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PURPOSE. Traumatic brain injury (TBI) frequently leads to chronic visual dysfunction. The
purpose of this study was to investigate the effect of TBI on retinal ganglion cells (RGCs), and
to test whether treatment with the novel neuroprotective compound P7C3-S243 could
prevent in vivo functional deficits in the visual system.

METHODS. Blast-mediated TBI was modeled using an enclosed over-pressure blast chamber.
The RGC physiology was evaluated using a multielectrode array and pattern electroretino-
gram (PERG). Histological analysis of RGC dendritic field and cell number were evaluated at
the end of the study. Visual outcome measures also were evaluated based on treatment of
mice with P7C3-S243 or vehicle control.

RESULTS. We show that deficits in neutral position PERG after blast-mediated TBI occur in a
temporally bimodal fashion, with temporary recovery 4 weeks after injury followed by
chronically persistent dysfunction 12 weeks later. This later time point is associated with
development of dendritic abnormalities and irreversible death of RGCs. We also demonstrate
that ongoing pathologic processes during the temporary recovery latent period (including
abnormalities of RGC physiology) lead to future dysfunction of the visual system. We report
that modification of PERG to provocative postural tilt testing elicits changes in PERG
measurements that correlate with a key in vitro measures of damage: the spontaneous and
light-evoked activity of RGCs. Treatment with P7C3-S243 immediately after injury and
throughout the temporary recovery latent period protects mice from developing chronic
visual system dysfunction.

CONCLUSIONS. Provocative PERG testing serves as a noninvasive test in the living organism to
identify early damage to the visual system, which may reflect corresponding damage in the
brain that is not otherwise detectable by noninvasive means. This provides the basis for
developing an earlier diagnostic test to identify patients at risk for developing chronic CNS
and visual system damage after TBI at an earlier stage when treatments may be more effective
in preventing these sequelae. In addition, treatment with the neuroprotective agent P7C3-
S243 after TBI protects from visual system dysfunction after TBI.

Keywords: multielectrode array, retinal ganglion cell, pattern ERG, blast injury,
neuroprotection

Blast-mediated traumatic brain injury (TBI) is a highly-

prevalent cause of progressive lifelong impairment in visual

and central nervous system (CNS) functioning.1 Visual and

ocular symptoms include increased light sensitivity, retinopa-

thy, optic neuropathy, dysfunctional optic motility, and visual

field loss, while other CNS symptoms consist of cognitive and

motor disruption.2–5 Patients with mild TBI also frequently

report nonspecific visual difficulties that, while not detected on

routine clinical eye exam or testing, ultimately lead to

significantly decreased visual quality of life.6 These visual

consequences of TBI result from early damage to the eye and

brain, and likely herald future progression to more serious

Copyright 2014 The Association for Research in Vision and Ophthalmology, Inc.

www.iovs.org j ISSN: 1552-5783 8330



chronic damage. Thus, there is a significant need to develop
novel testing strategies to objectively identify patients experi-
encing early damage to their visual system after TBI, to guide
therapeutic intervention and monitor therapeutic response, as
well as to develop new pharmacologic treatments that will
prevent damage to the CNS and visual system after TBI.

Recent reports, including ours, have demonstrated that the
key consequences of human TBI also are present in rodent
models.7,8 For example, we have reported recently that blast-
mediated TBI in mice results in visual-, cognitive-, motor-, and
mental illness–related phenotypes that recapitulate those
sustained by patients after blast-exposure.8,9 We also have
shown that retinal ganglion cells (RGCs) are highly susceptible
to damage and death after blast-mediated TBI.8 The RGCs are
CNS neurons located near the inner surface of the retina that
extend axons to form the optic nerve, which transmits visual
information from the retina to other regions of the brain for
higher-level processing. Because RGC function is measured
easily in living animals and people, we hypothesized that these
neurons might provide a novel and noninvasive target for
monitoring early CNS damage after blast-mediated TBI.

Here, we showed that acquisition of early RGC deficits after
blast-mediated injury correlates with a readily measurable RGC
response to light in living animals, the pattern electroretino-
gram (PERG). The PERG is a measure of RGC function
determined by the summation of RGC depolarization in
response to patterned light exposure. Specifically, the ampli-
tude of voltage change is measured noninvasively at the cornea
or eyelid in response to an alternating, reversing black and
white grid.10–12 Conducted with the subject in prone position
with eyes at the level of the heart, known as neutral position
PERG, reflects the function of RGCs under homeostatic
conditions. However, tilting the mouse 608 into the head
down position with its eyes below the level of the heart,
termed provocative position PERG, measures the function of
RGCs under increased IOP.

We hypothesized that provocative PERG might enable
detection of subclinical damage to the visual system that is
not normally observed on routine clinical eye exam. If so, then
this would provide an opportunity to identify at-risk patients at
an early time point for rehabilitative intervention, before the
onset of chronic irreversible damage to the visual system. In
addition to identifying early visual system dysfunction after
blast-mediated TBI, we also sought to evaluate whether
initiation of treatment at this time with the neuroprotective
agent P7C3-S243 would serve to preserve visual system
function after TBI. The P7C3 class of molecules originally
was identified through a target-agnostic in vivo discovery
screen for small, drug-like molecules capable of safely
increasing the net magnitude of hippocampal neurogenesis
in adult mice.13 The vast majority of newborn hippocampal
neurons die before structurally and functionally integrating
into hippocampal circuitry, and the original P7C3 molecule
was identified as an aminopropyl carbazole that blocked death
of newborn hippocampal neurons without altering their rate of
proliferation.13–16 The P7C3 compounds also potently block
cell death of mature neurons located in other regions of the
central and peripheral nervous system, as shown through
testing in animal models of stress-associated depression,17

Parkinson’s disease,15,18 amyotrophic lateral sclerosis,19 pe-
ripheral nerve crush injury,20 and TBI.9,21 In all of these cases,
protection of neurons from cell death by P7C3 compounds
correlated with preserved neurological function. Recently, the
molecular mechanism of action of the P7C3 class of
compounds has been identified as direct activation of
nicotinamide phosphoribosyltransferase (NAMPT), the rate-
limiting enzyme in nicotinamide adenine dinucleotide sal-
vage.22 Characterization of the new highly active derivative

known as P7C3-S243 also has been reported recently.15 This
agent was shown recently to preserve cognitive and motor
function after blast-mediated TBI, and here we tested whether
it also could protect the visual system as well after this injury.

MATERIALS AND METHODS

Animals

All animal studies were conducted in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research, and were approved by the Iowa City
Department of Veterans Affairs and The University of Iowa
Institutional Animal Care and Use Committees. Male 12-week-
old C57BL/6J mice, or mice with YFP expressing RGCS, B6.Cg-
Tg(Thy1-YFP)HJrs/J, were used in this study (95 total mice).

Blast Injury Induction

An enclosed blast chamber was used, one half of which was
pressurized, with a 13-cm opening between the sides of the
chamber, as described previously.8 A Mylar membrane (Mylar
A, 0.00142 gauge; Country Plastics, Ames, IA, USA) was placed
over the opening on the pressurized side of the chamber. The
unpressurized side of the tank contained a padded polyvinyl
chloride (PVC) protective restraint for positioning of an
anesthetized mouse 30 cm from the Mylar membrane.
Compressed air was pumped into the pressurized side of the
tank to 20 psi, at which point the membrane ruptured and
created a blast wave. Mice were anesthetized with a
combination of ketamine (0.03 mg/g, intraperitoneal [IP])
and xylazine (0.005 mg/g, IP) and positioned within the blast
chamber with the left side of the head and eye oriented toward
the source of the blast wave. To ensure that the primary effect
of the blast wave was at the level of the head, only the head of
the mouse was exposed to the blast wave, with the rest of the
body shielded. The head of the mouse was allowed to move
freely and was not fixed in position. Immediately following
exposure to the blast wave, mice were placed on a heating pad
to facilitate recovery from general anesthesia and to prevent
hypothermia. Xylazine anesthesia was reversed with Yohim-
bine chloride (0.001 mg/g, IP) to speed the recovery from
anesthesia. Control mice used in this study were anesthetized,
treated with analgesic, and placed in the blast chamber, but did
not receive a blast exposure. Blasted and sham-blasted mice
received analgesic via subcutaneous injection (0.1 mL/20 g
body weight) of buprenorphine (0.003 mg/mL) immediately
after the blast or sham-blast, respectively.

Pattern Evoked Electroretinography

Pattern-evoked electroretinography (PERG) was used to
objectively measure the function of RGCs by recording the
amplitude of the PERG waveform following TBI. Mice were
anesthetized with a combination of ketamine (0.03 mg/g, IP)
and xylazine (0.005 mg/g, IP), and then placed on a heated
recording table to maintain body temperature. Neutral position
PERG responses were evoked using alternating, reversing, and
black and white vertical stimuli delivered on a monitor with a
Roland Consult ERG system (Roland Consult, Brandenburg,
Germany). To record the PERG response, commercially
available mouse corneal gold ring electrodes were used (S&V
Technologies AG, Hennigsdorf, Germany). A reference needle
electrode was placed at the base of the head, and a ground
electrode was placed at the base of the tail to complete the
circuit. Each animal was placed at the same fixed position in
front of the monitor to prevent recording variability due to
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animal placement. Stimuli (188 radius visual angle subtended
on full field pattern, 2 reversals per second, 300 averaged
signals with cut off filter frequencies of 1 to 30 Hz, 98%
contrast, 80 cd/m2 average monitor illumination intensity)
were delivered under mesopic conditions without dark
adaptation to exclude the possible effect of direct photore-
ceptor-derived evoked responses. A diffuser placed over the
pattern on the monitor also did not elicit a measurable evoked
potential, further ensuring that the electrical responses were
elicited from RGCs. The PERG response was evaluated by
measuring the amplitude (peak to trough) of the waveform, as
we have described previously.8,23 The PERG response was
recorded at baseline, and 1, 4, and 16 weeks following blast
injury.

Provocative PERG testing was performed 4 weeks after blast
exposure by placing the mouse in a 608 head-down position as
described previously24 using a custom-made PERG system
using the same stimulation parameters as described above,
with 372 averaged signals (Jorvec, Miami, FL, USA). Mice were
left in this position for 15 minutes before initiation of the
recording and remained in this position throughout the
duration of the recording.

Spectral-Domain Optical Coherence Tomography
(SD-OCT)

We performed SD-OCT analysis using a Spectralis SD-OCT
(Heidelberg Engineering, Vista, CA, USA) imaging system
coupled with a 25 diopter (D) lens for mouse ocular imaging
(Heidelberg Engineering). Mice were anesthetized with a
combination of ketamine (0.03 mg/g, IP) and xylazine (0.005
mg/g, IP) and placed on a heating pad to maintain body
temperature. Pupils were dilated using a 1% tropicamide
solution. The cornea was moisturized with a saline solution,
which was applied every 20 to 30 seconds. Volume scans (49
line dense array) positioned directly over the optic nerve head
were performed to quantify the RGC complex thickness (RGC
bodies þ axons þ dendrites). Scans were analyzed by an
individual masked to the treatment of the mouse in the
superior retina, along a line raster scan placed approximately
150 lm from the peripapillary region. All scans were analyzed
by excluding blood vessels from the RGC complex thickness
calculation, since blood vessels in rodents are almost
completely embedded in the RNFL.25

Treatment With P7C3-S243

Mice were injected intraperitoneally twice daily in divided
doses for a total of 10 mg/kg/d P7C3-S243, which was
synthesized according to previously published methods.15

The P7C3-S243 was solubilized in 2.5% dimethyl sulfoxide
(DMSO) diluted in 10% Koliphor P 188, a thickening agent,
(Sigma-Aldrich, St. Louis, MO, USA) and brought to a final
working volume by diluting with 5% dextrose. Treatment was
initiated immediately after blast-injury, within 5 minutes of
removing the mouse from the chamber and continued daily for
the duration of the experiment.

Ocular P7C3-S243 Concentration Pharmacokinetic
Analysis

The C57BL/6J mice dosed IP with P7C3-S243 at 10 mg/kg were
used for pharmacokinetic (PK) analysis of total vitreous humor
drug levels. The P7C3-S243 was formulated for administration
as described above. At various times post dose, animals were
sacrificed with an inhalation overdose of CO2 and vitreous
humor was collected. Plasma was prepared from blood by
centrifugation at 9300g for 10 minutes at 48C and was stored

along with the brain tissue and vitreous humor at �808C until
analysis. Brain homogenates were prepared by homogenizing
the tissues in a 3-fold volume of PBS. Total brain homogenate
volume was estimated as volume of PBS added plus volume of
brain in milliliters. Vitreous humor homogenates were
prepared by homogenizing the humor in a 5-fold volume of
PBS. Total vitreous homogenate volume was estimated as
volume of PBS added plus volume of humor in milliliters.
Compound was extracted from vitreous humor by a simple
protein precipitation method involving the addition of 100 lL
of acetonitrile containing formic acid and the internal standard
(IS) n-benzylbenzamide (IS final concentration ¼ 25 ng/mL;
final formic acid concentration 0.1%) to 50 lL of vitreous
humor. The samples were vortexed for 15 seconds, incubated
at room temp for 10 minutes and spun twice for 5 minutes at
48C 16,100g in a standard microcentrifuge. The supernatant
then was analyzed by liquid chromatography tandem mass
spectrometry (LC/MS/MS). Compound was extracted from
plasma and brain homogenates by passage over a Phenomenex
(Torrence, CA, USA) Phree Phospholipid Removal tabbed 1 mL
tube to remove phospholipids as well as proteins. Briefly, 100
lL of brain homogenate or 50 lL of plasma was loaded in the
center of the Phree tube on a vacuum manifold. Either 300 lL
(brain) or 400 lL (plasma) of acetonitrile, containing formic
acid and the n-benzylbenzamide IS to yield the final concen-
trations listed above, then was added and the mixture pipeted
gently twice to mix. A vacuum was applied and the flow
through collected. An additional 300 lL (brain) or 400 lL
(plasma) of acetonitrile solution was passed over the tube and
the flow through added to the original material. The flow
through was vortex mixed and 700 lL taken for analysis by LC-
MS/MS.

Nontreated mice were used to collect blank brain homog-
enate for standards and quality controls (QCs). Standard curves
were prepared by addition of the appropriate compound to
plasma, brain homogenate, or vitreous humor homogenate and
processing as described above. A value of 33 above the signal
obtained in the blank plasma or brain or vitreous humor
homogenate was designated the limit of detection (LOD). The
limit of quantitation (LOQ) was defined as the lowest
concentration at which back calculation yielded a concentra-
tion within 20% of the theoretical value and above the LOD
signal. The LOQ for plasma was 5 ng/mL, and for brain and
vitreous humor it was 1 ng/mL. Compound levels were
monitored by LC/MS/MS using an AB/Sciex (Framingham,
MA, USA) 3200 Qtrap mass spectrometer coupled to a
Shimadzu (Columbia, MD, USA) Prominence LC. The
P7C3A20 was detected with the mass spectrometer in multiple
reaction monitoring (MRM) mode by following the precursor
to fragment ion transition 507.0 � 204.1 (positive mode;
MþHþ). The IS, n-benzylbenzamide, was monitored using a
212.1 � 91.1 transition (positive mode; MþHþ). An Agilent
(Santa Clara, CA, USA) XDB C18 column (50 3 4.6 mm, 5 l
packing) was used for chromatography with the following
conditions: Buffer A, 0.1% formic acid in water; Buffer B, 0.1%
formic acid in methanol, 0 to 1 at 0 minutes 50% B, 1.0 to 1.5
minutes gradient to 100% B, 1.5 to 3.0 minutes 100% B, 3.0 to
3.1 minutes gradient to 0% B, 3.1 to 4.5 minutes 0% B.

Multi-Electrode Array Analysis of Single RGC
Physiology

Spontaneous activity and light-evoked responses of RGCs were
recorded from control mice and from mice exposed to blast 1,
5, and 16 weeks after blast injury using multielectrode array
(MEA) techniques as reported previously.26 Dark-adapted
retinas from the left eye, directly exposed to blast, (4 retinas
for each time point) were positioned with the ganglion cell
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layer (GCL) down onto a multielectrode array with 10-lm
contacts spaced 200-lm apart (Multichannel Systems, Reutlin-
gen, Germany). The array was mounted on a microscope
(Axioplan; Zeiss, Gottingen, Germany) and perfused with 378C
oxygenated Ringer medium at 2.5 to 4 mL/min (in mM: 124
NaCl, 2.5 KCl, 2 CaCl2, 2 MgCl2, 1.25 NaH2PO4, 26 NaHCO3,
and 22 glucose). Preparations were stabilized for 1 hour before
testing (Bionic Technologies, Salt Lake City, UT, USA). Full-field
1-second flash stimuli were displayed at 5-second intervals, and
responses were averaged over 20 trials. Action potential
(spike) waveforms accepted for analysis were ‡60 lV in
amplitude and ‡1.85 times the root mean square of the
background signal. Responses from different cells on the same
electrode were distinguished by supervised principle compo-
nents analysis (Offline Sorter; Plexon, Dallas, TX, USA).
Accepted data demonstrated a refractory period of >1 ms
(typically 2–5 ms) and did not display recognizable noise
patterns (60 Hz, >10 kHz transients, or sinusoidal oscillations).
One to three cells were identified per microelectrode by this
procedure. For each recorded cell, the spontaneous mean
firing rate was determined as the number of spikes divided by
the length of the recording period. The activity maps show the
average spontaneous firing rates for the RGCs on each
electrode plotted as contour maps. Light-evoked responses
were quantified as the total number of action potentials
occurring within 1 second following a light transition (ON or
OFF), after subtracting the background spontaneous firing rate
over the 1 second preceding the stimulus. These responses
were averaged over 10 or 20 trials, and amplitude was
expressed as a net mean firing rate (spikes/s). For such
calculations, ganglion cells were included if the net response
to the maximum stimulus (34 lW/cm2 retinal irradiance) was
at least 1 spike/s. The transiency index is the fraction of each
response occurring in the first 200 ms after stimulus ON-set or
OFF-set. Means 6 SEM are presented for the parameters above.
Given their nonnormal distribution, however, central values for
many of these parameters also were expressed as medians and
were compared using the Mann-Whitney U test in Graphpad
Prism (GraphPad Software, Inc., La Jolla, CA, USA).

Quantification of Retinal Whole Mounts

Perfusion fixed eyes (4% paraformaldehyde in PBS) were flat-
mounted and stained with hematoxylin and eosin (H&E) using
standard methodology. Using a light microscope (BX52;
Olympus, Tokyo, Japan) equipped with a digital camera
(DP72; Olympus), 2 nonoverlapping 320 images were collect-
ed at the peripheral, mid peripheral, and central positions of
each of 4 retinal petals, yielding a total of 24 images per retina.
Retinal regions were defined as peripheral (outer edge of the
petal to one-third of the distance to the optic nerve head),
central (outside edge of optic nerve head to one-third the
distance to the outer edge of the petal), or mid peripheral (area
between the peripheral and central retina). Quantitative
analyses of cell counts on image files were performed using a
semiautomated macro for Image J Imaging Software (National
Institutes of Health [NIH], Bethesda, MD, USA). Nuclei in the
GCL were identified in color images using a threshold
segmentation approach followed by quantitative analysis using
the particle analyzer tools available in ImageJ. Inclusion criteria
for morphology were set to include GCL-nuclei within a size
range of 5 to 125 lm2 and circularity of 0.69 to 1.00. Nuclei
falling outside these parametric ranges, including the vast
majority of vascular endothelial cell nuclei, were excluded
from counts. For cells included in the counts, cells with nuclei
within an area of 25 to 49.9 um2 were classified as displaced
amacrine cells (DACs) and all other cells were classified as
RGCs.

Dendritic Analysis of RGCs

Whole-mounted Thy1-YFP mouse retinas were visualized using
the Carl Zeiss LSM 710 with Argon 514 nm laser (Carl Zeiss
Meditec, Dublin, CA, USA) configured for EYFP at 20% laser
line attenuator transmission. Z-stack images were captured
with Zen 2011 imaging software at 340 magnification in 2 3 2
tile scans. Dendritic fields were traced and their area
determined as a polygon around the distal tips of the dendrites
using Aperio ImageScope and Aperio Digital Slide Studio
software (Aperio Group LLC, Sausalito, CA, USA).

IOP Measurement

The IOP was measured in the neutral (08) position after mice
were anesthetized using a Tonolab rebound tonometer (Icare,
Helsinki, Finland). Mice subsequently were placed in the 608
head-down position for 15 minutes and the IOP was again
recorded. Five measurements were taken for each eye in each
position and averaged to give one measurement per position.

Statistics

The specific statistical tests used for each method are detailed
in each section. Statistical analysis was conducted using
GraphPad Prism Software v6.0.

RESULTS

Blast Exposure Induces Temporally Bimodal
Deficits in Neutral Position PERG

To begin, we measured PERG amplitude in living mice after
blast-mediated TBI to determine the response of RGC activity
to blast over time. In sham-blast (sham) mice, baseline neutral
position PERG amplitude was 20.58 6 1.10 lV (n ¼ 11). The
PERG measurements in these same mice at 1 (22.46 6 1.58
lV) and 4 (21.83 6 1.37 lV) weeks later showed no significant
differences in amplitude from baseline (Fig. 1a). Sham mice at
16 weeks after sham-blast exhibited a small, but significant
increase in PERG response (24.78 6 1.45 lV, P < 0.05) (Fig.
1a), reflecting a slightly suppressed baseline response, since
artificial increases in PERG function have not been reported.
By contrast, blast-injury mice exhibited a decrease in PERG
response from 23.85 6 0.96 lV (n¼ 12) at baseline to 19.92 6
1.42 lV 1 week after blast (P < 0.05). The PERG response of
blast mice was restored temporarily, however, 4 weeks after
blast injury (23.60 6 1.21 lV), and then observed to be
substantially decreased 16 weeks after blast injury (18.20 6
0.54 lV, P < 0.01, Fig. 1b). Together, these results demon-
strated that neutral position PERG deficits observed acutely
after injury temporarily resolve by 4 weeks after blast injury,
followed by a latent period of temporary recovery. A
subsequent decrement in the PERG response then is observed
16 weeks after induction of TBI.

Blast Exposure Induces Permanent Thinning of
the RGC Layer

To determine whether decreased PERG in blast mice might be
related to the structural integrity of the retina, we used SD-OCT
to analyze in vivo thickness of the RGC complex. Sham mice
had a baseline RGC-complex thickness of 68.39 6 0.92 lm,
which remained unchanged 1 (67.07 6 0.73), 4 (67.68 6 0.44
lm), and 16 (68.95 6 0.88 lm; Figs. 2a, 2b) weeks later. By
contrast, blast injury elicited an acute decrease in RGC
complex thickness, from 66.92 6 0.66 lm at baseline to
63.18 6 0.66 lm 1 week after exposure (P < 0.05).
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Comparable levels 4 weeks (63.77 6 0.43 lm, P < 0.05) and
16 weeks later also were observed (64.44 6 0.83 lm, P < 0.05;
Figs. 2c, 2d, repeated measures ANOVA with Dunnett’s
multiple comparison test). These results suggested a consider-
able amount of functional plasticity in the visual system after
blast, as the structural measures of RGC morphology decrease
permanently and immediately following blast exposure, yet
neutral position PERG response varies in a bimodal fashion
with a latent period of functional recovery.

Functional Plasticity of RGC Spontaneous Activity
and Response to Light After Blast Injury

To investigate the apparent mismatch between normal retinal
functioning reflected by neutral-position PERG and reduced
retinal thickness detected by SD-OCT at the 4-week time point

after blast-injury, we used in vitro MEA analysis in acutely
dissected retina. This technique measures spontaneous and
light-evoked responses of individual RGCs. The RGCs elicit
action potentials spontaneously and randomly in the dark. We
observed that the average spontaneous firing rate of RGCs in
the dark was significantly increased at 1 (P < 0.0001, n¼ 220
RGCs), 5 (P < 0.0001, n¼ 317 cells), and 16 (P¼ 0.0002, n¼
273 cells) weeks after blast-injury, compared to sham mice (n¼
312 cells; Figs. 3, 4). This spontaneous hyperactivity was
evident not only in the average RGC firing rate (Fig. 4a), but
also in the cumulative firing rate of RGCs (the proportion of all
RGCs firing above a given rate; Figs. 4b, 4c).

The RGCs are the first neurons in the visual transduction
cascade that fire an action potential in response to light, and
are divided into ‘‘ON RGCs’’ that respond to onset of light and
‘‘OFF RGCs’’ that respond to offset of light. The responses of

FIGURE 2. Mice exposed to sham-blast did not display any decrease in the RGC complex thickness over time (A, B). Mice exposed to blast-mediated
TBI had a decreased RGC complex thickness beginning 1 week after blast-induction, which persisted for the duration of the experiment (C, D).
*Significant difference compared to baseline recordings using ANOVA with Dunnett’s posttest; P < 0.05. The SD-OCT images in sham (B) and blast-
exposed (D) mice are from 16 weeks after induction.

FIGURE 1. Blast-induced functional RGC damage in C57BL/6J mice. Sham mice not exposed to a blast wave did not display any evidence of
functional RGC deficits at 1 week (1w), 4 weeks (4w), or 16 weeks (16w) after blast exposure. (A). The PERG analysis after injury revealed deficits
at 1w and 16w (B). All PERG recordings are measured in the neutral position. *Significant difference compared to baseline recordings using ANOVA
with Dunnett’s posttest; P < 0.05.
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these classes of RGCs to full-field light flashes in acute retinal
whole-mounts were significantly greater 5 weeks after blast-
exposure (n ¼ 368 cells) when compared to acute retinal
preparations from sham mice (n¼ 247 cells; Figs. 5a, 5b; total
response, P < 0.0001; ON, P¼ 0.0185; OFF, P < 0.0001; Mann-
Whitney U test). However, no statistically significant differenc-
es from sham mice were present in blast-injured retina 1 or 16
weeks after injury (Figs. 5a, 5b), indicating that RGC light
responsiveness increases temporarily following an initial latent
period after blast trauma, and then returns to normal. Closer
analysis reveals that the change in light responsiveness 5 weeks
after injury includes, on average, a decrease in the relative
proportion of responses elicited by light onset (ON/total
response ratio; P ¼ 0.0093 versus RGCs of control retinas),
with a corresponding increase in OFF/total ratio; P ¼ 0.0093,
Figure 5c. That is, for analysis of this population of RGCs, the
relative responsiveness to light onset versus offset is more
evenly balanced at this interval after blast injury, whereas at
other time points there is a disparity in the ON versus OFF
response of RGCs.

We also have observed changes in the duration of RGC
responses to the onset and offset of light after blast injury by
means of transiency index (TI), which is the fraction of each
response occurring in the first 200 ms after stimulus onset or
offset.27–29 The mean TI of ON and OFF responses increased
significantly at 7 days post blast (ON, P < 0.0001; OFF, P ¼
0.0011), while ON responses were more sustained (lower TI, P

< 0.0001) 5 weeks after blast (Figs. 5d, 6). Examination of the
size and structure of RGC receptive fields after injury,
estimated using random white noise checkerboard stimulus
and reverse correlation techniques,27–29 showed that some
RGC receptive fields were substantially larger 5 weeks after
injury (Fig. 7), in contrast to what was observed at 1 or 16
weeks post blast.

Blast Exposure Results in RGC Loss but Does Not
Affect DACs

To determine whether blast-mediated TBI elicits pure RGC
dysfunction without cell loss, as opposed to retinal dysfunction
concomitant with RGC death, retinas from blast and sham mice
were collected 16 weeks after induction, whole mounted,
stained, and analyzed using an automated, objective counting
method that we have developed and manually verified to
recognize the nuclear features of RGCs and DACs. Because the
spatial pattern of RGC death is an important hallmark in other
optic neuropathies, such as glaucoma, the density of RGCs was
quantified in three distinct spatial regions (central, mid
peripheral, and peripheral) of each retina. The density of all
RGCs in sham mice was calculated for central (7556 6 284.3
cells/mm2, mean 6 SEM), mid peripheral (6679 6 267.9 cells/

FIGURE 3. The activity maps show increase in the spontaneous activity at all times probed post blast. The average spontaneous firing rates of RGC’s
per electrode were plotted as contour maps for control retinas (a) and retinas collected at 1 (b), 5 (c), and 16 (d) weeks post blast. The average rates
in spikes/s are plotted on a logarithmic (log10) scale and the color scale is included in the figure. Circles in the figure indicate the position of the
optic nerve head.

FIGURE 4. Spontaneous activity of RGCs increases after exposure to
blast. (a) Average spontaneous firing rates of RGCs in control (ctrl)
retinas and in retinas exposed to blast at 1 (1 w), 5 (5w), and 16 (16w)
weeks post blast. (b) Cumulative frequency histograms showing the
distribution of mean average rates for ctrl and blast-exposed RGC’s. (c)
Enlarged insert from (b). Statistical analysis performed by Mann-
Whitney U test. Significant difference compared to controls; ***P <
0.001, ****P < 0.0001.
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mm2), and peripheral (6269 6 235.9 cells/mm2) regions. A

significant decrease in RGC density was observed in all regions

(central, 6471 6 287.3 cells/mm2; mid peripheral, 5737 6

220.0 cells/mm2, and peripheral, 5236 6 207.0 cells/mm2; P <
0.05, 2-tailed heteroscedastic t-test, Figs. 8a–c) 16 weeks

following blast exposure. The spatial pattern of RGC loss

occurred throughout the entire retina, which suggests that

RGC loss after blast-mediated TBI is distinct from other forms

of optic neuropathies that are typically associated with focal

patterns of RGC loss.

We next sought to determine whether other cell types

within the retina also were affected by blast injury, such as

FIGURE 5. Light-evoked responses change in a time-dependent manner after exposure to blast. (a) The total median response amplitude for RGCs in
control (ctrl) retinas and at 1 (1w), 5 (5w), and 16 (16w) weeks after blast-exposure. (b) Average amplitude of response to maximal full-field
stimulus of RGCs from control retinas and in retinas at 1 w, 5w, and 16w post blast. (c) The ON/Total ratio decreased significantly at 5w post blast,
while the OFF/Total ratio increased significantly, and no significant difference is present at 1w and 16w post-blast exposure. (d) The transiency
index of the response to the ON-set of light increased significantly at 1w and 5w post-blast, while the transiency index for the OFF-set of light
increased 1w post blast. Statistical analysis performed by Mann-Whitney U test. Significant difference compared to controls; *P < 0.05, **P < 0.01,
****P < 0.0001.

FIGURE 6. Responses to maximal full-field light flash (34 lV/cm2, 1 second) shown as peristimulus time histograms (PSTHs) change in a time-
dependent manner after exposure to blast. Stimulus timing is indicated by the white background. The response length in ON cells decreases 1
week after blast, increases 5 weeks after blast, and is normal at 16 weeks after blast compared to controls (a). The OFF response length is decreased
1 week post blast (b).
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DACs. The DACs are amacrine cells that normally reside in the
RGC layer of the retina and function to provide input to RGCs,
mediate lateral interactions between RGCs, and modify RGC
receptive fields. Specifically, we quantified the density of DACs
and examined the ratio of RGCs:DACs to determine whether
damage to the RGC layer affected these other types of cells.
The density of DACs in sham mice (9904 6 366.9 cells/mm2)
was not significantly different than in blast mice (9517 6 251.5
cells/mm2, P ¼ 0.3958, Student’s t-test, Fig. 8d). However, the
ratio of the total number of RGCs/DACs in blast mice (0.81 6
0.06) was significantly lower than in sham mice (0.96 6 0.02,
P¼ 0.0347, Student’s t-test, Fig. 8e), indicating a selective loss
of RGCs.

Blast Injury Results in Dendritic Rearrangement of
RGCs

The area covered by the dendritic arborization of RGCs was
calculated in mice exposed to sham- or blast-injury, 1, 4, or 16
weeks after exposure (Fig. 9). No change was observed in the
dendritic field area of blast mice at 1-week (29,648 6 2268
lm2, n¼ 128 cells), 4-week (36,770 6 2849 lm2, n¼ 82 cells),
or 16-week (25,885 6 2279 lm2, n ¼ 98 cells) time points,
compared to sham mice (28,951 6 3391 lm2, n ¼ 66 cells).
Average dendritic field area, however, was significantly larger at
4 weeks compared to 16 weeks after blast-injury (P < 0.05,
ANOVA with Tukey’s multiple comparison test) within the
blast-injury group. Taken together, we observed an increased
dendritic field at 4 weeks after blast injury that corresponds
with elevation of the MEA response at 5 weeks, despite
apparently reduced thickness of the RGC layer around this
time. At 16 weeks after injury, however, functional measures of
PERG and dendritic field analysis were reduced, compatible
with progression of significant neuronal damage and RGC loss.

Provocative PERG Testing Reveals RGC
Dysfunction During the Temporary Recovery
Latent Period That Correlates With Abnormal RGC
Physiology

Provocative PERG testing, recorded after tilting the mouse’s
head down to increase IOP, can be used to reveal latent RGC
dysfunction30,31 that is not otherwise detectable by routine
clinical eye exam or neutral position PERG testing. Important-
ly, this technique can be applied to rodents and people. We

measured provocative PERG 4 weeks after blast-injury (Fig.
10A) based on the hypothesis that abnormal RGC firing activity
5 weeks after blast may reflect latent RGC dysfunction.
Furthermore, we sought to test whether the neuroprotective
agent P7C3-S243, previously reported to preserve cognitive
and motor dysfunction after blast-mediated TBI9 and other
neurodegenerative diseases,13,15,18,19 also could prevent RGC
dysfunction after TBI. Because of the blood-retina barrier, we
conducted ocular pharmacokinetic analysis after intraperito-
neal injection of P7C3-S243 (10 mg/kg). The maximum
vitreous concentration of P7C3-S243 occurred 90 minutes
after injection at a concentration of 234.2 ng/g. These results
indicated that P7C3-S243 is able to cross the blood–retina
barrier.

Rebound tonometry was performed to determine whether
treatment with P7C3-S243 affected IOP regulation, since
provocative PERG analysis is dependent on the response of
RGCs to transiently increased IOP. Treatment with P7C3-S243
had no effect on IOP dynamics in blast-exposed mice (Fig.
10B). The IOP increased with provocative testing to a similar
degree in TBIþVeh and TBI-S243 mice, and baseline and
provoked IOP were not significantly different between
TBIþVeh and TBI- P7C3-S243 mice. The TBIþ P7C3-S243–
treated mice had a baseline IOP of 13.33 6 0.43 mm Hg, which
increased significantly to 19.53 6 0.91 mm Hg during
provocative testing (P < 0.001, 1-way ANOVA with Tukey’s
multiple comparison test). TBIþVeh treated mice had a
baseline IOP of 12.17 6 0.54 mm Hg, which significantly
increased to 20.67 6 1.29 mm Hg during provocative testing
(P < 0.001). Comparison of P7C3-S243–treated mice and
vehicle-treated mice showed no significant differences in
baseline or provocative IOP values. These results demonstrated
that abnormal RGC physiology observed 5 weeks after blast
exposure leads to progressive visual dysfunction, which can be
observed using provocative PERG. Furthermore, treatment
with P7C3-S243 prevents the induced decline in PERG
function that is revealed using provocative testing.

Provocative PERG was recorded in sham-injury mice treated
with P7C3-S243 (ShamþP7C3-S243), vehicle-treated sham-
injury mice (ShamþVeh), blast-injury mice (‘‘TBI’’) treated
with P7C3-S243 (TBIþ P7C3-S243), and blast-injury mice
treated with vehicle (TBIþVeh) 4 weeks after injury (Fig.
10C). There was no significant difference in provocative PERG
amplitude among Shamþ P7C3-S243 (24.18 6 3.23 lV, n¼ 5),
ShamþVeh (23.19 6 3.27 lV, n ¼ 4), and TBIþ P7C3-S243
groups (19.34 6 1.76 lV, n ¼ 5), but there was a significant
decrease in the provocative PERG amplitude of TBIþVeh-
treated mice (12.74 6 2.66 lV, n¼ 5, P < 0.05, ANOVA). Thus,
P7C3-S243 exerted a protective effect against the drop in
provocative PERG amplitudes seen after TBI, indicating its
ability to foster protection at this early time point of damage
that ultimately leads to chronic loss of function.

Chronic Neutral Position PERG is Preserved After
TBI by Treatment With P7C3-S243

Standard (neutral position) PERG was analyzed 16 weeks after
blast exposure to determine whether daily treatment with
P7C3-S243 could prevent chronic neutral position PERG
deficits otherwise observed at this post-blast interval (Fig.
11). The PERG amplitudes of TBIþP7C3-S243 and TBIþVeh
mice were compared to historical PERG amplitudes from aged-
matched sham mice (as shown in Fig. 1). The average PERG
amplitude of TBIþP7C3-S243–treated mice (22.7 6 2.35 lV, n

¼ 5) was not significantly different from that of sham-blasted
mice (24.78 6 1.45 lV, n ¼ 12, P < 0.05, ANOVA with
Dunnett’s multiple comparison test), but the PERG amplitude
of TBI þ Veh mice (19.92 6 0.80 lV, n ¼ 9) was significantly

FIGURE 7. Exposure to blast affects the receptive fields of RGCs as
determined by multielectrode array analysis. Examples of normal (a)
and altered (b) receptive fields, 5 weeks after blast-mediated injury.
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lower than sham-blasted mice (P < 0.05, ANOVA with
Dunnett’s multiple comparison test). Thus, treatment with
the neuroprotective agent P7C3-S243 effectively preserved
visual function 16 weeks after blast injury in mice.

DISCUSSION

To our knowledge, this is the first report to describe two
important findings related to visual dysfunction after TBI. First,
we have identified a latent period of temporary recovery
during which time in vivo RGC function under nonstressed
conditions returns to baseline levels. At this time, abnormal-
ities are revealed by identical testing conducted under
conditions of RGC stress, and by in vitro measures of individual
RGC physiology. Second, we showed that treatment after TBI
with P7C3-S243 prevents acquisition of visual deficits, pointing
towards future new therapeutic options for patients.

We have demonstrated that RGCs are highly susceptible to
blast-mediated TBI, with a temporal bimodal decline in

function as evaluated by neutral position PERG. The latent
period, when no significant RGC functional deficits can be
observed by neutral position PERG testing, begins approxi-
mately 2 weeks after injury and continues until 16 weeks after
injury. By 16 weeks after injury, neutral position PERG deficits
return. Although the neutral position PERG response returns to
baseline levels during the latent period after blast exposure (4
weeks post blast), we have identified ongoing abnormalities of
neuronal structure and function that remain undetected by
standard clinical testing, yet lead to chronic visual dysfunction.
For example, multielectrode recordings show that after blast
exposure many ON and OFF RGCs have abnormal responsive-
ness to light during this temporary recovery latent period,
including increased response duration to full-field flashes and
increased spontaneous activity when compared to retinas of
mice not exposed to blast injury. This measure is only
obtainable in vitro in acutely dissected retina, however, and,
thus, cannot be implemented clinically. Here, we showed that
in vivo provocative PERG testing correlates with in vitro MEA

FIGURE 8. Quantification of RGC loss after blast-mediated TBI. A significant decrease in the density of RGCs was observed 16 weeks after blast-
mediated TBI, compared to mice receiving sham-injury (a). We have shown that blast-injury does not affect the density of DACs in the RGC layer (b).
There was a significant shift in the density of RGCs:DACs in blast-exposed eyes (c). *Significant difference as determined by 2-tailed Students t-test
(a, d, e).
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deficits, thus providing a novel and effective way to detect
subclinical disease and monitor its progression in living
patients. This can serve to identify patients destined to develop
permanent visual dysfunction at an earlier time point than is
detected otherwise in routine clinical eye exam. The hope is
that this earlier treatment in patients would increase the
likelihood of therapeutic protection in these patients from
chronic visual damage.

During the chronic post-TBI period, when neutral-position
PERG deficits reappear, we also observed a concomitant loss of
RGCs. In addition, we also have observed significant dendritic
retraction of RGCs between 4 and 16 weeks after blast-injury.
Taken together, these findings suggested that functional and
structural visual decrements observed during the chronic post-
TBI period are likely permanent, resulting from loss of cells or
from dendritic rearrangement that renders RGCs anatomically
disadvantaged. Conversely, functional abnormalities detectable
during the latent period appear to be reversible, as we
demonstrated by treatment with the neuroprotective com-
pound P7C3-S243.

One feature that distinguishes our model from other models
of traumatic ocular injury, or the injuries observed in some

contact sports, is the lack of retinal detachment that is not
observed in our model. This may be due to the fact that our
model delivers a diffuse blast wave to the entire head, which is
not directed exclusively to the eye. The lack of retinal
detachment or commotio retinae also suggests our model
recapitulates mild TBI, and lacks the intense sharp, shearing
forces necessary for damage to outer nuclear layer neurons.

One current challenge for our healthcare system is to
develop objective clinical testing procedures to identify
individuals with increased susceptibility to chronic damage to
the visual system and brain after TBI. We have shown here that
provocative PERG testing elucidates blast-mediated visual
deficits before permanent RGC damage/dysfunction. This
testing paradigm has been validated in mice24 and humans32

susceptible to development of glaucoma, a disease affecting
primarily RGCs. Corresponding abnormalities in the provoked
posture-related decrements in PERG also were detected at a
post-injury interval (4 weeks), similar to the onset of abnormal
in vitro RGC MEA physiology. While a majority of cells had
abnormal RGC spontaneous and light-evoked activity, a smaller
proportion of all RGCs were lost after blast-exposure. We
hypothesized that MEA-recorded RGC responses return to
baseline levels in the months following TBI due to loss of
RGCs. Perhaps their abnormal activity following damage is a
form of ‘‘agonal’’ physiology preceding their death. By
contrast, less severely injured RGCs likely recover normal
physiologic behavior with time. In cases of repeated trauma or
more severe injury, the ability of the nervous system to
compensate in this manner could become compromised,
leading to progressive deterioration in function. Thus, early
intervention designed to preserve normal functioning of RGCs
could help mitigate long-term visual impairments after TBI, and
also may be applicable to other CNS regions.

While significant visual deficits have been observed thus far
in veterans with TBI, the possibility exists that other visual
deficits are under-reported or overshadowed by other clinical
ailments. For example, one recent report33 suggests that visual
symptoms of blast-exposed individuals resolve within 5 to 6
years following injury. Alternatively, it is possible that many
veterans who ultimately will suffer chronic visual decrements
due to TBI may currently be in the latent phase of the disease
process. It also is entirely likely that many veterans with visual
disturbances have not reported to medical care.

Also of important concern to healthcare providers is the
lack of treatment options for patients suffering from the effects

FIGURE 9. Dendritic arborization of individual RGCs. There is no
significant change in the dendritic arborization of RGCs 1 (1w), 4 (4w),
or 16 (16w) weeks after induction of blast-mediated TBI. There was,
however, a significant change in the dendritic arborization between 4
and 16 weeks post injury. *P < 0.05, ANOVA with Tukey’s multiple
comparison test.

FIGURE 10. Provocative PERG analysis and neuroprotection of RGCs with P7C3-S243 4 weeks after blast (A). Artificially increasing the IOP reveals
RGC abnormalities in blast-exposed mice that are not apparent in sham mice not exposed to a blast-wave. The IOP was evaluated in mice exposed to
blast injury treated with vehicle or P7C3-S243. There was a significant increase in IOP in the head-down provocative test position in the vehicle- and
P7C3-S243–treated groups (P < 0.001) 4 weeks after blast exposure (B). There was no significant difference in the IOP when vehicle- and P7C3-
S243–treated mice were compared. Treatment with P7C3-S243 (10 mg/kg daily) prevented RGC deficits, which were present in mice not treated
with P7C3-S243 (C). *Significant difference compared to baseline values using ANOVA, P < 0.05.
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of blast-mediated TBI. In this study, we have demonstrated that
treatment with the neuroprotective compound P7C3-S243
prevents RGC dysfunction measured by provocative PERG
testing. Animals treated with vehicle, by contrast, exhibited
significant RGC dysfunction. While we still do not understand
the molecular mechanisms responsible for neuronal dysfunc-
tion following TBI, we do know that P7C3-S243 functions by
augmenting activity of NAMPT, the rate-limiting enzyme in
NAD salvage, after injury.22 Here, we treated immediately after
blast-mediated TBI with P7C3-S243, and then continuously for
the duration of the experiment. In future experiments we will
determine the critical treatment window within which P7C3-
S243 must be administered to prevent visual deficits following
TBI.

CONCLUSIONS

Efficient observation and analysis of individual RGC physiology
in vitro using multi-electrode recording of the intact retina
revealed that the period of active RGC injury and dysfunction
leading to chronic visual loss occurs much earlier than
previously anticipated, approximately 4 weeks following blast
exposure. Provocative PERG testing confirmed that RGCs are
correspondingly more susceptible to disruption of normal
physiology by stressful conditions, such as a transient, postural-
induced rise in IOP during this latent period following blast
injury. Furthermore, we show that permanent RGC dysfunc-
tion can be prevented by administration of the neuroprotective
compound P7C3-S243. Thus, we have identified a time
window for therapeutic intervention and a novel means to
detect this period noninvasively, and also shown that treatment
with P7C3-S243 protects RGCs from functional degeneration at
acute and chronic time points.

The degenerative processes we have observed in this study
include an ictal insult to the RGC followed by a temporal
bimodal decline of in vivo RGC function. During the latent
period we observed overt changes in the physiology of RGCs,
which may underlie subclinical, difficult to quantify visual
decrements that ultimately lead to decreased quality of life.34

At later time points after injury, we have observed chronic
PERG deficits concomitant with atypical dendritic fields, which
may leave RGCs unable to respond correctly to visual input. It

is likely that other forms of optic neuropathy, such as
glaucoma, follow a similar degenerative process,35–37 and,
thus, also might be amenable to treatment with the P7C3 class
of neuroprotective agents.
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