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Molecular, anatomical and functional changes in the retinal
ganglion cells after optic nerve crush in mice
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Abstract

Purpose Optic nerve crush (ONC) and subsequent
axonal damage can be used in rodents to study the
mechanism of retinal ganglion cell (RGC) degeneration.
Here, we examined electroretinograms (ERGs) in post-
ONC mice to investigate changes in the positive scotopic
threshold response (pSTR). We then compared these
changes with molecular and morphological changes to
identify early objective biomarkers of RGC dysfunction.
Methods Fifty 12-week-old C57BL/6 mice were
included. ONC was used to induce axonal injury in
the right eye of each animal, with the left eye used as a
control. The expression of the RGC markers Brn3a and
Brn3b was measured on days 1, 2, 3, 5 and 7 after ONC
with quantitative real-time PCR. ERGs were recorded
under dark adaptation with the stimulus intensity
increasing from —6.2 to 0.43 log cd-s/m? on days 1, 2,
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3, 5,7 and 10 after ONC. The pSTR, a- and b-wave
amplitudes were measured. Inner retinal thickness
around the optic nerve head was measured with
spectral-domain optical coherence tomography on days
0,2, 5,7 and 10 after ONC.

Results The expression of Brn3a and Brn3b began to
significantly decrease on day 1 and day 2, respectively
(P <0.01). The amplitude of the pSTR underwent
rapid, significant deterioration on day 3, after which it
fell gradually (P < 0.01), while the a- and b-wave
amplitudes remained unchanged throughout the exper-
iment. Inner retinal thickness gradually decreased, with
the most significant reduction on day 10 (P < 0.01).
Conclusions Decrease in pSTR likely reflected the
early loss of RGC function after ONC and that
declining expression of RGC-specific genes preceded
anatomical and functional changes in the RGCs.
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Introduction

Currently available treatments for glaucoma mostly
depend on lowering intraocular pressure (IOP) [1].
However, even after the successful reduction in IOP,
visual dysfunction continues to progress in many
glaucoma patients [2], likely due to the influence of
IOP-independent contributing factors [1-3] such as
axonal injury [2]. Thus, new therapies targeting these
factors have been the subject of recent research and
development.

Animal models are one of the most useful tools for
understanding the pathogenesis of disease and devel-
oping new treatments. Research on retinal ganglion
cell (RGC) degeneration commonly uses optic nerve
crush (ONC) in rodents as an animal model [4, 5].
However, despite numerous previous studies of ONC-
induced morphological and molecular changes in the
RGCs [6, 7], early sequential change in RGC function,
especially its relationship with alterations in gene
expression, remains poorly understood.

The photopic negative response (PhNR) [8] of the
photopic electroretinogram (ERG) has emerged as a
new functional measure of the RGCs in clinical
practice [9-14]. However, studies have suggested that,
in rodents, the PhNR originates from amacrine cells
[15] and is thus unaffected by ONC [15, 16]. A useful
alternative may be the scotopic threshold response
(STR) of the scotopic ERG, which is elicited by very
dim stimuli and is driven by the inner retina, including
the RGCs [17, 18]. The STR consists of negative and
positive components, defined as the positive STR
(pSTR) and negative STR (nSTR), respectively [16].
In particular, the pSTR has been suggested to reflect
RGC function in rodents [16, 19, 20]. However, it has
not been determined at what time point after ONC
alterations begin to occur in the pSTR caused by the
functional loss of RGCs.

The aim of this study was therefore to determine
whether the pSTR could serve as an early biomarker of
RGC dysfunction after ONC in mice. We thus set out
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to compare changes in the pSTR with molecular and
morphological changes in the RGCs after ONC.

Methods
Animals

Fifty C57BL/6 mice (male, 12-week-old; SLC, Ham-
amatsu, Japan) were used in this study. All animals
were handled in accordance with the guidelines of the
ARVO Statement for the Use of Animals in Ophthal-
mic and Vision Research and the guidelines from the
Declaration of Helsinki. All experimental procedures
described were approved by the Ethics Committee for
Animal Experiments of Tohoku University Graduate
School of Medicine.

During the surgical procedures, recording of the
ERGs and spectral-domain optical coherence tomog-
raphy (SD-OCT) imaging, the mice were anesthetized
with ketamine (100 mg/kg) and xylazine (9 mg/kg).
In the ONC procedure, the optic nerve was exposed,
crushed 1.0 mm posterior to the globe with fine
forceps for 5 s and released [4]. This procedure was
performed by a single surgeon in order to reduce
variations in the severity of the ONC-induced damage.
The contralateral eye was left untouched and served as
a control.

Quantitative real-time PCR

Total RNA (200 ng per sample) extracted from the retina
was first reverse transcribed into cDNA using Super-
Script IIT (Invitrogen Life Technologies, Carlsbad, CA,
USA). Quantitative real-time PCR (RT-PCR) was then
performed in duplicate with a 7500 Fast RT-PCR System
(Applied Biosystems, Foster City, CA, USA) as previ-
ously described [21]. To determine relative gene
expression, we analyzed the RT-PCR data with the
comparative Ct method (Q_AACT), normalized to an

Table 1 List of Tagman probes used in this study

Gene symbol Assay ID

Poudfl
Poudf2

Mm02343791_m1
Mm00454754_s1
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endogenous control (Gapdh). The Tagman probes used
for these reactions are listed in Table 1.

Recording the ERG

The mice were dark-adapted overnight and were
prepared for the ERG recording under dim red light.
Each animal underwent additional dark adaptation for
approximately 30 min before starting the ERG record-
ing. The mice were anesthetized with an intraperito-
neal injection of a mixture of ketamine (100 mg/kg)
and xylazine (10 mg/kg).

The pupils were maximally dilated with topical
0.5 % tropicamide and 0.5 % phenylephrine HCL, and
the corneas were anesthetized with topical 0.4 %
oxybuprocaine hydrochloride. A contact lens electrode
embedded with gold wire was placed on the cornea as an
active electrode (Mayo, Nagoya, Japan), and a chloride
silver plate was placed in the mouth as a reference
electrode. A grounded aluminum sheet placed under the
animal served as the ground electrode. Body tempera-
ture was kept at 37 °C with a heating pad.

The ERGs were recorded from both eyes simulta-
neously using a Ganzfeld bowl that had originally
been assembled at the Kellogg Eye Center (Ann
Arbor, MI, USA). Responses were amplified 10,000
times and band-pass filtered from 0.3 to 500 Hz
(PuREC PC-100, Mayo, Inazawa, Japan). Brief white
stimuli were produced by a xenon arc lamp that was
mounted on the top of the Ganzfeld bowl and
controlled by a photic stimulator (PS33-PLUS, Grass
Instruments, Quincy, MA, USA). The ERG was
recorded under dark adaptation with increasing stim-
ulus intensity from —6.2 to 0.43 log cd-s/m? in 0.40-,
0.23- or 0.37-log-unit steps. The flash duration was
10 ps. The response to approximately 20-30 flashes
was recorded at each stimulus intensity, with an inter-
stimulus interval of 3 s, and then averaged to deter-
mine the final value of the STR [16, 22, 23]. The pSTR
and nSTR amplitudes were measured from the base-
line to the peak of the first positive wave and from the
baseline to the negative trough after the positive wave,
respectively (Fig. 2a). In higher stimulus ranges, 2-3
responses were averaged with an inter-stimulus inter-
val of 10-60 s, depending on the stimulus intensity.
The a-wave amplitude was measured from the base-
line to the trough of the first negative response and the
b-wave amplitude from the first trough to the peak of
the following positive wave.

SD-OCT imaging

After pupil dilation, hydroxymethylcellulose (Goniosol,
2.5 %; Alkon, Buffalo Grove, IL, USA) was applied to
the cornea during the recording. Retinal images were
then acquired by scanning circumferentially around the
optic nerve head with spectral-domain optical coher-
ence tomography (SD-OCT) (RS-3000 Advance,
Nidek). The distance between the internal limiting
membrane and inner plexiform layer was measured to
determine inner retinal thickness.

Statistical analysis

A one-way repeated-measures ANOVA with a post
hoc Bonferroni test was used to assess the post-ONC
quantitative RT-PCR data. A two-way repeated-mea-
sures ANOVA with a post hoc Bonferroni test was
used to compare the OCT data in the control and ONC
eyes. A paired Student ¢ test was performed to
compare the STR amplitude in the control and ONC
eyes. Average values are shown as the mean with
standard error. Differences were considered signifi-
cant at P < 0.05.

Results
Reduced RGC-specific gene expression after ONC

Functional and morphological changes in the RGCs
likely accompany changes in RGC-specific gene
expression. We therefore used RT-PCR to determine
the time when generalized changes in gene expression
took place in the RGCs following ONC. This was done
by studying the temporal expression profile of two
representative RGC-specific genes: Brn3a and Brn3b,
which have been shown to represent defferent RGC
types (Fig. 1). [24, 25] Brn3a showed the earliest
decrease in expression, on day 1 (40.9 + 134 %
reduction, Bonferroni test, P < 0.01). This was fol-
lowed by a decrease in Brn3b (65.9 £ 8.9 % reduc-
tion, Bonferroni test, P < 0.01) on day 2.

Intensity—response function after ONC
Figure 2 shows representative intensity—response

series of the scotopic ERG for the control (black line)
and ONC (red line) eyes on days 1 and 10. On day 1,
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Fig. 2 Representative intensity-response ERG series recorded
from control (black lines) and ONC (red lines) eyes on days 1
(a) and 10 (b) after ONC. The pSTR to low-intensity stimuli in

the waveforms completely overlapped over the entire
stimulus range. On day 10, the pSTR in the lower
stimulus range deteriorated in the ONC eyes relative to
the control eyes (indicated by the arrows in Fig. 2b).
The a- and b-waves of the control and ONC eyes
elicited by stimuli of higher intensities completely
overlapped. As there was no significant difference in
the nSTR amplitude of the treated and untreated eyes
at any stimulus intensity, we excluded nSTR results
from our analysis.
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the ONC eyes deteriorated on day 10 (indicated by the arrows in
b). ERG electroretinogram, ONC optic nerve crush, pSTR
positive scotopic threshold response

The amplitude of the positive waves, including the
pSTR and b-waves, was plotted against stimulus
intensity to determine the intensity—response function
on days 1, 2, 3, 5, 7 and 10 after ONC for the control
(black symbols) and ONC (red symbols) eyes
(Fig. 3a—f). The a-wave amplitude is also shown in
the lower right of each figure. The intensity—response
curves of the control and ONC eyes overlapped until
day 2. In the lower stimulus range, the curve of the
ONC eyes shifted downward and separated from the
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Fig. 3 Intensity—response functions for the pSTR + b-wave
and a-waves recorded from control (n = 5, black symbols) and
ONC (n = 5, red symbols) eyes on days 1 (a), 2 (b), 3 (¢), 5 (d),
7 (e) and 10 (f) after ONC. The arrows in each figure indicate the

curve of the control eyes on day 3. On day 10, the
maximum difference between the control and ONC eyes
was seen, at the stimulus intensity of 5.2 log cd-s/m”
(Fig. 3f). Therefore, subsequent analyses used the pSTR
amplitude elicited at an intensity of —5.2 log cd-s/m? to
compare the control and ONC eyes (indicated by the
arrows in Fig. 3). Significant differences were seen in the
pSTR amplitude between the control and ONC eyes after
day 3 (paired 7 test, P < 0.01 for days 3 and 7; P < 0.005
for days 5 and 10).

Inner retinal thickness after ONC, measured
with in vivo OCT imaging

Finally, we measured the thickness of the inner retina
around the optic nerve head, as a morphological
indicator of the status of the RGCs on days 1, 2, 3, 5,7
and 10 after ONC (Fig. 4b). Figure 4b shows a
representative OCT image, obtained on day 10, in
which the selective loss of the inner retina is visible.
After day 5, the inner retinal thickness gradually and
progressively declined, with the most significant
difference between the control and ONC eyes being
seen on day 10 (Fig. 4c, Bonferroni test, P < 0.01).

Stimulus intensity (log cd-s/m?)

Stimulus intensity (log cd-s/m?)

pSTR amplitude elicited by a stimulus intensity of —5.2 log cd-
s/m®. pSTR positive scotopic threshold response, ONC optic
nerve crush, error bars standard error, *P < 0.01, **P < 0.005

Correlation between pSTR and inner retinal
thickness

The pSTR amplitude and inner retinal thickness of the
ONC eyes were normalized to those of the contralat-
eral control eyes, expressed as a percentage and
plotted as a function of the post-ONC period (Fig. 4d).
A rapid loss in pSTR amplitude was seen on day 3,
followed by a gradual loss over time, concurrent with
the gradual loss of inner retinal thickness.

Discussion

In this study, we found that changes in the pSTR could
be used to detect dysfunction of the RGCs as early as
day 3 after ONC and that changes occurred in the pSTR
earlier than in the OCT-measured morphology of the
retina, which did not occur until day 10. Moreover, we
previously used retrograde Fluorogold labeling of the
RGCs to show that RGC loss began 5 days after ONC,
suggesting that the alterations in the pSTR observed
here occurred before even microscopic loss of the
RGCs [4]. We have also previously found that in
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ILM

IPL

Fig. 4 SD-OCT images were acquired circumferentially
around the optic nerve head (a). Representative SD-OCT
images obtained from the same eye before (day 0, left) and
after ONC (day 10, right) (b). The distance between the internal
limiting membrane and inner plexiform layer was measured in
order to determine the inner retinal thickness (indicated by the
arrow in b). The inner retinal thickness was plotted against the
post-ONC time course for the control and ONC eyes (¢, I = 9

patients with traumatic optic neuropathy, the PhNR,
which reflects RGC function, deteriorates before there is
significant loss of retinal nerve fiber layer thickness
[10]. Taken together, these findings therefore suggest
that functional alterations in the RGCs precede the
anatomical loss of the RGCs themselves.

We also observed the expression of genes that
determine specific RGC types [24, 25] as early as day
1. This molecular alteration preceded the functional
and morphological changes detected by the pSTR or
SD-OCT, indicating that changes at the molecular
level have begun, while RGCs are still preserved and
functioning.

@ Springer

85 +

80 4

75 1

70 - @ Control

Inner retinal layer thickness (mm)

® ONC
65 o
60 B e e o
01 2 3 45 6 7 8 910

D

100 o
¥
o 80 1
E 60
£
(=
g 401 N
) @ Inner retinal thickness
5 20 0 pSTR @-5.20 log cd-s/m?

0 ¥

012345678910
Post-ONC periods (days)

for each time point). The pSTR amplitude and inner retinal
thickness of the ONC eyes were normalized to those of the
contralateral control eyes, expressed as a percentage and plotted
as a function of the post-ONC time course (d). SD-OCT spectral-
domain optical coherence tomography, ONC optic nerve crush,
S superior, T temporal, [ inferior, N nasal, /LM internal limiting
membrane, /PL inner plexiform layer, pSTR positive scotopic
threshold response, error bars standard error, *P < 0.01

A recent study of the changes induced by ONC
found that pSTR began to decrease on day 7 [26], in
contrast to our finding that a reduction had already
occurred on day 3. This discrepancy may be due to a
number of possible factors. First, we performed ONC
by crushing the optic nerve with forceps for 5 s, while
Lui et al. crushed the optic nerve for only 4 s. This
difference could explain the earlier manifestation of
the loss of RGC function in our study. Second, we
normalized the pSTR amplitude to the value of the
contralateral untreated eye, in order to reduce the
influence of inter-animal variation and improve the
sensitivity of our experiment. Therefore, we believe
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that the sensitivity of our measurements was relatively
high, lending credence to our findings.

One of the previously noted limitations of measur-
ing RGC function with the ERG is that RGC function
depends on inputs from upstream neurons such as
photoreceptors and bipolar cells [16]. However, we
found that the a- and b-waves, which depend on the
function of the photoreceptors and bipolar cells,
remained unchanged after ONC throughout the exper-
iment, indicating that ONC did not affect the function
of these upstream neurons. This suggests that altera-
tions in the pSTR reflect abnormal function of the
RGCs.

RGC function can also be evaluated by measuring
pattern ERG in mice [27]. However, it has not been
determined how early after ONC, the pattern ERG
begins to deteriorate in mice. Measuring the visual
evoked potential (VEP) is another method of evalu-
ating RGC function. However, ONC immediately
suppresses the VEP, even while RGCs continue to
survive for some time. Therefore, measurements of the
VEP cannot serve as markers of RGC function in
experiments using ONC. In conclusion, we confirmed
that changes in the pSTR reflected early losses of RGC
function after ONC, raising the possibility that the
pSTR could be used in monitoring the effects of novel
therapies to protect RGCs in the early stages of
degeneration. Furthermore, changes in RGC-specific
gene expression preceded anatomical and functional
changes in the RGCs themselves.
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nata (as required), which did not affect the risk of having
a case of post-intravitreal injection endophthalmitis
(P =0.503). In the multivariate analysis, no potentially
modifiable risk factors were identified to increase post-
intravitreal injection endophthalmitis.

This survey sought to establish some of the practices
of Victorian ophthalmologists who perform intravitreal
injections to treat neovascular AMD, mainly in their
private rooms. Although no potentially modifiable risk
factors are identified for post-intravitreal injection endo-
phthalmitis, some trends are shown. Of particular interest
are the trends for those who see more patients and those
who do not use a drape, and while these two factors are not
linked, it is not possible to hypothesize whether ‘time’ is a
factor. Major limitations of this study include the potential
low number of responses, volunteer bias with an under-
participation of those who may have had endophthalmitis
and the retrospective design.

The authors are pleased to report that current practices
in Victoria are consistent with current evidence. We thank
all those who participated and believe that the information
from this survey explores and helps ophthalmologists to
keep thinking about potentially modifiable risk factors for
optimal management in the prevention of post-intravitreal
injection endophthalmitis.
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Regional correlation of macular
areas and visual acuity in patients
with open-angle glaucoma

Good vision is closely associated with quality of life (QOL).
Visual function in eyes with retinal disease has two impor-
tant parameters: the visual field (VF) and visual acuity (VA).
Generally, QOL-affecting VF loss is a common symptom in
glaucoma patients, and can lead to driving license revoca-
tion and reduced reading speed.! QOL can also be signifi-
cantly disturbed by decreased VA. Recent studies have
revealed that macular lesions are common in open-angle
glaucoma (OAG).> However, there is currently only a
limited understanding of the regional correlation of VA in
the macular function. A greater understanding of these
regional correlations would help diagnose the cause of
decreased VA in patients and therefore be of significant
clinical value. The purpose of this investigation was thus to
determine the regional correlation of VA to sensitivity in the
test points of the Humphrey field analyser 10-2 programme
(HFA 10-2) or to optical coherence tomography (OCT)
macular maps in patients with OAG.

This study included 60 eyes with OAG. The inclusion
criteria were: OAG with a glaucomatous VF according to
the Anderson-Patella classification and spherical equiva-
lent (SE) refractive error of 28.00 D (i.e. excluding high
myopia). The exclusion criteria were: decimal VA <0.3
and the presence of VF-affecting ocular or systemic dis-
eases other than OAG. Best-corrected VA was measured
with a standard Japanese decimal VA chart and converted
to the logarithm of the minimum angle of resolution
(logMAR) for statistical analysis. To assess macular func-
tion, HFA 10-2 threshold values, total deviation (TD) and
pattern deviation (PD) were examined in reliably meas-
ured VFs (excluding measurements with <20% fixation
errors and <33% false-positive or false-negative results).
OCT (3D OCT-2000; TOPCON Corporation, Topcon Cor-
poration, Tokyo, Japan) was used to measure the retinal
nerve fibre layer (RNFL), ganglion cell complex (GCC)
and ganglion cell layer plus inner plexiform Ilayer
(GCL + IPL) of the maps based on macular cube scans of
a 6 X 6 mm square area centered on the fovea. Scans with
image quality less than 70 or with inaccurate segmenta-
tion were excluded. All the examinations were performed
within 3 months. Spearman’s rank correlation coefficient
was used to analyse the correlation between logMAR and
each of the 68 HFA 10-2 test points, as well as the
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Distribution of Humphrey field analyser 10-2 programme (HFA 10-2) tests points correlated with visual acuity (VA). The grey-

scale maps show the correlation coefficient of VA and HFA 10-2 measurements of threshold (a), total deviation (b) and pattern deviation (c).
Theright side of the figure represents the temporal visual field (the disc side) and the left side represents the nasal visual field. Darker shades
of greyindicate a higher correlation coefficient, with a step scale of 0.1. Test points shown in white had no statistically significant correlation.

correlation between logMAR and each point on a 10 x 10
grid overlaid on the OCT macular maps.

Average demographic data for the patients in this
study were as follows: age was 65.7 £ 11.1 years, SE was
-2.8£2.2D, logMAR was 0.08 £0.28, HFA 30-2 mean
deviation was —-12.1 £ 8.9 dB, baseline intraocular pres-
sure was 13.0£3.2 mmHg and circumpapillary retinal
nerve fibre layer thickness (cpRNFLT) was 79.3 £ 14.8 um.
Figure 1 shows the distribution of significantly VA-

correlated HFA 10-2 test points. Test points with signifi-
cantly VA-correlated threshold values (r = -0.36 to —0.55),
TD (r =-0.39 to —-0.56) and PD (r = -0.33 to ~0.50) were
mainly located in the area of the papillomacular bundle
(PMB). Figure 2 shows the distribution of significantly
VA-correlated grid points in the OCT macular maps. In
the RNFL and GCC maps, the correlation coefficient with
VA ranged from -0.30 to —0.54 and from -0.30 to -0.50,
respectively. In these maps, the areas of significantly
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