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Abstract

Primary blast injury (caused by the initial rapid increase in pressure following an explosive blast) 

to the retina and optic nerve (ON) causes progressive visual loss and neurodegeneration. Military 

personnel are exposed to multiple low-overpressure blast waves, which may be in quick 

succession, such as during breacher training or in combat. We investigated the necroptotic cell 

death pathway in the retina in a mouse repeated primary ocular blast injury (rPBI) model using 

immunohistochemistry. We further evaluated whether intravitreal injections of a potent necroptosis 

inhibitor, Necrostatin-1s (Nec-1s), protects the retina and ON axons by retinal ganglion cells 

(RGC) counts, ON axonal counting and optical coherence tomography (OCT) analysis of vitreous 

haze. Receptor interacting protein kinase (RIPK) 3, increased in the inner plexiform layer 2 days 

post injury (dpi) and persisted until 14 dpi, whilst RIPK1 protein expression did not change after 

injury. The number of degenerating ON axons was increased at 28 dpi but there was no evidence 

of a reduction in the number of intact ON axons or RNA-binding protein with multiple splicing 

(RBPMS)+ RGC in the retina by 28 dpi in animals not receiving any intravitreal injections. But, 
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when intravitreal injections (vehicle or Nec-1s) were given there was a significant reduction in 

RBPMS+ RGC numbers, suggesting that rPBI with intraocular injections is damaging to RGC. 

There were fewer RGC lost after Nec-1s than vehicle injection, but there was no effect of Nec-1s 

or vehicle treatment on the number of degenerating axons. OCT analysis demonstrated no effect of 

rPBI on vitreous haze, but intravitreal injection combined with rPBI increased vitreous haze (P = 

0.004). Whilst necroptosis may be an active cell death signalling pathway after rPBI, its inhibition 

did not prevent cell death, and intravitreal injections in combination with rPBI increased vitreous 

inflammation and reduced RBPMS+ RGC numbers, implying intravitreal injection is not an ideal 

method for drug delivery after rPBI.
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1. Introduction

Primary blast injuries (PBI) are caused by the initial rapid overpressure wave during an 

explosive blast (Scott, 2011; Scott et al., 2015) and are common in the military, with ocular 

PBI occuring in ~9% of US war related eye injuries (Blanch et al., 2011; Cockerham et al., 

2011; Phillips et al., 2013; Rex, 2014; Ritenour and Baskin, 2008; Vlasov et al., 2015; 

Warden, 2006), but, this may be an underestimation, as initial physical signs may be lacking 

and visual loss may be delayed and progressive. Repeated primary ocular blast injury (rPBI), 

due to repeated blast wave exposure can occur in breacher training, where soldiers can be 

exposed to 12 sub-threshold blasts per day and during combat operations with an average of 

13 blasts during deployment (Peskind et al., 2011). During terrorist attacks, civilians may be 

exposed to blast injuries which are more common in war zones (Champion et al., 2009). The 

prevalence of retinal injury after ocular trauma is greater in military compared to civilian 

injuries (60% vs. 2%) (Blanch et al., 2011; Jones et al., 1986; Weichel et al., 2008).

In vivo models of ocular blast injury (DeMar et al., 2016; DeWalt and Eldred, 2017) vary in 

intensity and mechanism including the method of blast-wave induction, blast-wave 

localisation (head, eye, body), the quantity and sequence of blast waves (single or repeated) 

and the pressure of the blast-wave. Previous studies using our PBI model, administered a 

single 26 pounds per square inch (psi) blast-wave directly to the mouse eye and induced 

optic nerve (ON) axonal degeneration and collapsed myelin at 28 days post injury (dpi) 

(Bricker-Anthony et al., 2016). We were then able to refine this model, while still replicating 

aspects of traumatic brain inury to show synergistic ON axonal damage with 15% axonal 

degeneration after repeated blasts of 15 psi at 0.5 s inter-blast intervals, and that there was 

additive cumulative vision loss with 3% axonal degeneration after 15 psi blasts once per day 

for 6 consecutive days, but no photoreceptor damage (Bernardo-Colon et al., 2018; Vest et 

al., 2019). These mice showed increased vision loss and ON damage compared to exposure 

to a single 26 psi blast exposure (Vest et al., 2019). When the blast overpressure wave is 

repeated there is a reduction in DAPI+ cells in the ganglion cell layer (GCL) at 2 dpi which 

persists until 28 dpi (Bernardo-Colon et al., 2019). Others demonstrate progressive and 
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delayed retinal degeneration between 4 and 10 months after a single 20 psi blast wave 

exposure (Dutca et al., 2014; Mohan et al., 2013).

Necroptosis is a form of regulated necrosis resulting in cell leakage, organelle swelling, 

cytoplasmic granulation and initiation of an inflammatory response (Gizycka and 

Chorostowska-Wynimko, 2015; Vandenabeele et al., 2010). In tumour necrosis factor 

(TNF)-induced necroptosis, Complex I is formed at the TNF receptor dependent on 

polyubiquitinated receptor interacting protein kinase (RIPK) 1 and NF-κβ pathway 

activation (Vanden Berghe et al., 2014). A reduction in pro-survival signals causes Complex 

I dissociation and Complex IIa formation, and downstream apoptosis. However, when 

caspase-8 is inhibited through endogenous or pharmacological inhibitors, then RIPK1 and 

RIPK3 associate with mixed lineage kinase domain-like (MLKL), forming complex IIb. 

RIPK3 phosphorylates MLKL at Ser345 (Rodriguez et al., 2016) inducing MLKL 

translocation to the plasma membrane, triggering membrane permeabilisation and 

necroptotic death (Weinlich et al., 2017).

Necroptosis can be blocked by Necrostatin-1 (Nec-1), an allosteric inhibitor of RIPK1, 

which also inhibits immunomodulator indoleamine-2,3-dioxygenase (IDO), which is 

involved with neuroinflammation not directly related to RIPK1 activation (Takahashi et al., 

2012). An alternative to Nec-1 is a stable modified form, Nec-1 stable (Nec-1s), which has a 

higher affinity and specificity for RIPK1 (> 1000 fold more selective for RIPK1 than other 

human kinases), and does not inhibit IDO (Linkermann and Green, 2014; Takahashi et al., 

2012).

Necroptosis drives neuronal cell death in models of trauma, neurodegeneration and ocular 

disease (Cougnoux et al., 2016; Ito et al., 2016; Politi and Przedborski, 2016; Shen et al., 

2017; Wang et al., 2014; You et al., 2008; Zhang et al., 2017), including in our rat model of 

secondary blast injury (Thomas et al., 2019). Necroptosis has also been implicated in 

primary blast injury, with RIPK1 and RIPK3 protein levels elevated throughout the retina at 

3 dpi after a single 26-psi blast wave (Bricker-Anthony et al., 2014a). Other necroptotic 

markers such as MLKL and the effect of a necroptotic inhibitor have not yet been 

investigated. In this study, we aimed to define the contribution of necroptotic pathways to 

retinal ganglion cell (RGC) death in a blast injury mouse model. There are currently no 

effective treatments to prevent RGC loss after ocular PBI, highlighting the pressing need for 

an effective therapy.

2. Methods

2.1. Experimental design

This study investigates whether necroptosis promotes RGC death and ON axonal pathology 

in a mouse model of rPBI (Bernardo-Colon et al., 2018, 2019; Vest et al., 2019). To assess 

the time course of necroptosis induction, retinal tissue was collected at 2, 14 and 28 dpi and 

immunohistochemical staining performed for necroptotic markers RIPK1 and RIPK3 

(Supplementary Figs. 1A–B). Necroptosis was inhibited by bilateral intravitreal injections of 

Nec-1s (2 μl of 3.6 mM reconstituted in 10% dimethyl sulphoxide (DMSO), 0.9% methyl-β-

cyclodextrin in 0.1M phosphate buffered saline (PBS) as previously reported (Thomas et al., 
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2019), at 5 h after the first blast and followed by two further blast waves and repeated every 

7 dpi until experimental endpoint at 28 dpi (Supplementary Fig. 1 C–E). OCT retinal scans 

were performed at baseline (1 day before rPBI) and endpoint (27 dpi). Mice were culled at 

28 dpi and the eyes were processed for immunohistochemistry (IHC) and the number of 

RNA binding protein with multiple splicing (RBPMS)+ RGC quantified in the central, 

middle and peripheral portion of the retina. The far proximal (closest to the eye) section of 

the ON was processed for resin semi-thin cross-sections and intact and degenerating ON 

axons quantified, whilst the remaining ON was processed as longitudinal cryosections for 

IHC analysis.

2.2. Animal care and procedures

Male 12-week old C57/Bl6 mice purchased from Jackson Laboratory (Bar Harbor, Maine, 

USA) were used in this study. Animal procedures were performed under regulation of the 

Institutional Animal Care and Use Committee of Vanderbilt University according to the 

Association for Assessment and Accreditation of Laboratory Animal Care guidelines and 

conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic 

and Vision Research and the Animal Research: Reporting of In Vivo Experiments 

(ARRIVE) guidelines. Animals were randomly assigned to experimental groups with the 

experimenter masked to the treatment and procedural conditions. All procedures and 

investigations were performed between 07:00 and 12:00.

2.3. Repeated primary blast injury mouse model

Anaesthetised (3% isoflurane in O2) male 12-week old C57/Bl6 mice were exposed to a 

blast overpressure wave produced by a device modified to produce an air blast wave, as 

previously described (Bernardo-Colon et al., 2018, 2019; Hines-Beard et al., 2012; Vest et 

al., 2019). Repeated blast injury was chosen to more closely approximate clinical blast 

injury, using a less severe, and so more refined, insult than single blast exposure requires, 

whilst increasing RGC axonal degeneration compared to single blast exposure. The left eye 

of mice was exposed to a repeated blast injury consisting of 2 blasts of 16 psi (peak positive 

pressure ± SD, pre-blast 16.99 ± 0.75 psi/117.14 ± 5.17 kPa and post-blast 16.55 ± 0.69 psi/

114.11 ± 35.65 kPa, Supplementary Fig. 2Ai) in quick succession (1 s interblast intervals) 

repeated 3 times with 24 h between each blast. The time to peak was 4 ms and remained at 

peak pressure for 2 ms (Supplementary Fig. 2Aii). The mouse eye was positioned 162 mm 

from the end of the device. Separate mice were exposed to all procedures excluding the blast 

wave which was blocked and recorded with a pressure of < 2 psi (peak positive pressure ± 

SD, pre-blast 1.92 ± 0.15 psi/ 13.24 ± 1.03 kPa and post-blast 1.79 ± 0.10 psi/12.34 ± 0.69 

kPa, Supplementary Fig. 2A). This sham condition is referred to as blast blocked. A pressure 

transducer recorded the blast overpressure wave and was viewed using LabVIEW software 

(National Instruments ™. Austin, TX, USA). GenTeal® Tears (Alcon, Novartis, Fortworth, 

Texas, USA) eye drops were applied after the blast to prevent corneal dehydration from 

anaesthetic exposure and the mice were allowed to recover.

2.4. Intravitreal injection of Nec-1s

Intravitreal injections were performed using a 31-gauge needle with bevelled tip attached to 

a 10 μl Gastight Syringe (Hamilton, Reno, NV, USA) under inhalational anaesthetic of 2–3% 
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isoflurane at a 45° angle 1 mm peripheral to the limbus and lens avoided. Unilateral rPBI 

was performed and 2 μl of Nec-1s administered by bilateral intravitreal injection or 2 μl of 

vehicle (10% DMSO, 0.09% methyl-β-cyclodextrin in PBS) bilaterally injected into the 

vehicle control group. Injections were performed 5 h after injury and every 7 days until 

euthanasia and tissue collection at 28 dpi (n = 10 animals per group). Animals were perfused 

under terminal anaesthesia and tissues processed for immunohistochemistry (IHC).

2.5. OCT imaging, retinal thickness and vitreal haze measurements

Optical coherence tomography (OCT) imaging was performed at 28 dpi to construct a high 

resolution cross-sectional retinal image using a Bioptigen ultra-high-resolution SD-OCT 

system with a mouse retinal bore (Bioptigen, North Carolina, USA). Pupils were dilated 

using 1% tropicamide and GenTeal ™ lubricant gel was used to maintain corneal clarity. All 

images were acquired with the same level of A-scan averaging (100 averages per A scan) 

and with the retinal position central to the image. A total of 2 B-scans were analysed per eye 

either side of the ON head. Whole retinal thickness and RGC complex thickness (ganglion 

cell layer; GCL and inner plexiform layer; IPL) were measured in OCT images in line with 

the optic nerve head (ONH). Image J was used to manually segment the layers and measure 

the area, which was divided by the length of the retinal segment measured to calculate the 

layer thickness. The number of eyes in which hyper reflective dots were observed in the 

vitreous is displayed as a percentage of total number of eyes that were imaged in each 

experimental group. Further analysis to quantify vitreous inflammation was performed using 

Image J (http://rsbweb.nih.gov/ij), based on the method previously described (Keane et al., 

2014) (Supplementary Fig. 2B): two images either side of the ONH were analysed per eye 

and the pixel intensity in five regions of interest in the vitreous were measured and then 

displayed as a percentage of the average of retinal pigment epithelium (RPE) intensity.

2.6. Tissue preparation for IHC

At 2, 14 and 28 dpi (n = 4 per group), mice were euthanised by overdose of anaesthetic and 

intracardially perfused with 4% paraformaldehyde (PFA) in PBS. The anterior segment was 

removed from eyes and retinal cups cryoprotected in ascending concentrations of sucrose 

(10%, 20%, 30%) in PBS at 4 °C before embedding in optimal cutting temperature 

compound (OCTc) and storing at −80 °C. Sections were cut at a thickness of 15 μm using a 

cryostat (Brights Instruments, Huntingdon, UK) and adhered onto SuperFrost ™ (Fisher 

Scientific, Loughborough, UK) coated glass microscope slides and stored at −20 °C until 

required.

2.7. IHC protocol

Frozen sections were left to thaw for 20 min and washed 3 × 5 min in PBS, followed by 20 

min permeabilisation and non-specific binding site blocking in 1% Triton-X-100 (Sigma, 

Poole, UK) and 3% bovine serum albumin (BSA; Sigma). Tissue sections were incubated 

overnight at 4 °C with primary antibody (Table 1) in 0.5% Tween-20 and 3% BSA before 

washing 3 × 5 min in PBS and incubating with secondary antibodies (Table 1) at room 

temperature (RT). Tissue sections were washed 3 × 5 min in PBS then mounted in 

Vectashield mounting medium containing 4′,6-diamidino-2-phenylindole (DAPI) nuclear 

stain (Vector Laboratories, Peterborough, UK). Controls with omitted primary antibody were 
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included in each run and these were used to set the background threshold levels for image 

capture. Sections were viewed under an epi-fluorescent microscope equipped with an 

AxioCam HRc, controlled using Axiovision Software (All from Zeiss, Hertfordshire, UK).

2.8. Assessment of RGC survival

The number of RBPMS+ (a specific RGC marker) (Kwong et al., 2011; Rodriguez et al., 

2014) RGC were counted in the GCL across a retinal section taken in line with the ONH and 

quantified as RBPMS+ RGC per mm of retina. RBPMS+ RGC were counted on × 20 

magnification images, the distance from the ONH to the edge of the retina was measured 

and was split into 3 regions; central (closest to the ON), middle or peripheral areas 

(Supplementary Fig. 2C). A total of 4 images were analysed from 2 cryosections per animal.

2.9. Resin-embedded optic nerves and PPD staining

ON tissue (n = 10 per group) was collected and fixed in 4% EM-grade PFA (Electron 

Microscopy Sciences, Hatfield, PA, USA) in PBS then 2% glutaraldehyde in 0.1M 

cacaodylate buffer for 2 h on ice, then post fixed in 2% osmium tetroxide in cacodylate 

buffer and dehydrated in ascending concentrations of 200-proof ethanol (50%, 70%, 95%, 

100%) and further dehydrated in propylene oxide. ON tissue was embedded in Epon epoxy 

resin (Electron Microscopy Sciences) and 1 μm thick semi-thin sections cut using Leica 

Microtome and stained with 1% p-phenylenediamine (PPD) (Sigma-Aldrich Corp., St. 

Louis, MO, USA) and 1% toluidine blue (Fisher, Watham, Massachusetts, USA). Slides 

were imaged using 100x oil emersion objective on AxioPlan 2 microscope (Carl Zeiss) and 

manually compiled using the photomerge function in Adobe Photoshop (Adobe Systems 

Inc., San Jose, CA, USA).

2.10. Counting intact and degenerative ON axonal profiles

The total ON area (μm2) was measured using Image J and representative counting grids, 

representing 1/5th of the total ON area, were superimposed onto the image using the 

Counting Grid Image J plugin. The number of ON axons with intact and degenerative 

profiles were quantified and displayed as the total number of axons in the whole ON or as 

axon density per mm2.

2.11. Statistics

Statistical analysis was carried out using SPSS 21 (IBM Corp, Armonk, NY, USA) and 

GraphPad Prism version 7.00. (GraphPad Software, La Jolla, CA, USA). The data were 

tested for normality using the Shapiro-Wilk test. Normally distributed data without linkage 

were analysed using one-way ANOVA and post-hoc Tukey tests with P values corrected for 

multiple comparisons (RBPMS+ RGC quantification, ON axon counts, ED1+ cells in ON, 

retinal thickness in OCT). Data including measurements from two eyes of each animal 

(vitreal intensity in OCT) were modelled using generalised estimating equations (GEE; 

normal distribution with identity link function and independent correlation matrix). To 

construct a model to fit the data, all available factors were included in the initial model with 

2-way interaction terms and then terms with P > 0.05 were serially removed from the model, 

starting with the least significant and interaction terms. In experiments where multiple 
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comparisons were made, the P values were corrected with Bonferroni correction. Data is 

reported as mean ± standard error of the mean (SEM). Sample size was based on previous 

studies demonstrating that 10 animals per group detected treatment effects on axon counts 

(Bernardo-Colon et al., 2018). No animals were excluded / euthanised due to reaching 

humane end points before study completion.

3. Results

3.1. Increased RIPK3 immunoreactivity after rPBI but there were no changes in RIPK1

To investigate evidence for necroptosis after rPBI, we first explored immunohistological 

localisation of RIPK1 and RIPK3 in retinal sections at different time points after injury. 

RIPK1 staining did not show specific changes in immunostaining after rPBI (Fig. 1A, 

Supplementary Fig. 3). RIPK3+ immunoreactivity increased in the GCL, OPL and IPL at 2, 

14 and 28 dpi (Fig. 1A). Meanwhile, no detectable changes were observed in MLKL-P (Ser 

345) immunofluorescence (not shown).

We next determined glial activation at 3 dpi after blast injury and observed glial fibrillary 

acidic protein (GFAP)+ immunoreactivity confined to astrocytes in the retinal nerve fiber 

layer (RNFL) in both blast blocked controls and rPBI treated eyes at 3 and 14 dpi with no 

apparent changes in the pattern of immunoreactivity in control and rPBI-treated eyes (Fig. 

1B). In addition, a few ED1+ cells (arrowheads), likely to be macrophages, were observed at 

3 and 14 dpi after rPBI with no ED1+ cells detected in blast blocked control eyes (Fig. 1C).

These results demonstrate that some RIPK3 immunoreactivity is present in eyes after rPBI 

with no apparent change in glial activation but influx of a few ED1+ macrophages into the 

eye were observed.

3.2. Intravitreal injections reduce the number of RBPMS+ RGC compared to vehicle 
treated eyes

To determine if inhibition of necroptosis promotes RGC survival, we used RBPMS 

immunohistochemistry in retinal sections taken at 28 dpi and RBPMS+ RGC counted in the 

central (closest to ONH), middle and peripheral retina in blast blocked and rPBI treated 

groups (no intravitreal injections and rPBI with vehicle or Nec-1s injections) (Fig. 2A–C). 

There were no reductions in RGC number after rPBI 28 dpi without intravitreal injection 

(Fig. 2A–C). However, rPBI in combination with intravitreal injection caused a reduction in 

the number of RBPMS+ RGC both in vehicle and Nec-1s injected eyes. There was statistical 

evidence of differences across all groups in the central, middle and peripheral portion of the 

retina (Fig. 2 A–C, Supplementary Table 1A, central P = 0.0412; middle P = 0.0003; 

peripheral P = 0.0330). In the middle and peripheral retina, there was strong evidence of a 

decrease in the number of RBPMS+ RGC after rPBI with vehicle injection compared to rPBI 

without injections (P = 0.0008 and P = 0.0306, respectively). In the middle retinal section, 

there was an increased number of RBPMS+ RGC after rPBI with Nec-1s treatment 

compared to rPBI with vehicle injection (Fig. 2B, P = 0.0155). There were no differences 

between rPBI groups with vehicle or Nec-1s injections in the central or peripheral retinal 

portions (P = 0.9691 and P = 0.7040, respectively). Mean values are displayed in 

Thomas et al. Page 7

Exp Eye Res. Author manuscript; available in PMC 2021 June 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Table 1A. Representative RBPMS+ RGC immunostaining in the GCL is 

displayed in Fig. 2 D–F.

These results suggest that Nec-1s prevents loss of some RBPMS+ RGC, however, the 

intravitreal injection route combined with rPBI damages more RGC and causes their death.

3.3. The number of degenerating axons increased after rPBI but there was no effect of 
Nec-1s on ON axonal survival

To determine the number of degenerating axons in the ON, semi-thin cross-sections of the 

proximal ON were stained with PPD and toluidine blue to quantify intact and degenerating 

ON axons, gliosis and infiltrating cells (Fig. 3A–E). There were no significant differences at 

28 dpi in total intact axons in the ON between blast blocked and rPBI groups with and 

without intravitreal injections (P = 0.1729; Fig. 3B). There were differences in degenerating 

ON axons across groups (P = 0.0014), with more degenerating ON axons in the rPBI eyes 

without intravitreal injection compared to the blast blocked group, there were 86.7 ± 26.9 

degenerating axons in blast blocked compared to 467.0 ± 75.3 in rPBI (P = 0.0008; Fig. 3C). 

However, there was no evidence of a difference between rPBI treated eyes with vehicle or 

Nec-1s injection, with 275.0 ± 42.3 degenerating axons in vehicle treated eyes vs. 307.5 ± 

91.5 degenerating axons in Nec-1s treated eyes (P = 0.9862). There were no differences in 

axonal density between any groups (P = 0.4539; Fig. 3D). There were also no changes in the 

total area of the ON (P = 0.3120; Fig. 3E), suggesting minimal ON edema or atrophy at 28 

dpi. Mean values are displayed in Supplementary Table 1B.

3.4. There were ED1+ cells infiltrating the ON at 28 dpi

ED1+ immunostaining was performed in longitudinal ON sections and quantified (Fig. 3F–

G). We showed more frequent ED1+ cells in the ON after rPBI (P = 0.0057), with 4.8 ± 0.68 

ED1+ cells/mm2 in blast blocked eyes vs. 49.79 ± 7.18 ED1+ cells/mm2 in rPBI without 

intravitreal injection The number of ED1+ cells were more frequent after rPBI with 

intravitreal injections of vehicle (49.26 ± 8.70 ED1+ cells/ mm2) and Nec-1s treatment 

(40.03 ± 9.59 ED1+ cells per mm2) compared to blast blocked (P = 0.0064 and P = 0.0344, 

respectively). This data suggests that ED1+ macrophages infiltrate into the ON after rPBI 

regardless of presence or absence of intravitreal injection with vehicle or Nec-1s.

3.5. There were no changes in retinal thickness after rPBI

OCT retinal scans were performed at baseline and 28 dpi in blast blocked and rPBI with and 

without intravitreal injections (Fig. 4A–B). There was no evidence of a change in total 

retinal thickness (Fig. 4C; P = 0.6999) or GCC thickness (Fig. 4D; P = 0.9601) following 

rPBI or with Nec-1s treatment, suggesting there was minimal retinal edema or gliosis and no 

retinal thickening or thinning at 28 dpi.

3.6. Vitreal inflammation was observed in blast-injured eyes treated with intravitreal 
injections

There was no evidence that rPBI affected vitreous intensity without intravitreal injection 

(Fig. 4E). There was also no evidence of a difference between rPBI and blast blocked eyes 

and these factors were not therefore included in the final model. There was strong evidence 
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that intravitreal injection increased vitreous intensity (1.93% ± 0.38; P < 0.001), with 

vitreous intensity higher in both Nec-1s and vehicle injected left (directly blast-injured) and 

right (indirectly injured) eyes after rPBI than after rPBI alone (Fig. 4E). There was weak 

evidence that directly blast-injured left eyes had greater vitreous intensity than indirectly-

injured right eyes (1.29% ± 0.62; P = 0.038) (Fig. 4E).

3.7. There were more ED1+ cells and glial reactivity at 28 dpi in the retina after rPBI and 
vehicle injection, which was prevented in Nec-1s treated eyes

ED1 IHC was performed for the presence of infiltrating macrophages in the retina at 28 dpi. 

There were few retinal ED1+ cells in blast blocked and rPBI with no intravitreal injections 

and rPBI with Nec-1s injection at 28 dpi (Fig. 4F). However, there were more ED1+ cells 

after rPBI and vehicle injections. In contrast, few ED1+ cells were detected in rPBI treated 

eyes with Nec-1s injection at 28 dpi. Furthermore, retinal GFAP+ immunoreactivity was 

increased after rPBI with vehicle injection, but not in any other groups, with GFAP+ staining 

spanning the INL and reaching the IPL (Fig. 4G). Together, this data suggests that 

intravitreal injection causes greater retinal pathology after rPBI, and that Nec-1s may 

provide some neuroprotective or anti-inflammatory properties.

4. Discussion

We have demonstrated increases in necroptotic protein RIPK3 localisation in the GCL, OPL 

and IPL compared to blast blocked controls. RIPK1 immunolocalised to cells of the INL and 

GCL in blast blocked and remains at a constant expression up to 28 dpi. In our experiments, 

rPBI did not cause detectable RGC or axonal loss but did increase the number of 

degenerating ON axons observed. However, when rPBI was preceded and followed by 

intravitreal injection, vitreous inflammation and RGC degeneration increased with retinal 

infiltration with ED1+ macrophages and increased GFAP immunoreactivity. Nec-1s 

inhibition reduced this RGC loss in the central retina compared to vehicle injection but this 

difference was not reflected in axonal counts or the number of degenerating axons. The 

RGC-neuroprotective effect of Nec-1s treatment was greater in mid-peripheral than central 

or peripheral retina. As this was a post-hoc analysis in a small subgroup, differences may 

reflect random variation, differing injury susceptibility in different RGC subtypes, such as 

the intrinsically photosensitive RGC of the M2 subtype, which is most numerous in the mid-

dorsal mouse retina (Hughes et al., 2013), or structural retinal differences affecting drug 

penetration (Vaney, 1994). The incomplete protective effect of Nec-1s on RGC degeneration 

after rPBI plus intravitreal injection could also be associated with the activity of alternative 

cell death pathways involving inflammatory mediators, such as the extrinsic pathway to 

apoptosis. There was no evidence of an effect of Nec-1s inhibition on vitreous inflammation. 

Nec-1s inhibition did reduce the number of ED1+ macrophages in the retina and also 

reduced retinal GFAP reactivity.

OCT imaging was performed to assess retinal layer thickness and vitreous inflammation. We 

have not previously reported assessment of retinal thickness in our model and did not 

observe a change in these data, in contrast to Allen et al., who observed increased retinal 

thickness, associated with increased GFAP staining and retinal hyper-reactivity on 
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electroretinographic measured two months after blast injury (Allen et al., 2018). It is likely 

that higher energy injury (80 psi vs 16 psi) and later assessment (2 months vs 28 days) 

explain these differing results.

We observed increased vitreous haze, suggesting inflammation, in eyes exposed to rPBI and 

injected with either Nec-1s or vehicle. rPBI alone did not affect vitreous haze. The 

qualitative appearances of the OCT scans after rPBI were similar to those described in other 

studies in which focal hyperreflective dots correlated with the number of mononuclear cells 

detected in histological sections, suggestive of macrophage infiltration in response to the 

combination of rPBI and intravitreal injection and consistent with our finding of ED1+ cells 

in retinal sections after rPBI and vehicle injection (Kokona et al., 2017). There was no effect 

of Nec-1s vs vehicle on the increase in vitreous haze, consistent with this being a mechanical 

effect of injection, but there were fewer ED1+ cells after Nec-1s than vehicle injection 

indicating that the increased vitreous haze observed in our model after rPBI with intravitreal 

injection was not completely explained by retinal macrophage infiltration. There was weak 

evidence of a difference between right and left eyes, which were subject to direct and 

indirect blast respectively, suggesting that the pro-inflammatory effect of blast and 

intravitreal injection was related to blast-dose.

In addition, ED1 infiltration of the ON was observed in the rPBI alone group and did not 

show evidence of an effect of intravitreal injection indicating that the ON ED1 cell 

infiltration was not completely explained by our assessment of vitreous haze. An 

inflammatory effect of the blast injury on the ON would be consistent with previous findings 

of CD68+ cell brain infiltration after blast injury (Zanier et al., 2014) and macrophage ON 

infiltration after ultrasonic injury (Tao et al., 2017). Macrophages also have a role in clearing 

myelin after Wallerian degeneration of the ON (Stoll et al., 1989).

RBPMS+ RGC were quantified on retinal cryosections, which has been validated in models 

of ONC and ocular hypertension (Hill et al., 2015; Mead et al., 2014; Mead and Tomarev, 

2016). At 28 dpi there was no reduction in the number of RBPMS+ RGC after rPBI 

compared to the blast blocked condition. Possible explanations are that: (1) repeated 

exposure to a low overpressure blast wave might not be sufficient without other associated 

injuries to cause RGC death within 28 dpi; (2) RGC degenerate at a later time point; (3) the 

blast blocked condition may also cause some RGC death; (4) multiple blast exposures may 

also be relatively protective compared to a single blast exposure (Harper et al., 2019). While 

repeated low level blast exposure has been raised as a clinical concern (Sajja et al., 2019), 

cell death associated with ≤3 psi blasts have not been reported (Engel et al., 2019) and 5 psi 

blast preconditioning may have neuroprotective effects (Harper et al., 2019). We previously 

demonstrated that a single blast at different magnitudes up to 26 psi did not cause as 

significant ON damage as detected with repeated exposure to 15 psi blasts (Hines-Beard et 

al., 2012; Vest et al., 2019). Protection from repeated blast injury might be caused by the 

variations in interval between blast exposures. In our model we show a smaller inter-blast 

interval is more deleterious, with intervals of < 1 min causing synergistic axon damage, and 

1-day interval causing accumulative damage (Vest et al., 2019). We did not test one-week 

intervals in our model, although it would seem that the tissue would have rebounded entirely 

from the insult and compensatory mechanisms to protect from future injuries could have 
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been enacted. Delayed and progressive RGC degeneration has been demonstrated between 4 

and 10 months after a single 26 psi blast-wave exposure (Dutca et al., 2014; Mohan et al., 

2013), shown through a reduction in GCL thickness. We previously showed a decrease in the 

number of DAPI+ cells in the GCL and ON axons up to 28 days (Bernardo-Colon et al., 

2019). We might not have detected sufficient RGC degeneration if the effects were subtle 

with focal pockets of retinal injury, as demonstrated by focal areas of Terminal 

deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)+ retinal cells after a single 

blast exposure (Bricker-Anthony et al., 2014b).

Consistent with the fact that we did not detect loss of RGC soma or axons by 28 days after 

rPBI alone, we did not detect MLKL phosphorylation, which would imply that detectable 

levels of necroptosis did not occur by 28 dpi in this group. Given that degenerating axonal 

profiles were detected by this time point it is possible either that cell death would be 

detected in the retina after 28 dpi, or that axonal degeneration processes were dissociated 

from RGC soma death processes (Bernardo-Colon et al., 2019), which may be the case in 

the fluid percussion model of TBI (Wang et al., 2013) for instance.

PPD-stained resin embedded ON semi-thin sections were used to assess the number of ON 

axons with a degenerative profile (unravelling or collapsed myelin sheath) and intact axons 

following rPBI and necroptosis inhibition. At 28 dpi, there increased number of 

degenerating axons, but no reduction in RGC at this time point, indicating that rPBI 

primarily injures the ON and that RGC degeneration was still evolving by the end of the 

study. Consistent with this hypothesis, the number of intact axons were slightly reduced 

across all rPBI groups but did not reach statistical significance. Thus, axonal degeneration 

after rPBI may be delayed and progressive and a reduction may be detected at later time 

points (Dutca et al., 2014; Mohan et al., 2013).

We demonstrate decreased numbers of RBPMS+ RGC after injury in combination with 

intravitreal injections, irrespective of the injected compound. We suggest the decrease in 

RGC numbers with the combination of injury and injection could replicate a penetrating 

ocular injury in close proximity with the primary blast wave exposure, possibly replicating a 

combination of primary and secondary blast injury (blast-wave exposure and blunt, 

penetrating, or perforating impact injury due to projectiles) (Blanch et al., 2011; Scott, 

2011).

Nec-1s was reconstituted in DMSO and DMSO concentrations > 1% DMSO have caused 

caspase-3 independent RGC death in vivo (Galvao et al., 2014) and concentrations > 10% 

DMSO caused apoptosis through plasma membrane permeabilisation in vitro (Notman et al., 

2006). However, other studies have used similar concentrations DMSO in vivo without 

additive degeneration (Huang et al., 2018; Rosenbaum et al., 2010), suggesting that this was 

not the likely cause of additive RGC loss.

In the military, blast wave exposure is associated with delayed visual deficits (Capo-Aponte 

et al., 2015); this could be due, in part, to injury of the visual cortex and brain. In rats 

exposed to a single acoustic blast overpressure wave of ~80 psi generated using a shock-tube 

device, retinal thickness increased in eyes directly exposed to the blast compared to blast 
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blocked eyes and there was an increase in retinal GFAP immunostaining, suggesting that 

reactive gliosis may have caused the increase in retinal thickness up to 8-months post blast 

(Allen et al., 2018). In our study, we investigated retinal changes at 28 dpi and did not detect 

any change in retinal thickness, but did detect increased retinal GFAP staining after rPBI and 

vehicle injection only, suggesting that, similar to the increase in vitreous inflammation, this 

effect was increased by the combination of rPBI and intravitreal injection, but was 

modulated by Nec-1s.

5. Conclusion

Collectively, our study indicates that the combination of intravitreal injections and rPBI can 

cause additive injury, with increased cell death and inflammation. However, treatment with 

Nec-1s may provide some RGC neuroprotection to the additive death that occurred when 

rPBI and intravitreal injection were combined, and this may be related to clinical situations 

where blast and penetrating injuries coexist.
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Abbreviations

ANOVA analysis of variance

BSA bovine serum albumin

DAPI 4′,6-diamidino-2-phenylindole

DMSO dimethyl sulfoxide

Dpi days post injury

GCL ganglion cell layer

GFAP glial fibrillary acidic protein

GEE generalised estimating equations

IDO indoleamine-2,3-dioxygenase
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IHC immunohistochemistry

INL inner nuclear layer

IPL inner plexiform layer

MLKL mixed lineage kinase domain like pseudokinase

Nec-1 Necrostatin-1

Nec-1s Necrostatin-1s

OCT optical coherence tomography

OCTc optimal cutting temperature compound

ON optic nerve

ONH optic nerve head

ONL outer nuclear layer

PBI primary blast injuries

PBS phosphate buffered saline

PFA paraformaldehyde

Psi pounds per square inch

PPD p-phenylenediamine

RBPMS RNA binding protein with multiple splicing

RGC retinal ganglion cells

RNFL retinal nerve fiber layer

rPBI repeated primary ocular blast injury

RPE retinal pigment epithelium

RT room temperature

RIPK1 receptor interacting kinase 1

RIPK3 receptor interacting kinase 3

SEM standard error of the mean

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling

TNF tumor necrosis factor
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Figure 1. 
A) RIPK1 is localised to cells of the GCL and INL and its expression remains constant after 

blast-wave exposure. RIPK3 is present in the OPL in blast blocked eyes, but at 2, 14 and 28 

dpi it is localised to the GCL, OPL and IPL. B) Müller glial GFAP+ processes at 3 and 14 

dpi show no changes between blast blocked or experimental eyes (n = 4). C) Retinal ED1 

immunostaining at 3 and 14 dpi demonstrating a few ED1+ cells in the OPL of rPBI injured 

eyes (n = 4). Scale bar for Fig. 2A represents 50 μm and for Fig. 2B and C represents 50 μm.
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Figure 2. The number of RBPMS+ RGC were reduced after intraocular injections in 
combination with rPBI and increased in the middle portion of the retina after Nec-1s treatment 
compared to vehicle.
The number of RBPMS+ RGC were counted in three regions of left directly blasted eyes, in 

the central (close to the ONH), middle and peripheral retina. A) In the central retina, there 

was a significant difference in RBPMS+ cells across all groups (P = 0.0412). B) In the 

middle portion of the retina there were differences in RBPMS+ RGC numbers (P = 0.0003), 

with a reduction in the number of RBPMS+ RGC after rPBI with vehicle injection compared 

to rPBI without injections (P = 0.0008). There was an increased number of RBPMS+ RGC 

after rPBI with Nec-1s treatment compared to rPBI with vehicle injection (P = 0.0155). C) 
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In the peripheral retina there was weak evidence of changes in the number of RBPMS+ RGC 

after rPBI (P = 0.0330). Representative RBPMS+ cells in the ganglion cell layer (GCL) from 

the D) central, E) middle and F) peripheral retina. Scale bar represents 100 μm n = 4 for 

blast blocked and rPBI, n = 6 for vehicle and n = 5 for Nec-1s. Error bars represent mean ± 

SEM. ***P < 0.001, *P < 0.05.
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Figure 3. The number of degenerating ON axons and the number of ED1+ cells increased after 
rPBI.
Total number of intact and degenerating axons were counted in the ON in blast blocked and 

rPBI treated eyes after intravitreal injections of vehicle and Nec-1s. A) Representative PPD 

and toluidine blue stained ON semi-thin cross sections showing degenerating axons 

(arrowheads). B) The number of intact axons was not significantly changed at 28 dpi (P = 

0.1729). C) The number of degenerating axons in the ON increased after rPBI compared to 

blast blocked (P = 0.0014; P = 0.0008 post hoc). There were no differences between Nec-1s 

or vehicle treated eyes (P = 0.9862, post hoc). D) The axon density was not statistically 
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different 28 dpi (P = 0.4539). E) The total ON area was not changed after injury or Nec-1s 

treatment (P = 0.3120). Error bars represent mean ± SEM. n = 10 per group. F) 
Immunostaining of ED1+ cells in the ON. G) The number of ED1+ cells in the ON increased 

after rPBI with no intravitreal injections compared to blast blocked (P = 0.0057; P = 0.0166, 

post-hoc) and was also more frequent compared to blast blocked after rPBI with vehicle 

treatment (P = 0.0064) and Nec-1s treatment (P = 0.0344). Fig. 4A scale bar represents 20 

μm and Fig. 4F scale bar represents 100 μm. Error bars represent mean ± SEM. ***P < 

0.001, *P < 0.05.
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Fig. 4. There was vitreous and glial inflammation observed after rPBI with intraocular injections 
of Nec-1s and vehicle treatment
A) Representative OCT images at the ONH showing no gross structural changes comparing 

blast blocked and rPBI treated eyes but some hyper-reflective density at the vitreal retinal 

surface (arrows) in rPBI and vehicle or Nec-1s intravitreal injections. B) Representative 

OCT images at the ONH in the right eyes which received indirect blast injury. C) There was 

weak evidence of changes in total retinal thickness (P = 0.085) D) and no changes in GCC 

thickness (P = 0.929). E) There was strong evidence that intravitreal injection increased 

vitreous intensity (P = 0.004), with vitreous intensity higher in both Nec-1s and vehicle 
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injected eyes after rPBI than after rPBI alone. F) The number of ED1+ cells (arrow heads) 

were increased after rPBI with intravitreal injections of vehicle but not after rPBI with no 

intravitreal injections or with Nec-1s injections at 28 dpi. G) GFAP immunostaining 

increased after rPBI with intravitreal injection of vehicle, but not after rPBI with no 

intravitreal injections or with Nec-1s injections at 28 dpi. For Fig. 4F and G the scale bar 

represents 100 μm. Images of representative of n = 4 animals per group. Error bars represent 

mean ± SEM.
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