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Optic nerve transection (ONT) triggers retinal ganglion cell (RGC) death. By using this paradigm, we have
analyzed for the first time in adult albino and pigmented mice, the effects of ONT in the scotopic thresh-
old response (STR) components (negative and positive) of the full-field electroretinogram. Two weeks

after ONT, when in pigmented mice approximately 18% of the RGC population survive, the STR-implicit
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time decreased and the p and nSTR waves diminished approximately to 40% or 55%, in albino or pig-
mented, respectively, with respect to the values recorded from the non-operated contralateral eyes.
These changes were maintained up to 12 weeks post-ONT, demonstrating that the ERG-STR is a useful
parameter to monitor RGC functionality in adult mice.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In response to a flash of light the electrical response than can be
recorded at the cornea is known as the electroretinogram (ERG)
(Dowling, 1987; Frishman, 2006). The ERG is formed by different
individual components that can be associated to their cells of origin.
The initial negative wave recorded after a bright full-field stimulus
(the so named a-wave) is accepted to be generated by photoreceptor
phototransduction, while the prominent positive wave that follows
the a-wave (so named b-wave) is mainly generated by depolariza-
tion of ON-bipolar cells and Miiller cells (Dowling, 1987; Frishman,
2006). In addition to the a- and b-waves, other main components
of the ERG that appear superimposed on the b-wave are the oscilla-
tory potentials which are thought to arise from feedback circuitries
as well as from amacrine cells (Wachtmeister, 1998).

When very dim light stimuli are presented in scotopic conditions
asmall cornea-negative potential, called negative scotopic threshold
response (nSTR) (Sieving, Frishman, & Steinberg, 1986), dominates
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the ERG. The nSTR has been recorded in humans (Frishman, Reddy,
& Robson, 1996; Korth, Nguyen, Horn, & Martus, 1994; Sieving &
Nino, 1988), cats (Sieving et al., 1986), monkeys (Frishman, Shen,
et al., 1996), rats (Alarcon-Martinez et al., 2009; Bui & Fortune,
2004) and mice (Saszik, Frishman, & Robson, 2002). Intraretinal
recordings (Frishman & Steinberg, 1989a, 1989b; Sieving et al.,
1986) and studies with pharmacological substances (Naarendorp
& Sieving, 1991; Robson & Frishman, 1995; Saszik et al., 2002) have
indicated that this potential corresponds to inner retina neurons;
amacrine and/or ganglion cells. Moreover, there is a cornea-positive
component forming the STR (pSTR), and this is abolished with phar-
macological agents inhibiting the response of the inner retina (Naa-
rendorp & Sieving, 1991; Saszik et al., 2002).

Intraorbital optic nerve transection (ONT) is a classic model to
study injury-induced RGC regenerative and degenerative responses
(Aguayo, Vidal-Sanz, Villegas-Pérez, & Bray, 1987; Avilés-Trigueros,
Sauvé, Lund, & Vidal-Sanz, 2000; Vidal-Sanz, Bray, & Aguayo, 1991;
Vidal-Sanz, Bray, Villegas-Perez, Thanos, & Aguayo, 1987;
Vidal-Sanz, Villegas-Perez, Bray, & Aguayo, 1993; Vidal-Sanz et al.,
2000; Whiteley, Sauvé, Avilés-Trigueros, Vidal-Sanz, & Lund,
1998), including cell loss (Nadal-Nicolas et al., 2009; Parrilla-Rever-
ter, Agudo, Sobrado-Calvo, et al., 2009; Peinado-Ramén, Salvador,
Villegas-Pérez, & Vidal-Sanz, 1996; Villegas-Pérez, Vidal-Sanz, Bray,
& Aguayo, 1988; Villegas-Pérez, Vidal-Sanz, Rasminsky, Bray, &
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Aguayo, 1993). In adult rats, ONT induces within 2 weeks the loss of
approximately 80% of the RGC population, while the remaining RGCs
undergo a slower degenerationrate (Villegas-Pérez et al., 1993). ONT
also results in a number of alterations in their functional (Casson,
Chidlow, Wood, Vidal-Sanz, & Osborne, 2004; McKerracher,
Vidal-Sanz, & Aguayo, 1990; McKerracher, Vidal-Sanz, Essagian, &
Aguayo, 1990; Parrilla-Reverter, Agudo, Nadal-Nicolas, et al., 2009;
Schlamp, Johnson, Li, Morrison, & Nickells, 2001) and metabolic
(Chidlow, Casson, Sobrado-Calvo, Vidal-Sanz, & Osborne, 2005;
Lindqvist, Peinado-Raménn, Vidal-Sanz, & Hallb6ok, 2004;
Lindqvist, Vidal-Sanz, & Hallb6ok, 2002; Lindqvist et al., 2010) prop-
erties, as well as in the regulation of a substantial number of genes
(Agudo et al., 2008, 2009). This experimental model appears suitable
to study the ERG components generated by the RGC population in
adult mammals because, it is widely accepted that ONT results in
selective loss of RGCs but not of other non-RGC retinal neurons
(Carter, Vidal-Sanz, & Aguayo, 1987; Villegas-Pérez et al., 1993) or
in the impairment of the outer retinal neurons functionality
(Alarcén-Martinez et al., 2009; Bui & Fortune, 2004).

There is a number of studies in rats analyzing the electroretino-
graphic responses after ONT (Alarcon-Martinez et al., 2009; Bui &
Fortune, 2004; Mojumder, Sherry, & Frishman, 2008), however
such information is lacking for mice. Transgenic and knock-out
mice have become an important tool to study a number of relevant
questions in the adult mammalian visual system. Moreover, albino
or pigmented mice are usually the animal of choice for many
experimental models involving RGC injury, including ocular hyper-
tension induced by laser photocoagulation of the limbar tissues
(Cuenca et al., 2010; Fu & Sretavan, 2010; Grozdanic et al., 2003;
Holcombe, Lengefeld, Gole, & Barnett, 2008; Morrison, Johnson, &
Cepurna, 2008; Salinas-Navarrov, Alarcén-Martinez, et al., 2009;
Salinas-Navarro et al., 2010), thus it is important to ascertain the
origin of the STR waves in this species. In the present work we have
studied the ERG response after ONT at different time intervals for
albino and pigmented mice to provide further evidence for the
relationship between the generation of the STR components of
the full-field electroretinogram and the anatomical integrity of
the RGC population. Using a classic model of axotomy-induced
RGC injury, we have investigated in adult albino and pigmented
mice the different components of the full-field flash ERG at various
time intervals after ONT as well as RGC survival. Retrogradely
transported neuronal tracers were applied to both superior collicu-
li (SCi) to identify RGCs, and we report that optic nerve (ON) injury
results by 2 weeks in the loss of approximately 80% of the RGC
population. Moreover, ONT resulted in major permanent reduc-
tions of the early components of the ERG, mainly the positive sco-
topic threshold response, and alterations of the STR-implicit time.
Overall, our data provide new and original information for the elec-
trophysiology of the adult albino and pigmented mice after ONT
and document that ERG STR could be a useful parameter to moni-
tor RGC functionality in adult mice (short accounts of this work
have been published in abstract format; Alarcon-Martinez et al.,
2010; Galindo-Romero et al., 2010).

2. Materials and methods
2.1. Animals

Female adult albino (BALB/c; 30-35 g) and pigmented (C57BL/
6; 30-35 g) mice of the same age were treated according to insti-
tutional guidelines, European Union regulations for the use of ani-
mals in research, the ARVO statement for the use of animals in
ophthalmic and vision research, and were comparable to those
published by the Institute for Laboratory Animal Research (Guide
for the Care and Use of Laboratory Animals). Mice were anaesthe-

tized with an intraperitoneal (i.p.) injection of a mixture of keta-
mine (70 mg/kg Ketolar®, Pfizer, Alcobendas, Madrid, Spain) and
xylazine (10 mg/kg Rompur®, Bayer, Kiel, Germany) in 0.1 ml sal-
ine. Mice were kept in a 12-h light/dark cycle. For electrophysio-
logical studies, three groups of albino mice; group I (n=9), I
(n=6) or Il (n=5), were processed at 2, 4 or 12 weeks after
ONT, respectively, and three groups of pigmented mice; group IV
(n=7),V (n=6)or VI (n=9) were processed at 2, 4 or 12 weeks
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Fig. 1. Scotopic and photopic electroretinographic recordings in albino and
pigmented mice. Examples of the ERG traces recorded in an albino (A) or pigmented
(B) control mouse in response to flash stimuli of increasing intensity (indicated in
log cd s/m? units at the left of the recording traces) for the right eye (thin trace) and
for the left eye (bold trace). The scotopic threshold responses (STR) were elicited by
weak light stimuli (—6.26 to —4.02 log cd s/m?). Responses mediated by rods and by
rods and cones (mixed response) were elicited by light intensities from —3.96 to
2.03 log cd s/m?. Photopic response was recorded after a light adaptation of 5 min
and it was elicited by the highest light stimulus (2.03 log cd s/m?). No significant
differences in the ERG amplitudes between left and right eyes were observed.
Examples for the measurement of wave amplitudes and implicit times are shown.
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after ONT, respectively. For anatomical studies a group of pig-
mented mice; group VII (n=8) processed at 2 weeks after ONT
and an additional control group VIII (n = 8) was used.

2.2. Intraorbital optic nerve transection (ONT)

The left ON was sectioned close to its origin in the optic disk fol-
lowing previously described protocols that are standard in our Lab-
oratory (Salinas-Navarro et al., 2010; Vidal-Sanz et al., 1987). In
brief, to access the ON at the back of the eye, an incision was made
in the skin overlying the superior orbital rim, the supero-external
orbital contents were dissected, and the superior and external rec-
tus muscles were sectioned. The duramater of the ON was opened
longitudinally, and the ON was transected completely as close as
possible to the eye. Care was taken not to damage the retinal blood
supply, which enters the eye separately in the inferonasal aspect of
the ON sheath.

2.3. Electroretinography

Animals were dark adapted overnight prior to ERG recordings
and their manipulation was done under dim red light
(4> 600 nm). Mice were anaesthetized and bilateral pupil midria-
sis was induced by applying in both eyes a topical drop of 1% tro-
picamide (colircusi tropicamida 1%®; Alcon-Cusi, S.A., El Masnou,
Barcelona, Spain). The light stimulation device consisted in Ganz-
feld dome, which ensures a homogeneous illumination anywhere
in the retina, with multiple reflections of the light generated by
light emitting diodes (LED), which provided a wide range of light
intensities. For high intensity illuminations, a single LED placed
close (1 mm) to the eye was used. Light intensity was calibrated
by a dual-biosignal generator device specifically adapted for ERG
responses. The recording system was composed by mouse Buri-
an-Allen bipolar electrodes (active and reference electrode placed
in the eye and mouth respectively) (Hansen Labs, Coralville, IA,
USA) with a corneal contact shape; a drop of methylcellulose, 2%
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(methocel 2%®; Novartis Laboratories CIBA Vision, Annonay,
France) was placed between the eye and the electrode to maximize
conductivity of the generated response. The ground electrode was
placed in the tail. Electrical signals generated in the retina were
amplified (1000x) and filtered (band pass from 1 Hz to 1000 Hz)
by the use of commercial amplifier (Digitimer Ltd., Letchworth
Garden City, UK). The recorded signals were digitized (Power
Lab; ADInstruments Pty. Ltd., Chalgrove, UK) and displayed on a
PC computer. Bilateral ERG recording were performed simulta-
neously from both eyes. Light stimuli were calibrated before each
experiment and the calibration protocol assured the same record-
ings parameters for both eyes. The ERG responses were recorded
by stimulating the retina with light intensities ranged between
107% and 10~* c¢d s m~2 for the scotopic threshold response (STR),
10~ and 1072 cd s m~2 for the response mediated by rods and be-
tween 1072 and 10% c¢d s m~2 for the mixed (mediated by rods and
cones) response. After 5 min of a light adaptations the photopic re-
sponses were recorded by the highest stimulus (102 cd s m~2). For
each light intensities, a series of ERG responses were averaged
(from a number of 40 ERG responses for the dimmest stimulus
intensity to a number of 5 for the brightest stimulus) and the inter-
val between light flashes was adjusted to appropriate times that
allowed response recovering (from 5 s for the dimmest stimulus
intensities to 60 s for the brightest stimulus). At the end of each
session the animals were treated with topical tobramicine (Tob-
rex®; Alcon-Cusi, S.A., El Masnou, Barcelona, Spain) in both eyes.
The analysis of the different recordings was performed with the
normalization criteria established for the ISCEV for the measures
of the amplitude and implicit time of the different waves which
were studied (Fig. 1).

2.4. Functional analysis

The STR was analyzed for each stimulus; pSTR was measured
from baseline to the “hill” of the positive deflection, approximately
110 ms from the flash onset, and nSTR was measured from baseline
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Fig. 2. Electroretinographic amplitude measurements in albino and pigmented mice. Averaged data (mean + SEM) of ERG amplitudes versus stimulus intensities both from
control albino (A and C; n=6) and pigmented mice (B and D; n = 6) is shown for the right eye (open symbols) and left eye (filled symbols). (A and B) negative scotopic
threshold response (circles) and positive scotopic threshold responses (triangles). (C and D) a-wave (circles) and b-wave (triangles). No significant differences were observed
between mice strains except for the pSTR amplitude which was higher for albino mice (t-test; P < 0.05).
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to first “valley” after pSTR, approximately 220 ms from the flash
onset. The a-wave was measured from the baseline to the first val-
ley, approximately 10 ms, from the flash onset and the b-wave
amplitude was measured from the bottom of the a-wave valley
to the top of the hill of the positive deflection; the time point of
the b-wave measurement, varied depending of the intensity used.
The implicit time was measured for each wave, from the presenta-
tion of the stimulus to the maximum of the waves. Data from oper-
ated and non-operated eyes were compared; ERG wave amplitudes
and implicit times were calculated for each animal group and the
percentage of difference between the operated and the non-
operated eyes were obtained for each stimulus and further aver-
aged (mean = SEM). The results were analyzed with SigmaStat®
3.1 for Windows® (Systat Software, Inc., Richmond, CA, USA).
Descriptive statistics were calculated, the normality of the distri-
bution of the data was examined with a normality test and para-
metric or non-parametric test were used accordingly; t-test was
used for the comparison between the absolute response of both
eyes prior and post-ONT and for the comparison of the per cent
response of the operated eye respect the control eye, prior and
post-ONT. ANOVA on ranks test were used to compare the per cent
response between different animal groups and the difference of the
implicit time between experimental and control eyes along the
different groups too, as an attempt to estimate a possible inter-
relation between the progressions of response along studied times.
The statistic significance was placed in a P < 0.05 for all tests and
the statistic was always of two tails.

2.5. Retrograde tracing

To identify the population of RGCs, hydroxystilbamidine
methanesulfonate (OHSt) was applied, 1 week before surgery
(experimental retinas) or processing (control group), to both supe-
rior colliculi (SCi) in C57 adult mice where 96.6% of the RGC axons
project (see Tables 3 and 4 in Salinas-Navarro, Jiménez-Lépez,
et al.,, 2009). In brief, after exposing the midbrain, a small pledget
of gelatin sponge (Espongostan® Film, Ferrosan A/S, Denmark)
soaked in saline containing 10% DMSO and 10% OHSt, a small
(472,53 kDa Mw) molecule (Molecular Probes, Leiden, The Nether-
lands) with similar fluorescent and tracer properties to fluorogold
(Cheunsuang & Morris, 2005), was applied over the entire surface
of both SCi, following previously described methods that are stan-
dard in our laboratory (Salinas-Navarro, Jiménez-Lépez, et al.,
2009; Salinas-Navarro, Mayor-Torroglosa, et al., 2009; Salinas-
Navarro, Alarcén-Martinez, et al., 2009; Salinas-Navarro et al.,
2010; Vidal-Sanz, Villegas-Perez, Bray, & Aguayo, 1988; Wang,
Villegas-Pérez, Vidal-Sanz, & Lund, 2000; Wang et al., 2003).

2.6. Histology and retinal analysis

Mice were deeply anesthetized, perfused transcardially through
the ascending aorta with saline and then with 4% paraformalde-
hyde in 0.1 M phosphate buffer (PB) (pH 7.4). Special care was ta-
ken to maintain the orientation of each eye, and right after deep
anesthesia and before perfusion fixation a suture was placed on
the superior pole of each eye. Upon dissection of the eyeball, the
rectus muscle insertion into the superior part of the eye and the
nasal caruncle were used as additional landmarks. Both retinas
were dissected and prepared as flattened whole-mounts by making
four radial cuts (the deepest one in the superior pole), post-fixed
for an additional hour, rinsed in 0.1 M PB, mounted vitreal side
up on subbed slides and covered with anti-fading mounting media
containing 50% glycerol and 0.04% p-phenylenediamine in 0.1 M
sodium carbonate buffer (pH 9).

All whole mounted retinas (left and right eyes) were analyzed to
identify OHSt-labeled RGCs. To make reconstructions of retinal

whole-mounts, the retinas were photographed under an epifluores-
cence microscope (Axioscop 2 Plus; Zeiss Mikroskopie, Jena,
Germany) equipped with a computer-driven motorized stage
(ProScan™ H128 Series, Prior Scientific Instruments, Cambridge,
UK), controlled by IPP (IPP 5.1 for Windows®; Media Cybernetics,
Silver Spring, MD, USA) as previously described (Salinas-Navarro,
Jiménez-Lopez, et al., 2009; Salinas-Navarro, Mayor-Torroglosa,
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Fig. 3. Scotopic and photopic electroretinographic recordings 2 weeks after optic
nerve transection. Examples of the ERG traces recorded in an albino (A) and
pigmented (B) mouse in response to flash stimuli of increasing intensity for the
non-operated right eye (thin traces) and the operated left eye (bold traces) 2 weeks
after ONT. The intensity of the flash stimuli is indicated to the left of the recording
traces. Reduction in the nSTR and pSTR responses from operated eyes versus control
eyes is clearly observed both in albino and pigmented mice. The STR-implicit time
of the operated eye (arrows) is also altered respect to the non-operated eye (arrow
heads). The a- and b-wave of the operated eye are slightly decreased respect to the
non-operated eye.
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etal., 2009; Salinas-Navarro, Alarc6n-Martinez, et al., 2009; Salinas-
Navarro et al., 2010). Reconstructed whole-mounts, made up from
140 individual frames, were further processed when required using
Adobe Photoshop® CS 8.0.1 (Adobe Systems, Inc., San Jose, CA, USA).

The individual OHSt-fluorescent images taken for each retinal
whole-mount were processed with a specific cell-counting subrou-
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tine developed by our group (Salinas-Navarro, Jiménez-Lopez,
et al., 2009; Salinas-Navarro, Mayor-Torroglosa, et al., 2009) and
this method was used to automatically quantify OHSt"-RGCs in
naive or control uninjured right retinas. To determine the number
of OHSt"-RGCs in injured retinas at 2 weeks, these were manually
counted following previously described methods (G6mez-Ramirez,
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(triangles). A significant reduction of the wave amplitudes of the nSTR and pSTR is observed in the operated eyes (t-test; P < 0.05). Moreover, a mild decrease in the b-wave
scotopic response and a- and b-wave is also observed in the operated eyes (t-test; P < 0.05) versus control eyes.
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Villegas-Pérez, Miralles de Imperial, Salvador-Silva, & Vidal-Sanz,
1999; Nadal-Nicolas et al., 2009; Parrilla-Reverter, Agudo, Sobra-
do-Calvo, et al., 2009; Salvador-Silva, Vidal-Sanz, & Villegas-Pérez,
2000; Vidal-Sanz, Lafuente, Mayor, de Imperial, & Villegas-Pérez,
2001) because the presence of microglial cells transcellularly la-
beled with OHSt interfered with the automatic counting (Nadal-
Nicolas et al., 2009). The fusiform body and the dot-like OHSt accu-
mulations in microglial cells made it possible to distinguish them
from the typical appearance of OHSt'-RGCs (Vidal-Sanz et al.,
2001). In brief: OHSt*-RGCs were counted by two investigators
blinded to the procedure, from photographs of 12 rectangular areas
(each of 0.1515 mm?) of each retina, three in each quadrant. The
first image was taken at 0.875 mm from the optic disk and the
remaining two 1 mm apart from each other. The number of labeled
cells in the 12 photographs was averaged and the mean number of
OHSt"-RGCs per area unit was extrapolated to the total area
of each retina (see below) to estimate the total number of
OHSt"-RGCs present in each one.

The t-test (SigmaStat® for Windows™ Version 3.11; Systat Soft-
ware, Inc., Richmond, CA, USA) was used to compare the number of
OHSt"-RGCs in naive or control uninjured right retinas with the
axotomized left retinas. Differences were considered significant
when P < 0.05.

3. Results
3.1. ERGs in control albino and pigmented mice

To study the effect of ONT on ERG waves in albino and pig-
mented mice, and as baseline measurements, simultaneous ERG
recordings were performed from right and left eyes of each animal
prior to surgery. Fig. 1 shows a representative example of the ERG
traces recorded in an albino (Fig. 1A) and pigmented (Fig. 1B)
mouse in response to flash stimuli of increasing intensity. The sco-
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Fig. 6. STR implicit time-course. Average data (meant SEM) of the difference
between right and left eye of the implicit time of nSTR (gray columns) and of pSTR
(black columns) for albino (A) and pigmented (B) animals analyzed prior to and 2, 4
and 12 weeks after ONT. We observe an increase of the difference of the STR-
implicit time between both eyes after ONT for both strains and STR components
(t-test; P<0.05), mainly for the nSTR component.

topic threshold responses (STR) were elicited by weak light stimuli
(—6.26 to —4.02 log cd s m~2).

The amplitudes of pSTR and nSTR increased exponentially with
the intensity of the light stimulus both in albino and pigmented
mice (Fig. 2A and B). No ERG a-wave was observed for light inten-
sities below —2.36 log cd s m~2 (Fig. 1). The b-wave elicited by light
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nerve transection. Examples of the ERG traces recorded in an albino (A) and
pigmented (B) mouse in response to flash stimuli of increasing intensity for the
non-operate right eye (thin traces) and for the operate left eye (bold traces) 4 weeks
after the ONT. The intensity of the flash stimuli is indicated to the left of the
recording traces. Reduction in the nSTR and pSTR responses from operated eyes
versus control eyes is clearly observed for both strains. The STR-implicit time of the
operated eye (arrows) is also altered respect to the non-operated eye (arrow heads).
The a- and b-wave of the operated eye is slightly decreased respect to the non-
operated eye.
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intensities from —3.96 cd s m~2 increase exponentially, reaching
its maximum for 2.03 cd s m~2 (Fig. 1). Fig. 2C and D shows aver-
aged data of ERG a- and b-wave amplitudes in albino or pigmented
mice, respectively. No significant differences in any of the above
mentioned ERG amplitudes between left and right eyes were ob-
served in any of the animals of this study prior to surgery. When
the amplitudes obtained from the albino group were compared
to those of the pigmented, there were no significant differences
(t-test; P> 0.05) for all the waves analyzed except for the pSTR
(t-test; P<0.05).

3.2. ERGs in experimental albino and pigmented mice with left ONT

ERG recordings were performed simultaneously from right non-
operated eye and left operated eye in albino and pigmented mice at
increasing survival intervals after ONT.

3.2.1. Two weeks after ONT

Representative ERG traces from an albino mice in group I (n = 9)
recorded from operated (bold trace) and non-operated (thin trace)
eyes 2 weeks after left ONT are shown in Fig. 3A. The remained re-
sponse for the pSTR and nSTR from operated eyes amounted to 40%
of their fellow control eyes (Fig. 4A) (t-test, P<0.001), and these
are clearly observed at 2 weeks after ONT (Fig. 3A). At this time,
scotopic and mixed ERG recorded in operated eyes also showed re-
duced a- and b-wave amplitudes with respect to control eye
(Fig. 4C) (t-test, P < 0.001). Averaged data of ERG wave amplitudes
from animals in group I is shown in Fig. 5A and C. Moreover, the
implicit time of the pSTR and nSTR was reduced significantly when
compared to the contralateral eye (ANOVA on Ranks; P<0.05)
(Fig. 6A), this difference was more marked for the nSTR (arrows
and arrow heads in Figs. 3A and 6A).

Fig. 3B shows ERG traces from a representative pigmented mice
in group IV (n=7) recorded from operated (bold trace) and non-
operated (thin trace) eyes 2 weeks after the ONT. The remained re-
sponse for the pSTR and nSTR from operated eyes amounted to 30%
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and 65%, respectively, of their control eyes (Fig. 4B) (t-test,
P <0.001). At this time, scotopic and mixed ERG recorded in oper-
ated eye also showed slight reduced a- and b-wave amplitudes
with respect to control eye (Fig. 4D) (t-test, P < 0.001). Averaged
data of ERG wave amplitudes from animals in group IV is shown
in Fig. 5B and D. Moreover, the implicit time of the pSTR and nSTR
was reduced significantly when compared to the contralateral eye
(ANOVA on ranks; P < 0.05); and this difference was more marked
than that observed in albino mice (arrows and arrow heads in Figs.
3B and 6B).

3.2.2. Four weeks after ONT

Four weeks after ONT, differences of ERG wave amplitudes be-
tween operated and control eyes were also appreciated in group
I (n = 6) of albino mice. Fig. 7A shows the ERG traces from a single
representative animal of group II illustrating the remained re-
sponse for the pSTR and nSTR of approximately 30% and 50%,
respectively, in the operated eyes with respect to the control eyes
(Fig. 4A) (t-test, P < 0.001). Moreover, the implicit time of the pSTR
and nSTR was reduced significantly with respect to the contralat-
eral eye (ANOVA on ranks; P < 0.05), (arrows and arrow heads in
Figs. 7A and 6A). At this time, there was also a mild reduction of
the ERG wave amplitudes observed for the scotopic and mixed re-
sponses, of an 80% approximately (Fig. 4C). Averaged data of ERG
wave amplitudes from animals in group III is shown in Fig. 8A
and C.

Four weeks after ONT, differences between ERG wave ampli-
tudes among operated and control eyes were also appreciated in
group V (n =6) of pigmented mice. Fig. 7B shows the ERG traces
from a single representative animal of group V illustrating the re-
mained response for the pSTR and nSTR of approximately 25% and
70%, respectively, in the operated eyes with respect to the control
eyes (Fig. 4B) (t-test, P < 0.001). Moreover, the implicit time of the
PSTR and nSTR was reduced significantly compared to the contra-
lateral eye (ANOVA on ranks; P<0.05), and this reduction was
more significant than that shown for the albino mice (arrows and
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Fig. 8. Electroretinographic amplitude measurements 4 weeks after optic nerve transection. Averaged data (mean + SEM) of ERG amplitudes versus stimulus intensity both
from albino (A and C; n = 6) and pigmented mice (B and D; n = 6) from recordings obtained 4 weeks after ONT from non-operated right eyes (open symbols) and operated left
eyes (filled symbols). (A and B) negative scotopic threshold responses (circles) and positive scotopic threshold responses (triangles). (C and D) a-wave (circles) and b-wave
(triangles). A significant reduction of the wave amplitudes of the nSTR and pSTR is observed in the operated eyes (t-test; P < 0.05). Moreover, a mild decrease in the b-wave
scotopic response and a- and b-wave is also observed in the operated eyes (t-test; P < 0.05) versus control eyes.
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arrow heads in Figs. 7B and 6B). At this time, scotopic and mixed
ERG recorded in the operated eyes also showed a mild reduction
of the a- and b-wave amplitudes with respect to the control eye,
of approximately an 80%, (Fig. 4D) (t-test, P < 0.001). Averaged data
of ERG wave amplitudes from animals in group V is shown in
Fig. 8B and D.

3.2.3. Twelve weeks after ONT

Twelve weeks after the ONT, changes in ERG wave amplitudes
were still appreciated in operated eyes from group III of albino
mice (n = 5) (Fig. 9A). At this time point after ONT, the remained re-
sponse for the pSTR and nSTR from operated eyes represented
approximately 50% and 70%, respectively, of the values recorded
for the contralateral eyes (Fig. 4A) (t-test, P <0.001), while a slight
difference, of a 90% approximately, in the ERG scotopic and mixed
responses was observed between operated and non-operated eyes
(Fig. 4C). Averaged data of ERG wave amplitudes from animals in
group Il is shown in Fig. 10A and C. The implicit time of the pSTR
and nSTR was maintained reduced significantly with respect to the
contralateral eye (ANOVA on ranks; P < 0.05), (arrows and arrow
heads in Figs. 9A and 6A).

In pigmented mice, 12 weeks after the ONT, changes in ERG
wave amplitudes were still appreciated in operated eyes from
group VI (n=9) (Fig. 9B). At this time point after ONT, the re-
mained response for the pSTR and nSTR from operated eyes
amounted to approximately 50% respect to the values recorded
for the contralateral eyes (Fig. 4C) (t-test, P <0.001), while a mild
difference, of an 80% approximately, in the ERG scotopic and mixed
responses were observed between operated and non-operated eyes
(Fig. 4D). Averaged data of ERG wave amplitudes from animals in
group VI is shown in Fig. 10B and D. The implicit time of the pSTR
and nSTR was also reduced significantly compared to the contralat-
eral eye (ANOVA on ranks; P<0.05). As shown at earlier time
points, the reduction in the implicit time of these two waves,
was statistically more significant in the pigmented than in the al-
bino mice (arrows and arrow heads in Figs. 9B and 6B).

Our data demonstrates that reductions in the pSTR and nSTR are
maintained long time after ONT and thus appear permanent both for
albino and pigmented mice (Fig. 4A and B). However, the changes ob-
served in the a- and b-wave amplitudes of the scotopic and mixed
ERG are less obvious at any time after surgery (Fig. 4C and D).

3.3. Quantitative study of RGCs surviving after ONT

Fluorescence microscopy of whole-mounted naive or contralat-
eral control right retinas showed the normal appearance of
OHSt"-labeled RGCs typically distributed throughout the retina,
as previously reported by our Laboratory for pigmented mice
(Salinas-Navarro, Jiménez-Lopez, et al., 2009) (Fig. 11A). The total
population of RGCs was determined with an automatic routine in
naive or control retinas, and the total numbers of OHSt'-RGCs
were 39,447 + 2784 (mean =SD; n=8) or 37,485+ 3766 (n=38),
respectively. However, in the axotomized retinas, in addition to
OHSt*-RGCs there were also microglial cells (Fig. 11B), and this
precluded automatic counting of RGCs. Manual counts of OHSt"-
RGCs allowed to estimate the total population of OHSt"™-RGCs
which had diminished to 6639 + 889 (n=8), which is approxi-
mately an 18% of the RGC population found in their contralateral
right uninjured retinas (Fig. 11C).

4. Discussion

Previous studies in adult rats have quantified the time-course
and amount of RGC loss (Nadal-Nicolas et al.,, 2009; Parrilla-
Reverter, Agudo, Sobrado-Calvo, et al., 2009; Peinado-Ramoén

et al., 1996; Sobrado-Calvo, Vidal-Sanz, & Villegas-Pérez, 2007;
Villegas-Pérez et al., 1993) as well as the ERG alterations
(Alarcon-Martinez et al., 2009; Bui & Fortune, 2004) that follow
optic nerve transection (ONT). In small rodents, such as mice,
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Fig. 9. Scotopic and photopic electroretinographic recordings 12 weeks after optic
nerve transection. Examples of the ERG traces recorded in an albino (A) and
pigmented (B) mouse in response to flash stimuli of increasing intensity for the
non-operate right eye (thin traces) and for the operate left eye (bold traces)
12 weeks after the ONT. The intensity of the flash stimuli is indicated to the left of
the recording traces. Reduction in the nSTR and pSTR responses from operated eyes
versus control eyes is clearly observed 12 weeks after ONT for both mice strains.
The STR-implicit time of the operated eye (arrows) is also altered respect to the
non-operated eye (arrow heads). The a- and b-wave of the operated eye is slightly
decreased respect to non-operated eye.
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Fig. 10. Electroretinographic amplitude measurements 12 weeks after optic nerve transection. Averaged data (mean + SEM) of ERG amplitudes versus stimulus intensity both
from albino (A and C; n = 5) and pigmented mice (B and D; n = 9) from recordings obtained 12 weeks after ONT from non-operated right eyes (open symbols) and operated left
eyes (filled symbols). (A and B) negative scotopic threshold response (circles) and positive scotopic threshold responses (triangles). (C and D) a-wave (circles) and b-wave
(triangles). A significant reduction of the wave amplitudes of the nSTR and pSTR is observed in the operated eyes (t-test; P < 0.05). Moreover, a mild decrease in the b-wave
scotopic response and a- and b-wave is maintained for the operated eyes (t-test; P < 0.05) versus control eyes.

ONT entails technical difficulties and this may explain why there
are no anatomical studies investigating the time-course and
amount of RGC loss (Galindo-Romero et al., 2010) neither their
functional correlates following ONT. There are two studies report-
ing functional (Saszik et al., 2002) or anatomical (Kilic, Hermann,
Isenmann, & Bdhr, 2002) responses of mice retina after ON crush.
Here we have performed a complete intraorbital optic nerve tran-
section in albino and pigmented mice and have analyzed the reti-
nal functionality prior to and at 2, 4 or 12 weeks after ONT of both
eyes simultaneously. Moreover, using the retrogradely transported
tracer OHSt applied to both superior colliculi, 1 week prior to axot-
omy to identify RGCs, we have also quantified RGCs surviving ONT
at 2 weeks. We show that by 2 weeks after ONT there is a massive
loss of RGCs (82% approximately) and this is associated with a
prominent and persistent decrease in the amplitude of the STR
components of the ERG, thus highlighting its importance as a func-
tional correlate to assess the RGC population.

As in previous studies in the adult rat following ONT (Alarcén-
Martinez et al., 2009; Bui & Fortune, 2004; Mojumder et al., 2008),
we have also observed functional changes in the albino and pig-
mented mice ERG after ONT. Both components of the STR, but
mainly the positive one, showed a reduction of their amplitude.
The amplitude of pSTR in both mice strains had diminished to
approximately 40% of their contralateral eye values, and these dim-
inutions persisted along the time-course of our study. The nSTR
amplitude was more variable between animals and showed a
smaller diminution, especially in the albino animals, thus overall
our data further suggests that in mice the pSTR component of
the ERG results more affected after RGC damage. This is in accor-
dance with a study in Math5/Brn3b double knock-out mice where
there was a higher decrease of the positive component of the STR
respect to the negative one (Moshiri et al., 2008). Other studies
have shown an important diminution of the STR components
following RGC damage in mice (Holcombe et al., 2008; Kong,
Crowston, Vingrys, Trounce, & Bui, 2009; Salinas-Navarro,
Alarcén-Martinez, et al., 2009) or rats (Alarcon-Martinez et al.,

2009; Bui, Edmunds, Cioffi, & Fortune, 2005; Bui & Fortune,
2004; Fortune et al., 2004; He, Bui, & Vingrys, 2006), or after
abolishment of the inner retinal neuron action potentials by phar-
macological agents as GABA and NMDA (N-methyl-d-aspartate) in
mice (Saszik et al., 2002) or NMDA (Bui & Fortune, 2004; Naaren-
dorp, Sato, Cajdric, & Hubbard, 2001) and tetrodotoxin (TTX) in rats
(Bui & Fortune, 2004).

A major decrease of the STR amplitude was first recorded
2 weeks after ONT, at a time when the survival of OHSt*-RGCs is
of approximately 18% of the control RGC population. Such a dra-
matic and rapid loss of RGCs after ON transection has been previ-
ously shown in the adult albino rat (Nadal-Nicolas et al., 2009;
Peinado-Ramén et al., 1996; Vidal-Sanz et al., 2000; Villegas-Pérez
et al.,, 1993) and mice ONT (Galindo-Romero et al., 2010). More-
over, the reductions of STR amplitudes were permanent for both
strains of mice because by 12 weeks after the ONT these were still
markedly reduced, suggesting a correlation between massive RGC
loss and significant decreases of the STR amplitudes.

As shown in our previous work in albino and pigmented rat
(Alarcén-Martinez et al., 2009), in the present studies there was
also a residual response for the STR components after ONT. Further
studies will have to analyze the origin of this residual ERG
response, which at present is uncertain. RGCs surviving ONT could
be responsible for the STR residual response, although this is unli-
kely because less than 18% of the RGC population survive ON axot-
omy in the adult rat (Berkelaar, Clarke, Wang, Bray, & Aguayo,
1994; Villegas-Pérez et al., 1993) or mice (Galindo-Romero et al.,
2010). In addition to RGCs, other neuronal populations, such as
the amacrine cells, which apparently are not directly affected by
ONT (Carter et al., 1987; Schremser & Williams, 1992; Villegas-
Pérez et al., 1993), could be responsible for the residual STR, as
has been shown in other species such as cat and human (Sieving,
1991), and in transgenic mice lacking RGCs (Brzezinski et al.,
2005). We cannot discard the possibility that other retinal neurons
such as the bipolar could also contribute to the residual STR after
ONT. Our results also show that after ONT there is a decrease of
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Fig. 11. Axotomy induces RGC death. Optic nerve transection (ONT) induces the
death in RGCs as demonstrated by decrease of the OHSt"RGCs population. (A and B)
OHSt"RGCs images from flat mounted retinas corresponding to an uninjured (right
eye) (A) and to an experimental retina (left eye) analyzed 2 weeks after ONT (B).
Two weeks after ONT, there is massive loss of OHSt'RGCs (arrows) and there is
presence of microglial cells transcellularly labeled with OHSt (arrow heads).
Bar = 100 pm (C). Total number (mean + SD) of OHSt'RGCs in naive (n = 8) (white
column), untouched (right eyes) (n = 8) (gray column) and injured retinas (left eyes)
(n =8) (black column) analyzed 2 weeks after ONT. There is a significant decrease in
the population of OHSt"RGCs 2 weeks after ONT with respect to the untouched right
and naive retinas (t-test; *P < 0.001). There is no difference between the number of
OHSt'RGC quantified in naive and untouched right eyes.

the implicit time of both STRs in the operated eye with respect to
its fellow eye, which is more marked in pigmented than in albino
animals (Fig. 5). This is in agreement with a previous study in pig-
mented rats where a decrease of the implicit time of the nSTR was
shown after an injection of TTX (Bui & Fortune, 2004) and with a
Brn3b knock-out mice study which presented a high reduction of
the number of RGCs for this animals and a faster nSTR respect to
the wild type animals (Moshiri et al., 2008). It is possible that the
implicit time of the negative component of the STR appeared ear-
lier because the wave was no longer counteracted in the ERG by
a normally larger pSTR. Thus, the alteration of the STR-implicit
time can be presented as another feature of the ERG after RGC loss.

Finally, a slight reduction in the main a- and b-waves was pres-
ent in albino and pigmented mice at all time points studied after
ONT. This is in agreement with results obtained in pigmented
and albino rats with their ON transected (Alarcon-Martinez et al.,
2009; Bui & Fortune, 2004; Gargini et al., 2004), in which both a-

and b-waves were reduced to approximately 80-85% with respect
to their control values. We do not have a clear explanation for the
reductions of these amplitudes, but one possibility is an alteration
in the impedance of retina after RGC loss that would result in a
change of the shape of the ERG response, another possibility that
cannot be completely discarded would be the retrograde transneu-
ronal degeneration of first and second order neurons in the retina
following ONT (Germain, Calvo, & De La Villa, 2004; Giinhan-Agar,
Kahn, & Chalupa, 2000; Kielczewski, Pease, & Quigley, 2005).
Whatever the explanation for the persistent reduction in the main
a- and b-waves of the scotopic ERG, it is possible that these inner
retinal changes could reflect more distal retinal changes, such as
those observed in the STR.

In a number of pathologies, such as glaucoma, RGCs are the
main neuronal population injured, thus it is important to have
techniques to examine RGC functionality in vivo. There are few
functional techniques to assess the RGC population in vivo, includ-
ing the multifocal ERG (Ball & Petry, 2000) or the pattern ERG
(Ben-Shlomo et al., 2005), but these techniques have some exper-
imental limitations as the subject has to maintain the fixation on
a point or it has to be emetropized, respectively. Another ERG re-
sponse that could be associated to inner retinal elements is the
photopic negative response or PhNR. The PhNR is a photopic wave
identified in humans (Colotto et al., 2000; Gari et al., 2009;
Machida, Gotoh, et al., 2008; Viswanathan, Frishman, Robson, &
Walters, 2001) and other animals as monkeys (Viswanathan,
Frishman, Robson, Harwerth, & Smith, 1999) and rats (Li, Barnes,
& Holt, 2005), but its association with RGCs is not certain, at least
in rodents (Machida, Raz-Prag, Fariss, Sieving, & Bush, 2008;
Mojumder et al., 2008); in fact, in a study in pigmented rats with
their optic nerve cut there was no change in the PhNR associated
with RGC loss (Mojumder et al., 2008). Our present studies in albi-
no and pigmented mouse, as well as those of others on pigmented
(Alarcén-Martinez et al., 2009; Bui & Fortune, 2004) and albino rats
(Alarcon-Martinez et al., 2009) show the clear relation between the
STR components of the ERG and the population of RGC, indicating
that the STR could be a functional index to demonstrate in vivo
RGC dysfunction in a number of experimental models involving
RGC injury such as acute (Bui et al., 2005; He et al., 2006; Kong
et al., 2009) or chronic increase of the intraocular pressure (Cuenca
et al., 2010; Fortune et al., 2004; Holcombe et al., 2008; Li, Tay,
Chan, & So, 2006; Salinas-Navarro, Alarcén-Martinez, et al.,
2009). Moreover, there are not many functional techniques to as-
sess the RGC population in vivo, including the multifocal ERG (Ball
& Petry, 2000), the pattern ERG (Ben-Shlomo et al., 2005) or the vi-
sual evoked potential (Wang et al., 2010), thus highlighting the
importance of the STR recordings to identify this population of
neurons in the adult albino or pigmented mice retina.

In summary, we have examined the ONT-induced alterations in
the STR components of the ERG in adult mice and showed a clear
and persistent diminution of these components, mainly the pSTR,
with time after ONT in the albino and pigmented mouse. Moreover,
we have showed a decrease of the implicit time of the STR compo-
nents for both strains of mice. Thus, overall, the progressive dimi-
nution in the amplitude of the STR waves observed shortly after
ONT and its persistence 12 weeks later highlights the importance
of the STR recordings as an electrophysiological tool for the assess-
ment of RGC function in these laboratory animals. This functional
approach could be of great interest for a number of animal models
coursing with degeneration of the RGC population, for which up to
date there are few tests to examine RGC function in vivo.
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