycles/° (Fig. 1A, B) using
the automated optomotor reflex test; OptoDrum [39]. First, we
probed if there were any differences in visual function between
uninjured iEC Casp9 WT and iEC Casp9 KO mice by performing
separate contrast sensitivity and visual acuity tests (Fig. 1C, D). The
results indicate that there were not any differences in visual
function performance between genotypes. We then proceeded to
test contrast sensitivity discrimination with the incremental visual
acuity frequencies and found that the mouse model of RVO caused
a significant decrease in contrast sensitivity at 0.05 cycles/°.
Moreover, the deletion of EC Casp9 rescued the observed contrast
sensitivity decline one-day P-RVO (Fig. 1E). No differences between
the groups were found when assessing contrast sensitivity at higher

acuity frequencies. We then evaluated if the decline in contrast
sensitivity was associated with the fractions of veins occluded, as
we have previously found that the fractions of veins occluded has a
positive correlation with the percentage of retinal thickness or
edema [10]. We found that the degree of contrast sensitivity
declines significantly correlated with the fractions of veins occluded
in iEC Casp9 WT but not in iEC Casp9 KO animals (Fig. 1F), indicating
that as a result of the occlusion EC Casp9 contributes to contrast
sensitivity decline.

EC Casp9 regulates an increase in inflammatory cytokines one
day P-RVO
After we found that EC Casp9 promoted a decline in vision
function, we sought to evaluate the EC Casp9 downstream
signaling pathway which mediates loss of vision. Inflammatory
cytokines are known to be a main contributor of neovasculariza-
tion, and correlate with hypoxic-ischemic injury and retinal edema
[27], and are implicated in RVO pathology (summarized in the
recent review [40]). Our previous work revealed that the peak of
retinal edema in the EC Casp9 mouse line is two days P-RVO which
coincided with a significant decrease in hyperreflective foci (HRF)
(a clinical biomarker of inflammation [41–43]) [10]. Thus, we
proceeded to collect retinas one day P-RVO to perform a cytokine
array and determine which inflammatory cytokines were present
before the peak of edema and associated with EC Casp9 signaling.
We found that RVO led to a significant increase of the following
cytokines in the WT retinas: insulin growth factor-1 (IGF-1), IL-4, LIX
(CXCL5), IL-1α, macrophage colony-stimulating factor (M-CSF),
tumor necrosis factor (TNF-α), IL-1β, IL-10, and vascular endothelial
growth factor A (VEGF-A); the cytokine changes were attenuated
in injured EC Casp9 KO retinas (Fig. 2A–L). Other cytokines that we
found to be upregulated in RVO independently of EC Casp9 were
CX3CL1 (fractalkine), MMP3 and MCP1 (Fig. 2M, N). We also found
that MMP-2, SDF-1α, and TGF-β were decreased in injured iEC
Casp9 KO compared to injured WT, but these cytokines were not
significantly modulated by RVO in iEC Casp9 WT. (Fig. S1A–C).
We then assessed potential protein-protein interactions of

caspase-9 with RVO-induced and EC Casp9-regulated cytokines by
performing STRING [44]. The STRING database predicts physical
and functional protein-protein interactions based on primary
literature textmining, annotated pathways tested experimentally,
computational predictions based on conserved genomics, and
organism-to-organism interaction evidence [45]. The STRING
analysis suggests potentially significant caspase-9 interactions, as
experimentally determined, with the TNF-superfamily and IL-1β
(Fig. S2A, pink lines). Other potential caspase-9 interactions with
IL-10, IGF-1, and VEGF-A are suggested through textmining (Fig.
S2A, green lines). Similar levels of significant interactions were
found when we evaluated the caspase-9 downstream targets,
caspase-7 and caspase-6 using STRING analysis (Fig. S2B, C). The
STRING analysis suggests that caspase-9 and downstream execu-
tioner caspases could potentially interact with cytokines to be
processed or released in a soluble form as caspases are known to
be relevant for cytokine processing [46–48].

EC Casp9 deletion modulates microglial CD68 in a time-
dependent manner P-RVO
Microglia are recognized as the immune cells of the CNS, and in
RVO have been identified to be a major contributor of pro-
inflammatory cytokines and linked to retinal ganglion cell (RGC)
death [7, 8]. In the context of neurovascular injury microglia
undergo morphological and molecular inflammatory changes [49].
Therefore, we sought to investigate whether EC Casp9 regulates
pro-inflammatory microglial responses (Fig. 3A). We assessed the
total number of microglia by immunohistochemistry (IHC) with the
microglial marker, Iba-1, of uninjured, one and two days P-RVO
retinal sections (Fig. 3B). Quantification analysis showed that the
total number of Iba-1+ cells increase significantly two days P-RVO
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when comparing one-day P-RVO to two-days P-RVO retinas,
independent of EC Casp9 expression (Fig. 3C). We then evaluated
the expression of the microglial lysosomal marker, CD68, that is
associated with a microglial inflammatory state and is increased in
RVO [7, 50], by quantifying the total number of CD68+ cells. The
data indicate that RVO induces a significant increase in the
number of CD68+ cells by two days P-RVO compared to uninjured
and one-day P-RVO iEC Casp9 WT retinas. Knockout of EC Casp9
led to a significant decrease in the total number of CD68+ cells
compared to injured iEC Casp9 WT retinas two days P-RVO (Fig.
3D). To further determine the level of CD68 in microglial cells, we
analyzed the area of colocalization between Iba-1 and CD68. The

results demonstrate that RVO induces a significant upregulation of
CD68 in microglia one and two days P-RVO, compared to
uninjured iEC Casp9 WT retinas. EC Casp9 deletion led to
significantly less induction of CD68 in Iba-1 cells one-day P-RVO,
a trend that is sustained through two days P-RVO (Fig. 3E).
Furthermore, we assessed whether RVO modulated microglial
morphology in the context of EC Casp9. Our analysis indicates that
microglia become bigger, hypertrophic, and more circular one-day
P-RVO compared to uninjured iEC Casp9 WT retinas, and these
changes in area and Ferret’s diameter are blocked by deletion of
EC Casp9 one day P-RVO, but by two days P-RVO there is no
significant difference between genotypes (Fig. S3A–C). At two

Fig. 2 EC Casp9 regulates an increase in inflammatory cytokines one day P-RVO. A Representative images of cytokine arrays of retinas from
uninjured iEC Casp9 WT/KO and one day P-RVO iEC Casp9 WT/KO mice. B Heat map array of relative expression of 23 cytokines normalized to
positive signal per array blot of iEC Casp9 WT in uninjured iEC Casp9 WT (n= 3) and KO (n= 6) and iEC Casp9 WT (n= 6) and KO (n= 6) one
day P-RVO. C–N Relative expression of induced cytokines one day P-RVO. Error bars mean ± SEM, One-way ANOVA, Fisher’s LSD test. *P ≤ 0.05.
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days P-RVO the change in microglia circularity decreases in both
genotypes (Fig. S3D). Taken together, these results indicate that
microglia morphological states are dynamic after RVO.

EC Casp9 deletion leads to macroglial changes in nestin and
AQP-4 P-RVO in a time-dependent manner
Because other retinal glial cells, Müller glia and astrocytes, are also
involved in the release of inflammatory cytokines, we looked at
markers of macrogliosis including nestin and aquaporin-4 (AQP-4).
Nestin is an intermediate filament whose expression is down-
regulated in mature macroglia [51], but in hypoxic-ischemic injury,
nestin increases and leads to changes in macroglial motility and
cell division [52, 53]. AQP-4 regulates a water channel protein

whose low levels are implicated in retinal vascular disease.
Knockdown of AQP-4 in a model of diabetic retinopathy resulted
in increased expression of inflammatory molecules, including IL-6
and VEGF [54]. Moreover when AQP-4 was knocked-out there was
BRB impairment [55] and in a model of neuromyelitis optica, AQP-
4 loss led to increased retinal thickness [56]. To determine if RVO
and EC Casp9 modulated these markers of macrogliosis, we
assessed the levels of nestin and AQP-4 by IHC analysis and
quantification of the percent area of expression in the RGL and in
the whole retina. Data analyses show that RVO induces a
significant increase in the level of nestin in the RGL and whole
retina two days P-RVO (Fig. 4A–C), and that EC Casp9 deletion
abrogates the increase in whole retina but does not alter the

Fig. 3 RVO induces an EC Casp9 regulated increase in CD68+ microglia. A Experimental schematic. Two-month-old iEC Casp9 WT/KO mice
were treated with tamoxifen for five consecutive days. After two days, eyes were subjected to RVO, and eyes were collected one and two days
P-RVO. Created with BioRender.com. B Retinal cross-sections from uninjured, one and two days P-RVO iEC Casp9 WT and KO mice were
stained with CD68 (green), Iba-1 (red), and DAPI (white). Scale bar 50 µm and inset 10 µm. C Quantification of the number of Iba-1+ cells in
uninjured iEC Casp9 WT (n= 5) and KO (n= 6), one day P-RVO iEC Casp9 WT (n= 8) and KO (n= 9), and two days P-RVO iEC Casp9 WT (n= 10)
and KO (n= 10 D Quantification of number of CD68+ cells in uninjured iEC Casp9 WT (n= 5) and KO (n= 6), one day P-RVO iEC Casp9 WT
(n= 8) and KO (n= 9), and two days P-RVO iEC Casp9 WT (n= 8) and KO (n= 7). E Quantification of percent area of colocalization of Iba-1+

and CD68+ cells in uninjured iEC Casp9 WT (n= 5) and KO (n= 5), one day P-RVO iEC Casp9 WT (n= 6) and KO (n= 9), and two days P-RVO iEC
Casp9 WT (n= 7) and KO (n= 6). *P ≤ 0.05, **P ≤ 0.01, and ****P ≤ 0.0001. Error bars mean ± SEM, Two-way ANOVA, Fisher’s LSD test. Retinal
ganglion layer (RGL), inner nuclear layer (INL), and outer nuclear layer (ONL).
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increase in RGL (Fig. 4A–C). Analysis of AQP-4 levels in the RGL and
whole retina demonstrates that RVO induces a significant
decrease in AQP-4 by one day P-RVO and that its levels are
restored back to uninjured levels by two days P-RVO in the injured
iEC Casp9 WT. Levels of AQP-4 in the iEC Casp9 KO were
significantly higher than in the iEC Casp9 WT two days P-RVO
(Fig. 4D–F). We found that macroglial response to RVO is also
dynamic and that deletion of EC Casp9 rescues inflammatory
markers at two days P-RVO.
Next, we sought to determine if RVO and EC Casp9 induced

changes in GFAP, as increased levels of GFAP are often associated
with an inflammatory response of Müller glia and astrocytes [57].
IHC analysis of GFAP in the RGL reveals that there are no changes
in the level of GFAP at early time points in RVO nor are GFAP levels
modified by deletion of EC Casp9 (Fig. S4A, B). However, analysis
of GFAP levels from the outer nuclear layer (ONL) to the inner
plexiform layer (IPL), showed a significant increase of GFAP in
injured iEC Casp9 WT one day P-RVO that is modulated by
deletion of EC Casp9. No differences were noted in the expression
of GFAP from ONL to IPL by two days P-RVO (Fig. S4-C). These
results suggest that the increase of GFAP by one day P-RVO occurs
in Müller glia.

EC Casp9 deletion abrogates the RVO-induced increases in
astroglial cl-caspase-6 and contributes to caspase-6-induced
GFAP cleavage P-RVO
Prior work showed that pharmacological inhibition of caspase-9
decreased the levels of its downstream target caspase-6 in
astrocytes P-RVO [10]. Ablation of caspase-6 is correlated with low
levels of the pro-inflammatory cytokines TNF-α and IL-6 [58] and
astroglial cl-caspase-6 has been found in brain samples of patients
with Alzheimer’s [59] and Alexander’s disease [14].
To evaluate if EC Casp9 signaling was linked to cl-caspase-6 in

astrocytes, we stained uninjured, one and two days P-RVO
sectioned retinas from iEC Casp9 KO and WT littermates and
then evaluated the level of cl-caspase-6 by quantifying the
percent area of expression in the RGL, where astrocytes are
located in the retina. The analysis revealed that RVO induces an
increase in cl-caspase-6 two days after injury and that EC Casp9
deletion significantly blocks the change in cl-caspase-6 levels in
the RGL one and two days P-RVO (Fig. 5A, B). Similar trends were
also noted in the analysis of the level of cl-caspase-6 in the inner
nuclear layer (INL), indicating an increase of cl-caspase-6 in the
retinal neurons, which is blocked by EC Casp9 deletion two days
P-RVO (Fig. 5C). We previously found that neuronal cl-caspase-6

Fig. 4 EC Casp9 induces macroglial changes in nestin and AQP-4 two days P-RVO. A Retinal cross-sections from uninjured and two days
P-RVO iEC Casp9 WT and KO mice were stained with nestin (red) and DAPI (white). Scale bar=50 µm. B Quantification of percent area of
expression of nestin in RGL and NFL of uninjured iEC Casp9 WT (n= 3) and KO (n= 5) and two days P-RVO iEC Casp9 WT (n= 6) and KO
(n= 5). C Quantification of percent area of expression of nestin in whole retina of uninjured iEC Casp9 WT (n= 3) and KO (n= 5) and two days
P-RVO iEC Casp9 WT (n= 6) and KO (n= 5). Error bars mean ± SEM, One-way ANOVA, Fisher’s LSD test. D Retinal cross-sections of uninjured,
one and two-days P-RVO iEC Casp9 WT and KO stained with AQP-4 (green) and DAPI (white). Scale bar=50 µm. E Quantification of percent
area of expression of AQP-4 in RGL and NFL of uninjured iEC Casp9 WT (n= 5) and KO (n= 5) one day P-RVO iEC Casp9 WT (n= 6) and KO
(n= 8), and two days P-RVO iEC Casp9 WT (n= 6) and KO (n= 6). F Quantification of percent area of expression of AQP-4 in whole retina of
uninjured iEC Casp9 WT (n= 6) and KO (n= 8) one day P-RVO iEC Casp9 WT (n= 10) and KO (n= 6), and two days P-RVO iEC Casp9 WT (n= 6)
and KO (n= 8). Error bars mean ± SEM, Two-way ANOVA, Fisher’s LSD test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 and ****P ≤ 0.0001. Retinal
ganglion layer (RGL), inner nuclear layer (INL), and outer nuclear layer (ONL).
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led to neurodegeneration in a stroke model [17] and in RGC in a
model of optic nerve crush [60].
To test the potential role of cl-caspase-6 in astrocytes, we

assessed the only currently known function of astroglial cl-
caspase-6; cleavage of GFAP [14, 59, 61]. To test if this was the
case in RVO, we performed a western blot analysis of retinas two
days P-RVO. For each sample, two retinas were matched by similar

fractions of veins occluded and percentage of disorganization of
inner retinal layers (DRIL), an indicator of capillary ischemia.
Quantification of the GFAP 50 kDa band demonstrated that there
were no differences in injured samples compared to uninjured
regardless of genotype (Fig. 5F, G). However, analysis of the GFAP
caspase-6 cleaved fraction, the 24 kDa band, showed that RVO
induced a significant increase in GFAP cleavage in EC Casp9 WT

Fig. 5 EC Casp9 deletion promotes astroglial decrease in cl-caspase-6 levels and caspase-6 GFAP cleavage P-RVO. A Retinal cross-sections
from one and two days P-RVO iEC Casp9 WT and KO mice were stained with cl-caspase-6 (cyan), GFAP (red), co-localization of cl-Casp6 and
GFAP (white), and DAPI (white). Scale bar=50 µm. B Percent area of expression of cl-caspase-6 in RGL and NFL of uninjured iEC Casp9 WT
(n= 3) and KO (n= 5), one day P-RVO iEC Casp9 WT (n= 9) and KO (n= 6), and two days P-RVO iEC Casp9 WT (n= 6) and KO (n= 4). C Percent
area of expression of cl-caspase-6 in INL of uninjured iEC Casp9 WT (n= 3) and KO (n= 5), one day P-RVO iEC Casp9 WT (n= 10) and KO
(n= 6), and two days P-RVO iEC Casp9 WT (n= 6) and KO (n= 5). D Percent area of expression of GFAP in RGL and NFL of uninjured iEC Casp9
WT (n= 3) and KO (n= 4), one day P-RVO iEC Casp9 WT (n= 9) and KO (n= 5), and two days P-RVO iEC Casp9 WT (n= 4) and KO (n= 6).
E Percent area of expression of GFAP from ONL to IPL in iEC Casp9 WT (n= 3) and KO (n= 4), one day P-RVO iEC Casp9 WT (n= 10) and KO
(n= 6), and two days P-RVO iEC Casp9 WT (n= 4) and KO (n= 5). Error bars mean ± SEM, Two-way ANOVA, Fisher’s LSD test. Retinal ganglion
layer (RGL), inner nuclear layer (INL), and outer nuclear layer (ONL). F Western blot detection of GFAP in uninjured iEC Casp9 WT and KO and
two days P-RVO iEC Casp9 WT and KO retinal lysates. G Quantification of GFAP full length 50 kDa band in uninjured iEC Casp9 WT (n= 5,
biological replicates) and KO (n= 4, biological replicates) and two-days P-RVO WT (n= 6, biological replicates) and KO (n= 6, biological
replicates) normalized to total protein and average of uninjured iEC Casp9 WT. H Quantification of GFAP cleaved fraction 24 kDa in uninjured
iEC Casp9 WT (n= 5, biological replicates) and KO (n= 4, biological replicates) and two-days P-RVO WT and KO normalized to total protein and
average of uninjured iEC Casp9 WT. Data points present individual values. Error bars mean ± SEM, One-way ANOVA, Fisher’s LSD test. *P ≤ 0.05,
**P ≤ 0.01.
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compared to uninjured. This increase in GFAP cleavage was
reduced to baseline levels in injured EC Casp9 KO (Fig. 5F, H).
These data indicate that EC Casp9 induces cl-caspase-6 and GFAP
cleavage in RVO.

Astro Casp9 deletion decreased levels of astroglial cl-caspase-
6 one day P-RVO
Our current and previous results suggest that caspase-9 is
upstream of the activation of astroglial caspase-6. To evaluate
whether Astro Casp9 is activating astroglial caspase-6 in RVO and
neurodegeneration, we generated a tamoxifen-inducible Astro
Casp9 knockout by crossing a caspase-9 flox/flox mice with a
characterized astroglial promoter hGFAP-Cre ERT2 [33].
We first assessed the levels of astroglial cl-caspase-6 P-RVO by

performing IHC staining of cl-caspase-6 and quantifying the levels
measuring the percent area of expression in uninjured and injured
iAstro Casp9 WT and KO (Fig. 6A). The analysis revealed that RVO
induced a significant increase in the levels of astroglial cl-caspase-
6 in the RGL, which was downregulated in injured Astro Casp9 KO
(Fig. 6B, C). Next, we assessed if Astro Casp9 was inducing any
changes in astroglial GFAP. The data revealed that there are no
differences in the levels of GFAP in the RGL regardless of genotype
and injury (Fig. 6D). These results indicate that Astro Casp9 is
upstream of astroglial cl-caspase-6 and is not implicated in
changes of the intermediate filament GFAP at one day P-RVO.
To further investigate if Astro Casp9 was implicated in neuronal

death P-RVO, we performed a deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) which allows for immunodetection of
cells with DNA degradation. Quantification of TUNEL+ nuclei of
the different retinal layers suggest that there are not any
significant differences between injured iAstro Casp9 WT and
iAstro Casp9 KO (Fig. 6E–H). These data shows that Astro Casp9
and thus astroglial cl-caspase-6 are not relevant for neuronal
death at one day P-RVO.

Astro Casp9 deletion reduces capillary ischemia and contrast
sensitivity decline one day P-RVO
Measurement of the disorganization of the inner retinal layers
(DRIL) is used as a marker of capillary non-perfusion and correlates
with visual acuity decline in RVO [62, 63]. We previously found that
inhibition of caspase-9 or deletion of EC Casp9 significantly
decreased DRIL levels [10]. To assess if Astro Casp9 contributed to
capillary ischemia in RVO, we quantified the percent of DRIL in the
retina one day P-RVO. The analysis suggests that RVO induced a
significant increase in the area of DRIL in iAstro Casp9 WT
compared to uninjured retinas. Moreover, the deletion of Astro
Casp9 significantly ameliorated this increase (Fig. 7A, B). The
fractions of veins occluded was the same for both genotypes (Fig.
7C), but the percent of DRIL positively correlated with the fractions
of veins occluded in iAstro Casp9 WT, but not iAstro Casp9 KO (Fig.
7D). These data indicate that capillary ischemia could be driven by
the fractions of veins occluded and Astro Casp9.
We previously found that inhibition of caspase-9 or ablation of

EC Casp9 protected from retinal edema at early points P-RVO [10].
To evaluate the role of Astro Casp9 in retinal edema, we
performed OCT before RVO and one day P-RVO and quantified
the thickness of the retinal layers (Fig. S5). Analysis of the retinal
thickness of iAstro Casp9 WT and KO in all layers indicate that one
day P-RVO retinal layers become significantly thicker compared to
uninjured iAstro Casp9 WT and KO. This finding implies that Astro
Casp9 deletion does not protect from the development of retinal
edema at one day P-RVO (Fig. S5).
To investigate the role of Astro Casp9 in vision function we

evaluated visual acuity and contrast sensitivity in uninjured iAstro
Casp9 WT and KO which revealed that there were no significant
differences between genotypes (Fig. 7E, F). Injured iAstro Casp9
WT mice presented a significant decline in contrast sensitivity at
0.05 cycles/°one day P-RVO when compared to uninjured iAstro

Casp9 WT. This decline was rescued in animals with deleted Astro
Casp9 (Fig. 7G). At 0.15 cycles/°, uninjured iAstro Casp9 KO had
better contrast sensitivity compared to uninjured iAstro Casp9 WT.
However, no differences were observed between injured iAstro
Casp9 WT and KO at 0.15 cycles/°. Correlation analysis of contrast
sensitivity vs fractions of veins occluded shows that there is a
negative trend in injured iAstro Casp9 WT suggesting that the
higher the fractions of veins occluded, the lower the contrast
sensitivity. On the other hand, injured iAstro Casp9 KO present a
flat correlation line regardless of fraction of veins occluded (Fig.
7H). These data indicate that Astro Casp9 is relevant for contrast
sensitivity decline.

DISCUSSION
We have previously shown that non-apoptotic EC Casp9 regulates
many of the retinal changes linked to retinal vascular injury, and
now queried whether EC Casp9 was also required for vision
impairment and inflammation. In this study, we showed that
deleting caspase-9 in hypoxic endothelial cells regulates changes
in visual function and inflammation in glial cells and cytokines. By
using an established mouse model of RVO, we found that deleting
EC Casp9 causes a decrease in: (1) contrast sensitivity decline, (2)
inflammatory cytokines, and (3) glial cell reactivity. One of the
observed EC Casp9 glial changes was increased levels of astroglial
cl-caspase-6. We then were able to establish that Astro Casp9 was
upstream of astroglial cl-caspase-6 and when Astro Casp9 was
knocked-out, there was decreased capillary ischemia and contrast
sensitivity decline P-RVO (Fig. S6).
RVO impacts contrast sensitivity, which has prospective use as

indicator of disease progression [38, 64]. Contrast sensitivity
measurements allow the detection of changes in retinal blood
flow [64] in retinal vascular disease, serving as a good tool for
diagnosing early disease pathology and treatment efficacy; and is
also a reflection of RGC functionality as RGC are part of the
contrast sensitivity pathway [65]. We found that RVO-induced
contrast sensitivity decline was rescued one-day P-RVO when EC
Casp9 or Astro Casp9 were deleted. The EC Casp9 contribution to
contrast sensitivity decline is consistent with the role of EC Casp9
in mediating retinal edema and neuronal death [10]. Similarly,
rescue of contrast sensitivity loss in Astro Casp9 genetic knock-out
suggests that capillary ischemia contributes to vision dysfunction.
Understanding the timing of vision contrast decline P-RVO and the
role of EC Casp9 and Astro Casp9 in this process can help
elucidate mechanisms of neurodegeneration and serve as
potential biomarkers for retinal vascular disease. The observed
contrast sensitivity decline could be due to degeneration and
death of RGC types from the magnocellular or parvocellular vision
pathways which are vulnerable and degenerate in RVO [66].
Contrast sensitivity decline can also occur preceding neuronal
degeneration and be indicative of RGC synaptic dysfunction,
which could occur due to the lack of proper oxygenation and
nutrients for neurons, which are impaired by capillary ischemia
and an inflammatory environment.
Pro-inflammatory cytokines are known to play an important role

in RVO as they correlate with macular edema and hypoxic-
ischemic injury [27]. Here, we found that deleting EC Casp9
regulated several pro-inflammatory cytokines (IGF-1, IL-1α, IL-1β,
M-CSF, TNF-α, and VEGF-A), anti-inflammatory cytokines (IL-4 and
IL-10), and a chemokine (LIX). A study that evaluated the levels of
cytokines and chemokines in vitreous samples from human
patients with ischemic RVO showed increased levels of TNF-α,
IL-1β, IL-4, and IL-10 [67], which we found to be decreased by EC
Casp9 deletion. This evidence highlights the translational rele-
vance of our model system. The importance of a more detailed
understanding of the inflammatory pathways initiated by EC
Casp9 points out key cytokines that could contribute to the
development of retinal edema and neurodegeneration, which
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Fig. 6 Astro Casp9 is upstream of astroglial cl-caspase-6. A Experimental schematic. Two-month-old iAstro Casp9 WT/KO mice were treated
with tamoxifen for five consecutive days. After two days, animals were subjected to RVO, and eyes were collected one day P-RVO. Created with
Biorender.com. B Retinal cross-sections from uninjured and one day P-RVO iAstro Casp9 WT and KO mice were stained with cl-caspase-6 (red),
GFAP (green), and DAPI (white). C Percent area of cl-caspase-6 in RGL. Scale bar 50 µm. D Percent area of GFAP in RGL and NFL. E Retinal cross-
sections from uninjured and one day P-RVO iAstro Casp9 WT and KO mice were stained with TUNEL (green) and DAPI (white). Number of cells
that are TUNEL positive for F ONL, G INL, and H RGL. Error bars mean ± SEM, One-way ANOVA, Fisher’s LSD test. *P ≤ 0.05 and **P ≤ 0.01.
Retinal ganglion layer (RGL), inner nuclear layer (INL), and outer nuclear layer (ONL). Scale bar = 50 µm.
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Fig. 7 Astro Casp9 deletion reduces capillary ischemia and contrast sensitivity decline. A Representative retinal fundus and OCT images of
DRIL of uninjured and one day P-RVO iAstro Casp9 WT and KO. Red strikes present DRIL areas. B Percentage of DRIL of uninjured and one day
P-RVO iAstro Casp9 WT and KO. C Simple linear regression of DRIL vs fractions of veins occluded. D Timeline of fractions of veins occluded of
iAstro Casp9 WT and KO. Astro Casp9 deletion rescues contrast sensitivity one day P-RVO. E–F Contrast sensitivity and visual activity values
prior to RVO of uninjured iAstro Casp9 WT (n= 21) and KO (n= 15). G Contrast sensitivity response of uninjured iAstro Casp9 WT (n= 19) and
KO (n= 20), and iAstro Casp9 WT (n= 16) and KO (n= 16) one day P-RVO at 0.0, 0.15, 0.25 25 cycles/°. Error bars mean ± SEM, Two-way
ANOVA, Fisher’s LSD test. H Simple linear regression of contrast sensitivity at 0.05 cycles/° vs fraction of veins occluded at one day P-RVO. *P ≤
0.05 and ***P ≤ 0.001.
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could be targeted therapeutically. However, one of the limitations
of the study is the potential inflammation that could be caused by
laser damage. Although it has been reported that sham-lasered
exposed retinas expressed an increase in genes or mRNA levels
associated with inflammation. The methodology of these studies
used a much higher laser exposure time (2.5 s), laser applications
(up to six) [68] or a much higher laser power (300 mW) [69]. Some
of the cytokines that have been shown to be elevated in sham-
lasered eyes are MCP-1, IL-6, and ICAM-1, but this increase has
been reported to be present only at 0.5 days P-RVO and measured
by mRNA levels [69]. We focused on cytokine protein levels at one
day P-RVO and minimized laser-induced injury by decreasing laser
exposure, power, and application. It is important to mention as
well that RVO pathology is driven by retinal edema which we and
others have reported previously not to be present in sham-lasered
retinas [10, 69].
While caspase-9 has not been shown to directly activate

cytokines, downstream caspase-9 targets such as caspase-6,
caspase-7 and caspase-3 are known to cleave cytokine proforms
and increase overall cytokine levels [48]. Many of the EC Casp9-
regulated cytokines are target genes of the transcription factor
NFκ-B (https://www.bu.edu/nf-kb/gene-resources/target-genes/).
A recent in vitro enzymatic study suggested that NFκ-B is a
potential substrate of caspase-6 [70]. These data suggest that the
EC Casp9 regulation of caspase-6 could lead to NFκ-B activation
and subsequent mediation of pro-inflammatory cytokines in
astrocytes – where we found the most expression of cl-caspase-
6 P-RVO.
Most of the cytokines are expressed in microglia, and in RVO a

recent study suggested that microglia are a main source of
cytokines [8]. In a model of branch RVO (occlusion of one retinal
vein) microglia respond by clustering and increasing in number
near the site of injury three days P-RVO, with a peak in microglial
number at seven days [7]. Our study revealed that RVO leads to an
increase in microglial number as early as two-days P-RVO
independent of EC Casp9. To better visualize and appreciate
individual microglial cells and their localization in retinal layers, we
used retinal sections for microglial analysis. One drawback of this
technique is that it does not allow for analysis of microglial
clusters and mobilization towards the occluded veins. The
identification of pro-inflammatory microglia has been ascribed
to morphological changes from ramified to ameboid in the
context of disease or injury [49]. We found that RVO changes the
morphology of microglia towards a bigger, more circular, and
hypertrophic shape. This is the first study to quantify RVO-induced
microglial morphological changes. However, EC Casp9 regulation
of microglial morphology was transient as it was only present at
one day P-RVO. It is important to note that a limitation of the
microglial morphological analysis used in this study is that it did
not target all microglial cells or processes, but this was consistent
in all the images that were evaluated.
We also found that Astro Casp9 deletion led to a significant

decrease in astroglial caspase-6, suggesting that activation of
astroglial caspase-6 occurs in a cell-intrinsic manner. It is
important to mention that the levels of astroglial caspase-6 in
the iAstro Casp9 KO were not entirely eliminated. This could
indicate that some activation of astroglial caspase-6 is due to EC
Casp9-astroglial signaling or that the promoter used to generate
our mouse model (GCE) does not target all astrocytes in the retina.
It is known that GFAP is not expressed in all astrocytes and not all
cells that express GFAP are astrocytes [71]. In case of injury, Müller
glia can also express GFAP. Therefore, consideration should be
taken regarding the conclusions stated if the promoter is not
totally specific for retinal astrocytes, the roles for Astro Casp9 in
RVO could include a wide range of roles beyond of what we found
in this study.
Our results suggest that Astro Casp9 loss did not ameliorate

retinal swelling, indicating that Astro Casp9 is not an active

participant in the development of retinal edema. However, Astro
Casp9 loss protected the retina from capillary ischemia as
measured by DRIL. DRIL was characterized by Sun and others as
a predictor of decline in visual acuity [72] and capillary
nonperfusion [73]. These data indicate that downstream Astro
Casp9 signaling could interfere with vascular blood flow and that
the contribution of Astro Casp9 to RVO pathology is associated
with capillary ischemia. A potential mechanism could be through
decreased levels of tight junctions, enzymes, and neurovascular
coupling all of which disturb the BRB and lead to ischemia. Lastly,
we found that at the acute stage of RVO, Astro Casp9 did not
protect neurons from neuronal death. This result sheds light on
the contribution of Astro Casp9 signaling and potentially, the
cytokines that could be processed by the downstream targets of
Astro Casp9 and 6. Moreover, it suggests that capillary ischemia is
not a main driver of neuronal death nor retinal edema but is
driving contrast sensitivity decline.
We demonstrate an important role for EC Casp9 and Astro

Casp9 in RVO-induced inflammation, visual dysfunction, and
capillary ischemia (Fig. S6). These findings put into perspective
the need to understand cell-specific roles in neurovascular injury
and which neuroimmune responses are responsible for retinal
edema and visual dysfunction. Further studies targeting endothe-
lial and Astro Casp9 could lead to the development of more
potent therapeutics to preserve vision.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.

REFERENCES
1. Brand CS. Management of retinal vascular diseases: a patient-centric approach.

Eye (Lond). 2012;26(Suppl 2):S1–16.
2. Campochiaro PA. Molecular pathogenesis of retinal and choroidal vascular dis-

eases. Prog Retin Eye Res. 2015;49:67–81.
3. Song P, Xu Y, Zha M, Zhang Y, Rudan I. Global epidemiology of retinal vein

occlusion: a systematic review and meta-analysis of prevalence, incidence, and
risk factors. J Glob Health. 2019;9:010427.

4. Iftikhar M, Mir TA, Hafiz G, Zimmer-Galler I, Scott AW, Solomon SD, et al. Loss of
Peak Vision in Retinal Vein Occlusion Patients Treated for Macular Edema. Am J
Ophthalmol. 2019;205:17–26.

5. Bromeo AJ, Veloso A, Lerit SJ, Gomez MC. Tractional retinal detachment (‘crunch’
phenomenon) from intravitreal anti-vascular endothelial growth factor injection
in central retinal vein occlusion. BMJ Case Rep. 2021;14:e240506.

6. Fuma S, Nishinaka A, Inoue Y, Tsuruma K, Shimazawa M, Kondo M, et al. A
pharmacological approach in newly established retinal vein occlusion model. Sci
Rep. 2017;7:43509.

7. Ebneter A, Kokona D, Schneider N, Zinkernagel MS. Microglia Activation and
Recruitment of Circulating Macrophages During Ischemic Experimental Branch
Retinal Vein Occlusion. Invest Ophthalmol Vis Sci. 2017;58:944–53.

8. Jovanovic J, Liu X, Kokona D, Zinkernagel MS, Ebneter A. Inhibition of inflam-
matory cells delays retinal degeneration in experimental retinal vein occlusion in
mice. Glia 2020;68:574–88.

9. Khayat M, Lois N, Williams M, Stitt AW. Animal Models of Retinal Vein Occlusion.
Invest Ophthalmol Vis Sci. 2017;58:6175–92.

10. Avrutsky MI, Ortiz CC, Johnson KV, Potenski AM, Chen CW, Lawson JM, et al.
Endothelial activation of caspase-9 promotes neurovascular injury in retinal vein
occlusion. Nat Commun. 2020;11:3173.

11. Espinosa-Oliva AM, Garcia-Revilla J, Alonso-Bellido IM, Burguillos MA. Brainiac
Caspases: Beyond the Wall of Apoptosis. Front Cell Neurosci. 2019;13:500.

12. Burguillos MA, Deierborg T, Kavanagh E, Persson A, Hajji N, Garcia-Quintanilla A,
et al. Caspase signalling controls microglia activation and neurotoxicity. Nature
2011;472:319–24.

13. Kavanagh E, Burguillos MA, Carrillo-Jimenez A, Oliva-Martin MJ, Santiago M,
Rodhe J, et al. Deletion of caspase-8 in mouse myeloid cells blocks microglia pro-
inflammatory activation and confers protection in MPTP neurodegeneration
model. Aging (Albany NY). 2015;7:673–89.

14. Battaglia RA, Beltran AS, Delic S, Dumitru R, Robinson JA, Kabiraj P, et al. Site-
specific phosphorylation and caspase cleavage of GFAP are new markers of
Alexander disease severity. Elife. 2019;8:e47789.

C. Colón Ortiz et al.

12

Cell Death and Disease          (2022) 13:937 

https://www.bu.edu/nf-kb/gene-resources/target-genes/


15. Chen MH, Hagemann TL, Quinlan RA, Messing A, Perng MD. Caspase cleavage of
GFAP produces an assembly-compromised proteolytic fragment that promotes
filament aggregation. ASN Neuro. 2013;5:e00125.

16. Zheng M, Karki R, Vogel P, Kanneganti TD. Caspase-6 Is a Key Regulator of Innate
Immunity, Inflammasome Activation, and Host Defense. Cell 2020;181:674–87
e13.

17. Akpan N, Serrano-Saiz E, Zacharia BE, Otten ML, Ducruet AF, Snipas SJ, et al.
Intranasal delivery of caspase-9 inhibitor reduces caspase-6-dependent axon/
neuron loss and improves neurological function after stroke. J Neurosci.
2011;31:8894–904.

18. LeBlanc AC, Ramcharitar J, Afonso V, Hamel E, Bennett DA, Pakavathkumar P,
et al. Caspase-6 activity in the CA1 region of the hippocampus induces age-
dependent memory impairment. Cell Death Differ. 2014;21:696–706.

19. Paisley CE, Kay JN. Seeing stars: Development and function of retinal astrocytes.
Dev Biol. 2021;478:144–54.

20. Reichenbach A, Bringmann A. Glia of the human retina. Glia 2020;68:768–96.
21. Silverman SM, Wong WT. Microglia in the Retina: Roles in Development, Maturity,

and Disease. Annu Rev Vis Sci. 2018;4:45–77.
22. de Hoz R, Rojas B, Ramirez AI, Salazar JJ, Gallego BI, Trivino A, et al. Retinal

Macroglial Responses in Health and Disease. Biomed Res Int.
2016;2016:2954721.

23. Fletcher EL, Downie LE, Ly A, Ward MM, Batcha AH, Puthussery T, et al. A review
of the role of glial cells in understanding retinal disease. Clin Exp Optom.
2008;91:67–77.

24. Ehlken C, Grundel B, Michels D, Junker B, Stahl A, Schlunck G, et al. Increased
expression of angiogenic and inflammatory proteins in the vitreous of patients
with ischemic central retinal vein occlusion. PLoS One. 2015;10:e0126859.

25. Feng J, Zhao T, Zhang Y, Ma Y, Jiang Y. Differences in aqueous concentrations of
cytokines in macular edema secondary to branch and central retinal vein
occlusion. PLoS One. 2013;8:e68149.

26. Koss MJ, Pfister M, Rothweiler F, Michaelis M, Cinatl J, Schubert R, et al. Com-
parison of cytokine levels from undiluted vitreous of untreated patients with
retinal vein occlusion. Acta Ophthalmol. 2012;90:e98–e103.

27. Noma H, Mimura T, Shimada K. Role of inflammation in previously untreated
macular edema with branch retinal vein occlusion. BMC Ophthalmol. 2014;14:67.

28. Shchuko AG, Zlobin IV, Iureva TN, Ostanin AA, Chernykh ER, Mikhalevich IM.
Intraocular cytokines in retinal vein occlusion and its relation to the efficiency of
anti-vascular endothelial growth factor therapy. Indian J Ophthalmol.
2015;63:905–11.

29. Le YZ. VEGF production and signaling in Muller glia are critical to modulating
vascular function and neuronal integrity in diabetic retinopathy and hypoxic
retinal vascular diseases. Vis Res. 2017;139:108–14.

30. Arrigo A, Bandello F. Retinal vein occlusion: drug targets and therapeutic impli-
cations. Expert Opin Ther Targets. 2021;25:847–64.

31. Pitulescu ME, Schmidt I, Benedito R, Adams RH. Inducible gene targeting in the
neonatal vasculature and analysis of retinal angiogenesis in mice. Nat
Protoc.2010;5:1518–34.

32. Kilani B, Gourdou-Latyszenok V, Guy A, Bats ML, Peghaire C, Parrens M, et al.
Comparison of endothelial promoter efficiency and specificity in mice reveals a
subset of Pdgfb-positive hematopoietic cells. J Thromb Haemost.
2019;17:827–40.

33. Ganat YM, Silbereis J, Cave C, Ngu H, Anderson GM, Ohkubo Y, et al. Early
postnatal astroglial cells produce multilineage precursors and neural stem cells
in vivo. J Neurosci. 2006;26:8609–21.

34. Yang X, Zeng Q, Tezel G. Regulation of distinct caspase-8 functions in retinal
ganglion cells and astroglia in experimental glaucoma. Neurobiol Dis.
2021;150:105258.

35. Colon Ortiz C, Potenski A, Lawson JM, Smart J, Troy CM. Optimization of the
Retinal Vein Occlusion MouseModel to Limit Variability. J Vis Exp. 2021.

36. Colon Ortiz CK, Potenski AM, Johnson KV, Chen CW, Snipas SJ, Jean YY, et al.
Quantification of Immunostained Caspase-9 in Retinal Tissue. J Vis Exp. 2022.

37. McIntosh RL, Rogers SL, Lim L, Cheung N, Wang JJ, Mitchell P, et al. Natural
history of central retinal vein occlusion: an evidence-based systematic review.
Ophthalmology 2010;117:1113–23.e15.

38. Mishra S, Maganti N, Squires N, Bomdica P, Nigam D, Shapiro A, et al. Contrast
Sensitivity Testing in Retinal Vein Occlusion Using a Novel Stimulus. Transl Vis Sci
Technol. 2020;9:29.

39. Kretschmer F, Sajgo S, Kretschmer V, Badea TC. A system to measure the Opto-
kinetic and Optomotor response in mice. J Neurosci Methods. 2015;256:91–105.

40. Wang B, Zhang X, Chen H, Koh A, Zhao C, Chen Y. A Review of Intraocular
Biomolecules in Retinal Vein Occlusion: Toward Potential Biomarkers for Com-
panion Diagnostics. Front Pharm. 2022;13:859951.

41. Arthi M, Sindal MD, Rashmita R. Hyperreflective foci as biomarkers for inflam-
mation in diabetic macular edema: Retrospective analysis of treatment naive eyes
from south India. Indian J Ophthalmol. 2021;69:1197–202.

42. Wu J, Zhang C, Yang Q, Xie H, Zhang J, Qiu Q, et al. Imaging Hyperreflective Foci
as an Inflammatory Biomarker after Anti-VEGF Treatment in Neovascular Age-
Related Macular Degeneration Patients with Optical Coherence Tomography
Angiography. Biomed Res Int. 2021;2021:6648191.

43. Mo B, Zhou HY, Jiao X, Zhang F. Evaluation of hyperreflective foci as a prognostic
factor of visual outcome in retinal vein occlusion. Int J Ophthalmol.
2017;10:605–12.

44. Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al. STRING
v11: protein-protein association networks with increased coverage, supporting
functional discovery in genome-wide experimental datasets. Nucleic Acids Res.
2019;47:D607–D13.

45. Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The STRING
database in 2021: customizable protein-protein networks, and functional char-
acterization of user-uploaded gene/measurement sets. Nucleic Acids Res.
2021;49:D605–D12.

46. Akita K, Ohtsuki T, Nukada Y, Tanimoto T, Namba M, Okura T, et al. Involvement of
caspase-1 and caspase-3 in the production and processing of mature human
interleukin 18 in monocytic THP.1 cells. J Biol Chem. 1997;272:26595–603.

47. Behrensdorf HA, van de Craen M, Knies UE, Vandenabeele P, Clauss M. The
endothelial monocyte-activating polypeptide II (EMAP II) is a substrate for
caspase-7. FEBS Lett. 2000;466:143–7.

48. Harald Loppnow KG, Juliusz P. The Role of Caspases in Modulation of Cytokines
and Other Molecules in Apoptosis and Inflammation. Austin (TX): Landes
Bioscience; 2000.

49. Giulian D. Ameboid microglia as effectors of inflammation in the central nervous
system. J Neurosci Res. 1987;18:155–71.32–3

50. Hirabayashi K, Tanaka M, Imai A, Toriyama Y, Iesato Y, Sakurai T, et al. Develop-
ment of a Novel Model of Central Retinal Vascular Occlusion and the Therapeutic
Potential of the Adrenomedullin-Receptor Activity-Modifying Protein 2 System.
Am J Pathol. 2019;189:449–66.

51. Gilyarov AV. Nestin in central nervous system cells. Neurosci Behav Physiol.
2008;38:165–9.

52. Cho JM, Shin YJ, Park JM, Kim J, Lee MY. Characterization of nestin expression in
astrocytes in the rat hippocampal CA1 region following transient forebrain
ischemia. Anat Cell Biol. 2013;46:131–40.

53. Lin RC, Matesic DF, Marvin M, McKay RD, Brustle O. Re-expression of the inter-
mediate filament nestin in reactive astrocytes. Neurobiol Dis. 1995;2:79–85.

54. Cui B, Sun JH, Xiang FF, Liu L, Li WJ. Aquaporin 4 knockdown exacerbates
streptozotocin-induced diabetic retinopathy through aggravating inflammatory
response. Exp Eye Res. 2012;98:37–43.

55. Nicchia GP, Pisani F, Simone L, Cibelli A, Mola MG, Dal Monte M, et al. Glio-
vascular modifications caused by Aquaporin-4 deletion in the mouse retina. Exp
Eye Res. 2016;146:259–68.

56. Maisam Afzali A, Stuve L, Pfaller M, Aly L, Steiger K, Knier B, et al. Aquaporin-4
prevents exaggerated astrocytosis and structural damage in retinal inflammation.
J Mol Med (Berl). 2022;100:933–46.

57. Eng LF, Ghirnikar RS. GFAP and astrogliosis. Brain Pathol. 1994;4:229–37.
58. Ladha S, Qiu X, Casal L, Caron NS, Ehrnhoefer DE, Hayden MR. Constitutive

ablation of caspase-6 reduces the inflammatory response and behavioural
changes caused by peripheral pro-inflammatory stimuli. Cell Death Disco.
2018;4:40.

59. Mouser PE, Head E, Ha KH, Rohn TT. Caspase-mediated cleavage of glial fibrillary
acidic protein within degenerating astrocytes of the Alzheimer’s disease brain.
Am J Pathol. 2006;168:936–46.

60. Vigneswara V, Akpan N, Berry M, Logan A, Troy CM, Ahmed Z. Combined sup-
pression of CASP2 and CASP6 protects retinal ganglion cells from apoptosis and
promotes axon regeneration through CNTF-mediated JAK/STAT signalling. Brain
2014;137(Pt 6):1656–75.

61. Jonesco DS, Hassager C, Frydland M, Kjaergaard J, Karsdal M, Henriksen K. A
caspase-6-cleaved fragment of Glial Fibrillary Acidic Protein as a potential ser-
ological biomarker of CNS injury after cardiac arrest. PLoS One.
2019;14:e0224633.

62. Moein HR, Novais EA, Rebhun CB, Cole ED, Louzada RN, Witkin AJ, et al. Optical
Coherence Tomography Angiography to Detect Macular Capillary Ischemia in
Patients with Inner Retinal Changes after Resolved Diabetic Macular Edema.
Retina 2018;38:2277–84.

63. Nicholson L, Ramu J, Triantafyllopoulou I, Patrao NV, Comyn O, Hykin P, et al.
Diagnostic accuracy of disorganization of the retinal inner layers in detecting
macular capillary non-perfusion in diabetic retinopathy. Clin Exp Ophthalmol.
2015;43:735–41.

64. Shoshani YZ, Harris A, Rusia D, Spaeth GL, Siesky B, Pollack A, et al. Contrast
sensitivity, ocular blood flow and their potential role in assessing ischaemic
retinal disease. Acta Ophthalmol. 2011;89:e382–95.

65. Enroth-Cugell C, Robson JG. The contrast sensitivity of retinal ganglion cells of
the cat. J Physiol. 1966;187:517–52.

C. Colón Ortiz et al.

13

Cell Death and Disease          (2022) 13:937 



66. Alshareef RA, Barteselli G, You Q, Goud A, Jabeen A, Rao HL, et al. In vivo eva-
luation of retinal ganglion cells degeneration in eyes with branch retinal vein
occlusion. Br J Ophthalmol. 2016;100:1506–10.

67. Zeng Y, Cao D, Yu H, Zhuang X, Yang D, Hu Y, et al. Comprehensive analysis of
vitreous chemokines involved in ischemic retinal vein occlusion. Mol Vis.
2019;25:756–65.

68. Martin G, Conrad D, Cakir B, Schlunck G, Agostini HT. Gene expression profiling in a
mouse model of retinal vein occlusion induced by laser treatment reveals a pre-
dominant inflammatory and tissue damage response. PLoS One. 2018;13:e0191338.

69. Miyagi S, Nishinaka A, Yamamoto T, Otsu W, Nakamura S, Shimazawa M, et al.
Establishment of a pigmented murine model abundant with characteristics of
retinal vein occlusion. Exp Eye Res. 2021;204:108441.

70. Julien O, Zhuang M, Wiita AP, O’Donoghue AJ, Knudsen GM, Craik CS, et al.
Quantitative MS-based enzymology of caspases reveals distinct protein substrate
specificities, hierarchies, and cellular roles. Proc Natl Acad Sci USA.
2016;113:E2001–10.

71. Ferrer I. Diversity of astroglial responses across human neurodegenerative dis-
orders and brain aging. Brain Pathol. 2017;27:645–74.

72. Sun JK, Lin MM, Lammer J, Prager S, Sarangi R, Silva PS, et al. Disorganization of
the retinal inner layers as a predictor of visual acuity in eyes with center-involved
diabetic macular edema. JAMA Ophthalmol. 2014;132:1309–16.

73. Goker YS, Atilgan CU, Tekin K, Kiziltoprak H, Kosekahya P, Demir G, et al. Asso-
ciation between disorganization of the retinal inner layers and capillary non-
perfusion area in patients with retinal vein occlusion. Arq Bras Oftalmol.
2020;83:497–504.

ACKNOWLEDGEMENTS
We would like to thank Natasha Snider for kindly providing the GFAP GA5 antibody
along with guidance and recommendations. We would also like to thank Marc
Tessier-Lavigne and Ralf Adams for providing the caspase-9 flox/flox and the
Cdh5(PAC)-CreERT2 mice, respectively. We would like to thank James Goldman for
helpful discussions and suggestions.

AUTHOR CONTRIBUTIONS
CCO performed the experiments, analyzed data, designed experiments, and wrote
the manuscript. AMN performed experiments, analyzed data, and contributed to
editing the manuscript. MIA performed the mouse model of RVO for one day P-RVO
and helped with editing the manuscript. MC, JS, and JL performed surgery,
optokinetic testing, animal husbandry and genotyping. CMT contributed to
experimental design, funding acquisition, writing, and reviewing of the manuscript.

FUNDING
The research presented in this publication was supported by the National Science
Foundation Graduate Research Fellowship Program (NSF-GRFP) grant DGE – 1644869,
the National Institute of Neurological Disorders and Stroke (NINDS) of the National
Institutes of Health (NIH), award number F99NS124180 NIH NINDS Diversity
Specialized F99 (to CKCO), award number R03NS099920 (to CMT), and the
Department of Defense Army/Air Force (DURIP to CMT). The content is the
responsibility of the authors and does not represent the views of the National
Institutes of Health.

COMPETING INTERESTS
The authors declare the following conflict of interest: CMT and MIA are inventors on
patent US 17/515,202. The remaining authors declare no conflict of interest.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-022-05387-3.

Correspondence and requests for materials should be addressed to Carol M. Troy.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022, corrected publication 2022

C. Colón Ortiz et al.

14

Cell Death and Disease          (2022) 13:937 

https://doi.org/10.1038/s41419-022-05387-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Neurovascular injury associated non-apoptotic endothelial caspase-9 and astroglial caspase-9 mediate inflammation and contrast sensitivity decline
	Introduction
	Materials and methods
	Animal husbandry and care
	Mouse model of retinal vein occlusion (RVO)
	Image guided optical coherence tomography (OCT) and analysis
	Disorganization of inner retinal layers (DRIL)
	Optokinetic response test
	Immunohistochemistry (IHC) and imaging
	Deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
	Analysis of cell counts
	Analysis of percent area of expression
	Microglial morphology analysis
	Microglial area of colocalization
	Western blot and analysis
	Cytokine arrays and analysis
	Statical analysis

	Results
	EC Casp9 deletion rescues contrast sensitivity decline P-RVO
	EC Casp9 regulates an increase in inflammatory cytokines one day P-RVO
	EC Casp9 deletion modulates microglial CD68 in a time-dependent manner P-RVO
	EC Casp9 deletion leads to macroglial changes in nestin and AQP-4 P-RVO in a time-dependent manner
	EC Casp9 deletion abrogates the RVO-induced increases in astroglial cl-caspase-6 and contributes to caspase-6-induced GFAP cleavage P-RVO
	Astro Casp9 deletion decreased levels of astroglial cl-caspase-6 one day P-RVO
	Astro Casp9 deletion reduces capillary ischemia and contrast sensitivity decline one day P-RVO

	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




