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Abstract

Ocular blast injury is a major medical concern for soldiers and explosion victims due to poor visual outcomes. To define the
changes in gene expression following a blast injury to the eye, we examined retinal ribonucleic acid (RNA) expression in 54
mouse strains 5 days after a single 50-psi overpressure air wave blast injury. We observe that almost 40% of genes are
differentially expressed with a false discovery rate (FDR) of <0.001, even though the nominal changes in RNA expression are
rather small. Moreover, we find through machine learning approaches that genetic networks related to the innate and acquired
immune system are activated. Accompanied by lymphocyte invasion into the inner retina, blast injury also results in progressive
loss of visual function and retinal ganglion cells (RGCs). Collectively, these data demonstrate how systems genetics can be used
to put meaning to the transcriptome changes following ocular blast injury that eventually lead to blindness.
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Introduction

INCE THE INTRODUCTION of improvised explosive devices into

modern warfare, the incidence rate of ocular trauma has in-
creased dramatically from 0.65% of all battle injuries to about 13%."
Based on severity, these can be subdivided into penetrating or open-
globe and closed-globe injuries. Whereas open-globe injuries usu-
ally require immediate medical attention, closed-globe injuries can
go unnoticed. However, the latter can also lead to decreased vision.?
For example, boxers, who frequently sustain blunt trauma to the eye,
report decreasing visual function in almost half of cases.® Similarly,
patients suffering from paintball ocular injuries show a visual acuity
less than 20/200 in almost 60% of all reported cases.* The decline in
vision is gradual and might not be apparent at initial examination.
Recent experimental data suggest subtle axonal damage underlying
the deleterious short- and long-term effects of ocular blast trauma in
rodents.’”” The short-term (hours to days) effects include dimin-
ished pupillary reflex to red and blue light, increased cell death
pathway markers, and reactive gliosis. Visual function declines after
a month post-blast, accompanied by gradual thinning of the nerve
fiber layer and chronic pattern electroretinogram (ERG) deficits.?
Exposure to one single blast wave is sufficient to lead to decreased
axon density and glial scarring in the optic nerve observable as late as
10 months after injury, indicating that the late-onset decline in visual
function is partly due to degeneration of optic nerve axons and retinal
ganglion cell (RGC) damage.® These rodent data are consistent with a
report on visual dysfunction in veterans, which was strongly associ-

ated with blast injury one year after injury.® Thus, there seems to be a
subacute phase during which retinal ganglion cells slowly degenerate,
paving the way for gradual vision loss. Despite these findings, no
study has systematically investigated the transcriptional changes
during this sensitive time.

The present study was designed to define the influence of closed-
globe blast injury on the retinal transcriptome. We examined gene
expression in 52 BXD recombinant inbred (RI) mouse strains and
their parental strains C57BL/6J and DBA/2J 5 days after exposure to
a single 50-psi blast wave directed to the eye. Microarray analysis
was carried out at both gene and exon level, whereas the use of RI
strains allowed for the discovery of gene regulatory networks by
linking deoxyribonucleic acid (DNA) sequence variants to corre-
sponding differences in gene expression. The result is a system-wide
map of gene interactions that take place 5 days after blast injury.
Comparing these data with a naive control group reveals several co-
expression modules, among which we find an unexpected cross talk
of innate and acquired immune systems. Even though the nominal
changes in messenger RNA (mRNA) expression are subtle, the
mutual correlation of immune-system-related genes increases, in
some cases drastically, suggesting activation of genetic networks.

Methods

Animals: Strains, sex, and age

The DoD Retina Blast (Mar16) dataset contains the data of 213
Affymetrix® Mouse Gene 2.0 ST microarrays. With a total of 52
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BXD strains and 2 parental strains (C57BL/6J and DBA/2]J), this
dataset is genotypically identical to our previously published DoD
Normal Retina (May15) dataset and allows for strain-to-strain
comparison. Almost all strains are represented by four independent
biological samples usually comprising retinas from two male and
two female mice between 66 and 114 days of age with a median of
76 days (Supplementary Fig. 1; see online supplementary material
at http://www .liebertpub.com). Animals were maintained on a 12-h
light—12-h dark cycle in a parasite-free facility with food and water
ad libitum. All procedures involving animals were approved by the
Animal Care and Use Committee of Emory University, Animal Use
and Care Review Office (ACURO) of the U.S. Army Medical Re-
search and Materiel Command (USAMRMC), and were in accor-
dance with the Association for Research in Vision and Ophthalmology
(ARVO) Statement for the Use of Animals in Ophthalmic and Vision
Research.

Ocular blast injury procedure

Ocular blast injury was performed using a previously described
model.® Briefly, animals were deeply anesthetized with 67 mg/kg
tribromoethanol and secured with tape on a semi-open plastic
tube sleigh. The head was safely positioned between Styrofoam
nuggets to minimize blast exposure to the brain. The sleigh was
then inserted into a hollow plastic cylinder with the right eye of
the mouse directly facing a 7-mm-wide hole, which was then
placed in front of a custom short airgun barrel. Before every blast
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procedure, the output pressure was checked at the position of the
eye with a pressure sensor (Honeywell; Morris Plains, NJ) and re-
calibrated, if necessary, to an output of 49 £ 1 psi (Supplementary
Fig. 1). The pressure sensor was fixed in place and placed flush
against the tube opening. Because the thickness of the outer and
inner tube (~ 6 mm), it was not possible to position the eye closer
toward the tip of the barrel than 6 mm as this would have resulted
in inappropriate pressure on the eye due to squeezing it out of its
orbit. Thus, there was an approximately 6-mm difference in dis-
tance of the pressure transducer and the eye to the gun barrel
tip. Following a single blast, eyes were carefully investigated for
signs of macroscopic damage. Eyes were lubricated with Gen-
Teal® and mice were allowed to wake up on a heating pad. There
was an overall mortality rate of 5% associated with the blast
procedure. Of the 240 mice in the blast experiment, 10 died under
anesthesia or during recovery. After recovery from anesthesia, 2
mice died the following day.

Functional assessment and Thy1-CFP flat mounts

Thyl-CFP mice (n=4-7 per group) bred on a C57BL/6 back-
ground were subjected to blast and their eyes were fixed in Z-FIX
(Anatech Ltd.; Battlecreek, MI), and washed 3 times in phosphate-
buffered saline (PBS). Retinas were dissected, mounted on slides
with rails in Vectashield Hardset (Vector Laboratories; Burlin-
game, CA), and coverslipped.
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(A) Experimental design. Mice were subjected to a single ocular 50-psi blast wave in the apparatus depicted on the right.

Ribonucleic acid (RNA) was isolated 5 days after injury and hybridized to the Affymetrix GeneChip®Mouse Gene ST 2.0 microarray.
(B) Correlation of microarray probes between the blast and the normal dataset. In this scatterplot, each dot represents one unique
microarray probe. The total correlation (Pearson’s r) is 0.999. (C) Volcano plot showing fold-change after blast and its associated
logarithmic p-value after adjustment for multiple comparisons using a false discovery rate (FDR) of 0.001. Each dot represents one
microarray probe. Red: downregulated probes. Blue: upregulated probes. Gray: no significant change at FDR <0.001. Color image is

available online at www.liebertpub.com/neu



120

Thy1-CFP fluorescence, RGC counting,
and soma size assessment

Total fluorescence of Thyl-CFP flat mounts was measured by
quantifying green channel intensity using Photoshop CS5 without
applying any further image enhancements (control n=3; blast n=4).
Retinal ganglion cell (RGC) soma size was automatically measured in
square pixels using a custom script in CellProfiler in two single frames
(outer and inner) per retinal quadrant each, resulting in approximately
2000 to 4000 RGCs identified per animal.” RGCs were counted using
flat mounted retinas from 77y /-CFP mice. Briefly, each flat mount was
divided into 8 regions, such that regions 1 through 4 were close to the
optic nerve head (ONH) and regions 5 through 8 were toward the
periphery of each flat mount. Each region consisted of a “‘cutbox,”
which was 636.5 um x636.5 um in dimension and was prepared in
Adobe Photoshop. Representative regions for each flat mount were
selected and the number of CFP-positive RGC bodies were counted
manually using the count tool in Photoshop. Data were averaged per
group (blast, control) and determined to be significant if p<0.05
(Welch’s 1 test).

Optokinetic tracking

Contrast sensitivity and visual acuity thresholds were measured
by optokinetic tracking (OptoMotry, CerebralMechanics. Inc.; Leth-
bridge, Alberta).'” Briefly, the mouse was placed on a central elevated
platform in the optometry chamber surrounded by four monitors pro-
jecting a virtual rotating cylinder with sinusoidal gratings of vertical
light and dark bars. A video camera mounted on the top of the chamber
tracked the behavior of the mouse, which followed the moving gratings
by turning its head, allowing for determination of spatial frequency
(““acuity”’) and contrast thresholds. Contrast sensitivity function data
are expressed as the inverse of the contrast thresholds.

Sample processing, RNA isolation,
and microarray hybridization

Five days after the blast procedure, mice were given an overdose
of tribromoethanol and sacrificed by rapid cervical dislocation.
Retinas were then dissected from eyes and directly placed into
160 U/mL Ribolock® (Thermo Scientific; Walton, MA) in Hank’s
Balanced Salt Solution (Sigma; St. Louis, MO) on ice. Tissue was
immediately stored at —80°C. RNA was isolated using a Qiacube®
and the RNeasy Mini Kit (Qiagen; Hilden, Germany) according to
the manufacturer’s instructions. The isolation included on-column
DNasel treatment to remove contaminating genomic DNA. All
tissue was harvested between 10 a.m. and noon to minimize cir-
cadian differences in gene expression. RNA integrity was assessed
on a Bioanalyzer 2100 (Agilent; Santa Clara, CA) and RNA in-
tegrity number (RIN) values for all animals ranged from 8.3 to 10
with a median of 9.5 (Supplementary Fig. 1; see online supple-
mentary material at http://www liebertpub.com). Each retina was
hybridized to a separate GeneChip® Mouse Gene 2.0 ST (Affy-
metrix; Santa Clara, CA) according to the manufacturer’s protocol.
Microarray hybridization was performed by two different core
laboratories: the Molecular Resource Center of Excellence at the
University of Tennessee (Dr. William Taylor, Director) and the
Emory Integrated Genomics Core (Dr. Michael E. Zwick, Director,
and Robert B. Isett, Technical Director). In a separate experiment,
we tested a set of arrays from C57BL/6J retinas at each facility to
determine if there were batch effects or other confounding differ-
ences between core laboratories, but were not able to detect any.
Therefore, data from both facilities were included in the analysis.

Quantitative PCR

For validation of microarray expression data, genes were ran-
domly chosen from four BXD strains in both blast and normal
situations. Exon-specific primers were designed using NCBI Pri-
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merBlast and verified to be specific to the target by melting curve
and gel analysis. Amplification efficiency for all primers was
>90%. Primer sequences are given in Supplementary Figure 2 (see
online supplementary material at http://www.liebertpub.com). First
strand synthesis was carried out at 42°C using Quantitect Reverse
Transcription Kit (Qiagen) and a mix of oligo(d)T primer and
random hexamers. After incubation in genomic DNA (gDNA)
eraser for 5min, 350 ug of total RNA were retrotranscribed and
diluted 10-fold with ultra-pure H20O. Quantitative polymerase
chain reaction (PCR) was carried out in 10 uL reactions using
QuantiTect SYBR Green Master Mix (Qiagen) according to the
manufacturer’s instructions on a Mastercycler realplex2 (Eppen-
dorf; Hamburg, Germany) with annealing temperature set to 60°C.
Technical triplicates were averaged and normalized against Ppia,
which was identified to be a stably expressed housekeeping gene in
the retina with the help of all retinal databases found on Gene-
Network. Fold-changes were calculated in log, using the ddCt
method and compared with the microarray results by linear re-
gression models.

Data processing, statistical analysis, and WGCNA

Microarray data were normalized using the Robust Multi-array
Average (RMA) method.'! Expression levels were log,-transformed,
z-scored, and multiplied by a factor of 2 before a constant of 8 was
added to avoid negative expression values and make the data com-
parable on GeneNetwork (see GeneNetwork extended methods). Data
from probes with a mean expression level lower than the fifth per-
centile and probes whose sequence did not have a unique BLAT hit
were filtered out. Differential expression was assessed by pairwise
comparison of expression values across all strains.'” P-values were
adjusted for multiple comparisons using the false discovery rate
(FDR), and a stringent cutoff of 0.001 was used to decide on statistical
significance. The following parameters were chosen for weighted gene
co-expression network analysis (WGCNA): a thresholding soft power
of 7, for which both networks approached approximate scale-free to-
pology. Signed topological overlap matrices were created separately
and scaled appropriately to make them comparable. Modules were
assigned by applying adaptive branch pruning to hierarchical clus-
tering dendrograms with the deepSplit parameter set to 2, a minimum
module size of 100, and the cutHeight set at 0.995. All analyses were
performed in the R 3.1.1 statistical programming environment. The
ggplot2 package for the R environment was used for most plots.'

Gene enrichment analyses and network graphs

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment were assessed by submitting
Affymetrix Probe IDs to WebGestalt.org.'* Reported p-values were
adjusted for multiple comparisons using Benjamini-Hochberg’s FDR.
Network graphs were created with Cytoscape version 3.4.

Immunostaining, microscopy, and lymphocyte
quantification

For staining retinal flat mounts, C57BL/6J (n=4-5 per time-
point) mice were deeply anesthetized with tribromoethanol and
perfused through the heart with 0.9% saline followed by 4%
paraformaldehyde in phosphate buffer (pH 7.4). The retinas were
dissected from the globe and washed 3 times in PBS with 1% Triton
X-100 (Sigma) added. Tissue was then blocked in 5% BSA (Sigma)
with 0.5% Triton X-100 for 1h at room temperature. The retinas
were then transferred into directly labeled primary antibodies: CD3
(HM3420, Life Technologies; 1:1000), CD4 (ab51467, Abcam;
1:1000), and CD8 (MCDO0828TR, Life Technologies; 1:1000).
After overnight incubation at 4°C, retinas were rinsed, placed on
glass slides, and coverslipped. The whole mounts were examined
with a NikonTi inverted microscope with C1 confocal scanner
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(Nikon Instruments; Melville, NY) at 40X to identify labeled cells.
Each retina was systematically scanned in the X-Y plain and Z-
stacks were taken through the entire thickness of the retina. After
merging all 40 X images together to one picture, lymphocytes were
manually counted per whole retina.

Results
Experimental design and quality of the data

To define the changes in gene expression occurring 5 days after an
over-pressure blast to the eye (Fig. 1A), the blast array dataset was
compared with a previously published dataset from naive retina.'’
The changes in expression were relatively modest and ranged from
—0.8 to +0.6-fold on a log, scale. The magnitude of these changes is
below the arbitrary two-fold difference accepted by many microarray
studies. We made a conscious decision not to analyze our results
using this arbitrary cutoff for biological relevance. Instead, we con-
trolled for statistical outliers by setting a 100-fold more stringent FDR
than is usual for these kinds of micorarray studies.'®

We found that 13,971 genes were differentially expressed
(Fig. 1B,C) with FDR <0.001. A subset of randomly chosen genes
was used to validate the microarray results by quantitative PCR
(Pearson r with microarray data=0.90, Supplementary Fig. 2; see
online supplementary material at htpp://www.liebertpub.com).
We were able to detect these moderate changes due to the size of
both datasets and the quality of RNA samples. The blast injury
dataset (DoD Retina After BlastAffyMoGene 2.0 ST (Mar 16),
“Blast”) contained 213 independent biological samples from 52
BXD strains plus the two parental strains. For these microarrays,
care was taken to produce high-quality RNA. The average RIN
score was 9.5 (£ 0.03, standard error of the mean [SEM]; Sup-
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plementary Fig. 1). The normal retina dataset (DoD Retina
Normal AffyMoGene 2.0 ST (May 15), ““Normal’’) contained a
total of 222 microarrays from 55 strains and had an average RIN
score of 9.4 (+ 0.03, SEM). An optimized RNA isolation protocol
combined with the repeatability of tissue dissection results in
consistency between each of the biological samples. Tissue sur-
rounding the retina was easily excluded from the sample in-
cluding the optic nerve, minimizing between-sample variation
and contamination by extraneous tissues. Thus, the large number
of microarrays in each dataset, the quality of the RNA used to
generate the data, and the consistency of tissue isolation allow our
group to identify changes in gene expression with a high degree
of statistical confidence. These changes may not have been seen
in a smaller-sized traditional microarray or RNA-sequencing
study. Finally, both datasets are hosted on GeneNetwork."”

Blast injury affects the expression
of distinct molecular pathways

The initial approach to the data was designed to identify differ-
entially expressed genes and then perform functional analysis using
gene enrichment profiling. GO and KEGG analysis were used to
identify pathways associated with the changes observed following
blast injury.'®!® For the downregulated transcripts,we found sig-
nificant enrichment of genes related to protein turnover and meta-
bolic function. The largest number of significantly downregulated
genes was associated with the GO term ‘“Mitochondrion” (Fig. 2A,
left panel), whereas for KEGG pathways, the biggest change fell in
the ““metabolic pathways” category (Fig 2A, right panel). Many
genes encoding mitochondrial ribosomes (Mrp*) were found within
this cluster. The second largest change in GO enrichment was for the
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term ““ATP binding” (see Supplementary Files 1 and 2 for the full list;
see online supplementary material at htpp://www.liebertpub.com). The
extent of the downregulation of genes associated with metabolic ac-
tivity reflects a clear depression of metabolic capacity within the retina
as a result of blast injury. The remaining categories for downregulated
genes were primarily related to post-transcriptional molecular pro-
cesses. For example, enrichment in GO terms such as ““Translation” or
KEGG pathways such as “Ribosome,” “RNA transport,” or “tRNA
biosynthesis” collectively indicate protein synthesis dysregulation.
Thus, at 5 days after blast injury, there is an overall decrease in genes
regulating metabolic processes and genes associated with the produc-
tion of finished protein products.

When we examined the genes that were upregulated following
blast injury, a very different picture emerged. Most importantly and
in contrast to downregulated genes, GO analysis was enriched in
genes related to pre-transcriptional processes, such as transcrip-
tional regulation (Fig. 2B, left panel). Additionally, upregulated
genes were specific for diverse KEGG pathways, a good half of
which were related to immune system processes (Fig. 2B, right
panel). For example, the pathway ‘‘Cytokine-cytokine interaction’
contained many cytokines from the CC and CXL subfamily as well
as the transforming growth factor (TGF)-beta family. Additionally,
Interferons (IFNs) alpha, beta, epsilon, and gamma were found
upregulated within this category. These data point to a difference in
transcriptional regulation as well as an increase in expression of
immune response genes following blast injury, suggesting activa-
tion of the immune system similar to what our group had previously
described following optic nerve crush (ONC).>°

Network analysis of expression
changes after blast injury

Gene enrichment profiling of significantly differentially ex-
pressed genes detected changes in several metabolic processes and
revealed a role for the immune system following blast injury. Al-
though it is known that isolated traumatic brain injury (TBI) in
rodents and humans results in activation of an inflammatory cas-
cade, we wondered if these transcriptional changes would be re-
capitulated in the mouse retina as well.>! Because simply looking at
gene expression changes between two conditions does not reveal
any information about the inherently dynamic nature of gene net-
works, we expanded our analysis by using unbiased machine
learning algorithms that compared gene co-expression patterns
across the BXD strain set.

First, we performed hierarchical clustering of expression data us-
ing weighted gene co-expression network analysis, which partitioned
our data into 25 modules. These modules can be thought of as
functionally different compartments of the retinal transcriptome,
forming groups of highly interconnected transcripts that may shape a
pathway.?>** In general, there was very good preservation of modules
between conditions (aggregate eigengene correlation=0.86, see also
Supplementary Fig. 3; see online supplementary material at htpp://
www.liebertpub.com), suggesting that the general gene network ar-
chitecture in the retina is well conserved after blast injury and the
changes seen are due to dysregulation of a small number of genes
only. Genes in each module were collected and subjected to GO
profiling in order to reveal the module’s closest functional annotation.
Among the modules with the largest drop in preservation (or the
biggest changes between conditions) were three modules whose top
GO terms were significantly enriched in immune system and meta-
bolic processes, mirroring the gene enrichment profiling results (the
black, blue, and dark green module, Supplementary Fig. 3D). We then
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performed GO analysis separately for up- and downregulated genes in
these three modules. This revealed a strong over-representation for
the terms “T-cell activation” (adj. p=0.003), “Cytokine signaling”
(adj. p=0.02), and “‘regulation of gene expression’ (adj. p < 1e-8) for
upregulated genes, whereas downregulated ones were enriched for
“primary metabolic process” (adj. p<le-4) and “‘cellular protein
metabolic process” (adj. p=0.004).

Another way to examine gene network differences between con-
ditions would be to look at changes of gene connectivity. This
measure assigns an arbitrary number to a gene that represents how
well its expression correlates to other genes.>* Changes in connec-
tivity mirror the dynamic nature of gene regulatory networks; an
increase can be thought of as activation of a gene network and vice
versa.”> We performed GO analysis for the top percentile of genes
with changes in connectivity. GO trees were very detailed, with genes
having the highest increase in connectivity enriched in the terms
“cell adhesion” (adj. p=0.025), “macrophage apoptotic process”
(adj. p=0.019), “‘extracellular region” (adj. p=0.014), “‘regulation
of immunoglobulin-mediated immune response” (adj. p<0.001), as
well as “isotype switching to IgG subtypes” (adj. p <0.001). On the
other hand, genes whose connectivity dropped were associated with
the GO terms ‘“‘axonogenesis,”” “‘synaptic transmission,”” ‘‘dendrite”
(all adj. p<1e-8), “synapse” (adj. p < le-12), “protein kinase activ-
ity,” and “ATP binding” (both adj. p <0.001), indicating that normal
transcriptional regulation of these molecular processes or entities was
impaired after blast injury.

In summary, these results suggest three dominating biologically
relevant processes as a result of ocular blast injury: loss of synaptic
transmission, impaired cell metabolism, as well as activation of the
immune system.

Activation of innate and acquired immune system

Our analysis of the effects of blast injury on gene expression
defined a series of differentially expressed genes and many of these
genes clustered into GO categories and KEGG pathways associated
with the innate immune system. Earlier work from our group has
revealed an activation of the innate immune network following
ONC.?° Because ONC is a well-studied model of RGC damage, we
wondered whether or not we would find activation of immune-
system-related gene networks in the blast data as well. When we
examined the blast injury dataset, we saw higher expression levels
for many of the same genes (Table 1). Even though some of these
genes did not reach significance regarding their differential ex-
pression, there was a dramatic increase in mutual correlations to
genes involved in innate immunity processes (Fig. 3A). This sug-
gested that the system is indeed activated. When we expanded this
analysis for the top 200 correlates of C4b (a gene essential for the
propagation of the classic complement cascade), we observed a
strikingly strong mutual correlation in the blast but not in the normal
condition (Fig. 3B). GO terms for these top 200 correlates of C4b
revealed highly significant involvement in multiple immune-
system—related biological processes and pathways (Fig. 3C), con-
firming the involvement of the innate immune system.

This acute activation also coincided with an increase in markers
of the acquired immune system. There was a significant (adj.
p<0.001) increase in the gene expression levels of Cd3 and Cd8
(known markers of T-lymphocytes) in our microarray datasets.
Others have shown infiltration of T-cells into the central nervous
system (CNS) and retina under pathological conditions.”>*” To
determine if this was also the case after blast, we examined the
retina at 7, 14, and 28 days following blast injury. At 7 days, CD3-
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TABLE 1. GENES ASSOCIATED WITH THE INNATE IMMUNE SYSTEM
Sioni Mean
at Iif)’%ﬁ ig%to ; explres;ion gorrelatz;on.' 1;-values

Affymetrix (blast [log2] earson’s r (Pearson)
probe Symbol Description vs. normal) ~ Normal Blast Normal Blast Normal Blast
17343918  C4b Complement component 4B No 8.56 862 1 1
17346528 C3 Complement component 3 No 7.81 795 0.56 0.80  0.000007 O
17387517  Serpingl Serine peptidase inhibitor, clade No 9.14 9.07 054 0.76  0.000014 O

G, member 1
17462492  A2m Alpha-2-macroglobulin No 8.85 8.83  0.32 0.75 0.015840 O
17417976  Edn2 Endothelin 2 No 8.03 8.14 043 0.75 0.001010 0
17212750  Statl Signal transducer and activator No 10.31 1033 040 0.71 0.002010 0.000002

of transcription 1
17350982  Cd74 CD74 antigen No 8.45 851  0.27 0.65 0.046220 0.000006
17269717  Stat3 Signal transducer and activator Yes 1092 11.10 0.54 0.65 0.000017 O

of transcription 3
17546109  Tir7 Toll-like receptor 7 No 6.36 6.32  0.09 0.63 0.379190 0.000013
17414836  Tir4 Toll-like receptor 4 Yes 7.05 7.16  0.29 0.61 0.030960 0.000001
17515074  Icaml Intercellular adhesion molecule 1 No 8.05 8.10 046 0.55 0.000370 0.000006

There is a slight increase of RNA expression and strong increase in correlation. Correlation values and their associated p-value are in relation to C4b.

FDR, false discovery rate; RNA, ribonucleic acid.

positive cells were observed invading the retina and most of these
cells were found in the inner nuclear layer, in close proximity to the
intraretinal vessels (Fig. 4A), and this increase was significant
(p<0.0001). At 14 days, there was an increase in the number of
CD3/CD4 double-positive lymphocytes (T-helper cells). By
28 days after blast, many CD3-positive cells remained within the
retina and in addition to the presence of CD3/CD4-positive T-
helper cells, a few CD3/CDS8 cytotoxic T-cells were observed
(Fig. 4B). Our results are consistent with other research investi-
gating lymphocyte invasion into the retina. For example, it was
shown in a model of autoimmune uveitis that CD4+ T-cells pre-
dominate during the early phase, whereas CD8+ T-cells accumulate
in later stages.”® The identification of T-cells in the injured retina
supports the view that cellular immune mechanisms could be re-
sponsible for the tissue damage caused by blast injury.

One potential link between the activation of the innate immune
system and the infiltration of lymphocytes could be through a series
of soluble factors such as pro-inflammatory cytokines Cxcr3, Ccl4,
and IFN-gamma, all of which are expressed in the injured retina.?"
3! These cytokines and chemokines, which are released after injury
by glial or endothelial cells, may play crucial roles in the recruit-
ment of T-lymphocytes to the injured retina. Even though of these
three cytokines only IFN-gamma was significantly upregulated
after blast (adj. p=2.5 e-00), this hypothesis is at least partially
supported by increased correlations of all three cytokines to Cd3 in
our blast database (Fig. 4C).

Ocular blast injury leads to progressive vision loss
associated with loss of retinal ganglion cells

The transcriptional changes observed at 5 days following a blast
injury represent a small series of molecular cascades that may result
in progressive loss of visual function and the death of RGCs. Be-
cause the functional changes that eventually lead to blindness may
not be apparent as early as 5 days after blast, we assayed RGC
features and function at different time points.

Many genes can serve as proxy for the identification of RGCs,*>
and when we investigated our data for changes in these markers, we

surprisingly observed higher expression of many of these after blast
(Thyl, Tubb3, Poudf2, Poudfl, Rbpms; bold ones are significant at
p<0.001). For example, the generic RGC marker Thy! showed a
0.2-fold log, change (adj. p=2.16e-6). We confirmed this upre-
gulation by measuring the total fluorescence of flat-mounted retinas
from Thyl-CFP transgenic animals at 1 week (Fig. SA). At the same
time-point, we also observed a significant increase in RGC soma
size (Fig. 5B). Both total fluorescence and RGC soma size were
significantly decreased at 6 weeks after blast. Functional measures
at 6 weeks were also diminished in the same mice, as evidenced by
a moderate drop in visual acuity and a dramatic drop in contrast
sensitivity (Fig. 5C). Along with that, we observed an ~ 16% loss
of Thyl-CFP-positive RGCs, ultimately identifying the culprit of
ongoing vision loss (Fig. 5D). Taken together, these data demon-
strate the devastating effects of what appears to be a relatively
modest injury. They also reinforce the importance for early treat-
ment, as the transcriptional events that are observable as early as
5 days after blast eventually lead to blindness.

Discussion

This study comprehensively characterized the in vivo effects of
blast injury to the mouse retina and offers the first report on the
systems genetics of ocular blast injury. A few other studies have
previously investigated the molecular effects of ocular blast injury,
and we note that the pressures used to inflict injury differ between
models. Whereas one study reported globe rupture at pressures of
40 psi and more, this was not the case in our model.® In preliminary
experiments using our gun, we did not see globe ruptures until
pressures more than 70 psi were reached. One possible explanation
for this difference could be variation in build of the models or
placement of the pressure transducer (see Methods). It is likely that
the effective pressure reaching the back of the eye is closer to the
range previously reported (<30 psi), as there was an approximate 6-
mm distance between the tip of the barrel and the eye. Nevertheless,
calibration to 50 psi at the tip of the barrel was necessary to avoid
technical variance in the blast apparatus. This pressure is compa-
rable to the amount of pressure sustained at the epicenter of a
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grenade explosion, making this model roughly equivalent to being
a few steps away from a grenade or bomb explosion (as pressure
decreases with the cube of distance).*® Here, we presented evidence
that a single 50-psi ocular blast as measured at the tip of the airgun
barrel was sufficient to lead to declining visual function. This
progression was accompanied by a steady increase in the number of
lymphocytes migrating into the retina (Fig. 6).

Although it is currently unknown whether this confers a regener-
ative or destructive effect, in many ways the pathology of ocular blast
injury appears to be closely related to TBI. It is believed that in TBI,
early-phase leukocyte-mediated breakdown of the blood-brain bar-
rier eventually leads to vascular and synapse remodeling.** The en-

suing neurodegeneration manifests itself as depression or anxiety in
TBI or, in the case of ocular blast, as blindness. In mice, the negative
neurological outcomes seen in TBI can be mitigated through inhi-
bition of lymphocyte-mediated signaling, whereas the decline in
visual function after ocular blast injury can be reduced through
immediate-early administration of non-steroidal anti-inflammatory
drugs (NSAIDs) such as meloxicam (P. Michael Iuvone, unpublished
data).*>% Because this inflammatory response seems to occur in an
acute and chronic phase over an extended period of time, treatment
strategies have a wide therapeutic window. Early immunomodula-
tory treatments in the acute or subacute phase could have dramatic
effects on the chronic response. Thus,it is appropriate to investigate
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the transcriptional changes at the transition from an acute to a chronic
state, as the invasion of lymphocytes into the retina likely marks an
irreversibly damaging process.

Toward that end, we monitored the retinal transcriptome 5 days
after blast injury, and found that a vast number of genes was dif-
ferentially expressed at that time despite none of the changes ex-
ceeding two-fold. A potential reason for this is that we analyzed
whole retina, which contains >7 cell types, but our and others’
results indicate that the pathological changes mostly occur in fewer
cell types (RGCs and glial cells), which together make up less than
1% of cells in the retina.>” As such, most of the RNA that micro-
arrays were normalized to is contributed by the likely unaffected
photoreceptors, the most abundant cell type in the retina. Thus,
even though it could be very possible that larger-fold changes exist
in the affected cell populations, they are not seen in the whole retina
data. Instead of focusing on a biologically relevant cutoff, we
therefore strongly controlled for statistical outliers by setting a
stringent FDR. Our results indicate that transcriptional changes
originating from extracellular signaling pathways are dominating

the ocular environment 5 days after blast, which comes at the ex-
pense of the cells’ metabolic function, RNA processing, and protein
production. It is not surprising that the largest number of down-
regulated genes after blast injury was associated with mitochondria,
as dysregulated mitochondrial metabolism has long been known to
play a significant role in TBL.*® Whereas actual uncoupling of
adenosine triphosphate (ATP) synthesis from the respiratory chain
would result in mitochondrial stress and acute cell death, other
more low-grade mechanisms of mitochondrial dysfunction must be
responsible for the slow neurodegeneration that manifests itself
after blast injury in the retina. It has very recently been shown that
mitochondrial fission is strongly increased in TBI, and that the
negative effects on learning and memory could be rescued through
the administration of a fission inhibitor.> It would be interesting to
investigate if similar improvements of metabolic function could be
achieved in ocular blast injury.

Other changes in gene expression we observed between blasted
and normal mice were seemingly related to the balance be-
tween transcription and translation. Along with a decrease in genes
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responsible for ribosomal or endoplasmic reticulum function, we
found increased expression of many transcription factors and co-
factors. This mirrors the dynamic nature of gene regulatory net-
works. Changes in RNA expression measured in total tissue are
either due to one specific cell type adapting its transcriptional
program to a stimulus, or additional new cells that became part of
the whole cell population. Although it is likely that a small fraction
of the changes seen are the result of lymphocyte invasion, a large
part of the differentially expressed RNA will be contributed from
retinal cells synthesizing regulatory molecules that prepare the cell
for the changes to come.

Because ocular blast injury was previously associated with
thinning of the retinal nerve fiber layer, we investigated RGC
function as well as expression changes in RGC marker genes.’”
Interestingly, we saw statistically significant increased expression
in genes such as Thyl, which also corresponded to an increase in
RGC soma size and Thyl-CFP fluorescence. This could be related
to a process termed ‘‘neuronal chromatolysis,”” a cellular response
after axonal damage resulting in the dissolution of Nissl bodies and
redistribution of cytoskeletal proteins with an apparent increase in

soma size.*® As chromatolytic neurons are thought to still possess
the ability to regenerate, it is interesting to speculate whether or not
treatment at this time would stall neuronal apoptosis. We and others
have observed that the decline in RCG number or nerve fiber layer
thickness is gradual, suggesting a slow but constant underlying
molecular process. It appears that this process is related to immune
signaling, as our enrichment analysis identified the strongest pos-
itive change in expression in genes related to the immune system.
Even when the changes in mRNA levels were not significant, in-
creased correlation and connectivity of co-expressed genes was
seen especially for immunity-related genes. This illustrates acti-
vation of genetic networks, which we have previously found to be
the case in the same mouse population after ONC.” In ONC, a
fixed amount of pressure is applied to the optic nerve without in-
terrupting the blood flow to the retina, which leads to gradual de-
cline in RGC number.*' Therefore, both ONC and blast injury are
models for RGC death, in which the immune signaling cascade
appears to play a significant role. The exact molecular cascades
leading to this have yet to be determined, but it is likely that cy-
tokine signaling plays a significant role. Other studies suggest that
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expression of cytokines in the retina is mediated by glial cells and
that an increase in cytokine signaling results in activation of retinal
microglia, astrocytes, and Miiller glia on site.**** In our analysis,
we saw that C4b formed a genetic network after blast injury that was
significantly enriched in the cellular GO terms ‘“Macrophages” and
“Microglia.”” The parent protein of C4b is complement factor C4. It
has been known now for about 20 years that microglia and astro-
cytes in mouse brains can synthesize complement factors** and it
also has been shown that complement genes are expressed in the
retina.*> Whereas the exact origin of complement factor secretion in
the retina remains unknown, our and others’ results indicate a role
for microglia in this process. It is interesting to note that C4b cor-
relates were also enriched for the terms “‘Epithelium,” ‘Extra-
cellular Matrix,” and “‘Integrin Binding.”” This could suggest that
one of the mechanisms that permit lymphocyte invasion through the
otherwise tight blood-retina barrier after blast is mediated through
breakdown of the blood-retina barrier by molecules secreted from
microglia activated by complement factors. Similar processes have
been observed in TBI as well.*647

Ultimately, the DBA/2J mouse is known for having several
immune-system-related defects compared with the C57BL/6J
mouse.*®*’ Among these is a condition that abrogates ocular im-
mune privilege associated with the anterior chamber, called a
dysfunctional anterior chamber associated immune deviation
(ACAID).>® This syndrome was recently found to be at least in part
due to a dysfunctional natural killer cell system resulting from
Cd94 deficiency in DBA/2J mice.>' We examined our databases for
correlations between the presence (B6 genotype) or absence (D2
genotype) of ACAID and inflammatory markers, but no significant
correlation was found (data not shown). Whereas another study has
detected greater influx of immune components into the anterior part
of the eye in DBA/2J mice after blast injury, our data suggest no
such connection for retina.*® This indicates that lymphocyte infil-
tration into the retina is independent of a functional or dysfunc-
tional ACAID.

In conclusion, our data reveal the genetic networks of ocular blast
injury for the first time. Using a systems genetics approach, we show
that the dysregulated transcriptional environment is reminiscent of
the pathophysiology of TBI, with loss of metabolic function and
activation of inflammatory cascades that eventually lead to de-
creases in visual function. Having used BXD strains for this study
will potentially allow for identification of upstream modulators of
this immune cascade as future work. To our knowledge, this is by far
the largest microarray study on ocular blast injury, and it is our hope
that the publically available data will be useful for fellow re-
searchers who are interested in specific genes or pathways involved
in the pathogenesis of blast injury.
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