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Retinal ganglion cell survival after severe optic nerve injury is
modulated by crosstalk between Jak/Stat signaling and innate
immune responses in the zebrafish retina
Si Chen1,2,3, Kira L. Lathrop2,4, Takaaki Kuwajima2,5,* and Jeffrey M. Gross2,5,*

ABSTRACT
Visual information is transmitted from the eye to the brain along
the optic nerve, a structure composed of retinal ganglion cell
(RGC) axons. The optic nerve is highly vulnerable to damage in
neurodegenerative diseases, such as glaucoma, and there are
currently no FDA-approved drugs or therapies to protect RGCs
from death. Zebrafish possess remarkable neuroprotective and
regenerative abilities. Here, utilizing an optic nerve transection
(ONT) injury and an RNA-seq-based approach, we identify genes
and pathways active in RGCs that may modulate their survival.
Through pharmacological perturbation, we demonstrate that Jak/Stat
pathway activity is required for RGC survival after ONT. Furthermore,
we show that immune responses directly contribute to RGC death
after ONT; macrophages/microglia are recruited to the retina and
blocking neuroinflammation or depleting these cells after ONT
rescues survival of RGCs. Taken together, these data support
a model in which crosstalk between macrophages/microglia and
RGCs, mediated by Jak/Stat pathway activity, regulates RGC survival
after optic nerve injury.
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Neuroprotection, Zebrafish

INTRODUCTION
Visual information is transmitted from the eye to the brain along the
optic nerve (ON), a structure composed of retinal ganglion cell
(RGC) axons. The ON is highly vulnerable to damage and is
compromised after acute injury and in neurodegenerative diseases,
such as glaucoma. In glaucoma, RGC axons are the initial site of
injury; this causes the RGCs to die and ultimately results in
irreversible loss of visual function. Neuroprotective strategies for
glaucoma treatment seek to maintain the health of RGCs even after
axons have been damaged, or to prevent initial damage to the RGC
axon itself (Almasieh et al., 2012; Chang and Goldberg, 2012).
There has been substantial progress in identifying the molecular and
cellular events that lead to RGC death in the glaucomatous eye

(Almasieh et al., 2012; Chang and Goldberg, 2012; Syc-Mazurek
and Libby, 2019); however, no FDA-approved therapies currently
exist to protect RGCs from death. This highlights the need for new
neuroprotective strategies that preserve RGCs during glaucoma or
after acute ocular trauma.

Most RGCs die in mammals suffering from glaucoma or acute
ocular trauma. For example, in mouse, ∼65% of RGCs are lost
within 7 days of optic nerve injury (ONI), and >90% by 28 days
(Li et al., 2020). Mammals are also unable to regenerate RGCs after
ONI, leading to irreparable vision loss. Unlike mammals, zebrafish
possess remarkable neuroprotective and regenerative capacity in the
central nervous system (Cigliola et al., 2020; Lahne et al., 2020).
When the ON is damaged by crush or transection, zebrafish mount a
robust regenerative response and regenerate RGC axons, restoring
visual connections and function (Diekmann et al., 2015). Moreover,
it has been reported that ∼75% of zebrafish RGCs are protected
from death after ONI, even up to 7-weeks post-injury (Zou et al.,
2013), but the mechanisms underlying neuroprotection are
unknown. With an interest in developing novel strategies to
preserve RGCs during glaucoma and other trauma, we identify
potential neuroprotective factors/pathways in zebrafish that mediate
RGC survival after ONI.

RESULTS AND DISCUSSION
Zebrafish retain the majority of RGCs after ONT
To enable isolation of RGCs after injury, we first verified that GFP
remained expressed in RGCs of adult isl2b:GFP fish (Pittman et al.,
2008). In retinal cryosections, isl2b:GFP cells were detected in
the ganglion cell layer (GCL), where they co-labeled with DAPI
and the RGC-specific marker zn-8 (Trevarrow et al., 1990);
64.86±8.44% (mean±s.d.) of cells within the GCL were isl2b:
GFP+ (Fig. 1A).

To create an ON injury, we performed ON transection (ONT).
Injured retinae from the left eye (ONT+) and sham surgery retinae
from the right eye (ONT−) were collected at 1, 3, 7 or 14 days post-
injury (dpi) (Fig. 1B). We confirmed that there were no differences
in cell number between the uninjured left and right eye (left eye:
9844.44±1214.04 cells/mm2; right eye: 10,118.44±1688.71 cells/
mm2; n=6; P=0.6735, Mann-Whitney test). To quantify RGC
survival after ONT, we counted isl2b:GFP+ RGCs from eight
regions (four in the peripheral retina and four in the central retina;
Fig. 1B), then divided counts from the ONT+ retina by those from
the ONT− retina of the same fish. RGC survival was 94.44±5.45%
at 1 dpi and 92.52±3.54% at 3 dpi; however, survival decreased to
76.35±2.58% at 7 dpi (P=0.0009). At 14 dpi, RGC numbers
recovered to 98.71±4.82% (Fig. 1C,D).

isl2b:GFP intensity in ONT+ RGCs declined by 40.43±9.99% at
7 dpi relative to ONT− RGCs (P<0.0001), raising the possibility
that GFP intensity was falling below the detection threshold after
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ONT as a result of compromised health rather than death of isl2b:
GFP+ RGCs. Cleaved caspase-3 immunostaining revealed that
12.44±1.79% (mean±s.e.m.) of RGCs in the ONT+ retinae were
cleaved caspase-3+ at 7 dpi, compared with 0.06±0.01% of RGCs in
the ONT− retina (Fig. S1). Moreover, no bromodeoxyuridine
(BrdU)+ cells were detected in the GCL of ONT+ retinae at 7 dpi,
indicating that RGCs had not yet regenerated. Taken together, these
data indicate that, despite transient reduction in isl2b:GFP levels and
limited death, most isl2b:GFP+ RGCs are indeed preserved in
zebrafish after ONT.

Identification of neuroprotective factors and pathways
after ONT
To identify neuroprotective signals/pathways in RGCs, isl2b:GFP+

RGCs were isolated by fluorescence-activated cell sorting (FACS)
from ONT+ and ONT− retinae at 24 h post-injury (hpi) and
analyzed by RNA sequencing (RNA-seq) (Fig. 2A). We identified
308 differentially expressed genes (DEGs) (Fig. 2B), of which 56
were upregulated and 252 were downregulated (Tables S2 and S3).
We reasoned that neuroprotective factors would be upregulated
upon ONT, and the upregulated DEG group included stat3, irf9,
sox11b, lepr and socs3b, which encode components/regulators of
the Jak/Stat signaling pathway (Fig. 2C; Villarino et al., 2017), in
addition to other neuroprotective and pro-regenerative genes, such
as gap43 (Chung et al., 2020), atf3 (Kole et al., 2020) and atoh7
(Brodie-Kommit et al., 2021). Moreover, the interferon regulatory
factor genes irf9 and irf1b (Langevin et al., 2013), and the
chemokine receptor cxcr4b (García-Cuesta et al., 2019), were also
upregulated. Although these genes have been shown to be expressed
in rodent RGCs after injury (Dvoriantchikova et al., 2012; Hilla
et al., 2021), it is also possible that a small number of macrophages
and microglia contaminated our sorted isl2b:GFP+ RGCs. Pathway

enrichment analyses indicated that Jak/Stat signaling was the most
highly enriched pathway in RGCs after ONT (Fig. 2D).
Furthermore, DEGs associated with the adipocytokine signaling
pathway, which regulates Stat3-mediated signals (Kadye et al.,
2020), were also enriched in RGCs after ONT (Fig. 2D).
Downregulated DEGs revealed that neuroactive ligand receptor
interactions, MAPK, and calcium signaling pathways were all
significantly changed after ONT (Fig. 2D).

We also investigated gene expression changes at 12 hpi. The same
selection criteria as for 24 hpi analyses yielded limited numbers of
DEGs at 12 hpi, with five upregulated and three downregulated
(Table S4). Relaxing our selection criteria from a false discovery rate
(FDR)P-value <0.05 to a P-value <0.05 revealed 49 upregulated and
31 downregulated DEGs (Tables S5 and S6). stat3 and socs3b were
amongst the upregulated group, further suggesting activation of the
Jak/Stat in RGCs after ONT.

Jak/Stat pathway activity is required for RGC survival
after ONT
Jak/Stat activity contributes to RGC survival in multiple injury
contexts (Boyd et al., 2003; Huang et al., 2007; Luo et al., 2007) and
facilitates ON and retinal regeneration (Elsaeidi et al., 2014; Kassen
et al., 2009; Leibinger et al., 2013; Mehta et al., 2016; Park et al.,
2004; Todd et al., 2016; Zhao et al., 2014). To confirm Jak/Stat
pathway activation after ONT, we assessed phosphorylated-Stat3
(pStat3) levels in ONT+ and ONT− retinae (Fig. 3A; Movie 1).
pStat3 levels were significantly increased in ONT+ RGCs (Fig. 3B;
P<0.01), supporting the notion that Stat3 may be neuroprotective
after ONT. To determine whether Jak/Stat pathway activity is
required for RGC survival after ONT, we performed intravitreal (IV)
injections of a pan-Jak inhibitor, Pyridone 6 (P6), or 0.05% DMSO
at the time of ONT and again at 1 dpi (Fig. 3C). P6 injection resulted

Fig. 1. Zebrafish RGCs are preserved after optic nerve transection. (A) Immunolabeling of RGCs in the GCL with zn-8 (magenta) in the adult isl2b:GFP
(green) retinae. Shown are a retinal cross section (20×) and high magnification view of the GCL (40×). Quantification revealed that ∼65% of DAPI (blue)-
stained RGCs were isl2b:GFP+ (n=xxx). Scale bars: 100 μm (20×); 50 μm (40×). (B) Overview of ONT and RGC survival analyses. (C) Images of flat-mount
retinae at 1, 3, 7 and 14 dpi. Scale bar: 50 μm. (D) RGC survival percentages at 1, 3, 7 and 14 dpi (n=6/day). Graphs show mean±s.d.; *P<0.05; **P<0.01;
***P<0.001; Kruskal–Wallis ANOVA with Dunn’s multiple comparisons. Data derived from three experiments.
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in significant reductions to pStat3 levels in ONT+ RGCs at 1 dpi and
7 dpi, supporting the efficacy of P6 in blocking Jak activation in
zebrafish (Fig. 3D,E). We next quantified isl2b:GFP+ RGC survival
at 7 dpi when Jak activity was impaired (Fig. 3F,G). DMSO had no
effect on RGC survival, and neither did P6 alone (P=0.4796;
Fig. 3G). However, IV P6 injection in conjunction with ONT
resulted in a significant reduction in RGC survival to 39.44±6.99%
(P<0.0001) and a corresponding increase in cleaved caspase-3
levels in ONT+ RGCs (Fig. S3). These data demonstrate a role
for Jak/Stat pathway activity in protecting zebrafish RGCs
after ONT.

Innate immune response involvement after ONT
After ONI, the effects of injury-activated immune responses are
varied. In some contexts, immune responses stimulate the
recruitment and activation of leukocytes, which generate
secondary signals to modulate RGC survival and death pathways
(Baris ̧ and Tezel, 2019; Mac Nair et al., 2016; Nadal-Nicolás et al.,
2017; Williams et al., 2017), whereas in others the stimulation of
limited neuroinflammation induces pro-survival and regenerative

responses (Kanagaraj et al., 2020; Todd et al., 2019). In zebrafish,
leukocyte activity accelerates axonal regeneration after neuronal
damage (Tsarouchas et al., 2018), including in RGCs after ON
crush (Van Dyck et al., 2021). With this in mind, we next
investigated how components of the innate immune system respond
to ONT in zebrafish and whether they contribute to RGC
vulnerability. We focused on macrophages/microglia, leukocytes
that accumulate in the zebrafish retina after a variety of injury
types and facilitate repair and regeneration (Leach et al., 2021;
White et al., 2017). In zebrafish, the 4C4 antibody recognizes
an unidentified protein expressed by macrophages/microglia
(Craig et al., 2008). Consistent with other reports (Mitchell et al.,
2018), 4C4+ macrophages/microglia were located throughout the
ONT− retina, including in the GCL (Fig. 4A,B; Movie 2). At 1 dpi,
the number of 4C4+ cells appeared to increase in the GCL
(Fig. 4A,B). Similarly, utilizing mpeg1:mCherry transgenic fish
(Ellett et al., 2011), we observed an apparent increase in mCherry+

macrophages/microglia in the ONT+ GCL at 1 dpi (Fig. 4C).
Owing to the morphology and close proximity of macrophages/
microglia in the ONT retinae, it was difficult to identify single

Fig. 2. Identification of DEGs in isl2b:GFP+ RGCs after ONT. (A) Experimental workflow for FACS-isolation of isl2b:GFP+ RGCs. An example FACS plot
showing a cell-sorting gate is included. Icons were adapted from BioRender.com. Number of experiments=1. (B) Heatmap showing hierarchical clustering of
308 DEGs at 24 hpi from three biological replicates. (C) Heatmap highlighting DEGs of interest based on known neuroprotective and pro-regenerative
functions. Heatmap legends show log2TPM. (D) Pathway enrichment analysis using the KEGG database showing top-3 down- and upregulated pathways
after ONT.
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macrophages/microglia for counting and therefore we quantified
the percentage area covered by mCherry+ cells within the GCL
(Fig. 4D). Compared with ONT− retinae, mCherry+ cells covered
nearly six times more GCL area after ONT (P=0.0006; Fig. 4D).
Macrophage/microglia morphologies change upon activation,
whereby quiescent cells with a ramified morphology take on a
more spherical/amoeboid shape when activated (Karlstetter et al.,
2015; Mitchell et al., 2018). Morphological differences were
evident in both 4C4+ and mCherry+ cells within the GCL of ONT+
retinae (Fig. 4B,C), and quantification of mCherry+ cell sphericity
revealed a significant increase at 1 dpi (Fig. 4E; P<0.0001);
collectively, these data show that macrophages/microglia
accumulate in the GCL and become activated after ONT.

Blocking inflammation or depletion of macrophages/
microglia protects RGCs after ONT
To test the hypothesis that macrophage/microglia-mediated
inflammation might contribute to RGC death after ONT, we
inhibited inflammation after ONT by dexamethasone treatment, a
strategy shown to protect RGCs in other injury models (Bollaerts
et al., 2019; Dutt et al., 2010; Gallina et al., 2015; Jovanovic et al.,
2020), and quantified RGC survival. Experimentally, 2 μl of 10 μM
dexamethasone or 0.05% DMSO (vehicle control) was IV injected
into isl2b:GFP fish at the time of ONT and again at 1 dpi and tissue
was collected at 7 dpi (Bollaerts et al., 2019) (Fig. 3C).
Dexamethasone efficacy was verified via qRT-PCR for pxr (also
known as nr1i2), a dexamethasone-regulated gene (Fig. S4A;

Fig. 3. Jak/Stat pathway activity is required
for RGC survival after ONT. (A) pStat3
expression (red) in flat-mount isl2b:GFP ONT−
and ONT+ retinae at 1 dpi. Nuclei are stained
with DAPI (blue). Right-hand panels show 3×
magnifications of the boxed regions in the 40×
images. (B) Quantification of pStat3 levels at
1 dpi. pStat3 levels in ONT+ RGCs are shown
relative to those in ONT− retinae. Shown are
mean±s.d. of n=3 for each group; **P<0.01;
Mann–Whitney test. Data derived from three
experiments. (C) Experimental protocol to
assess Jak requirement for RGC survival after
ONT. (D) pStat3 expression in ONT+ isl2b:
GFP retinal flat mounts at 1 and 7 dpi with or
without IV injection of the Jak inhibitor P6.
DMSO was used as control (Ctr).
(E) Quantification of pStat3 expression after
P6 application at 1 and 7 dpi. n=3/condition.
Shown are mean±s.d.; *P<0.05, Mann–
Whitney test. Data derived from three
experiments. (F) Images of P6- or DMSO-
injected flat-mount isl2b:GFP retinae at 7 dpi.
(G) Quantification of RGC survival after P6
injection (n=5/condition). Shown are
mean±s.d.; **P<0.01; Kruskal–Wallis ANOVA
with Dunn’s multiple comparisons. Scale bars:
50 μm (A, main panels; D,F); 150 μm
(A, zoom). Data derived from four
experiments.
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Fig. 4. Macrophages/microglia are recruited to the GCL after ONT and mediate RGC death. (A,B) Immunostaining of 4C4 (magenta) on isl2b:GFP
retinal cryosections (A) and retinal flat mounts at 1 dpi with surface renderings of 4C4+ macrophages/microglia generated in Imaris (B). (C) Images of
retinal flat-mounts from isl2b:GFP;mpeg1:mCherry animals at 1 dpi. mCherry+ macrophages/microglia (magenta) surfaces were rendered in Imaris.
(D) Quantification of the surface area within the GCL occupied by mCherry+ macrophages/microglia at 1 dpi (n=7/condition). Shown are mean±s.d.;
***P<0.001; Mann–Whitney test. Data derived from one experiment. (E) Violin plot showing a significant increase in sphericity of mCherry+ macrophages/
microglia in ONT+ retinae compared with ONT− controls (n=140 in ONT− and n=272 in ONT+). ****P<0.0001; unpaired t-test with Welch’s correction.
(F) Flat-mount images of isl2b:GFP;mpeg1:mCherry retinae after IV injection of dexamethasone (Dex) or DMSO (Ctr) at 7 dpi. (G) RGC survival in
dexamethasone-treated retinae increased significantly at 7 dpi compared with control (n=4/condition). Shown are mean±s.d.; *P<0.05; Kruskal–Wallis
ANOVA test with Dunn’s multiple comparisons. Data derived from three experiments. (H) Quantification of mCherry+ macrophage/microglia coverage of
the GCL after ONT and dexamethasone or DMSO injection (n=3/condition). Shown are mean±s.d.; Kruskal–Wallis ANOVA test with Dunn’s multiple
comparisons. No significant differences were detected. Data derived from three experiments. (I) Flat-mount images of isl2b:GFP;mpeg1:mCherry retinae
after PLX3397 treatment or housed in system water (Ctr) at 7 dpi. (J) Quantification of mCherry+ macrophage/microglia coverage of the GCL after ONT and
PLX3397 treatment (n=4/condition). Shown are mean±s.d.; *P<0.05; Kruskal–Wallis ANOVA test with Dunn’s multiple comparisons. Data derived from three
experiments. (K) RGC survival in PLX3397-treated retinae increased significantly at 7 dpi compared with control. Similarly, RGC survival in PLX3397-treated
retinae increased significantly after P6 addition compared with DMSO controls (n=4/condition). Shown are mean±s.d.; *P<0.05; Mann–Whitney test. Data
derived from three experiments. Scale bars: 50 μm. ns, not significant.
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Shi et al., 2010). Dexamethasone alone had no effect on isl2b:GFP+

RGC survival in the ONT− retina (96.56±8.67%, P=0.5998),
but significantly increased survival of ONT+ RGCs at 7 dpi,
compared with DMSO controls (104.1±13.35%, P<0.05; Fig. 4G).
Dexamethasone prevents the recruitment of macrophages/microglia
in some contexts (Tsarouchas et al., 2018; White et al., 2017), but
not others (Chatzopoulou et al., 2016; Warchol, 1999; Xie et al.,
2019; Leach et al., 2021). Quantification of the percentage
of the GCL covered by mpeg1:mCherry+ macrophages/microglia
in DMSO- and dexamethasone-injected retinae revealed no
significant differences after ONT (Fig. 4H; P=0.0623).
Quantification of mCherry+ cell sphericity, as a proxy for
macrophage/microglia activity, revealed no significant differences
between dexamethasone-treated retinae and controls at 7 dpi
(Fig. S4B). However, dexamethasone suppressed the expression
of inflammatory markers, such as il1b (Mitchell et al., 2019;
Tsarouchas et al., 2018), il6 and tnfa (Bessler et al., 1999), after
ONT (Fig. S4A).
Previous reports have identified roles for microglia in

contributing to RGC death after a variety of insults (Bosco et al.,
2008; Jovanovic et al., 2020; Takeda et al., 2018). However, other
studies have shown that microglia are dispensable for RGC survival
after ON crush (Hilla et al., 2017), and may instead provide
neuroprotective and/or pro-regenerative signals (Bell et al., 2018;
Sappington et al., 2006). To test directly the requirement of
macrophages/microglia in modulating RGC death in zebrafish after
ONT, we depleted macrophages/microglia using PLX3397, a potent
inhibitor of the colony–stimulating factor 1 receptor (Csf1r). Csf1r
activity is required for macrophage/microglia differentiation (Lin
et al., 2008; Sherr et al., 1985) and PLX3397 has been utilized
effectively in zebrafish (e.g. Conedera et al., 2019; Leach et al.,
2021; Van Dyck et al., 2021). Animals were immersed in
500 nM PLX3397 1 day prior to ONT and retinae were collected
at 7 dpi. To validate the efficiency of macrophage/microglia
depletion by PLX3397, we quantified the percentage area of the
GCL occupied by mpeg1:mCherry+ macrophages/microglia.
PLX3397 significantly reduced the coverage of mpeg1:mCherry+

cells in both the ONT− and ONT+ GCL (Fig. 4I,J). Similar to
dexamethasone-mediated RGC protection (Fig. 4F,G), PLX3397-
mediated depletion of macrophages/microglia significantly
increased RGC survival at 7 dpi (103.49±12.01%, P<0.05;
Fig. 4I,K) concomitant with decreased cleaved caspase-3 levels in
ONT+ RGCs (Fig. S3). PLX3397-mediated depletion of
macrophages/microglia also rescued RGC survival and decreased
cleaved caspase-3 levels at 7 dpi after Jak/Stat pathway inhibition
using P6 (107.60±9.32%, P<0.05; Fig. 4K; Figs S2 and S3),
indicating that Jak/Stat activity is dispensable in the absence of
macrophage/microglia recruitment. pStat3 was detected in both
RGCs and also some mpeg1:mCherry+ macrophages/microglia in
ONT+ retinae (Fig. S5A). Expression of pStat3 was eliminated in
both cell types in the P6/PLX3397-treated ONT+ retinae (Fig. S5B).
However, the observation that pStat3 was detected in both RGCs
and macrophages/microglia after ONI indicates that the effects of
Jak/Stat pathway inhibition could reflect activities in one or both
cell types. Future studies targeting loss- and/or gain-of-function
assays to RGCs and/or leukocytes will be needed to parse
contributions from each cell type to RGC survival after ONI.
Collectively, these data support a model in which crosstalk

between macrophages/microglia and RGCs, mediated by Jak/Stat
pathway activity, regulates RGC survival after ONI. As noted
above, Stat3 upregulation has been associated with RGC survival in
some experimental contexts (Huang et al., 2007; Luo et al., 2007).

Despite this, overall RGC survival is limited under physiological
conditions, with over 90% of RGCs lost within 28 days after injury
in mice (Li et al., 2020). This is not true for all mammals, however.
Indeed, the naked mole-rat retains many RGCs after injury, to at
least 28 days (Park et al., 2017). Interestingly, although pStat3 is
nearly absent in mouse RGCs, even after injury, it increases
significantly in mole-rat RGCs after ON crush, supporting a
possible role for Stat3 activity in RGC neuroprotection.

Counter to our expectations, pStat3 localization was
predominantly cytoplasmic in ONT+ RGCs, rather than nuclear
(Fig. 3A; Movie 1). This observation is consistent with cytoplasmic
pStat3 localization in the regenerating zebrafish retina (Elsaeidi
et al., 2014) and in mouse motor neurons responding to cytokine
stimulation (Selvaraj et al., 2012). Stat3 possesses transcription-
independent functions such as cytoplasmic regulation of autophagy
(Shen et al., 2012). Stat3 also localizes to mitochondria after
cytokine stimulation in mouse RGCs where it regulates metabolic
functions and enhances axon regeneration after ONI (Luo et al.,
2016). Thus, it is possible that the function of Stat3 in RGC
neuroprotection could be independent of transcription.

Not all zebrafish RGCs survive ONT and cleaved caspase-3+

RGCs appeared to be distributed in a non-random pattern in the
ONT+ retina (Fig. S1). This may indicate that there are RGC
subtype(s) that are more susceptible to ONI, similar to observations
in mice (Tran et al., 2019). RGC subtypes in zebrafish have been
recently characterized (Kölsch et al., 2021) and additional studies
will be required to determine whether specific subtypes are lost after
ONT, and, if so, whether these subtypes lack the ability to
upregulate Jak/Stat activity after injury. Finally, it will be of interest
to identify the signals emanating from macrophages/microglia that
activate death and/or pro-survival pathways in zebrafish RGCs after
injury, as these would also be promising targets around which
neuroprotective therapies for glaucoma could be developed (García-
Bermúdez et al., 2021; Rashid et al., 2019).

MATERIALS AND METHODS
Animals
Zebrafish (Danio rerio) in this study were 3-5 months old and an equal
number of males and females were used in all experiments. Transgenic lines
used were isl2b:GFP (Pittman et al., 2008) andmpeg1:mCherry (Ellett et al.,
2011; a gift from Dr Neil Hukriede, University of Pittsburgh, USA).
Animals were maintained under standard conditions at 28.5°C on a 14 h
light/10 h dark cycle. There were no differences in outcomes based on sex of
the fish and therefore all data were combined for analyses. All animals were
treated in accordance with provisions established by the University of
Pittsburgh School of Medicine Institutional Animal Care and Use
Committee. Biological replicates are stated in figure legends for each
experiment. At least three independent biological replicates were used per
experiment.

ONT
ONT was performed as previously described (Elsaeidi et al., 2014; Zou
et al., 2013). Zebrafish were anesthetized in 0.03% tricaine buffer (MS-222;
Fisher Scientific) and placed on a moist tissue paper under a dissecting
scope (Leica E65S). ONT surgery was performed on the left eye. After
removal of the connective tissue, the eyeball was pulled out from the orbit
gently using forceps. The ON and ophthalmic artery, which runs along with
the ON, were exposed and the ON was then completely transected using
additional forceps, after which the eye was placed back in the orbit. Any
animals in which bleeding was observed were euthanized and not used for
analysis. The right eye was subjected to a sham surgery as control:
connective tissue was removed, the eye was pulled out from the orbit gently,
and then placed back in the orbit. Fish were returned to system water in
separate tanks to recover.
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RGC isolation and FACS
Retinae were harvested from isl2b:GFP zebrafish at 12 and 24 h post-injury
(hpi) in biological triplicate. Four retinae were collected per sample. For
retinal isolations and cell dissociation, animals were euthanized by tricaine
overdose and transferred to PBS for enucleation. To achieve a single-cell
suspension, the eyeball was rinsed in 1× PBS post-enucleation and
incubated in StemPro Accutaset Cell Dissociation Reagent (Thermo
Fisher, #A1110501) at 28.5°C for 40 min in a water bath. The cell
suspension was then passed through a 70-μm cell strainer (Fisher Scientific)
and gently pelleted by centrifugation at 2189 rpm (450 g) for 5 min at 4°C.
After two washes in ice-cold 1× PBS, cells were resuspended in ice cold 5%
fetal bovine serum in 1× PBS. GFP+ cells were sorted using a FACSAria IIu
cell sorter (BD Biosciences) at the Flow Cytometry Core at the University of
Pittsburgh School of Medicine Department of Pediatrics. The gate for FACS
was set by GFP intensity for wild-type (non-transgenic) and both injured
(ONT) and intact (control) isl2b:GFP samples. The same gating settings
were used for both the ONT and control RGC samples and for all biological
replicates.

RNA-seq and bioinformatics analyses
Library preparation, quality control analysis, and next-generation
sequencing were performed by the Health Sciences Sequencing Core at
Children’s Hospital of Pittsburgh as previously described (Leach et al.,
2021). cDNA sequencing libraries were prepared using a SmartSeq HT kit
(Takara Bio) and Illumina Nextera XT kit (Illumina Inc.) and 2×75 paired-
end, 150 cycle sequencing was performed on a NextSeq 500 system
(Illumina), aiming for 40 million reads per sample. After sequencing, raw
read data were imported to the CLC Genomics Workbench (Qiagen Digital
Insights) licensed through theMolecular Biology Information Service of the
Health Sciences Library System at the University of Pittsburgh. After
mapping trimmed reads to the Danio rerio reference genome (assembly
GRCz11), DEGs from the 24 hpi time point were identified using the
following filter: the maximum of the average group RPKM value >1.5,
absolute fold change >2, FDR P-value <0.05. Genes with TPM=0 in one or
more replicates were excluded. This filtering strategy was also used for
DEGs at 12 hpi and a second analysis was performed in which the FDR
P-value <0.05 was switched to a P-value <0.05. Pathway enrichment
analyses were performed using DAVID Bioinformatics Resources 6.8
(https://david.ncifcrf.gov) and using the KEGG database.

Pharmacological experiments
To assess toxicity and efficacy, the JAK inhibitor Pyridone 6 (P6), or
dexamethasone (both Sigma-Aldrich) were IV injected into the intact and
injured retina at several different concentrations, as previously described
(Elsaeidi et al., 2014), and RGC survival was quantified. Similar to previous
studies (Bollaerts et al., 2019; Elsaeidi et al., 2014), 5 μM P6 and 10 μM
dexamethasone were utilized. The first dose of each compound (2 µl) was
injected immediately after ONT (0 dpi) and the second dose (2 µl) was
injected at 1 dpi. For all control doses, 2 μl of 0.05% DMSO was injected.
To deplete macrophages/microglia, fish were immersed in 500 nM
PLX3397 (Fisher Scientific) or 0.05% DMSO (control) in system water,
as previously described (Kanagaraj et al., 2020). PLX3397 exposure started
1 day before ONT and systemwater containing PLX3397 was replaced daily
during the experiment.

Immunohistochemistry
Immunofluorescence staining on retinal cryosections and flat-mounted
retinaewere performed as previously described (Uribe and Gross, 2007; Zou
et al., 2013) with the addition of an antigen-retrieval step consisting of 100%
methanol incubation at −20°C for 30 min for staining pStat3 (MBL
International Corporation, D128-3) and cleaved caspase-3 (Abcam,
ab13847). For retinal flat-mounts, after euthanasia, fish were decapitated
and heads were fixed in 4% paraformaldehyde (PFA) at 4°C overnight. The
retina was dissected in ice-cold PBS, washed in PBST (0.1% Triton X-100
in PBS), and then incubated in a 1.5 ml tube on a rotator overnight at 4°C
with antibodies against 4C4 (1:200, a kind gift of Dr Peter Hitchcock,
University of Michigan School of Medicine, USA; Craig et al., 2008),

pStat3 (1:100, MBL International Corporation), cleaved caspase-3 (1:200,
Abcam) and mCherry (1:200, Takara Bio/Clontech Laboratories, 632543).
Retinae were then washed in PBST for 3×10 min at room temperature and
incubated with goat-anti mouse Cy3 (1:250, Jackson ImmunoResearch
Laboratories, 115-165-166) or goat-anti rabbit Alexa 647 (1:500, Cell
Signaling Technology, 8940) secondary antibodies for 3 h at room
temperature. Samples were then washed with PBST for 3×10 min and
carefully cut into four quadrants and mounted on slides with DAPI
VECTASHIELD (Vector Laboratories, H-1200). For cryosections, samples
were prepared as previously described (Uribe and Gross, 2007); zn-8
(Zebrafish International Resource Center) was used at 1:200 and all other
antibodies were used at the same concentrations as for the retinal flat-mount.

BrdU incorporation assays
Adult isl2b:GFP+ fish were immersed in 10 mM BrdU (Sigma-Aldrich)
dissolved in system water from 6 dpi to 7 dpi, and sacrificed at 7 dpi. As a
positive control for BrdU incorporation and immunohistochemistry, a
needle poke injury was performed following previously published protocols
(Fausett and Goldman, 2006) and fish were exposed to BrdU for 24 h prior
to being sacrificed. Immunohistochemistry for BrdU proceeded as described
above for other antibodies, with the addition of a 10-min incubation of 4 N
HCl at 37°C to relax chromatin. Anti-BrdU (Abcam, ab6326) was used at
1:200.

Confocal microscopy, image processing and quantification
For isl2b:GFP imaging, retinal flat-mounts were prepared as above, with the
head fixed in 4% PFA overnight at 4°C and the retina dissected and mounted
on the second day. Images were taken using Olympus Fluoview FV1200
laser scanning microscope and a 40× objective (Olympus Corporation).
Images were taken from each of the four quadrants (one peripheral and one
central per quadrant). Quantification of RGC numbers was performed using
particle analysis in ImageJ after setting up a consistent threshold for all
images. RGC survival was calculated as the ratio of isl2b:GFP+ RGCs in the
left (ONT+ and/or drug treatment) eye/isl2b:GFP+ RGCs in the right
(ONT− and/or DMSO control) eye of the same fish.

Quantification of macrophages/microglia was performed using Imaris
9.6.0 (Bitplane). Confocal images were first converted into Imaris files, and
3D-rendered surfaces were then created for mCherry or 4C4 using the same
algorithm (smoothing=0.4 μm, absolute intensity threshold=1560, objects
area>50 μm2) for each dataset. Quantification of total surface area and
sphericity was performed using Imaris. Measurements were exported and
statistically assessed using Prism 9.0 (GraphPad).

For GFP fluorescence intensity quantification, the GFP signal intensity of
30 randomly selected RGCs in the ONT+ and ONT− retina per fish (n=6)
was measured using Fiji ImageJ and the corrected total cell fluorescence
(CTCF) was obtained following the protocol of L. Hammond (The
University of Queensland, Australia; https://theolb.readthedocs.io/en/
latest/imaging/measuring-cell-fluorescence-using-imagej.html). Briefly,
using the freehand tool in ImageJ, single RGCs were outlined as a region
of interest and GFP intensity was measured as well as the background
fluorescence for every retina. CTCF was then calculated as follows:
integrated density−(area of selected cell×mean fluorescence of background
readings). Relative intensity was calculated as the ratio of the CTCF in
ONT+ RGCs divided by that of ONT− RGCs.

Localization of pStat3 expression to RGCs was confirmed with surface
creation in Imaris 9.6.0. Quantification of pStat3 levels was performed as
described (Osborne et al., 2018) using Fiji (ImageJ). Briefly, isl2b:GFP
labeling was used to identify the location and depth of the GCL. RGC
volumes were converted to z-projections and background subtraction and
speckle removal was performed on all images. Threshold levels for pStat3
were determined from ONT− samples and consistent thresholds were then
applied to all images in ONT+ samples and integrated density was
measured. The expression level of pStat3 was calculated as the ratio of the
average integrated density of pStat3 in 1 dpi, 7 dpi, P6/1 dpi or P6/7 dpi
retinae to the average integrated density of the contralateral ONT− eye.

Cleaved caspase-3 levels were quantified in two ways: (1) the number of
cleaved caspase-3+ nuclei relative to the number of RGCs or (2) the ratio of
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thresholded area pixels of staining to the number of DAPI+ nuclei. For the
latter, cleaved caspase-3 staining volumes were converted to z-projections
with a consistent number of z-sections between samples. Background
subtraction and speckle removal was performed on all images using Fiji
(ImageJ). Threshold levels were determined from control/ONT+ samples
and applied consistently for all images. Pixels of cleaved caspase-3 staining
areas were then measured and recorded. DAPI+ nuclei counts were
performed as described for RGC quantification.

Quantitative real-time PCR (qRT-PCR)
RNA was extracted from adult isl2b:GFP+ retinae using Trizol reagent
(Fisher Scientific, 15-596-018) and cDNA generated using the iScript
cDNA Synthesis Kit (Bio-Rad Laboratories). For each treatment group,
three biological replicates were collected with each replicate consisting of
three retinae from three different fish. qRT-PCR was performed on a
CFX384 Touch Real-Time PCR Detection System (Bio-Rad Laboratories)
using the iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories).
Primer sequences are provided in Table S1. Gene expression fold change
was calculated using the comparative CT method (2−ΔΔCT) and expression
in DMSO/ONT− retinae was normalized to 1 as the control (Livak and
Schmittgen, 2001). gapdh was used as the housekeeping gene in these
experiments (Barber et al., 2005).

Statistics
All statistical analyses were performed using Prism 9.0 (GraphPad). Data are
presented as mean±s.d., with the exception of cleaved caspase-3 images,
which show mean±s.e.m. For multiple comparisons, Kruskal–Wallis
ANOVA followed by Dunn’s multiple comparisons tests between groups
were performed. For comparisons between two groups, non-parametric
Mann–Whitney tests were performed, with the exception of sphericity
comparison, for which an unpaired t-test with Welch’s correction was
performed. P-values, sample sizes and statistical analyses for each
experiment are included in the figure legends.
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