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Abstract

Aims/hypothesis Diabetes results in the upregulation of the
production of several components of the inflammatory
response in the retina, including inducible nitric oxide
synthase (iNOS). The aim of this study was to investigate
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the role of iNOS in the pathogenesis of the early stages of
diabetic retinopathy using iNOS-deficient mice (iNos ).
Materials and methods iNos”'~ mice and wild-type (WT;
C57BL/6J) mice were made diabetic with streptozotocin or
kept as non-diabetic controls. Mice were killed at different
time points after the induction of diabetes for assessment
of vascular histopathology, cell loss in the ganglion cell
layer (GCL), retinal thickness, and biochemical and
physiological abnormalities.

Results The concentrations of nitric oxide, nitration of pro-
teins, poly(ADP-ribose) (PAR)-modified proteins, endothe-
lial nitric oxide synthase, prostaglandin E,, superoxide and
leucostasis were significantly (p<0.05) increased in retinas
of WT mice diabetic for 2 months compared with non-
diabetic WT mice. All of these abnormalities except PAR-
modified proteins in retinas were inhibited (»p<0.05) in
diabetic iNos '~ mice. The number of acellular capillaries
and pericyte ghosts was significantly increased in retinas
from WT mice diabetic for 9 months compared with non-
diabetic WT controls, these increases being significantly
inhibited in diabetic iNos '~ mice (p<0.05 for all). Retinas
from WT diabetic mice were significantly thinner than
those from their non-diabetic controls, whereas diabetic
iNos”~ mice were protected from this abnormality. We
found no evidence of cell loss in the GCL of diabetic WT or
iNos™'~ mice. Deletion of iNos had no beneficial effect on
diabetes-induced abnormalities on the electroretinogram.
Conclusions/interpretation We demonstrate that the inflam-
matory enzyme iNOS plays an important role in the path-
ogenesis of vascular lesions characteristic of the early stages
of diabetic retinopathy in mice.

Keywords Capillary degeneration - Diabetic retinopathy -

Inducible nitric oxide synthase - Inflammation - Nitric oxide -
PAR activation
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Abbreviations

eNOS  endothelial nitric oxide synthase
ERG electroretinogram

GCL ganglion cell layer

iNOS  inducible nitric oxide synthase

IPL inner plexiform layer

NF-kB nuclear factor kappa B

NOS nitric oxide synthase

nNOS  neuronal nitric oxide synthase

OPL outer plexiform layer

PAR poly(ADP-ribose)

PARP  poly(ADP-ribose) polymerase

PASH  periodic acid—Schiff and haematoxylin
PGE, prostaglandin E,

WT wild-type

Introduction

Excessive production of nitric oxide is thought to play a
role in inflammatory diseases (reviewed in [1]). Nitric oxide
is generated from L-arginine by the catalytic reaction of
different isoforms of nitric oxide synthase (NOS), including
neuronal NOS (nNOS), endothelial NOS (eNOS) and in-
ducible NOS (iNOS). Normal functions of nitric oxide in-
clude regulation of vessel tone, but it can also react with
superoxide anion to form peroxynitrite, which can damage
proteins, lipid and DNA. It is believed that the relatively
smaller amount of nitric oxide generated by eNOS and
nNOS are involved in physiological functions, whereas the
comparatively larger amount of nitric oxide generated by
iNOS is involved in inflammatory diseases [1, 2].
Diabetes results in upregulation of a number of compo-
nents of the inflammatory response in the retina. Upregula-
tion of iNOS level has been found in retinas of experimental
diabetic rodents and human patients in most studies [3—6].
The significance of this enzyme in the development of
diabetic retinopathy has not yet been defined, but increased
production of nitric oxide is at least closely associated with
the development of retinopathy. A possible role of iNOS
in this is suggested by studies of aminoguanidine. Amino-
guanidine is a relatively selective inhibitor of iNOS [7]
and has been found to inhibit the diabetes-induced increase
in iNOS levels and nitric oxide production in retina [4].
Importantly, aminoguanidine has also been found to inhibit
development of the microvascular lesions of diabetic retinop-
athy in diabetic dogs [8], rats [9, 10] and mice (T. S. Kern,
unpublished data). However, results from these amino-
guanidine studies did not suffice to prove that iNOS plays
a critical role in diabetes-induced retinal pathology, since
aminoguanidine has also been shown to inhibit dicarbonyl-
mediated cross-linking and protein modification [11] and can
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even inhibit eNOS level under some circumstances [12].
Thus, to investigate the role of iNOS in the pathogenesis of
diabetic retinopathy, we studied diabetic mice that are
deficient in iNos.

Materials and methods

Streptozotocin-induced model of diabetes Breeder pairs of
iNos ™~ mice along with wild-type mice (WT; C57BL/6J)
were purchased from Jackson laboratories (Bar Harbor,
ME, USA). Offspring of iNos”'~ and WT mice were housed
in ventilated microisolator cages. All experiments followed
the guidelines set forth by the Association for Research in
Vision and Ophthalmology Resolution on Treatment of
Animals in Research. Insulin-deficient diabetes was induced
in fasted mice by intraperitioneal injections of streptozotocin
(55 mg/kg body weight) on 3—5 consecutive days. Insulin
was given as needed to maintain body weight and allow a
slow increase in body weight while allowing hyperglycae-
mia, polyuria and hyperphagia (0-0.2 U every 2-3 days).
Hyperglycaemia was quantified every 2-3 months by
measuring total glycated haemoglobin levels (Variant II total
GHb Program; BioRad, Hercules, CA, USA) and by
measuring blood glucose concentrations. Diabetic and age-
matched non-diabetic controls were killed at 6 and 9 months
of diabetes for assessment of vascular histopathology and at
2-4 months of diabetes for assessment of cell loss in the
ganglion cell layer (GCL), as well as biochemical and
physiological abnormalities.

Measurement of nitric oxide Nitric oxide was determined in
retina by measuring the stable metabolites of nitric oxide
(nitrate-+nitrite) using a fluorimetric assay kit (Cayman Chem-
ical, Ann Arbor, MI, USA) as reported previously [4, 13, 14].

Estimation of superoxide anion The assay was performed
as previously reported [15]. Briefly, freshly isolated retinas
from mice were first equilibrated in Krebs—HEPES buffer
in the dark at 37°C in 95% 0,/5% CO, for 30 min. After
incubation, 0.5 mmol/l lucigenin was added and lumines-
cence was detected. Generation of luminescence can be
inhibited with Tiron, a cell membrane permeable scavenger
of superoxide anion, suggesting the reaction provides a
reasonable estimate of superoxide production.

Western blot analysis Rat retinas were isolated and soni-
cated. Total amount of protein was determined by a protein
assay (BioRad). Proteins were separated by SDS-PAGE and
antibodies for nitrotyrosine (Upstate Biotechnology, Lake
Placid, NY, USA), eNOS (BD Biosciences, San Jose, CA,
USA) and poly(ADP-ribose) (PAR) (Axxora LLC, San
Diego, CA, USA) were applied. After extensive washing,
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Table 1 Physiological param-

eters of experimental groups Group Duration Total GHb Blood glucose Body weight
(months) (%) (mmol/1) (2)
WT non-diabetic 9 4.1+0.3 8.6x1.1 43+6
iNos™'~ non-diabetic 9 43+0.3 8.6+3.2 44+6
WT diabetic 9 13.7+£1.5% 21.7+£3.1%* 24+3%*
*p<0.05 vs non-diabetic WT iNos™~ diabetic 9 13.8+£2.4* 20.4+2.4* 23+3%*

and iNos '~

protein bands detected by the antibody were visualised by
enhanced chemiluminescence (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Membrane was then stripped and
re-probed with antibody against 3-actin (Sigma, St Louis,
MO, USA) to confirm equal protein loading. The films
were subsequently scanned and band intensity was quanti-
tated using a software package (Quantity One 1-D Analysis;
BioRad).

Measurement of prostaglandin E, Prostaglandin E, (PGE,)
in homogenised samples of retina was measured by ELISA
using a commercial kit (Cayman Chemical) as previously
reported [13]. All assays were done in duplicate and at two
different dilutions of homogenate. The amount of PGE, in
the retina was normalised by the total amount of protein in
the corresponding retinal extracts and the PGE, content of
each sample calculated as pg/mg protein.

Quantitative measurement of leucostasis At 3 months of
diabetes, blood was removed from the vasculature of anaes-
thetised animals (ketamine 100 mg/ml:xylazine 100 mg/ml=
5:1) by complete perfusion with PBS via a heart catheter.
Animals were then perfused with fluorescein-coupled conca-
navalin A lectin (20 pg/ml in PBS; Vector Laboratories,
Burlingame, CA, USA) as described previously [16, 17].
Flat-mounted retinas were imaged via fluorescence micros-
copy and the number of leucocytes adherent to the vascular
wall was counted.

Quantification of vascular histopathology The retinal vas-
culature was isolated by the trypsin digest method as
described by us previously [8, 17]. Briefly, freshly isolated
eyes were fixed with buffered formalin (4% [wt/vol.]
formaldehyde, 0.075 mol/l sodium phosphate buffer).
Retinas were isolated, washed in water overnight and then
incubated with 3% Difco crude typsin (BD, Sparks, MD,
USA) at 37°C for 1 h. Non-vascular cells were gently
brushed away from the vasculature, the isolated vasculature
was mounted on glass slides, air-dried and stained with
periodic acid—Schiff and haematoxylin (PASH). Acellular
capillaries were quantified in six to eight field areas in the
mid-retina (x400 magnification) in a masked manner.
Acellular capillaries were identified as capillary-sized
vessel tubes having no nuclei anywhere along their length
and reported per square millimetre of retinal area. Tubes
having a diameter <30% of the diameter of adjacent
capillaries were identified as strands and not counted as
acellular capillaries. Pericyte ghosts were estimated from
the prevalence of spaces in the capillary basement mem-
branes from which pericytes had disappeared. At least
1,000 capillary cells in seven field areas in the mid-retina
(*400 magnification) were evaluated and the number of
pericyte ghosts reported per 1,000 capillary cells.

Cell count and retinal thickness The enucleated eyes were
fixed in buffered formalin, embedded in paraffin and
sectioned. To control for artefacts resulting from the
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Fig. 1 Genetic deletion of iNos in diabetic mice inhibits diabetes-
induced production of nitric oxide and protein nitration. a Measure-
ment of total nitric oxide (nitrite and nitrate) in the retinas. b Western
blots of nitrated proteins in retina (n=7-8 from each group). ¢
Quantification of extent of nitration of retinal proteins. Intensity is
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reported relative to f3-actin in same sample and normalised to non-
diabetic controls, set at 1. *p<0.05. MM molecular mass, WT N non-
diabetic wild-type mice, iNos '~ N non-diabetic iNos '~ mice, WT SD
streptozotocin diabetic wild-type mice, iNos '~ SD diabetic iNos '~
mice
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sectioning angle, all sections were cut tangentially through
pupil and optic nerve, thus ensuring an essentially tangential
cut through the centre of the eye. The cross-sections were
stained with PASH for retinal morphology examination. The
nuclei in the GCL (not including nuclei of blood vessels in
that layer) were counted and the thickness of various retinal
layers measured in six locations in the retina (three locations
on each side of the optic nerve) under x400 magnification
with Image-Pro 4.0 software (Media Cybernetics, Bethesda,
MD, USA).

Electroretinogram Measurements were made as described
previously [18] with three to ten animals per group. Mice
were adapted to the dark overnight, anaesthetised and
placed on a heating pad during the recording session. Pupils
were dilated with 1% (wt/vol.) tropicamide, 1% (wt/vol.)
cyclopentalate hydrochloride and 2.5% (wt/vol.) phenyl-
ephrine hydrochloride. Recordings were made using a
stainless steel wire loop that contacted the corneal surface
through a thin layer of 1% (wt/vol.) methylcellulose. Needle
electrodes placed in the tail and cheek served as ground and
reference electrodes, respectively. Responses were amplified
(1-1,000 Hz), averaged and stored on an UTAS signal
averaging system (LKC Technologies, Gaithersbug, MD,
USA). A darkness-adapted intensity—response series was

a

WTN iNos™=N  WTSD iNos7-SD
b | * |
v A ! I #*
g ' 1
g 5] [
|2
=
2 1.5
£
[~
3 1
| =1
2
Z 0.5
=
(=]
B . . :

WTN iNos-N  WTSD iNos?-SD

Fig. 2 eNOS expression is elevated in retinas of diabetic wild-type
mice, but not in retinas of diabetic iNos”~ mice. a Representative
results of western blots of eNOS expression in retinas. b Quantitative
summary of eNOS expression. Intensity is reported relative to (3-actin
in same sample and normalised to non-diabetic controls, set at 1. n=
4-5 from each group; *p<0.05. WT N non-diabetic wild-type mice;
iNos™~ N non-diabetic iNos™'~ mice, WT SD streptozotocin diabetic
wild-type mice; iNos '~ SD diabetic iNos™~ mice
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recorded using a series of Ganzfeld flashes with intensities
ranging from —4.2 to 0.5 log cd s/m 2. Cone electroretino-
grams (ERGs) were obtained to stimuli after 7 min light
adaptation in which the animals were exposed to a steady
rod desensitising background light of 0.8 log cd/m?” presented
in the Ganzfeld bowl. Cone responses were elicited to a
series of flash intensities (—0.22 to 0.52 log cd s/m?). For
each intensity, the average response to 25 flashes was
calculated. The amplitude and latency of the ERG a- and
b-wave were measured conventionally. For the a-wave,
amplitude was measured from the pre-stimulus baseline to
the trough. For the b-wave, amplitude was measured from
the negative trough of the a-wave to b-wave peak. Latency
or time-to-peak, was measured from stimulus onset to the a-
wave trough and b-wave peak. Summed oscillatory potential
values were calculated for as reported previously [19].

Statistical analysis All results are expressed as the mean+
SD. ERG results across different light intensities were ana-
lysed by repeated measures ANOVA and oscillatory potential
was analysed by ANOVA followed by the Fischer post hoc
test. Other data were analysed by the nonparametric Kruskal—
Wallis test followed by the Mann—Whitney U test. Differ-
ences were considered statistically significant when the p
values were less than 0.05.
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Fig. 3 PARP activity in the retinas of diabetic mice. a Representative
results of western blots of PAR-modified proteins in retinas. b
Quantitative summary of PAR western blots. Expression is reported
relative to (-actin in same sample and normalised to non-diabetic
controls, set at 1. n=4-5 from each group; *p<0.05. WT N non-
diabetic wild-type mice; iNos '~ N non-diabetic iNos~ mice, WT SD
streptozotocin diabetic wild-type mice, iNos '~ SD diabetic iNos '~
mice
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Results

Total GHb and blood glucose values in diabetic iNos '~
mice were not significantly different from those in diabetic
WT mice and were significantly higher than corresponding
values in non-diabetic mice (Table 1). Body weights of both
groups of diabetic mice remained significantly lower than
those of non-diabetic mice. All mice lacking iNos appeared
healthy.

Previous work has demonstrated that diabetes can induce
excessive nitric oxide production in retinas of diabetic rats
and mice [3, 4, 20]. To investigate whether iNOS con-
tributed to this nitric oxide production, we measured nitric
oxide production (indicated by total of nitrite and nitrate,
the stable metabolites of nitric oxide) in retinas of WT and
iNos™'~ mice that had diabetes for 3 months, as well as in
retinas of their age-matched non-diabetic controls. As
shown in Fig. la, diabetes in WT mice caused a modest
(1.3-fold), but significant elevation of nitric oxide in retinas
(»<0.05 compared with non-diabetic WT controls); how-
ever, no such elevation was seen in the retinas of diabetic
iNos™'~ mice (p<0.05 compared with diabetic WT) (Fig. 1a).
Consistent with this observation, nitration of retinal proteins
was increased in WT diabetic mice compared with non-
diabetic WT mice (especially in proteins with molecular
weights between 70 and 75 kDa, and about 25 kDa), while
diabetic iNos '~ mice showed less protein nitration than
diabetic WT mice (Fig. 1b). Intensity of all bands of nitrated
proteins within the molecular weight range is summarised in
Fig. lc.

The eNOS level has also been reported to be elevated in
the retinas of diabetic rats. It has been suggested that eNOS
might play a role in the development of diabetes-induced
leucostasis and/or diabetic retinopathy [21, 22]. In WT
mice, diabetes of 2 months duration induced an approxi-
mately twofold increase in eNOS production in retinas
(<0.05) (Fig. 2), whereas eNOS production in iNos '~
mice was not altered by diabetes.

Excessive production of nitric oxide via iNOS has been
shown by many investigators to cause DNA breaks and

subsequent activation of poly(ADP-ribose) polymerase
(PARP) [23], suggesting that iNOS is upstream of PARP in
those acute inflammatory models. Inasmuch as we previous-
ly have shown that PARP plays a critical role in the
degeneration of retinal capillaries in diabetes [17], we sought
to determine whether or not iNOS might be the cause of that
PARP activation. In WT mice, diabetes caused an increase in
the level of PARP activity (estimated from the amount of
PAR-modified retinal proteins) (p<0.05) (Fig. 3), but there
was considerable variability among animals. Diabetic mice
lacking iNos tended to have less PAR-modified retinal pro-
teins, but the results did not achieve statistical significance.

The number of degenerate acellular capillaries, an
important histological marker of early diabetic retinopathy,
was significantly increased in retinas from WT mice that
had been diabetic for 9 months (but not 6 months; not
shown) compared with age-matched control mice (p<0.01)
(Fig. 4a). The diabetes-induced increase in these degenerate
retinal capillaries was significantly inhibited in mice
lacking iNos (p<0.01). The number of pericyte ghosts,
another histological marker of retinopathy, was also
increased significantly in retinal vessels from diabetic WT
mice compared with non-diabetic WT mice, an increase
significantly inhibited in diabetic iNos "~ mice (p<0.05 for
both) (Fig. 4b). There was no statistically significant
difference in the number of acellular capillaries or pericyte
ghosts per retina between non-diabetic WT and non-
diabetic iNos '~ mice.

Retinas from WT mice that had been diabetic for 3 to
4 months were significantly thinner than those from their
non-diabetic controls (Table 2). Diabetes-induced retinal
thinning achieved statistical significance in GCL, inner
plexiform layer (IPL) and outer plexiform layer (OPL).
However, there was no evidence of retinal thinning in diabetic
iNos™'~ mice. Neither diabetic WT nor iNos™"~ mice showed
evidence of cell loss in the GCL compared with their non-
diabetic controls at this duration of study.

Prior studies of retinal cells exposed to elevated glucose
have demonstrated: (1) that nitric oxide (especially that
from iNOS) regulates production of PGE,, the inflamma-
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Table 2 Retinal thickness and number of cells in GCL in different experimental groups

Group (n) Cells in GCL* Retinal thickness (pm)

GCL IPL INL OPL ONL Whole retina
WT non-diabetic (9) 12.3£1.6 18.24+2.0 47.9+3.9 37.7£2.8 13.3+1.6 59.0+£4.0 176.0+12.3
iNos™"~ non-diabetic (5) 13.4£2.8 17.442.5 46.3+6.5 35.2+4.5 12.5+1.6 55.6£3.6 167.0+17.8
WT diabetic (6) 13.0£1.6 14.7+0.7* 42.9+3.3* 34.9+3.0 11.5+0.7* 55.4+3.3 159.4+9.7%
iNos™~ diabetic (4) 13.5+1.4 16.3+1.8 46.0+4.4 38.4+4.1 12.5+1.8 59.4+3.6 172.5+14.7

*p<0.05 vs non-diabetic WT
#Per 100 um (length) of retina

tory prostaglandin generated by cyclooxygenases [13]; and
(2) that iNOS contributes to superoxide generation in
macrophages [24]. Retinas from diabetic WT mice produced
significantly more PGE, (Fig. 5) and superoxide (Fig. 6)
than did retinas from non-diabetic WT animals (p<0.05 for
both), while retinas from diabetic iNos ”~ mice produced
significantly less of both than did those from diabetic WT
mice (p<0.05 for both).

A diabetes-induced increase in leucostasis (leucocytes
adhering to the luminal wall of the vasculature) has been
postulated to contribute to endothelial cell death or dysfunc-
tion in the retina [25]. A significant increase in leucostasis
was demonstrated in WT mice that had been diabetic for
3 months compared with their non-diabetic counterparts
(»<0.05) (Fig. 7). Leucostasis in diabetic iNos™"~ mice was
significantly less pronounced than that in diabetic WT mice
(»<0.05), demonstrating that iNOS contributes to the
observed increase in retinal leucostasis in diabetes.

Diabetes-induced loss of retinal function was studied by
ERG in WT and iNos " mice that had been diabetic for
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Fig. 5 Genetic deletion of iNos inhibits diabetes-induced over-
production of PGE; in the retina. n=7-8 from each group; *p<0.05.
WT N non-diabetic wild-type mice, iNos '~ N non-diabetic iNos '~
mice, WTI' SD streptozotocin diabetic wild-type mice, iNos™~ SD
diabetic iNos™"~ mice
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6 months. Compared with WT non-diabetic mice, the
amplitudes of a-waves (dark-adapted) and b-waves of
ERG (dark- and light-adapted) were reduced in diabetic
WT mice (p<0.001 for all). Wave latencies were not
significantly altered by diabetes in the WT animals. Dark-
adapted a-wave amplitude in both non-diabetic and diabetic
iNos”~ mice was significantly less pronounced than in the
respective WT controls (p<0.05; data not shown). The
iNos™~ diabetic mice differed from the non-diabetic iNos ™'~
controls only with respect to dark-adapted b-wave ampli-
tude (p<0.01) (Fig. 8), where the iNos '~ diabetic mice had
a lower amplitude than the WT non-diabetic and iNos ™'~
non-diabetic mice. Taken together, the data suggested that
iNos deficiency did not prevent a diabetes-induced loss of
dark-adapted amplitudes. Oscillatory potential was signifi-
cantly different between: (1) WT diabetic and non-diabetic
mice with respect to dark-adapted amplitude (587.5+£195.8
vs 847.7+182.8 uV) and light-adapted latency (208.1+26.0
vs 170.2428.5 ms); and (2) iNos ' diabetic and non-
diabetic mice with respect to dark-adapted amplitude
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Fig. 6 Diabetes-induced over-production of superoxide in the retina
does not occur in iNos ™'~ mice. n=7-8 from each group; *p<0.05. WT
N non-diabetic wild-type mice, iNos'~ N non-diabetic iNos '~ mice,
WT SD streptozotocin diabetic wild-type mice, iNos '~ SD diabetic
iNos™~ mice
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(337.7£57.1 vs 751.1£309.7 uV) and light-adapted ampli-
tude (195.54£23.9 vs 166.1+32.2 uV) (p<0.05 for all). No
significant differences were observed between WT diabetic
and iNos '~ diabetic mice.
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Fig. 8 Diabetes significantly decreased dark-adapted b-wave ampli-
tude in WT mice, a defect also seen in diabetic mice lacking iNos. n=
3-10 in each group. Red line, non-diabetic wild-type mice; black line,
non-diabetic iNos '~ mice; orange line, streptozotocin diabetic wild-
type mice; black dotted line, diabetic iNos '~ mice. Error bars shown
except when smaller than symbol

Discussion

The present studies use iNos '~ mice to demonstrate that
iNOS plays an important role in the pathogenesis of the
vascular lesions of diabetic retinopathy. We found that mice
lacking iNos were protected from the diabetes-induced
production of nitric oxide, nitration of retinal proteins and,
importantly, from the diabetes-induced degeneration of
retinal capillaries. Previous research has demonstrated that
inhibition of iNOS or iNos deficiency also inhibits devel-
opment of early functional alterations in retinal oxygenation
in diabetes [26, 27].

Retinal thinning has been found in the inner retina of
diabetic rats and human patients [28]. In the present diabetic
WT mice, we observed that thinning was due to thinning of
the IPL and OPL. Since these plexiform layers represent
interconnections between neurons, diabetes-induced reduc-
tions in synaptic connections [29] probably contribute to
this thinning. Mice lacking iNos in our study did not show
the diabetes-induced thinning of the retina, suggesting that
the retinal thinning observed in our diabetic WT mice was
due in part to iNOS or nitric oxide-mediated shrinkage or
retraction of cell processes. Diabetes-induced retinal thin-
ning has also been attributed, at least in part, to loss of
retinal ganglion cells [28, 30-32]. However, our studies
showed retinal thinning to occur although there was an
apparent absence of cell loss in the GCL. The apparent lack
of cell loss from the GCL of diabetic WT (C57BL/6J) mice
is consistent with prior studies by us and others [33, 34],
but is in contrast to another report using the same strain of
mouse, where a 20% to 25% loss of cells in the GCL was
observed after only 14 weeks of diabetes [35]. A 23% loss
of cell bodies in the GCL from another mouse strain
(Ins2%" mice) has been detected at 22 weeks of diabetes
[36].

Diabetes-induced alterations in retinal thickness and
structure might be expected to result in altered retinal
function. Diabetes resulted in reduction of the ERG am-
plitudes of a- and b-waves in WT mice, but the absence of
iNOS did not prevent diabetes-induced retinal dysfunction.
Apparently, this retinal dysfunction in diabetic mice is not
caused by iNOS-mediated generation of nitric oxide.

Production of large quantities of nitric oxide can inhibit
key enzymes in the mitochondrial electron transport chain
and citric acid cycle by nitrosylation of reactive groups
essential for enzyme catalytic function [37-39]. In addition,
nitric oxide directly contributes to tissue damage by
combining with superoxide to form peroxynitrite, a highly
reactive species that produces lipid peroxidation, mitochon-
drial and DNA damage, and enzyme and protein inactiva-
tion. Levels of nitrotyrosine are a marker of peroxynitrite
generation and reaction. iNOS is known to contribute to
superoxide production [24], while deficiency of iNos results
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in less generation of superoxide anion by retina, both in
diabetes (Fig. 6) and in experimental galactosaemia
(another model of diabetic-like retinopathy) [40]. Besides
its role in peroxynitrite formation, superoxide also has other
independent effects, including oxidation of retinal proteins,
potentially altering activity or turnover of the proteins and
contributing to cell death [41, 42]. In the present study, we
found that the formation of nitric oxide, nitrotyrosine and
superoxide was reduced in diabetic mice lacking iNos, thus
probably contributing to the observed resistance of retinal
capillaries from these animals to the process of degenera-
tion in diabetes.

Nitric oxide can also contribute indirectly to cell damage.
The increased production of nitric oxide induced by elevated
glucose in retinal Miiller cells and endothelial cells increased
production of prostaglandins (via cyclooxygenase-2) and
cell death [13]. Inhibition of NOS in retinal cells incubated
in concentrations of glucose similar to those in diabetes
prevented PGE, production and cell death, suggesting that
nitric oxide regulates cyclooxygenase activity and produc-
tion of cytotoxic prostaglandins in retinal cells [13]. Find-
ings in the present in vivo study, where retinas from diabetic
iNos™'~ mice generated less PGE, than did retinas from
diabetic WT mice, are consistent with this interpretation.

Whether or not iNOS is present in vascular cells of the
retina in diabetes is controversial. In some studies, iNOS
has been detected in retinal capillary endothelial cells in
hyperglycaemia [6, 40], whereas others have not detected it
[4, 5, 43]. iINOS-mediated degeneration of retinal capillaries
in diabetes is probably not initiated in capillary pericytes,
since high glucose has been reported to decrease iNOS
expression in retinal pericytes [44]. It remains possible that
the iNOS-mediated degeneration of retinal capillary cells in
diabetes might be secondary to nitric oxide-mediated dam-
age in nearby nonvascular cell types.

In diabetic rats, we found that a specific inhibitor of
PARP inhibited the diabetes-induced upregulation of iNOS
production in retinas (L. Zheng, T. S. Kern, unpublished
data), suggesting that iNOS upregulation was secondary to
PARP activation. In contrast, many investigators studying
other disease models have found that iNOS-mediated
generation of peroxynitrite causes PARP activation via
induction of DNA strand breaks [23]. In retinas of our
diabetic mice, PARP activation seemed to be less pro-
nounced in diabetic iNos™~ mice than in diabetic WT mice,
but the results did not achieve statistical significance. In the
retina in diabetes, iNOS levels apparently are regulated by
PARP activation and also influences the activation of
PARP.

eNOS and nNOS have also been found elevated in the
retinas of diabetic rats. It has also been suggested that
eNOS and nNOS levels are associated with leucostasis and/
or increased retinal vascular permeability, as well as being
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Fig. 9 Postulated role of iNOS involvement in the development of
diabetic retinopathy. ROS reactive oxygen species; ONOO peroxynitrite

involved in the development of diabetic retinopathy [21,
22, 45, 46]. Investigation of the role of eNOS in the
development of retinopathy remains difficult because of
confounding by other important actions of this isoform, e.g.
blood pressure regulation [47]. In this study, diabetes did
not increase expression of eNOS in the retina of iNos-
deficient animals, suggesting that iNOS somehow regulates
eNOS level. It remains possible that the observed benefits
of iNOS inhibition for the development of retinopathy
might occur in part via normalisation of eNOS.

The present demonstration of a critical role of iNOS in
the pathogenesis of diabetic retinopathy provides further
support for the postulate that diabetic retinopathy develops
via an inflammation-like process. A working hypothesis of
how iNOS is involved in the development of diabetic
retinopathy is summarised in Fig. 9. Inappropriate regula-
tion of nuclear factor kappa B (NF-kB) DNA binding has
been observed in the retina in diabetes [17, 48-50],
resulting in increased transcription of NF-kB-regulated
gene products, including iNOS [51]. Inhibition of inflam-
matory pathways via inhibition of PARP [17], NF-«kB [51],
cyclooxygenase [52], intercellular adhesion molecule-1
[16] and now also of iNOS inhibits the diabetes-induced
degeneration of retinal capillaries in experimental diabetic
animals. Evidence that iNOS plays a critical role in the
early stages of diabetic retinopathy points to another
therapeutic target for the potential inhibition of this disease.
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