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Continuous illumination (CI) of the retina induces an oxidative stress followed by the
degeneration of photoreceptors. This phenomenonmay be partially related to the excessive
production of nitric oxide (NO). In order to confirm this hypothesis, the aims of this work are
to determine NO levels during the illumination of the retina by electron paramagnetic
resonance (EPR), and if an increase of NO is found, to characterize the NOS isoform
responsible of the increment by usingWestern blot. Sprague–Dawley rats were continuously
illuminated with white light (12,000 lux) for 2, 24, 48 h, 5 and 7 days while control rats were
maintained at light/dark cycles of 12/12 h. Using EPR, an increase of NO signal was observed
in the light exposed retinas peaking at 24 h of CI. Western blot analysis showed the
expression of iNOS in the illuminated retinas with a peak after 24 h of CI, but did not show
significant differences of nNOS among illuminated and control retinas. In summary, there is
an increase of NO during CI. Further studies will reveal whether this mechanism is
responsible for light induced photoreceptor degeneration.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Continuous illumination (CI) is a widely used model to study
degenerative diseases of the retina (Abler et al., 1996; La Vail
et al., 1999; Marti et al., 1998; Reme et al., 1998a, 2003).
Experimental CI induces the degeneration of photoreceptors
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(PR) both in adult and immature rats (Chader, 2002, 2005; Gorn
and Kuwabara, 1967; Noell et al., 1966; Pecci Saavedra and
Pellegrino de Iraldi, 1976).

Illumination generates the formation of free radicals in the
retina (reactive oxygen species (ROS) and reactive nitrogen
species (RNS)). As to counteract the oxidative insult there is a
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Fig. 1 – ESR spectra of the NO–Fe2+(DETC)2 complex in retinas
from control rats (CTL) and rats illuminated for 2 h (IL2), 24 h
(IL24), and 7 days (IL7). The paramagnetic signal of the
NO–Fe2+(DETC)2 adduct (arrows) was detected by ESR.
Instrumental settings were: center field 3420 G, sweep width
100 G, microwave power 20 mW, microwave frequency
9.62 GHz, conversion time 10.24 ms, time constant 40.96 ms,
modulation frequency 50 kHz, modulation amplitude 1.00 G,
gain 2.00×104, resolution 1024 points. All spectra were the
accumulation of 20 scans.

Fig. 3 – NO–Fe2+(DETC)2 adduct detected by ESR yields in
retinas from control (CTL) and illuminated rats for 2 h (IL2),
24 h (IL24), 48 h (IL48) and 7 days (IL7). Adduct yields
(pmol/mg tissue) were estimated by the double integration of
the simulated signals using as a standard the stable radical
TEMPOL.

113B R A I N R E S E A R C H 1 1 5 6 ( 2 0 0 7 ) 1 1 2 – 1 1 9
complex defensive system in the retina composed by the
following antioxidant enzymes: superoxide dismutase (SOD)
(Rao et al., 1985), catalase (Atalla et al., 1987), and glutathione
peroxidase (GPx) (Atalla et al., 1988). Certainly, light exposure
induces the superoxide scavenger, mitochondrial manganese
SOD (Mn-SOD) in the retina (Yamamoto et al., 1999) and
increases the activity of GPx in different cells at the posterior
retinal pole (Ohira et al., 2003).

However, if illumination persists, the excessive production
of ROS overcomes the defensive antioxidant mechanisms
Fig. 2 – Adjusted simulated ESR spectra from experimental
signals of the NO–Fe2+(DETC)2 complex in retinas from rats
illuminated for (A) 2 h, (B) 24 h and (C) 48 h. Instrumental
parameters in the simulated spectra were setting equally as
the experimental ones. Control signal spectrum was
subtracted from every spectrum. The adjusted experimental
signals were obtained using a modification of the
Levenberg–Marquardt algorithm.
causing an oxidative stress that generates a photic damage of
the retina (Organisiak et al., 1998). This light-induced oxidative
stress activates procaspase-3 in rat retina (Wu et al., 2002),
increases caspase-1 in mice retina (Grimm et al., 2000) and
triggers the apoptotic death of photoreceptors (Abler et al.,
1996; Grimm et al., 2000, 2001; Reme et al., 1998b, 2000).
Fig. 4 – Levels of nNOS in rat retina after continuous
illumination by Western blot. Representative
immunoblotting of nNOS in extracts from retina of
illuminated rats. CTL: control without exposure to
continuous illumination (CI); IL: Rats submitted to CI for 24 h
(IL24); 48 h (IL48); 5 days (IL5) and 7 days (IL7). Positive control
(C+ ) was obtained from mouse pituitary. The illustrated blot
is representative of 4 independent experiments, each using
different animals. nNOS levels were determined by Western
blot analysis on rat retina after CI by scanning densitometry.
The relative expression of nNOS (140 kDa) was calculated,
and the value for the controlwas arbitrarily defined as 1. Each
bar represents the mean±S.E.M. of enzyme activity for each
group (n=4).



Fig. 5 – Levels of iNOS in rat retina after continuous
illumination byWestern blot. RepresentativeWestern blot of
iNOS in extracts from retina of illuminated rats. CTL: control
without exposure to continuous illumination (CI); IL: Rats
submitted to CI for 24 h (IL24); 48 h (IL48); 5 days (IL5) and
7 days (IL7). Positive control (C+ ) was obtained from mouse
macrophages. Observe a significant expression of retinal
iNOS after 24 h of CI (IL24). The illustrated blot is
representative of 4 independent experiments, each using
different animals. iNOS levels determined by Western blot
analysis on rat retina after continuous illumination by
scanning densitometry. The relative expression of iNOS
(115 kDa) was calculated, and the value for the IL24 h was
arbitrarily defined as 1.Each bar represents the mean±S.E.M.
of enzyme activity for each group (n=4), iNOS band from IL24
was compared with the other reactive bands (IL48, IL5 and
IL7), this difference was significant as p<0.01.
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Supporting these findings, the experimental use of antioxi-
dant therapies or of radical trapping agents, as phenyl-N-
terbutylnitrone (PBN), have shown to be protective against light-
induced retinal degeneration (LIRD) (Blanks et al., 1992; Kim
et al., 2005; Organisciak et al., 1992, 1999; Ranchon et al., 2001,
2003). In human beings, oxidative stress has been postulated as
an important factor in the pathophysiology of age-related
macular degeneration (AMD) and retinitis pigmentosa (Ambati
et al., 2003; Beatty et al., 2000); furthermore apoptosis is one of
the final pathways involved inPRdegeneration duringAMDand
pathologic myopia (Xu et al., 1996).

Light neurotoxicity and the apoptotic pathway are closely
relatedwithglutamate in the retina (Sucher et al., 1997)where it is
one of the main neurotransmitters (Barnstable, 1993). Excessive
glutamate release triggers NMDA-induced apoptosis in the retina
(Kwong and Lam, 2000; Lam et al., 1999) and bothNMDA receptor
antagonists and Ca2+ channel blockers protect retinal cells
(Morizane et al., 1997; Toriu et al., 2000). NMDA stimulation
increases intracellular calcium which activates Nitric Oxide
Synthase (NOS). Different NOS isoforms were reported in the
normal retina by using nNOS immunocytochemistry (Haberecht
et al., 1993; Yamamoto et al., 1993) and iNOS immunocytochem-
istry (Goureau et al., 1994; López-Costa et al., 1997).

Indirect evidence of the role of NO in photic injury was
obtained as NOS inhibitors, N(G)-nitro-L-arginine methyl ester
(L-NAME) or 7-nitroindazole, prevented LIRD in albino rats and
mice (Goureau et al., 1993; Kaldi et al., 2003). After intense light
exposure, nitrotyrosine immunoreactivity, an index of protein
nitration, decreased in outer segments and increased in the PR
inner segments and retinal pigment epithelium (RPE) suggest-
ing that light modulates protein nitration (Miyagi et al., 2002).
Up to the moment, there is no direct evidence showing an
increase of NO in the retina during CI. Due to the short half life
of NO, it has been hard to determine the presence of NO in
animal tissues. However, the use of the trapping agent iron
diethyldithiocarbamate (DETC) 2 has enabled the direct
detection of NO in animal tissues in vivo by cryogenic electron
paramagnetic resonance (EPR), also known as electron spin
resonance (ESR) spectroscopy (Kikuchi et al., 1993; Mulsch
et al., 1995; Shen et al., 1998). In the ischemic/reperfused
diabetic retina, EPR was previously used to measure oxygen
free radical formation (Szabo et al., 1997). The strategy of using
EPR and (DETC)2 as a trapping agent to measure NO was
employed in myocardial tissue after ischemia/reperfusion
(Shen et al., 1998), and in the brain of septic shock animals
(Fujii and Berliner, 1999), but this experimental approach is
completely original in the study of the illuminated retina.

The aim of this work is to demonstrate directly the increase
of NO in the rat retina during CI by using EPR/ESR and to detect
specifically the NOS isoform involved in the excessive
production of NO by Western blot analysis.
2. Results
2.1. Electron paramagnetic resonance determination (EPR)

Most of the free radicals of interest in biological systems have
very short half-lives, which makes direct detection virtually
impossible. The spin-trapping technique is based on the
reaction between the free radical and a spin-trap giving a
stable complex, called an adduct, which has a large half-life
allowing its detection by EPR/ESR. NO has a half-life range of
0.09 to < 2 s in hepatocytes (Thomas et al., 2001) but, when it is
captured by Fe2+(DETC)2, a stable paramagnetic mononitrosyl
iron complex NOFe2+(DETC)2 is formed (Mulsch et al., 1995).

In every case, NOFe2+(DETC)2 complex spectrumwasa triplet
characteristic signal in our work. The experimental ESR spectra
of the NO–Fe2+(DETC)2 complex in retinas was obtained from
control rats and from rats illuminated for 24 h (IL24), 48 h (IL48),
5 days (IL5) and 7 days (IL7). Control rats (CTL) showed a small
characteristic ESR signal of NO–Fe2+(DETC)2 adduct (Fig. 1). A
strong signal was observed at IL24 (Fig. 1). In order to know if
therewasanearlierNOpeak, a shorter illuminationperiodof 2h
(IL2)wasadded.Although therewasan increaseof theNOsignal
at this time point (compared with CTL), the maximal NO signal
was detected at IL24 condition (Fig. 1). The signal intensity
decreased after 48 h (IL48) (Figs. 2 and 3) and 5 days of
illumination and was similar to control values in rats which



Fig. 6 – Semithin sections of retinas stained with toluidine blue. (A) Retina of a non-illuminated rat (CTL). All retinal layers are
clearly observed. Outer photoreceptor segments are labeled with an asterisk. (B) Retina of a rat illuminated for 24 h (IL24).
Observe the disorganization of outer photoreceptor segments ( * ). Pycnotic nuclei (white arrows) may be observed in outer
nuclear layer (ONL). Scale Bar: 30 μm. (C and D) Retinas of a rat illuminated for 7 days (IL7). (C) A severe degeneration of
photoreceptors and the presence of cellular debris corresponding to outer and inner photoreceptor segments may be observed
( * ). There is a decrease of ONL thickness (compare with A) and a pycnotic nucleus is shown in ONL (white arrow). In D, a higher
magnification shows pycnotic nuclei (white arrow) and irregular nuclei (arrow heads) in ONL. Retinal pigment epithelial cells
appear swollen. C: Scale Bar: 30 μm; D: Scale Bar: 12 μm.
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were illuminated for 7 days (IL7) (Figs. 1 and 3). The signal was
abolished by administration of the NOS inhibitor L-NAME
confirming that the signal of NOFe2+(DETC)2 complex is
originated from NO.

In order to obtain the concentration of the adducts, the
adjusted simulated ESR signals were calculated for 2, 24 and 48 h
of illumination (Fig. 2). The hyperfine coupling constant (aN)
calculated from fitting was 12.6 Gauss. The NO–Fe2+(DETC)2
adduct concentrations were calculated from the respective
simulated spectra (Fig. 3). The excessive formation of NO during
the first hours of illumination could be responsible of the
cytotoxic effects bymeans of the reaction of NOwith superoxide
anions and the consequent formation of peroxynitrites (ONOO–).
2.2. Western blot analysis

2.2.1. Expression of nNOS and iNOS in the retina after
continuous illumination
The expression of nNOS and iNOS isoforms in the retina of rats
after CI was examined by Western blot. nNOS immunoreac-
tivity was detected in retinal extracts from every time point
along the illumination period. There were no significant
differences in retinal nNOS levels from illuminated animals
compared with retinas from control rats (Fig. 4). Positive
immunoreactivity to iNOS was detected in retinal extracts of
illuminated animals, but not in the control retinas (Fig. 5).
Expression of iNOS was maximum in the retinas of animals
illuminated for 24 h (IL24), and the difference with the other
illumination periods was significant (p < 0.01) (Fig. 5).

2.3. Retinal histology

Theobservationof the retinasof IL24 rats showeddisorganization
of outer photoreceptor segments and pycnotic nuclei in outer
nuclear layer (ONL) (Fig. 6B). After 7 days of CI (IL7) the
degeneration of photoreceptors was severe and there was a
decrease of retinal thickness due to cell death which occurred
mainly in ONL (Figs. 6C and D). Irregular nuclei and nuclear
fragmentation were observed in ONL at this illumination
timepoint.
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3. Discussion

In the presentwork, the increase ofNOwasdemonstrated in the
rat retina after CI, an animal model of retinal degeneration
(Abler et al., 1996; LaVail et al., 1999;Marti et al., 1998;Remeetal.,
1998a, 2003). The use of EPR technique rendered a NOFe2+

(DETC)2 complex spectrum with a triplet characteristic signal
which corresponded to NO. This signal was previously reported
inotherbiologicalmodelsby theuseof thepresent spin trapping
agent (Fujii and Berliner, 1999; Kikuchi et al., 1993; Mulsch et al.,
1995; Shen et al., 1998). The original technique described the i.p.
administration of DETC followed by the subcutaneous admin-
istration of ferrous sulphate to detect NO signal. However to
obtain a working concentration of the trapping agent in the
retina we needed to perform an additional intravitreous
administration of both (DETC and ferrous sulphate) after
anesthesia and before the sacrifice. This modification let us to
detect NO signal in the retina by EPR.

It may be argued that ferrous sulphate induces chemical
changes and leads to retinal degeneration but these events take 3
and 7 days respectively (Homan et al., 2000). In our experimental
condition, the short time that ferrous sulphate was in the eye (2–
5min),was insufficient to induce retinaldegenerationbutenough
to form detectable levels of NOFe2+(DETC)2 complex. In addition,
the injection of ferrous sulphate always followed the adminis-
tration of the trapping agent DETC. Finally, the administration of
the NOS inhibitor L-NAME suppressed the spectrum adding a
major support to the present results and confirming the
specificity of the technique.

As was mentioned previously, the biggest signal was found
after 24 h of CI (IL24). The signal decreased thereafter being
similar to control values at IL7. Although it is difficult to indicate
causality, the excessive formation of NO during the first hours of
illumination could be one factor involved in light-induced
cytotoxic effects. Although NO plays a physiological role, the
excessive production of NO is neurotoxic because it reacts with
superoxide anion forming peroxynitrite anion (ONOO–), which is
a highly reactive molecule, harmful per se, and responsible for
the formation of other highly reactive radicals (Dawson and
Dawson, 1994). These ROS/RNS peroxidate fatty acids, induce
nitration of proteins impairing protein functions, such as
tyrosine kinase signal transduction pathways, and alter DNA
strands (Specht et al., 1999), triggering high energy requiring
repair mechanisms and apoptotic pathways that participate in
LIRD (Beatty et al., 2000; Organisiak et al., 1998). An alternative
explanation is that NO could also release cytochrome c from
mitochondriae triggering apoptosis by an intrinsic pathway.
Whichever is the apoptotic pathway involved, certainlyNOplays
a cytotoxic role in the retina during LIRD as NOS inhibitors
protect against light damage in albino rats and mice (Goureau
et al., 1993; Kaldi et al., 2003).

Although, free radical formation was suggested during CI
there were no direct demonstrations of NO formation during
light exposure. The present work is the first direct demon-
stration of the increase of NO production along illumination
in the retina as ESR directly detects NO. Electron paramag-
netic resonance was previously used to demonstrate the
formation of ROS in the retina of diabetic induced animals
(Szabo et al., 1997), however this is the first time that the
technique was used to demonstrate NO in the rat retina
using the model of CI.

Western blot is a specific method that is based on the
specificity of the antibodies. Previously characterized com-
mercial monoclonal antibodies were used in the present work
to demonstrate the different enzyme isoforms. Western blot
analysis showed that nNOS and iNOS are expressed in the
retina along CI. As was mentioned before, both NOS isoforms
were previously reported in the normal rat retina. Neuronal
NOS is localized in amacrine cells, in horizontal cells, in some
bipolar cells, in a small group of neurons localized in GCL and
in fibres at IPL (Haberecht et al., 1993; Yamamoto et al., 1993);
while iNOS is localized mainly in Müller cells and RPE
(Goureau et al., 1994; López-Costa et al., 1997). The present
Western blot results showed an important expression of the
iNOS during CI with amaximal peak at 24 h of CI. The increase
was coincident with the peak of NOFe2+(DETC)2 complex
signal detected by ESR. The reduced levels of iNOS at later
exposure times would be explained by cell loss. It must be
remarked that iNOS was not detected in control retinas with
this technique and that nNOS did not show differences among
control and illuminated retinas at any time point. In conse-
quence, the increase of NO levels during LIRD is due to an
induction of iNOS expression.

In summary, this work clearly shows the direct increase of
NO during CI and also demonstrates that iNOS is the enzyme
isoform involved in NO production during LIRD. The histolog-
ical study confirmed that retinal damage appears under the
present illumination conditions. The increased NO levels
correlate with photoreceptor breakdown but further studies
are needed to clarify the role of NO in this process.
4. Experimental procedures

4.1. Chemicals and antibodies

Mouse monoclonal antibodies to iNOS and nNOS were bought
from BD Transduction Laboratories, Lexington, KY, USA; Goat
anti mouse antibody conjugated with alkaline phosphatase
was obtained from Santa Cruz Biotechnology Inc., CA, USA.
Sodium diethyldithiocarbamate (DETC) was purchased from
J.T.Baker, Mallinckrodt Baker Inc., Phillipsburg, NJ, USA; N(G)-
nitro-L-arginine methyl ester (L-NAME), sodium nitroprusside
(SNP), 5-bromo-4-chloro-3-indolyl phosphate (BCIP) and all
other chemical reagents were obtained from Sigma Chemical
Co., St. Louis, MO, USA.

4.2. Animals and illumination procedure

All the animals were kept with food and water ad libitum.
Animal care was performed in accordance with the NIH
Guidelines for the Care and Use of Laboratory Animals and the
principles presented in the Guidelines for the Use of Animals in
Neuroscience Research by the Society for Neuroscience.

Male Sprague–Dawley rats (weight: 100–120 g) were
obtained from the animal house of the Instituto de Biología y
Medicina Experimental (IBYME). Before the experiments rats
were kept at 12/12 h light/dark cycles. Four to five rats were
simultaneously placed in an open acrylic box of 60 cm×60 cm×
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60 cm with 12 halogen lamps (12 V 50 W each) located on top.
Lighting level (12,000 lx) was determined using an analog
Gossen illuminance meter. Temperature was monitored and
the air-conditioned room was maintained at 24 °C approxi-
mately to avoidhigh temperaturewhichmayaccelerate retinal
damage (Organisciak et al., 1995). In order to obtain the
previously mentioned number of rats per time point, this
procedure was repeated three times for NO determination by
EPR and 4 times for Western blot.

The rats were continuously illuminated for 24 h, 48 h, 5 and
7 days (referred as IL24, IL48, IL5 and IL7, respectively). In
addition to these exposure times, a shorter period of illumina-
tion (2 h referred as IL2) was also performed for NO determina-
tion by EPR. This time point was added in order to observe if
therewas anearlierNOpeak to that observedat IL24as is shown
inResults. Control (CTL) ratswerenot illuminatedandwerekept
at 12/12 h light/dark cycles until their sacrifice. Three animals
per time point were used for NO determination by EPR, another
four animals per time point were used for Western blot.

4.3. NO detection by electron paramagnetic resonance

NO production was detected by EPR/ESR using diethyldithio-
carbamate (DETC) as a spin-trap. In order to detect NO
production, all the illuminated rats and controls were pre-
treated intraperitoneally (i.p.) with sodiumnitroprusside (SNP)
(1 mg/kg) 10/15 min prior to the spin-trap injection. This
procedure was performed to obtain NO levels in the range of
sensitivity of the equipment. DETC (500 mg/kg) was injected i.
p. followed by the administration of a solution containing
FeSO4·7H2O (37.5 mg/kg) plus sodium citrate 250 mg/kg
subcutaneously. After 5 min, rats were anaesthetized i.p.
with chloral hydrate (350 mg/kg). Once the animals were
anaesthetized, DETC (0.125 g/ml) followed by ferrous sulphate
(9.4 mg/ml)–sodium citrate (46.9 mg/ml) solutions were
injected intra-vitreous in both eyes. This local procedure is
unable to lead to retinal degeneration in the few minutes of
treatment and is necessary to detect a signal. After 2 to 5 min,
retinaswere removedand frozenat−20 °C in aquartz tube. The
paramagnetic signal of the NO–Fe2+(DETC)2 adduct was
recorded at 20 °C using a Bruker ECS106 spectrometer.
Instrumental settings were: center field 3420 G, sweep width
100 G, microwave power 20 mW, microwave frequency
9.62 GHz, conversion time 10.24 ms, time constant 40.96 ms,
modulation frequency 50 kHz, modulation amplitude 1.00 G,
gain 2.00×104, resolution 1024 points. All spectra were the
accumulation of 20 scans. Negative controls were performed
by injecting L-NAME (100 mg/kg i.p.) 30 min before an
illumination period of 2 h.

Simulated spectra were obtained by the calculation of the
quantum density matrix using the Liouville equation with the
incorporation of the modulated Zeeman effect (Kalin et al.,
2003). The adjusted experimental signals were obtained using
a modification of the Levenberg–Marquardt algorithm (Budil
et al., 1996). The NO–Fe2+(DETC)2 adduct yields were estimated
by the double integration of the fitted signals using as a
standard the stable radical TEMPOL and related to the mass of
the retina (Barr et al. in: www.bruker-biospin.com/brukerepr/
appnotes.htm.). The adduct yield is the amount of NO–Fe2+

(DETC)2 accumulated in the retina at a fixed time.
4.4. Western blot analysis

Retinal tissues from 4 different rats at each time point
were homogenized in 200 μl of ice-cold lysis buffer (20 mM
HCl pH 7.4, 150 mM NaCl, 1% Triton X-100 and 5 μl
protease inhibitor cocktail containing 4-(2-aminoethyl)ben-
zenesulfonyl fluoride (AEBSF), pepstatin A, E-64, bestatin,
leupeptin and aprotinin (Sigma P8340)) and incubated on
ice for 2 h. Tissue homogenates were centrifuged at
10,000 rpm for 10 min and the supernatant removed.
Protein concentration was determined by the Bradford
assay (Bradford, 1976). Equal amounts of tissue protein
extract were subjected to SDS gel electrophoresis on 7.5%
(w/v) polyacrylamide gel under reducing conditions. Pro-
teins were transferred onto nitrocellulose membrane,
blocked with 1% BSA (w/v) in TBST [0.01 M Tris–HCl, 0.15
M NaCl, and 0.05% (v/v) Tween-20, pH 7.6] for 1.5 h and
subsequently incubated with a monoclonal mouse IgG
antibody to iNOS (# 610432, BD Transduction Laboratories)
(0.5 μg/μl) or nNOS (# 611852, BD Transduction Laboratories)
(0.5 μg/μl) at room temperature for 1 h. After incubation,
the membranes were washed four times with TBST (each time
for 10min), followed by a 1 h incubationwith a second goat anti
mouse antibody conjugated with alkaline phosphatase and
revealedwith 5-bromo-4-chloro-3-indolyl phosphate/nitro blue
tetrazolium to visualize the iNOS or nNOS bands. Macrophages
andpituitary frommousewereusedaspositive control for iNOS
and nNOS respectively. The relative intensity of protein signals
was quantified by densitometric analysis using the Sigma Gel
Program. Statistical analysis was performed using the Graph
Pad Program.

4.5. Histological procedure

An additional group of 6 rats (2 CTL, 2 IL24 and 2 IL7) were
processed toobtain semithin sections for lightmicroscopy (LM) in
order to show that illumination produces retinal degeneration.

After illumination, the rats were deeply anesthetized at the
different timepointswith chloral hydrate (350mg/kg) and their
eyeswere removed, the cornea and lenseswere cut off and the
remaining tissues with a shape of a cup were fixed by
immersion in a solution containing 2.5% glutaraldehyde in
0.1Mphosphate buffer pH: 7.4 during 24 h. The eyeswere cut in
four pieces along two perpendicular meridians. The tissue
blocks containing schlerotica, choroid and retina were post-
fixed in 1% osmium tetroxide (O4Os), dehydrated and embed-
ded in Durcupan (Fluka Chemie AG). Semithin sections
(thickness: 0.5–1 μm) were obtained with a Reichert–Jung
ultramicrotome (model Ultracut E) and were stained with
toluidine blue. Sections were mounted using DPX (Fluka-
Chemie AG), and were observed and photographed using a
Zeiss Axiophot LM (Zeiss, Oberkochen, Germany).
Acknowledgments
The present work was supported with a grant from the
University of Buenos Aires (UBACYT M-020) and CONICET
PIP-5785.

http://www.bruker-biospin.com/brukerepr/appnotes.htm
http://www.bruker-biospin.com/brukerepr/appnotes.htm


118 B R A I N R E S E A R C H 1 1 5 6 ( 2 0 0 7 ) 1 1 2 – 1 1 9
R E F E R E N C E S

Abler, A.S., Chang, C.J., Full, J., Tso, M.O., Lam, T.T., 1996. Photic
injury triggers apoptosis of photoreceptor cells. Res. Commun.
Mol. Pathol. Pharmacol. 92, 177–189.

Ambati, J., Ambati, B.K., Yoo, S.H., Ianchulev, S., Adamis, A.P., 2003.
Age-related macular degeneration: etiology, pathogenesis and
therapeutic strategies. Surv. Ophthalmol. 48, 257–293.

Atalla, LR., Fernandez, M.A., Rao, N.A., 1987.
Immunohistochemical localization of catalase in ocular tissue.
Curr. Eye Res. 6, 1181–1187.

Atalla, L.R., Sevanian, A., Rao, N.A., 1988. Immunohistochemical
localization of glutathione peroxidase in ocular tissue. Curr.
Eye Res. 7, 1023–1027.

Barnstable, C.J., 1993. Glutamate and GABA in retinal circuitry.
Curr. Opin. Neurobiol. 3, 520–525.

Barr, D., Jiang, J., Weber, R. T. How to Quantitate Nitroxide Spin
AdductsUsingTEMPOL. ExperimentalTechniquesNote3. Bruker
Instruments, Inc., EPR Division. USA. In: www.bruker-biospin.
com/brukerepr/appnotes.htm.

Beatty, S.F., Koh,H.H., Phil,M., Henson,D., Boulton,M., 2000. The role
of oxidative stress in the pathogenesis of age-related macular
degeneration. Surv. Ophthalmol. 45, 115–133.

Blanks, J.C., Pickford, M.S., Organisciak, D.T., 1992.
Ascorbate treatment prevents accumulation of
phagosomes in RPE in light damage. Invest. Ophthalmol.
Visual Sci. 33, 2814–2821.

Bradford, M.M., 1976. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein–dye binding. Anal. Biochem. 72, 248–254.

Budil, D.E., Lee, S., Saxena, S., Freed, J.H., 1996.
Nonlinear-least-squares analysis of slow-motion EPR spectra
in one and two dimensions using a modified
Levenberg–Marquardt algorithm. J. Magn. Reson., Ser. A 120,
155–189.

Chader, G.J., 2002. Animal models in research on retinal
degenerations: past, progress and future hope. Vis. Res. 42,
393–399.

Chader, G.J., 2005. Beyond basic research for inherited and orphan
retinal diseases: successes and challenges. Retina 25, 515–517
(Supplement).

Dawson, T.M., Dawson, V.L., 1994. Nitric oxide: actions and
pathological roles. Neurosci. 9–20 (Preview Issue).

Fujii, H., Berliner, L.J., 1999. Ex vivo EPR detection of nitric oxide in
brain tissue. Magn. Reson. Med. 42, 599–602.

Goureau, O., Jeanny, J.C., Becquet, F., Hartman, M.P., Courtois, I.,
1993. Protection against light-induced retinal degeneration by
an inhibitor of NO synthase. NeuroReport 5, 233–236.

Goureau, O., Hicks, D., Courtois, Y., De Kozak, Y., 1994. Induction
and regulation of nitric oxide synthase in retinal Muller glial
cells. J. Neurochem. 63, 310–317.

Gorn, R.A., Kuwabara, T., 1967. Retinal damage by visible light: a
physiologic study. Arch. Ophthalmol. 77, 115–118.

Grimm, C., Wenzel, A., Hafezi, F., Reme, C.E., 2000. Gene
expression in the mouse retina: the effect of damaging light.
Mol. Vis. 6, 252–260.

Grimm, C., Wenzel, A., Behrens, A., Hafezi, F., Wagner, E.F., Reme,
C.E., 2001. AP-1 mediated retinal photoreceptor apoptosis is
independent of N-terminal phosphorylation of c-Jun. Cell
Death Differ. 8, 859–867.

Haberecht, M.F., Redburn, D.A., Nakane, M., Schmidt, H.H., 1993.
Immunocytochemistry of nitric oxide and soluble guanylyl
cyclase in rabbit retina. Invest. Ophthalmol. Visual Sci. 34,
1382.

Homan, J.A., Radel, J.D., Wallace, D.D., Wetzel, D.L., Levine, S.M.,
2000. Chemical changes in the photoreceptor outer segments
due to iron induced oxidative stress: analysis by Fourier
Transform infrared (FT-IR) microspectroscopy. Cell. Mol. Biol.
46, 663–672.

Kaldi, I., Dittmar, M., Pierce, P., Anderson, R.E., 2003. L-NAME
protects against acute light damage in albino rats, but not
against retinal degenerations in P23H and S334ter transgenic
rats. Exp. Eye Res. 76, 453–461.

Kalin, M., Igor Gromov, I., Schweiger, A., 2003. The continuous
wave electron paramagnetic resonance experiment revisited.
J. Magn. Reson. 160, 166–182.

Kikuchi, K., Nagano, T., Hayakawa, M., Hirata, Y., Hirobe, M., 1993.
Detection of nitric oxide production from a perfused organ by a
luminal–H2O2 system. Anal. Chem. 65, 1794–1799.

Kim, J.H., Yu, Y.S., Jeong, S.M., Kim, K.W., 2005. Delay of
photoreceptor cell degeneration in rd mice by systemically
administered phenyl-N-tert-butylnitrone. Korean J.
Ophthalmol. 19, 288–292.

Kwong, J.M., Lam, T.T., 2000. N-methyl-D-aspartate (NMDA)
induced apoptosis in adult rabbit retinas. Exp. Eye Res. 71,
437–444.

La Vail, M.M., Gorrin, G.M., Yasumura, D., Mattas, M.T., 1999.
Increased susceptibility to constant light in nr and pcd mice
with inherited retinal degenerations. Invest. Ophthalmol.
Visual Sci. 40, 1020–1024.

Lam, T.T., Abler, A.S., Kwong, J.M.K., Tso, M.O., 1999.
NMDA-induced apoptosis in rat retina. Invest. Ophthalmol.
Visual Sci. 40, 2391–2397.

López-Costa, J.J., Goldstein, J., Pecci Saavedra, J., 1997. Neuronal
andmacrophagic nitric oxide synthase isoforms distribution in
normal rat retina. Neurosci. Lett. 232, 155–158.

Marti, A., Hafezi, F., Lansel, N., et al., 1998. Light induced cell death
of retinal photoreceptors in the absence of p53. Invest.
Ophthalmol. Visual Sci. 39, 846–849.

Miyagi, M., Sakaguchi, H., Darrow, R.M., Yam, L., West, K.A., Aulak,
K.S., Stuehr, D.J., Hollyfield, J.G., Organisciak, D.T., Crabb, J.W.,
2002. Evidence that light modulates protein nitration in rat
retina. Mol. Cell. Proteomics 1, 293–303.

Morizane, C., Adachi, K., Furutani, I., Fujita, Y., Akaike, A., Kashii,
S., Honda, Y., 1997. Nitro-L-arginine methyl ester protects
retinal neurons against NMDA-induced neurotoxicity in vivo.
Eur. J. Pharmacol. 328, 45–49.

Mulsch, A., Mordvintcev, P., Bassenge, E., Jung, F., Clement, B., Busse,
R., 1995. In vivo spin trapping of glyceryl trinitrate-derived nitric
oxide in rabbit bloodvessels andorgans. Circulation 92, 1876–1882.

Noell, W.K., Walker, V.S., Kang, B.S., Berman, S., 1966. Retinal damage
by light in rats. Invest. Ophthalmol. Visual Sci. 5, 450–473.

Ohira, A., Tanito, M., Kaidzu, S., Kondo, T., 2003. Glutathione
peroxidase induced in rat retinas to counteract photic injury.
Invest. Ophthalmol. Visual Sci. 44, 1230–1236.

Organisciak, D.T., Darrow, R.M., Jiang, Y.I., Marak, G.E., Blanks, J.C.,
1992. Protection by dimethylthiourea against light damage in
rats. Invest. Ophthalmol. Visual Sci. 33, 1599–1609.

Organisciak, D.T., Darrow, R.M., Noell, W.K., Blanks, J.C., 1995.
Hyperthermia accelerates retinal light damage in rats. Invest.
Ophthalmol. Visual Sci. 36, 997–1008.

Organisciak, D.T., Darrow, R.M., Barsalou, L., Darrow, R.A., Kutty, R.K.,
Kutty, G., Wiggert, B., 1998. Light history and age-related changes
in retinal light damage. Invest. Ophthalmol. Visual Sci. 39,
1107–1116.

Organisiak, D.T., Darrow, R.A., Barsalou, L., Darrow, R.M., Lininger,
L.A., 1999. Light-induced damage in retina different effects of
dimethylthiourea on photoreceptor survival, apoptosis and
DNA oxidation. Photochem. Photobiol. 70, 261–268.

Pecci Saavedra, J., Pellegrino de Iraldi, A., 1976. Retinal alterations
induced by continuous light in immature rats. I. Fine structure
and electroretinography. Cell Tissue Res. 166, 201–211.

Ranchon, I., Chen, S., Alvarez, K., Anderson, R.E., 2001. Systemic
administration of phenyl-N-tert-butylnitrone protects
the retina from light damage. Invest. Ophthalmol. Visual Sci. 42,
1375–1379.

http://www.bruker-biospin.com/brukerepr/appnotes.htm
http://www.bruker-biospin.com/brukerepr/appnotes.htm


119B R A I N R E S E A R C H 1 1 5 6 ( 2 0 0 7 ) 1 1 2 – 1 1 9
Ranchon, I., La Vail, M.M., Kotake, Y., Anderson, R.E., 2003. Free
radical trap phenyl-N-tert-butylnitrone protects against light
damage but does not rescue P23H and S334 ter rodhopsin
transgenic rats from inherited retinal degeneration. J. Neurosci.
23, 6050–6057.

Rao, N.A., Thaete, L.G., Delmage, J.M., Sevanian, A., 1985. Superoxide
dismutase in ocular structures. Invest. Ophthalmol. Visual Sci.
26, 1778–1781.

Reme, CE., Hafezi, F., Marti, A., Munz, K., Reinboth, J.J., 1998a. Light
damage to retina and pigment epithelium. In: Marmor, M.F.,
Wolfensberger, T.J. (Eds.), The Retinal Pigment Epithelium,
Current Aspects of Function and Disease. Oxford University
Press, Oxford, UK.

Reme, C.E., Grimm, C., Hafezi, F., Marti, A., Wenzel, A., 1998b.
Apoptotic cell death in retinal degenerations. Prog. Retin. Eye
Res 17, 443–464.

Reme, C.E., Grimm, C., Hafezi, F., Wenzel, A., Williams, T.P., 2000.
Apoptosis in the retina: the silent death vision. News Physiol.
Sci. 15, 120–124.

Reme, C.E., Grimm, C., Hafezi, F., Iseli, H.P., Wenzel, A., 2003. Why
study rod cell death in retinal degenerations and how?
Doc. Ophthalmol. 106, 25–29.

Shen, J., Wang, J., Zhao, B., Hou, J., Gao, T., Xin, W., 1998. Effects of
EGb 761 on nitric oxide and oxygen free radicals, myocardial
damage and arrhythmia in ischemia–reperfusion injury in
vivo. Biochim. Biophys. Acta 1406, 228–236.

Specht, S., Leffak, M., Darrow, R.M., Organisciak, D.T., 1999.
Damage of rat retinal DNA induced in vivo by visible light.
Photochem. Photobiol. 69, 91–98.
Sucher, N.J., Lipton, S.A., Dreyer, E.B., 1997. Molecular basis of
glutamate toxicity in retinal ganglion cells. Vis. Res. 37,
3483–3493.

Szabo, M.E., Droy-Lefaix, M.T., Doly, M., 1997. Direct measurement
of free radicals in ischemic/reperfused diabetic rat retina. Clin.
Neurosci. 4, 240–245.

Thomas, D.D., Liu, X., Kantrow, S.P., Lancaster, J.R., 2001. The
biological lifetime of nitric oxide: Implications for the
perivascular dynamics of NO and O2. Proc. Natl. Acad. Sci.
U. S. A. 98, 355–360.

Toriu, N., Akaike, A., Yasuyoshi, H., Zhang, S., Kashii, S., Honda, Y.,
Shimazawa, M., Hara, H., 2000. Lomerizine a Ca2+ channel
blocker reduces glutamate induced neurotoxicity and
ischemia/reperfusion damage in rat retina. Exp. Eye Res. 70,
475–484.

Wu, J., Gorman, A., Zhou, X., Sandra, C., Chen, E., 2002.
Involvement of caspase-3 in photoreceptor cell apoptosis
induced by in vivo blue light exposure. Invest. Ophthalmol.
Visual Sci. 43, 3349–3354.

Xu, G.Z., Li, W.W., Tso, M.O., 1996. Apoptosis in human retinal
degenerations. Trans. Am. Ophthalmol. Soc. 94, 411–430
(Discussion 430-1).

Yamamoto, R., Bredt, D.S., Snyder, S.H., Stone, R.A., 1993. The
localization of nitric oxide in the rat eye and related cranial
ganglia. Neuroscience 54, 189–200.

Yamamoto,M., Lidia, K., Gong, H., Onitsuka, S., Kotani, T., Ohira, A.,
1999. Changes inmanganese superoxide dismutase expression
after exposure of the retina to intense light. Histochem. J. 31,
81–87.


	Nitric oxide increases in the rat retina after continuous illumination
	Introduction
	Results
	Electron paramagnetic resonance determination (EPR)
	Western blot analysis
	Expression of nNOS and iNOS in the retina after continuous illumination

	Retinal histology

	Discussion
	Experimental procedures
	Chemicals and antibodies
	Animals and illumination procedure
	NO detection by electron paramagnetic resonance
	Western blot analysis
	Histological procedure

	Acknowledgments
	References


