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Purposk. To directly measure in vivo retinal nitric oxide (NO) concentration in experimental
early diabetic retinopathy and correlate measurements with blood glucose to determine how
intraretinal NO changes with severity of diabetes.

Mernops. Long-Evans rats were made diabetic with streptozotocin (STZ). Three weeks post
STZ injection, intraretinal NO concentration profiles were recorded using a dual NO/
electroretinogram microelectrode. Diabetic profiles were compared with profiles from
healthy controls, healthy rats injected with the NO synthase inhibitor L-NG-nitroarginine
methyl ester (I'NAME), and healthy rats that received acute glucose injections (“acute
hyperglycemia™). The NO values at the retina/RPE boundary (100% retinal depth) and retinal
surface (0% depth) were analyzed for correlation with blood glucose.

Resurts. The average NO concentrations in the outer retina, inner retina, and vitreous humor
of mild diabetic rats (250-400 mg/dL) were significantly higher than controls by 73%, 47%,
and 70%, respectively. The average NO concentrations in the outer retina, inner retina, and
vitreous humor of severe diabetic rats (500-600 mg/dL) were lower than controls, with NO at
41%, 36%, and 36% of controls, respectively, similar to L-NAME-treated eyes (38%, 36%, 20%
of control). The NO levels in moderate diabetic rats (400-500 mg/dL) and acute
hyperglycemia rats were similar to controls. The NO was significantly and inversely
correlated with blood glucose for diabetic rats at 100% depth (R = —0.91) and 0% depth (R =
—0.79) but not for acute hyperglycemia rats.

Concrusions. The higher-than-control level of NO in mild diabetic rats and lower-than-control
level in severe diabetic rats show that severity of diabetes is an important factor when

measuring the bioavailability of NO in diabetic retinopathy.

Keywords: nitric oxide, diabetic retinopathy, intraretinal electrode

he development of diabetic retinopathy (DR) has been

associated with nitric oxide (NO). Increased plasma levels
of NO (as determined from plasma nitrite and nitrate) have
been found in diabetic patients with retinopathy compared
with diabetic individuals without retinopathy or healthy
controls.!? Diabetic retinopathy is divided into two stages: an
early, nonproliferative stage and a late, proliferative stage. The
nonproliferative stage is characterized by the development of
microvascular abnormalities and edema resulting from the
breakdown of the blood-retina barrier. The breakdown of the
blood-retina barrier is one of the earliest events in DR, and NO
has been shown to play a role in catalyzing the breakdown.3->
Therefore, it is important to characterize the changes in NO in
early DR

Nitric oxide has been shown to be modulated early on in
experimental DR.®7 Although there is agreement that NO
levels change in early experimental DR, the literature is
conflicted as to whether the levels increase or decrease.
Nitrite and nitrate levels (used as indicators of NO produc-
tion) in diabetic rodent retinas have been reported to both
increase®” and decrease® at similar time points in early DR. A
study by Patel et al.? found that although the levels of nitrite
plus nitrate (which indicate the amount of total NO

Copyright 2015 The Association for Research in Vision and Ophthalmology, Inc.
www.iovs.org | ISSN: 1552-5783

Downloaded from iovs.arvojournals.org on 06/30/2019

production) increased in diabetic rat retinas, the level of
nitrite (which alone is an indicator of the amount of
bioavailable NO) decreased, a finding that was further
supported by decreased fluorescence of a fluorescent NO
indicator in the diabetic retinas. Given that nitrate formation
is favored in the presence of superoxide,'® the values
obtained from nitrate/nitrite analyses indicate relative levels
of total NO rather than bioavailable NO.!! This means that a
nitrate/nitrite analysis could imply that NO is increasing while
the actual tissue environment is experiencing a subnormal
level of NO.

Fluorescent probes, such as the diaminofluorescein (DAF)
family of probes, provide clearer information about bioavailable
NO; however, they do not allow for correlation of fluorescence
with the actual concentration of NO unless coupled with in situ
measurements from an NO microelectrode.'? Changes in NO
during the development of DR can have severe consequences,
with overproduction leading to cytotoxicity, neurodegenera-
tion, vascular dysfunction, and apoptosis,'> and underproduc-
tion leading to an impairment of normal physiological
function.’® Thus, it is critical that the NO concentration in
early stages of DR be directly measured to determine the
bioavailability of NO.
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Additionally, the vast majority of these studies did not
correlate their measurements with the blood glucose level of
the test animal. Instead, animals are often placed into one
overall diabetic group regardless of their severity of hypergly-
cemia. It has been reported that NO production in certain cells
is correlated with blood glucose.!> Therefore, it is important to
measure blood glucose along with the concentration of
bioavailable NO and determine if there is any correlation
between the severity of diabetes and NO.

In this study, direct measurements of intraretinal NO
concentration were made with a dual NO/ERG electrode that
has been described previously.'® The measurements from this
dual NO/ERG electrode provide a direct NO concentration
measurement within the retina. The study used control rats
and streptozotocin (STZ)-induced diabetic rats at 3 weeks after
induction. The 3-week time point was chosen because the
breakdown of the blood-retina barrier and increased NO have
been detected in STZ-induced diabetic rats as early as 2 weeks
post STZ.3:17 Additionally, preliminary studies in our laboratory
have found significant changes in retinal blood flow at 3 weeks
in STZ-induced diabetic rats (Turturro SB, unpublished data,
2011). Blood glucose was measured immediately after NO
measurement and correlated with NO measurements. The
broad-spectrum nitric oxide synthase (NOS) inhibitor, L-NG-
nitroarginine methyl ester (I-NAME), was injected into the
vitreous humor of healthy rats to serve as a positive control. To
test whether the NO changes seen in DR were a direct effect of
exposure to high glucose, intraretinal NO was also measured
from a group of healthy rats that received acute injections of
glucose to maintain elevated blood glucose. Dark-adapted
ERGs also were assessed to determine the effects of changes in
NO on retinal function.

MATERIALS AND METHODS

Diabetic Rat Model

All animal procedures were performed in accordance with
protocols approved by the Institutional Animal Care and Use
Committee at the Illinois Institute of Technology, and with the
principles embodied in the Statement on the Use of Animals in
Ophthalmic and Vision Research adopted by the Association
for Research in Vision and Ophthalmology. Male Long-Evans
rats (325-375 g; Harlan Laboratories, Indianapolis, IN, USA)
were injected intraperitoneally with a single dose of 80 mg
STZ/kg body weight (BW) (Sigma-Aldrich Corp., St. Louis, MO,
USA) in 2 mL/kg BW 0.09 M citrate buffer (pH 4.0). Blood
glucose levels were measured using a handheld glucose meter
(TRUEtrack; Walgreen Co., Deerfield, IL, USA) preinjection and
weekly thereafter for 3 weeks from blood collected via the tail
vein. Rats with blood glucose lower than 250 mg/dL at any
time point were excluded from the study. Body weight was
monitored weekly. No animals received insulin treatment.

Electrode Fabrication and Calibration

Electrodes were fabricated as described previously.'® Briefly,
double-barreled theta capillary glass with one barrel containing
a 5-um-diameter carbon fiber was heated and pulled to a fine
tip (8-10 pm). The carbon fiber served as the NO sensor and
the empty barrel containing an Ag/AgCl wire served as the
voltage-sensing barrel for ERG measurement as well as the
reference for the NO sensor. The tip was beveled to a sharp
angle and the carbon fiber electrochemically etched to create a
recess. The recess was filled with a Nafion membrane to repel
anionic molecules, such as ascorbic acid and nitrite.'® Nitric
oxide was measured amperometrically in a two-electrode
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configuration at +0.9 V held between the working carbon
fiber electrode and reference electrode. Nitric oxide was
oxidized at the carbon fiber surface, resulting in the generation
of a small redox current that was measured by a potentiostat
(DY2011; Digi-Ivy, Austin, TX, USA). The oxidized NO was then
rapidly converted into nitrite in aqueous media.'®

The electrodes were calibrated as described previously.'¢
Electrodes underwent a two-point calibration using NO
released from the decomposition of diethylammonium (Z)-1-
(N,N-diethylamino)diazen-1-ium-1,2-diolate (DEA/NO) (Cay-
man Chemicals, Ann Arbor, MI, USA). At 37°C in air-
equilibrated PBS, 2.0 and 5.6 pM DEA/NO released maximum
levels of 0.99 and 2.19 uM NO, respectively.!® The electrodes
had an average sensitivity for NO of approximately 0.9 uM/pA
and a selectivity of more than 2000:1 for NO:ascorbate and 6:1
for NO:dopamine, with an average detection limit of 0.25 uM
NO.16

In Vivo Eyecup Preparation

The NO measurements were made from an in vivo eyecup
preparation that was still attached to the living animal and
perfused by the systemic vasculature. The cornea and lens
were removed to make room for the electrodes due to the large
volume that the lens occupies in the rat eye. Rats were initially
anesthetized by 3% isoflurane in an air mixture that contained
30% oxygen, first through a mask and then a tracheal tube after
tracheotomy. The femoral vein was cannulated and bolus
injections of urethane (10% wt/vol, 0.25 mL) were adminis-
tered every 20 minutes until the loading dose (400 mg/kg BW)
was achieved. After the loading dose was reached, a bolus
injection of the muscle-paralyzing agent pancuronium bromide
(0.8 mg/kg BW) was administered and the animal placed on
artificial respiration. Urethane (20 mg/kg BW/h) and pancuro-
nium bromide (0.4 mg/kg BW/h) were administered continu-
ously via syringe pump throughout the experiment to maintain
deep anesthesia. The animals’ heart rates and oxygen
saturations were monitored by a pulse oximeter and their
body temperatures maintained at 37°C using a heating pad.

The in vivo eyecup was prepared by first excising the
eyelids to prevent interference. The conjunctiva was then
removed with small scissors to expose the sclera and eye
muscles. The eye muscles were cut to prevent them from
exerting any traction on the eye. Care was taken to avoid
severing the vortex veins during eye muscle removal to
prevent choroidal effusion. A long-chain cyanoacrylate glue
(Gluture; Abbott Laboratories, Abbott Park, IL, USA) used for
wound closure in veterinary procedures was then applied from
below the equatorial region of the eye up to the corneal border
around the circumference of the eye. Once hardened, the glue
supported the eye wall and maintained its normal contours. An
incision was made at the corneal border with a scalpel blade
and micro-scissors were then used to remove the cornea. The
lens was then carefully extracted from the eye with toothed
forceps. Most of the vitreous was usually removed along with
lens. The eyecup was then filled with Ames’ media (pH 7.4) to
maintain the health of the retina.

Electroretinography and NO Depth Profiles

The intraretinal ERG was recorded from the voltage barrel of
the electrode and referenced to a silver subdermal electrode on
the animal’s head. The ERGs were elicited with full-field
Ganzfeld stimulation at a flash intensity of 307 scotopic cd*s/
m? and flash duration of approximately 2 ms. The ERGs were
amplified (X1000, ADA400A; Tektronix, Addison, IL, USA),
filtered (low pass, 3 kHz), digitized (10 kHz), and stored on a
computer. Animals were dark-adapted for a minimum of 1 hour
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Tasre. Blood Glucose and BW of Diabetic Rats Over 3 Weeks
Blood Glucose, mg/dL Weight, g
Pre-STZ 1 wk 2 wk 3 wk Pre-STZ 1 wk 2 wk 3 wk
Mild DR 132 £ 5 381 = 30 384 + 25 344 *+ 13 364 + 19 339 + 16 315 * 15 305 + 13
Moderate DR 145 £ 3 412 + 32 384 *+ 28 447 + 18 347 + 18 292 + 16 262 + 15 250 £ 18
Severe DR 129 £ 11 389 + 35 460 * 31 541 = 13 328 = 27 271 = 25 246 + 24 242 *+ 22
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before the recording of ERGs. Both ERG and NO measurements
were made inside an enclosed Faraday cage to decrease noise
and block light. The NO measurements were made under the
same dark-adapted conditions as the ERGs.

To create a depth profile of retinal NO concentration, the
retina was first penetrated while recording intraretinal ERGs to
determine the location of the various retinal layers. The
electrode was advanced slowly toward the retina with a
motorized micropositioner (MX1641R; Siskiyou, Grants Pass,
OR, USA). Penetration of the retinal surface was indicated by a
sharp transient in the voltage trace on the oscilloscope (due to
a piezoelectric effect) and a reverse in polarity of the ERG. The
micropositioner was zeroed at the surface and advanced in
steps of 30 um, with ERGs being recorded at each step. The
electrode was advanced until the RPE was reached, indicated
by a voltage drop and/or pulsation of the voltage trace on the
oscilloscope. The track length from the retinal surface to the
RPE was then used to calculate percent retinal depth, with the
retinal surface being 0% and the RPE being 100%. Once the
RPE was reached, the NO electrode was polarized to +0.9 V
and the current allowed to stabilize. The electrode was then
withdrawn at a rate of 1.5 um/s while recording the current
and stopped when the electrode was 200 pm away (into the
vitreous humor) from the retinal surface.

The sensitivity of the electrode was used to convert the
current recording into NO concentration and the NO
concentration was then plotted with the corresponding
percent retinal depth to create a NO depth profile of the
retina. Each data point in the profile occurred at a slightly
different depth compared with another profile due to the
variability of the track lengths and angles of penetration. To
make a standard profile for averaging purposes, values from
each profile were interpolated to fit a standard profile with
points at every 2.5% depth from 0% to 100%. The standard
profiles were then averaged together for each group.

Experiment Groups

Diabetic rats were divided into three groups based on the
severity of their hyperglycemia at the time the NO profiles
were recorded: “mild diabetic rats” (250-400 mg/dL, n = 7),
“moderate diabetic rats” (400-500 mg/dL, n = 4), and “severe
diabetic rats” (500-600 mg/dL, n = 4). In addition to the
diabetic rats, control NO measurements were made in healthy,
untreated rats (z = 6). A broad-spectrum NOS inhibitor, L-
NAME, was injected into the vitreous humor of these healthy
rats after the untreated control profiles were recorded to
achieve an approximate vitreal concentration of 5 mM. These
L-NAME measurements served as a positive control (“L-NAME
treated”™).

To determine the extent that high glucose levels affect NO
production, another group of healthy rats (z = 6) was injected
intravenously with a bolus of 0.6 mL of 40% D-glucose solution
(“acute hyperglycemia™). The glucose solution was then
continuously infused (1.0-2.5 mL/h) to achieve the desired
blood glucose level for a minimum of 3 hours before the
recording of NO profiles. To match the diabetic rats, these
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acute hyperglycemia rats were divided into three groups based
on their blood glucose level.

Statistics

Nitric oxide and ERG values for all groups were compared
using one-way ANOVA (a = 0.05) with the Holm-Sidak post hoc
test. Significance is achieved in the Holm-Sidak test if the
adjusted P value is less than the critical value. Correlation
between NO values and blood glucose was analyzed with the
Pearson product-moment correlation coefficient (o« = 0.05). To
simplify the statistical analysis of the average profiles, the data
from the standard profiles were averaged into bins. The outer
retina bin included 100% to 60% depth, the inner retina bin
included 57.5% to 0%, and the vitreous humor bin included
—2.5% to —50%. All averages are presented as mean * SEM and
all error bars in figures represent SEM.

RESULTS

The average weekly weight and blood glucose values for the
diabetic rats over the 3-week period are shown in the Table. All
diabetic rats lost weight over the duration of the study and
exhibited polyuria. All diabetic animals had elevated (>250
mg/dL) blood glucose at 1 week post STZ and maintained
elevated levels until the end of the study. Blood glucose levels
for every animal in all experimental groups were monitored
during the NO measurement experiments to ensure that
surgical procedures did not induce any unintended changes in
blood glucose. No significant alterations in blood glucose were
observed due to any experimental procedure (other than acute
glucose infusion).

Intraretinal NO Concentration

The average NO profiles for the diabetic rats recorded at 3
weeks post STZ injection can be seen in Figure 1A and the
average acute hyperglycemia profiles in Figure 1B. The average
control profiles showed higher levels of NO in the region of the
photoreceptors than in the inner retina and vitreous humor
and are consistent with previous NO profiles recorded from
healthy rat retinas.'® The diabetic profiles were different from
controls and the differences varied depending on the severity
of diabetes. The mild diabetic profiles showed an increase in
NO in all areas of the retina compared with the control
profiles, particularly in the photoreceptor region. The moder-
ate diabetic profiles were similar to controls. Severe diabetic
profiles showed a significant reduction in NO compared with
controls. Furthermore, severe diabetic profiles were similar to
the L-NAME-treated profiles, suggesting that NO production in
the severe diabetic rats was possibly impaired. None of the
average acute hyperglycemic profiles showed any differences
from controls (Fig. 1B).

For purposes of statistical comparison, values from the NO
profiles were grouped into bins to detect any spatial differences in
the profiles between groups. The outer retina bin (100%-60%
depth; Fig. 2A) for control had an average NO concentration of
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A Diabetic
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Control
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% Retinal Depth
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Ficure 1. Average NO profiles for diabetic rats at 3 weeks post STZ

injection and for acute hyperglycemia rats: 100% retinal depth
corresponds to the RPE boundary, 0% to the retinal surface, and
negative values to the vitreous humor. (A) Average NO profiles for mild
DR, moderate DR, severe DR, control, and L-NAME groups. (B) Average
profiles for mild acute hyperglycemia, moderate acute hyperglycemia,
severe acute hyperglycemia, and control rats.

2.12 = 0.17 pM. The average NO concentration in the outer
retina of mild diabetic rats was significantly higher than controls
by 73% (3.65 * 0.30 uM; P=7 X 1079, critical level = 0.01). The
outer retina NO concentration was significantly lower in severe
diabetic rats with NO at 41% of control (0.86 * 0.12 uM; P = 4 X
104 critical level = 0.01) and in LNAME-treated eyes with NO at
38% of control (0.81 * 0.16 uM; P =3 X 1073, critical value =
0.01). There was no difference between controls and moderate
diabetic rats nor any of the acute hyperglycemia groups.

The inner retina bin (57.5%-0% depth; Fig. 2B) for controls
had an average NO concentration of 1.48 *= 0.11 uM. The
inner retina NO concentration was significantly higher in mild
diabetic rats by 47% (2.18 = 0.19 uM; P =1 X 1073, critical
level = 0.01). The inner retina NO concentration was
significantly lower in severe diabetic rats with NO at 36% of
controls (0.54 * 0.09 uM; P = 6 X 1079, critical level = 0.01)
and in L-NAME-treated eyes with NO also at 36% of controls
(0.53 = 0.09 pM; P=9 X 104, critical value = 0.01). There was
no difference between controls and moderate diabetic rats nor
any of the acute hyperglycemia groups.
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Fiure 2. Average in NO concentration for NO profiles from all
groups. (A) Outer retina bin, 100% to 60% depth. (B) Inner retina bin,
57.5% to 0% depth. (C) Vitreous humor, —2.5% to —50% depth. Asterisk
indicates significant difference versus control.

The vitreous humor bin (—2.5% to —50% depth; Fig. 2C) for
controls had an average NO concentration of 1.07 = 0.04 uM.
The NO concentration in the vitreous humor of mild diabetic
rats was significantly higher than controls by 70% (1.82 = 0.22
uUM; P =6 X 1074, critical level = 0.01). The vitreous humor NO
concentration was lower in severe diabetic rats with NO at
36% of controls (0.39 + 0.08 pM; P=4 X 1074, critical level =
0.01) and in LI-NAME-treated eyes with NO at 20% of controls
©.21 = 0.03 pM; P = 3 X 1074 critical value = 0.01),
respectively. There was no difference between controls nor
moderate diabetic rats nor any of the acute hyperglycemia
groups.
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Ficure 3. Nitric oxide versus blood glucose for control and diabetic
rats at 3 weeks post STZ. (A) Nitric oxide versus blood glucose at 100%
retinal depth. (B) Nitric oxide versus blood glucose at 0% retinal depth.
The Pearson product-moment correlation coefficient (R) and P value
are shown for significant correlations.

Intraretinal NO Versus Blood Glucose

To determine the correlation between NO and blood glucose,
the NO values for diabetic rats at 100% depth and 0% depth at
3 weeks were examined against the blood glucose values
measured concurrently (Fig. 3). The control group showed no
significant correlation between NO and blood glucose at
either depth. However, the diabetic rats showed a significant
correlation at 100% depth (R = —0.91, P = 5.2 X 107'1) and
0% depth (R =—0.79, P = 1.1 X 10~°), with NO being higher
than control for mild diabetic rats and lower for severe
diabetic rats. The correlation at 100% depth was stronger than
at 0% depth.

To determine if this correlation was a direct result of
exposure to high glucose, the NO and blood glucose values for
the acute hyperglycemia rats also were examined for correla-
tion (Fig. 4). Similar to lack of changes in the NO profiles of
acute hyperglycemia rats, there were no significant correla-
tions between NO and blood glucose from acute hyperglyce-
mia (P > 0.57).
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Ficure 4. Nitric oxide versus blood glucose for control and acute

hyperglycemia rats. (A) Nitric oxide versus blood glucose at 100%
retinal depth. (B) Nitric oxide versus blood glucose at 0% retinal depth.
There were no significant correlations.

Electroretinography

The average maximum dark-adapted a- and b-wave amplitudes
from each depth profile for all groups are shown in Figure 5.
The average dark-adapted maximum control a-wave was 125 *+
10 pV and the b-wave was 678 = 40 pV. The mild diabetic a-
wave amplitudes were significantly higher than controls by
58% (197.8 = 23.6 uV; P=3 X 1073, critical value =7 X 107%).
The moderate diabetic a-wave amplitudes were not significant-
ly different from the control. The severe diabetic and L-NAME
a-wave amplitudes were significantly lower than controls with
severe diabetic a-waves at 42% the amplitude of controls
(52.0 = 15.2 pv; P = 6 X 1073, critical value = 9 X 107%) and
L-NAME a-wave amplitudes at 46% (57.6 £ 20.8 pv; P =
1X1072, critical value = 1.01 X 10~2). The mild diabetic b-wave
amplitudes were significantly higher than controls by 28%
(866.0 * 46.42 uV; P =6 X 1073, critical value = 9 X 1072).
Severe diabetic b-waves were 53% (360.3 = 15.6 uV; P = 6 X
1075, critical value = 7 X 1073) of control amplitudes and L-
NAME b-waves were 70.7% of mild diabetic rats (479.2 =
100.32 uv; P = 6 X 1073, critical value = 0.01). Moderate
diabetic b-waves were not significantly different from controls
(788.6 = 55.4 pV; P =0.15, critical value = 0.01).
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Ficure 5. Maximum dark-adapted intraretinal ERG amplitudes for all
groups. (A) Maximum a-wave. (B) Maximum b-wave. Severe diabetic
and L-NAME a- and b-wave amplitudes were significantly lower than
control, whereas moderate diabetic a- and b-wave amplitudes were
significantly higher. Asterisk indicates significant difference.

DiIscuUsSION

To our knowledge, this is the first study to measure the direct
concentration of intraretinal NO in diabetic animals. The
current study examined the NO concentration at three
different levels of severity of diabetes at an early stage of the
disease and compared the diabetic rats with healthy controls.
Control NO profiles had high NO levels near the RPE and
photoreceptors and localized regions of increased NO in the
inner retina at the amacrine/ganglion cell layer. This corre-
sponds with what is known about NO sources in the normal
rat retina and is consistent with our previous work.'® Vielma et
al.2% used fluorophore DAF-2 to stain for NO in rat retina slices
and observed significant amounts of NO in the RPE and
photoreceptor inner segments and the amacrine and ganglion
cells in the inner retina, with no significant NO production in
the middle of the rat retina near the bipolar cells. Localized
regions of increased NO of approximately 100 to 400 nM,
possibly originating from the amacrine or ganglion cells, were
occasionally observed in the amacrine/ganglion cell layer of
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control profiles, as in previous work,!¢ and in the mild diabetic
and acute hyperglycemia profiles; however, these localized
increases cannot be seen in the average profiles (Fig. 2A), as
they were averaged out due to their location varying from 0%
to 30% depth.

Mild diabetic animals showed 73% higher levels of NO
compared with controls in the outer retina where the
photoreceptors are located. The photoreceptors of STZ-
induced diabetic rats show high levels of oxidative stress?!
and morphological changes to the photoreceptors are one of
the first major changes in the retinas of STZ-induced rats,
occurring between 1 and 4 weeks after induction.??-24 The
high levels of oxidative stress in the photoreceptors may have
caused high NO production as a result of neuronal nitric oxide
synthase (nNOS) activation.®?> A limitation of the current
measurement technique is that it is not possible to distinguish
from which NOS isoforms the NO was produced. However, in
future studies the contributions of the different isoforms may
be isolated through the use of specific NOS inhibitors.?®

Severe diabetic rats, in contrast to mild diabetic rats, had
greatly decreased levels of NO compared with controls in all
areas of the retina (36%-41% of controls). Similarity of the
severe DR NO profile to the L-NAME treated profiles suggests a
significant decrease in NO production. It is possible that the
significant decrease in NO may be due to dysfunction in NOS
activity, perhaps with NOS being uncoupled so that it produces
superoxide instead of NO.?” Another possible explanation for
the decrease in NO concentration is that NO was rapidly
consumed by reacting with superoxide to form peroxynitrite.>
Nitric oxide production could still have been elevated in severe
diabetic rats but it is possible that NO may have been
consumed before it could have an effect in the surrounding
tissue or be recorded by the electrode.

Moderate diabetic NO profiles did not show any significant
differences from controls, although the NO level in the inner
retina of moderate diabetic rats tended to be higher than
controls. It is possible that the mechanisms that deceased NO
in the severe diabetic rats were only partially active in the
moderate diabetic rats, perhaps because the levels of
superoxide or peroxynitrite were not high enough to suppress
NO levels as thoroughly as in the severe diabetic rats.

The differences in NO between the levels of diabetic
severity are supported by their corresponding ERGs. Nitric
oxide donors have been reported to increase the amplitude of
the ERG*®2?° as well as the light responses of individual
photoreceptors.?? The NOS inhibitors and NO scavengers have
been shown to cause a decrease in ERG amplitude.?%-3°
Previous studies in our laboratory also have shown that the
NO donor S-nitroso-N-acetylpenicillamine increases the ampli-
tude of the a- and b-waves in dark-adapted corneal ERGs of rats
and that L-NAME decreases the amplitudes (Birol G., et al. IOVS
2004;45:ARVO E-Abstract 2593). It is thought that NO affects
the ERG primarily through an increase in cyclic guanosine
monophosphate (cGMP) resulting from increased activation of
soluble guanylate cyclase by NO.332 Increased ¢cGMP would
enhance the sensitivity of the photoreceptors and other
neurons during dark adaptation and result in an increase of
the amplitude of the dark-adapted ERG.3> Furthermore, it is
possible that NO also affects the ERG through S-nitrosation of
proteins.?® The reported effects of NO donors on the ERGs are
consistent with the high bioavailable NO and increased a- and
b-waves recorded from the mild diabetic rats. The effects of
NOS inhibitors and NO scavengers are consistent with the low
bioavailable NO and decreased a- and b-waves seen in the
severe diabetic rats. Moderate diabetic rats had NO levels and
ERG amplitudes that were both not significantly different from
controls.
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Ficure 6. Proposed factors affecting NO levels in experimental DR.
Green solid arrows indicate increases or upregulation, whereas red
dashed arrows indicate decreases or downregulation. There is a
positive feedback loop driving NO production (large green loop).
Superoxide and NOS uncoupling have the effect of decreasing
bioavailable NO.

Intraretinal NO concentration in diabetic rats showed a
strong inverse correlation with blood glucose levels. The
higher-than-control NO levels in mild diabetic rats and lower-
than-control NO in severe diabetic rats suggest that other
factors besides direct exposure to high glucose affects the level
of bioavailable NO in the diabetic retina. This is further
supported by the lack of change in NO in the acute
hyperglycemic rats. There are a number of other factors that
may be contributing to the observed response as mentioned
above: oxidative stress, superoxide production, and peroxyni-
trite formation. These factors are summarized in Figure 6.

Hyperglycemia increases the intraretinal levels of radical
oxygen species, glutamate, and NO.” Oxidative stress causes
Miiller cell glutamate transporter dysfunction early in STZ-
induced diabetic rats.?> The increased extracellular glutamate
activates N-methyl-D-aspartate receptors and increases intra-
cellular calcium, which can activate nNOS directly or through
changes in phosphorylation of regulatory sites on the
protein.3* Hyperglycemia also leads to increased superoxide
production, which can activate inducible NOS (iNOS).3> These
factors likely increase NO production in the mild diabetic
rats.3%37 Increased superoxide production also would lead to
consumption of NO and increased formation of peroxynitrite,
causing NOS uncoupling and a decrease in bioavailable NO.2”

Combining these factors from the pathway seen in Figure 6
may explain the difference in NO production in the diabetic
animals. The increase in bioavailability of NO in mild diabetic
rats may be due to the positive feedback cycle of oxidative
stress (large green loop, Fig. 6) and the decrease in
bioavailability of NO in severe diabetic rats may be due to
the effects of superoxide, with the moderate diabetic rats
experiencing more of a balance between increased NO
production and NO consumption/NOS dysfunction. Superox-
ide was not measured in this study, so the link between
superoxide and bioavailability of intraretinal NO is speculative.
However, it has been shown previously in diabetic rat retinas
that high levels of superoxide consumed free NO and that the
decreased bioavailability of NO leads to functional deficits even
though NO production was supranormal.?® Similar findings
relating to superoxide decreasing the bioavailability of NO in
diabetic individuals have been reported in vascular, erectile,
and renal tissues.?-4!

The pathway also may explain why there were no changes
in the NO profiles between controls and acute hyperglycemia
rats. There was likely no increase in NO because Miiller cell
glutamate transporter dysfunction in response to hyperglyce-
mia takes at least 8 days to develop.?? There was likely no
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decrease in NO because the rats had normal amounts of
antioxidants to protect against the increased superoxide levels
that would otherwise consume free NO.%344 Additionally, there
might not have been any changes in the acute hyperglycemia
profiles because of insufficient time for iNOS to become
activated, though acute hyperglycemia has been shown to
increase iNOS expression after just 2 hours of exposure.> All
NO measurements from the acute hyperglycemia rats were
made after a minimum of 3 hours and a maximum of 5 hours
after initial glucose injection; no differences were observed
between early and later recordings in that period (data not
shown). The experimental procedure had time limits such that
the 5 hours of hyperglycemia was as long as the animal, and in
vivo eyecup preparation, could be reliably maintained.

Future studies will include validation of the proposed
pathway, exploration of the effects of therapeutic treatments
on NO levels, and examination of NO changes over longer
durations of DR. Measurement of superoxide and peroxynitrite
levels would help determine if superoxide is responsible for
decreasing the bioavailability of NO in severe diabetes.
Antioxidant and tetrahydrobiopterin supplementation and
insulin treatment will be explored as potential therapies to
normalize retinal NO levels.

In conclusion, there was a strong inverse correlation
between NO and blood glucose in experimental DR. Mild
diabetic rats showed a higher-than-control level of bioavailable
NO and severe diabetic rats showed lower-than-control levels.
The vast majority of previous studies observing changes in NO
in early DR have concluded that NO increases based on nitrate/
nitrite measurements, which are a measure of total NO instead
of bioavailable NO.° The direct measurements of NO in this
study have shown that there is not a simple linear increase in
bioavailable NO as the severity of diabetes increases. The data
presented here may help explain the conflicting reports in the
literature on NO in DR and show the importance of being able
to make direct measurements of bioavailable NO in DR.
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