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Abstract

Nitric oxide (NO) modulates the uptake and/or release of neurotransmitters through a variety of
cellular mechanisms. However, the pharmacological and biochemical processes underlying these
neurochemical effects of NO often remain unclear. In our study, we used immunocytochemical
methods to study the effects of NO, cyclic guanosine monophosphate (cGMP), and peroxynitrite on
the uptake and release of y-aminobutyric acid (GABA) and glycine in the turtle retina. In addition,
we examined the involvement of glutamate receptors, calcium, and the GABA transporter in this
GABA uptake and release. We also tested for interactions between the GABAergic and glycinergic
systems. In general, we show that NO stimulated GABA release and inhibited glycine release. The
NO-stimulated GABA release involved calcium-dependent or calcium-independent synaptic release
or reversal of the GABA transporter. Some effects of NO on GABA release involved glutamate,
cGMP, or peroxynitrite. NO promoted glycine uptake and inhibited its release, and this inhibition of
glycine release was influenced by GABAergic modulation. These findings indicate that NO
modulates the levels of the inhibitory transmitters GABA and glycine through several specific
biochemical mechanisms in different retinal cell types and layers. Thus it appears that some of the
previously described reciprocal interactions between GABA and glycine in the retina function
through specific NO signaling pathways.
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Nitric oxide (NO) plays diverse roles in the regulation of neurotransmission mediated by
conventional neurotransmitters. In the brain or retina of different species, NO has been found
to affect the release of acetylcholine (ACh; Trabace and Kendrick, 2000; Kraus and Prast,
2001; Okada et al., 2001), glutamate (GLU; for review, see Zhang and Snyder, 1995; Prast and
Philippu, 2001), y-aminobutyric-acid (GABA, lentile et al., 1997; Nauli et al., 2001; McLean
and Sillar, 2002; Wall, 2003), dopamine (DA; Segovia and Mora, 1998), and serotonin (Ginap
and Kilbinger, 1998). However, the mechanisms by which NO modulates the release of these
transmitters often remain unclear. There is evidence that NO affects transmitter release through
cyclic guanosine monophosphate (cGMP)-mediated pathways (Guevara-Guzman et al.,
1994; Kraus and Prast, 2002) or through peroxynitrite (ONOQ"), the oxidative byproduct of
NO (Ohkuma et al., 1995; Trabace and Kendrick, 2000), each leading to Ca2*-dependent
release or release through Na*-dependent transporter reversal (Ohkuma et al., 1996a,b). Other
evidence indicates that NO can activate the synaptic vesicle docking proteins (Meffert et al.,
1994, 1996) or can activate persistent Na* influx (Hammarstrom and Gage, 1999; Ahern et al.,
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excitatory or inhibitory synaptic inputs.

Both neuronal nitric oxide synthase (nNOS), the enzyme that produces NO, and soluble
guanylate cyclase (sGC), the primary target of NO, have been localized in specific neurons in
the turtle retina (Blute et al., 1997,1998). NOS has also been shown to colocalize with either
GABA or glycine (GLY) in turtle retina (Haverkamp et al., 2000), suggesting that NO may
modulate GABAergic or glycinergic neurotransmission. The goal of this study was to use
immunocytochemical methods to determine whether and how these NO-dependent
mechanisms contribute to the modulation of inhibitory neurotransmission in the retina. We
focused on the two primary inhibitory neurotransmitters in the retina, GABA and GLY.

The turtle retina is ideal for our study, as the anatomy of GABAergic neurons and glycinergic
neurons are well documented (Hurd and Eldred, 1989; Eldred and Cheung, 1989). Therefore,
our first hypothesis was that NO can affect the release of both GABA and GLY in the turtle
retina. Our second hypothesis was that NO modulates neurotransmitter release through
different mechanisms and that its effects on a specific neuron depend on three factors: the
availability of the target molecules for NO in the particular neuron; the synaptic connections
of the neuron; and the physiological oxidation state of the micro-environment of the neurons,
which determines the ratio between NO and ONOO-".

MATERIALS AND METHODS

Reagents

All reagents were from Sigma-Aldrich (St. Louis, MO) with the following exceptions: citric
acid and sodium citrate dihydrate (J.T. Baker, Phillipsburg, NJ); hydrogquinone (Eastman
Kodak, Rochester, NY); silver nitrate (Fisher Scientific, Fair Lawn, NJ); DETA NONOate
(DETA, Alexis, Carlsbad, CA); 4 nm colloidal gold goat-anti-rabbit 1gG (Jackson
ImmunoResearch, West Grove, PA); and 3-morpholinylsydnoneimine chloride (SIN-1, Tocris,
Ellisville, MO). The y-vinyl-GABA (GVG) and the rabbit polyclonal antibodies against GVG
and GLY came from Dr. David V. Pow (Vision, Touch and Hearing Research Centre,
Department of Physiology and Pharmacology, The University of Queensland, Brishane,
Queensland, Australia).

Tissue preparation and in vitro incubations

Adult turtles (Pseudemys scripta elegans) were maintained on a 12-hour light/12-hour dark
cycle. Fourteen animals were used for this study, and at least three animals were used for each
of the pharmacological treatments. Near the middle of the light cycle, they were decapitated
by using a method that was consistent with NIH guidelines and that was approved by the Boston
University Charles River Campus Institutional Animal Care and Use Committee. The
enucleated eyes were hemisected along the vertical midline perpendicular to the visual streak
and then cut into 8-10 thin slices. The isolated turtle retinal slices were preincubated for 15
minutes in an aerated, balanced salt solution (BSS; 110 mM NaCl, 2.5 mM KCI, 3 mM
CaCl,, 2 mM MgCly, 10 mM glucose, and 5 mM HEPES), pH 7.4, at room temperature.

Using GVG to monitor GABA release

It was not possible to detect the release of GABA directly by using conventional
immunocytochemistry, as the changes in response to release were too small to detect in
comparison with the high endogenous levels of GABA. Therefore, we used a nonendogenous
GABA analog, GVG, to preload the GABAergic neurons so that we could detect the release
of GABA. GVG has been demonstrated previously to be taken into GABAergic amacrine and
horizontal cells through the high-affinity GABA uptake transporter (Pow et al., 1996). Retinal
slices were incubated in 1 mM GVG in aerated BSS for 60 minutes, before they were treated
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with one of the following in BSS for 30 minutes: control retinas were left in BSS; 100 uM
DETA (a NO donor); 100 uM 8-bromo-cGMP (8BrcGMP, a membrane-permeable analog of
cGMP); 100 uM SIN-1 (a donor for ONOO); high-potassium BSS (High-K, 62.6 mM NacCl,
50 mM KCI, 1 mM CaCl,, 1 mM MgCl,, 10 mM glucose, and 10 mM HEPES, pH 7.4); 100
puM DETA with 100 uM nipecotic acid (NA, a selective blocker of the GABA transporter);
100 uM DETA in calcium-free, cadmium BSS (Ca?* replaced with 1 mM Cd2*); 100 uM
DETA with 100 uM NA in calcium-free, cadmium BSS; 100 uM DETA with 100 uM of an
antagonist for N-methyl-o-aspartate (NMDA) receptors (5R,10S)-(+)-5-methyl-10,11-
dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine (MK801) and 100 uM of an antagonist for
AMPA/KA receptors 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX); DETA with MK801,
CNQX, and NA (all at 100 uM); 100 uM DETA with 5 mM L-cysteine (Lcys, a scavenger for
ONOO); or 5mM Lcys alone.

Glycine uptake experiments

To show whether NO affects the uptake process of GLY, we used sarcosine, a competitive
GLY transporter inhibitor, to deplete the endogenous GLY (Pow, 1998; Vaney and Pow,
2000). Retinal slices were incubated with 5 mM sarcosine in aerated BSS for 180 minutes.
After thorough rinsing, they were then transferred to aerated BSS containing 1 mM GLY with
or without one of the following for 30 minutes: 100 uM DETA, 100 uM SIN-1, 100 uM
8BrcGMP, 100 uM S-methyl-L-thiocitrulline (SMTC, a NOS inhibitor), 100 uM bicuculline
(BIC, an antagonist for GABAA receptors), or 100 uM SMTC with 100 uM BIC. Control
retinas were left in the sarcosine solution.

Glycine release experiments

For the same reason that we used GVG, we also wanted to enhance the detection of GLY release
by improving the ratio of the release in comparison with the endogenous levels. Although a
GLY analog is not available, GLY levels can be enhanced above the endogenous levels by
loading the retinas with exogenous GLY. Retinal slices were incubated in aerated BSS
containing 1 mM GLY for 60 minutes. After thorough rinsing, the retinal slices were incubated
in aerated BSS containing one of the following for 30 minutes: High-K, 100 uM DETA, 100
uM SIN-1, 100 pM 8BrcGMP, 100 uM SMTC, 100 uM BIC, or 100 uM SMTC with 100 uM
BIC. Control retinas were left in normal BSS after GLY loading.

Tissue preparation

Following the pharmacological incubations, the retinal slices were fixed with 2%
paraformaldehyde and 2% glutaraldehyde in 0.2 M sodium cacodylate, pH 7.4, for 180 minutes.
After fixation, the slices were then dehydrated in an acetone series, embedded in Eponate 812
resin embedding compound (Ted Pella, Redding, CA), and cut using a Leica Ultracut
microtome (Leica, Wien, Austria) into 1-um-thick cross sections that were mounted onto plain
glass slides. The resin was then etched from the sections by using a saturated solution of NaOH
in ethanol for 10 minutes, and the sections were rinsed in 100% methanol for three 2-minute
sessions prior to the immunocytochemical treatments.

Silver-intensified immunocytochemistry

All antisera solutions were diluted in 0.1 M phosphate buffer (PB) with 0.3% Triton X-100 at
pH 7.4. To control for nonspecific labeling, sections were pretreated with 2% normal goat
serum for 60 minutes at room temperature in a moist dark chamber. The sections were then
incubated overnight in a 1:10,000 dilution of rabbit antiserum raised against either GVG or
GLY. The production, characterization, and specificity of these antisera have been described
previously (Pow et al., 1995,1996). The sections were subsequently labeled using silver-
intensified immunocytochemical techniques employing 4 nm colloidal gold-conjugated goat-
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anti-rabbit 1gG (diluted 1:1,000) and a silver intensification solution (Signature Immunologics,
Salt Lake City, UT; www.immunologics.com). This intensification solution was made by using
the following stock solutions: Stock A = 114 mg citric acid + 342 mg sodium citrate in 6 ml
deionized water; Stock B = 0.5 g hydroquinone in 15 ml deionized water; and Stock C = 1%
aqueous silver nitrate. These stock solutions were mixed using 5 ml A + 1mIB + 1 ml C to
make a working solution that was applied to the sections for 8-10 minutes. The reaction was
stopped by treating the sections with 5% acetic acid. Sections from all treatments in a given
experiment were simultaneously labeled on the same slide to eliminate any methodological
variability.

Quantitative analysis

RESULTS

Digital images were acquired by using a CCD camera (Apogee Instruments, Auburn, CA) and
MaximDL™ software (Cyanogen Productions, Ottawa, ON, Canada) at 600x magnification.
Each treatment had images taken from three different animals. The optical density of the
immunoreactivity was quantified using Image-Pro Plus™ software (Media Cybernetics,
Carlsbad, CA). The optical densities are presented as line-profile averages of a chosen region
of retina. We interpreted a decrease in optical density to be indicative of transmitter release,
whereas an increase indicated the inhibition of release. The optical densities of 30 sections of
the same treatment from three animals (10 samples per animal) were then averaged for
comparison between treatments. The peak values (PVs) or the area-under-curve (AUC) values
were statistically compared by using an ANOVA Dunnett’s Test (XLStat Pro™ plug-in,
Addinsoft, Brooklyn, NY, for Excel™, Microsoft, Redmond, WA). All quantification data are
presented as means = SEM. All significance claims are based on P < 0.05 (n = 3) unless noted
otherwise. Counts of glycinergic amacrine cell somata were done using digital images taken
at the same magnification of equal areas of retina. The labeled amacrine cell somata were
identified based on the previously described morphology of glycinergic amacrine cells (Eldred
and Cheung, 1989). Differences in somata counts were statistically compared by using the
same ANOVA Dunnett’s Test described above.

The stratification within the inner plexiform layer (IPL) of the retinal cross sections is described
such that the border between the inner nuclear layer (INL) and the IPL is SO, the middle of the
IPL is S50, and the border between the IPL and the ganglion cell layer (GCL) is S100. The
images were then arranged and labeled using Corel Photo-Paint™ and Corel Draw™ (Corel,
Ottawa, ON, Canada).

Effects of NO on GABA release and uptake

GABA is one of the most prevalent neurotransmitters in the retina (for review, see Pourcho,
1996; WaAssle et al., 1998; Bormann, 2000). In turtle retina, GABA is localized in numerous
H1 horizontal cells and in amacrine cells and their processes that form prominent bands in S17,
S28, S67, S84, and S95 of the IPL (Hurd and Eldred, 1989). The high endogenous levels of
GABA make it impossible to use GABA immunocytochemistry to detect GABA release,
because the ratio of release to endogenous levels is too low to show release effectively.
Therefore, we used a nonendogenous GABA analog, GVG, to eliminate the effects of the high
endogenous GABA levels and to prevent complications due to endogenous GABA synthesis
or degradation (Pow et al., 1996). The use of silver-intensified gold immunocytochemistry on
1-um plastic embedded sections has the advantage of giving high-resolution quantitative
labeling (Marc et al., 1990).

The strategy for studying GABA release was to first preload the retinas with GVG, then
pharmacologically stimulate them, and then use GVG immunocytochemistry to detect any
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decreases in GVG-like immunoreactivity (GVG-LI) in comparison with controls as an
indication of GABA release. In order to examine any effects on GABA uptake, the retinal slices
were coincubated with GVG in the presence of the pharmacological stimulus to be tested, and
then GVG immunocytochemistry was used to detect any increases in GVG-LI in comparison
with controls as an indication of GABA uptake.

NO donor stimulated GVG release and prevented GVG uptake

As expected, without GVG loading, there was no endogenous GVG-LI anywhere in the retina
(Fig. 1A). Loading the retinas with 5 mM GVG for 60 minutes (Fig. 1B), however, dramatically
increased the levels of GVG-LI in the regions where high levels of GABA are normally found:
H1 horizontal cells, select amacrine cell somata, and bands formed by processes in S17-S28
and S67-S95 of the IPL. This localization closely resembles the distribution of endogenous
GABA (Hurd and Eldred, 1989). However, pretreatment with 100 uM DETA dramatically
prevented GVG loading, leaving all the GABAergic cells and their processes only faintly
labeled (Fig. 1C). Incubating retinas with 100 uM DETA for 30 minutes after they were loaded
with GVG (Fig. 1D) also dramatically reduced the levels of GVG-LI in the horizontal cells,
and in the amacrine cell somata and their processes. These results support our first hypothesis
that NO modulates GABA release.

Our next step was to study the mechanisms involved in NO-stimulated GABA release by
systematically testing each potential mechanism mentioned earlier. To quantify the differences
between treatments, we measured the PVs, defined as the highest optical density of GVG-LI
in a given retinal layer for each treatment, and compared them statistically (see Fig. 3 for aline
profile summary and Fig. 4 for a statistical analysis of the peak values).

Controls had strong GVG-LI and High-K-stimulated GVG release

In control retinas loaded with GVG, GVG-LI was strong in horizontal cells, in amacrine cell
somata, and in S17-28 and S67-95 of the IPL (Fig. 2A). This labeling produced four prominent
peaks in the line profile curve (Fig. 2A, gray shade in the line profile box, with higher densities
being toward the right in all the line profile curves presented in this study). Depolarization with
High-K significantly reduced GVG-LI in all four peaks (Fig. 2B, white region to the left in the
line profile box; Figs. 3, 4). To evaluate the effects of other pharmacological treatments (Ey)
quantitatively, we defined the efficacy of High-K stimulation as 100% release and the control
retinas loaded with GVG as 0% release. The efficacy of the other treatments in stimulating
GVG release was defined based on comparison with the efficacy of High-K-stimulated release
as follows: Ex = (PVcontrol - PVx)/(PVcontrol - PVHigh-k) X 100%. If Ex > 100%, the treatment
was more effective than High-K in stimulating GVG release; if 0% < E4 < 100%, the treatment
was less effective than High-K in stimulating GVG release; and if Ey < 0%, the treatment
inhibited GVG release.

Stimulation with DETA reduced GVG-LI

To examine the effects of NO on GABA release, we stimulated GVG-loaded retinas with 100
uM DETA. This treatment reduced GVG-LI in the horizontal cell layer (Epgta = 88 £ 18%),
amacrine cell somata (Epgta = 71 + 15%), IPL S17-28 (Epgta =91 £ 17%), and IPL S67-95
(EpeTa =85 +20%); Fig. 2C; the bold line in the line profile boxes refers to the pharmacological
treatment used in all similar figures in this paper; Figs. 3, 4).

Cyclic GMP-stimulated GVG release was most effective in horizontal cells

To test whether cGMP-mediated mechanisms played a role in the effects of NO on GABA
release, we stimulated with 8BrcGMP. Incubation with 100 uM 8BrcGMP reduced GVG-LI
in the amacrine cell somata (Eggregmp = 23 = 10%), S17-28 of the IPL (Eggregmp = 32 £ 8%),
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and in S67-95 of the IPL (Eggregmp = 20 = 7%), but its effect in the horizontal cell layer was
far more dramatic (Eggrcgmp = 84 + 18%; Figs. 2D, 3, 4).

Ca2* influenced NO-stimulated GVG release more in the inner retina

To examine whether NO-stimulated GVG release was Ca2* dependent, we stimulated with
100 uM DETA in calcium-free, cadmium BSS (this treatment is referred to as D-Cd, as we
used Cd2* to replace CaZ*). This treatment did not significantly affect the effects of DETA in
the horizontal cells (E p.cq = 90 £ 18%) but had larger effects in amacrine cell somata
(Ep-cq = 11 £ 16%), S17-28 of the IPL (Ep.cq = 58 + 10%), and S67-95 of the IPL (Ep.cq =
44 + 11%; Figs. 2E, 3, 4).

NA prevented NO-stimulated GVG release more in the outer retina

To test whether the GABA transporter was involved in NO-stimulated GVG release, we used
the selective GABA transporter inhibitor nipecotic acid (NA, 100 uM) together with DETA
(this treatment is referred to as D-NA). NA clearly blocked DETA-stimulated GVG release in
the horizontal cells (Ep.na =-3 £ 7%), whereas the GVG-LI in the amacrine cells (Ep.na =
16 £ 17%), S17-28 in the IPL (Ep.na = 26 + 12%), and S67-95 in the IPL (Ep_ya = 34 + 13%)
was less reduced (Figs. 2F, 3, 4).

The combination of Cd2* and 100 uM NA completely eliminated the effects of DETA (this
treatment is referred to as DCANA) and maintained high GVG-LI levels in the horizontal cells
(Epcana =-12 £ 9%), amacrine cells (Epcgna =-54 + 11%), S17-28 of the IPL (Epcgna =-11
+ 8%), and S67-95 of the IPL (Epcgna =-22 £ 13%; Figs. 2G, 3, 4).

Glutamate release was involved in NO-stimulated GVG release

Because NO has been shown to stimulate GLU release (for review, see Zhang and Snyder,
1995; Prast and Philippu, 2001), we tested whether NO-stimulated glutamate release was
involved in the effects of NO-stimulated GABA release by using selective antagonists for
glutamate receptors together with DETA.

Blocking NMDA and AMPA/kainate receptors by using a combination of 100 uM MK801
and 100 uM CNQX (this treatment is referred to as DMC) reduced the NO-stimulated GVG
release from horizontal cells (Eppc = 63 + 11%), amacrine cells (Epmc = 31 £ 7%), S17-28
of the IPL (Eppmc = 44 £ 9%), and S67-95 of the IPL (Eppmc =53 + 18%; Figs. 2H, 34). MK801
and CNQX alone had no effect on GVG release (data not shown). However, MK801 and CNQX
did not completely block the effects of NO. Experiments using both glutamatergic antagonists
and NA together (this treatment is referred to as DMCNA\) reduced the effects of DETA in
horizontal cells (Epmcna =-7 £ 12%), amacrine cells (Eppena =-56 + 18%), S17-28 of the
IPL (Epmcna =-26 £ 28%), and S67-95 of the IPL (Epmcena =-25 + 18%; Figs. 21, 3, 4).

ONOO" was involved in the effects of DETA with a larger role in the inner retina

To investigate whether NO-stimulated GVG release involved ONOO", we used an ONOO"
donor, SIN-1 (100 pM), to stimulate retinas loaded with GVG. Under the normal physiological
conditions used in our experiments, SIN-1 functions as a good ONOO"™ donor because it
simultaneously generates superoxide and NO, which can react in a diffusion-limited reaction
to form ONOO- (Beckman and Koppenol, 1996). SIN-1 slightly reduced the GVG-LI in the
horizontal cells (Egn-1 = 18 £ 5%), but it had a much stronger effect on the inner retina, leading
to larger reductions in GVG-LI in the amacrine cells (Egn.1 = 30 £ 7%), in S17-28 of the IPL
(Esin-1 = 77 £ 8%), and in S67-95 of the IPL (Egn.1 = 68 + 11%); Figs. 27, 3, 4). This result
is also supported by the experiments using the ONOO" scavenger Lcys (5 mM) together with
DETA (treatment referred to as DLcys), as Lcys reduced the effects of DETA in the horizontal
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cells (Eppcys = 21 + 16%), amacrine cells (Ep| cys = 32% * 11%), S17-28 of the IPL (Epycys
=42 +26%), and S67-95 of the IPL (Ep|_cys = 38% + 24%; Figs. 2K, 3, 4). However, the effects
of Lcys in the horizontal cell layer may be complicated, because Lcys alone seems to have
prevented the GVG release in the horizontal cells (E_¢ys =-40 + 11%) and amacrine cells
(ELcys =-16 + 9%), whereas it had little effect in S17-28 of the IPL (E|_¢ys = 2 + 9%), and in
S67-95 of the IPL (E| ¢ys =-4 + 8%; Figs. 2L, 3, 4). Therefore, we cannot conclude that
ONOO" had a strong role in the horizontal cells because Lcys alone also prevented the release
of GVG through an unknown mechanism.

Effects of NO on glycine release

Glycine is the other major inhibitory neurotransmitter in the retina (Pourcho, 1996). Previous
studies have identified glycinergic amacrine cells, ganglion cells, and inter-plexiform cells in
turtle retina (Eldred and Cheung, 1989). Although GLY was also found in some bipolar cells
in turtle, it is has been postulated in other species that these bipolar cells only contain GLY
because it passes through bipolar-amacrine cell gap junctions and that they do not use GLY as
a transmitter (Pow, 1998; Vaney et al., 1998).

Because we do not have a GVG-like analog for GLY to enhance the background-to-release
ratio, our strategy was twofold. First, to examine the effects of NO on GLY up-take, we depleted
the endogenous GLY with the competitive GLY transporter inhibitor sarcosine (5 mM, 3 hours)
and then reloaded with GLY (1 mM, 30 minutes) in the presence or absence of drugs that
allowed us to examine their effects on the uptake of GLY. Second, in the experiments
examining GLY release, we first loaded the retinas with GLY (1 mM, 3 hours) to enhance the
endogenous GLY-like immunoreactivity (GLY-LI). These increased levels of GLY allowed
us to detect GLY release more easily. There was no qualitative difference in the localization
of GLY in these GLY-loaded retinas, in that the same cell types also showed GLY-LI, but the
GLY-LI in these cells was increased.

Due to the diffuse distribution of GLY in the IPL, we divided the GLY-LI in the retina into
just two regions, the INL and the IPL. We used the total AUC value in each region for our
comparisons. For uptake experiments, the level of GLY-LI seen with GLY loading (GLYonly)
was defined as 100% uptake, and the level of GLY-LI in the unloaded controls was 0%. The
efficacy of other treatments in promoting GLY uptake was defined as: Ey = (AUCy -
AUControl)/(AUCGLYonly - AUCcontror) X 100%. If Ex > 100%, the treatment promoted GLY
uptake; if 0% < E, < 100%, the treatment prevented GLY uptake; and if Ey < 0%, the treatment
further depleted GLY. For the release experiments, the efficacy of High-K-stimulated GLY
release on GLY-loaded retinas was defined as 100% release, the levels of GLY-LI in
unstimulated GLY -loaded control retinas was defined as 0% release, and the efficacy of other
treatments in stimulating GVG release was defined as: Ey = (AUCcontrol - AUCY)/
(AUCcontrol - AUCHjgh-k) * 100%. If Ex > 100%, the treatment was more effective than High-
K in stimulating GLY release; if 0% < E4 < 100%, the treatment was less effective than High-
K in stimulating GLY release; and if E, < 0%, the treatment inhibited GLY release.

NO donor promoted glycine uptake and inhibited its release

In the experiments examining GLY uptake, the retinas were preincubated with sarcosine for
180 minutes to deplete endogenous GLY (Fig. 5A). Reloading with GLY in the presence of
100 uM DETA (this treatment is referred to as GLY+DETA) significantly enhanced GLY-LI
inthe INL (EgLvy+DETA = 351 £ 47%) and IPL (EgL v+DETA = 394 £ 53%; Figs. 5C, 7, 9A) in
comparison with retinas loaded with GLY only (EgLyonly = 100%; Figs. 5B, 7, 9A). In the
GLY release experiments, retinas loaded with GLY that were then treated with 100 uM DETA
had increased levels of GLY-LI (Fig. 6C) with strongly labeled amacrine cell somata in the
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INL (EpgTa =-237 £ 38%) and in boutons in the IPL (Epgta =-167 £ 42%; Figs. 6C, 8, 9B),
in sharp contrast to the strong release stimulated by High-K (Enjgn-k = 100%; Figs. 6B, 8, 9B).

8BrcGMP had mixed effects on the uptake or release of glycine

To test whether NO inhibits GLY release through cGMP, we stimulated GLY -loaded retinas
with 100 uM 8BrcGMP (treatment referred to as GLY+8BrcGMP). Cyclic GMP slightly
decreased GLY uptake in the INL (Egy+8BregMp = 84 £ 21%) and slightly increased GLY
uptake in the IPL (EgLy+8Brcamp = 154 + 45%; Figs. 5D, 7, 9A). The effects on GLY release
were also mixed, with little effect in the INL (EgLv+gBregmp = 2 £ 14%) and some release in
the IPL (EGLY+SBrcGMP =38 £ 21%; FigS. 6D, 8, gB).

ONOO™ mimicked the effects of NO

To evaluate the role of ONOO" in the inhibition of GLY release by NO, we used the ONOO~
donor SIN-1 (100 uM) for both the uptake and release experiments. In the up-take experiments,
SIN-1 significantly increased GLY up-take in both the INL (EgLy+sin-1 = 189 % 37%) and
IPL (EgLy+sIN-1 = 284 + 42%; Figs. 5E, 7, 9A). In the release experiments, SIN-1 inhibited
GLY release in the INL (EgLy+sin-1 =-117 * 19%) and IPL (EgLy+siN-1 =-73 £ 21%; Figs.
6E, 8, 9B).

GABAergic modulation of NO-inhibited glycine release

We have shown that NO can stimulate GABA release in the retina through several mechanisms,
and GABA and GLY are known to have a reciprocal inhibitory relationship (Zhang et al.,
1997). Therefore, we wanted to test whether NO inhibits GLY release by enhancing
GABAEergic inhibition. We did this by using bicuculline (BIC) to block selectively GABAA
receptor (GABAaR)-mediated pathways, which are the dominant interamacrine GABAergic
inhibitory pathways. BIC (100 uM) increased GLY-LI in both the INL and IPL in the uptake
experiments (INL, Eg y+gic = 203 + 19% and IPL, Eg y+Bic = 176 + 33%; Figs. 5F, 7 9A),
although it was significantly less potent than NO donor. In the release experiments, BIC only
prevented GLY release in the INL (Eg)c =-138 = 38%) but had no significant effect in the IPL,
where glycinergic amacrine cells receive extensive synaptic inputs from GABAergic cells
(Egic =7 + 16%; Figs. 6F, 8, 9B).

However, our previous study has shown that BIC stimulates NO production (Yu and Eldred,
2003); therefore the effects of BIC involve increased NO production. Using the NOS inhibitor
SMTC together with BIC reduced the effects of BIC in both the uptake experiments (INL,
EgLy+BIc+smTc = 61 £ 16% and IPL, Eg| v+Bic+smTc = 73 £ 14%; Figs. 5G, 7, 9A) and the
release experiments (INL, Egjc+smtc = 13 £ 17% and IPL, Eg|c+smTc = 25 £ 11%); Figs. 6G,
8, 9B). SMTC itself had no significant effects on either uptake or release (INL, Eg| v+smTC =
91 + 20%, and IPL, 87 + 11%; INL, Egpmtc =-4 £ 17%, and IPL, 8 + 11%,; Figs. 5H, 6H, 7, 8,
9A,B).

In addition, unlike the effects of NO on GABA release, NO increased the number of amacrine
cell somata with GLY-LI rather than changing the levels of GLY-LI in all glycinergic cells.
Figure 9C shows the average number of labeled amacrine cell somata from all treatments from
comparable retinal regions. These counts agree with the AUC results, and all significance
claims are based on an ANOVA Dunnett’s Test with a P < 0.01. DETA stimulated significant
increases in the number of GLY-LI-positive amacrine cell somata in comparison with controls
(44 + 9 versus 20 + 2), whereas High-K significantly reduced the number (12 + 1); 8BrcGMP
(22 £ 2) and SMTC (23 £ 2) had little effect; SIN-1 significantly increased the number of
labeled somata (30 * 3); BIC (37 + 4) resembled the results seen with DETA, whereas adding
SMTC significantly reduced the number of labeled somata (15 + 2).
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DISCUSSION

NO stimulates GABA release through multiple mechanisms

The effects of NO on GABA release involve multiple mechanisms, with different mechanisms
predominating in specific cell types. Our data indicate that in the horizontal cells NO enhances
GABA release primarily through a cGMP-mediated pathway, whereas in amacrine cells
ONOO" plays a larger role. Another interesting contrast between these cell types is the type of
GABA release, in that reversal of the GABA transporter was predominantly involved in DETA-
stimulated GVG release from horizontal cells, whereas both Ca2*-dependent release and the
GABA transporters were involved in the effects of NO in the inner retina, with Ca?* taking a
larger role. Roughly half of NO-stimulated GABA release in the inner retina was sensitive to
reduced Ca2* and 1 mM cadmium, whereas Ca2* was less involved in the effects of NO in the
horizontal cell layer.

Correlation between cGMP and GABA transporter reversal

In the horizontal cells, several lines of evidence suggest a direct link between cGMP and
Na*-dependent GABA transporter reversal. High levels of cGMP-LI can be found in horizontal
cells in turtle (Blute et al., 2003) and goldfish retinas (Baldridge and Fischer, 2001). Cyclic
nucleotide-gated channels (CNGCs) have been reported to regulate Na* influx (Qiu et al.,
2000; for review, see Kaupp and Seifert, 2002). Cyclic GMP has been demonstrated to
modulate the functions of the serotonin transporter by acting through protein kinase G (PKG;
Ozaslan et al., 2003). These findings suggest that cGMP may modulate GABA transporter
activities through either Na*-dependent reversal of the GABA transporter or PKG-mediated
modulation of the GABA transporter in GABAergic horizontal cells.

Modulation of glutamate release by cGMP stimulates GABA release

Glutamate is a major excitatory transmitter known to be modulated by NO in the retina (Zeevalk
and Nicklas, 1994), and we found that blocking NMDA/AMPA/KA reflux Ca2* to increase
glutamate release (Savchenko et al., 1997). However, the removal of external CaZ* had little
effect on NO-stimulated GABA release from horizontal cells. This suggests that release of
Ca?* from internal stores in the photoreceptors may be involved, or that NO stimulates Ca2*-
independent glutamate release from photoreceptors. This last possibility is supported by the
findings of Meffert et al. (1994, 1996) that NO can stimulate Ca2*-independent transmitter
release by directly influencing the synaptic vesicle docking proteins. It is also possible that NO
may have direct effects on transporter reversal, because NO can directly activate neuronal
Na* channels through oxidation of the channel protein without the involvement of cGMP
(Hammarstrom and Gage, 1999; Ahern et al., 2000).

ONOO- activates CaZ*-dependent GABA release but inhibits transporter reversal

In the inner retina, the connection between ONOO™ and Ca%*-dependent GABA release seems
clear, as Ohkuma et al. (2001) reported that ONOO" can activate Ca2* influx through L-type
and P/Q-type voltage-dependent Ca2* channels (VDCCs). In contrast, ONOO" can inhibit
Na* channels through oxidation of the sulfhydryl groups in the channel (DuVall et al., 1998),
and it inhibits Na* uptake in rat colonic membrane vesicles (Bauer et al., 1992), suggesting
that ONOO™ may disrupt Na*-dependent transporter-mediated GABA release by inhibiting
Na* influx. This corresponds with our observation that ONOO™ had only a small effect in the
outer retina, where the transporter reversal prevails.

ONOO" can indirectly stimulate GABA transporter reversal in the inner retina

However, Ohkuma et al. (1996b) demonstrated that ONOO- can also induce transporter-
mediated GABA release. One possibility is that ONOO" increases Ca2* influx to glutamatergic
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bipolar cells through VDCCs, leading to increased glutamate release from bipolar cell
terminals, which in turn induces transporter-mediated GABA release when amacrine cells were
depolarized by glutamate and Na* influx was triggered. It is also possible that ONOO™ may
mimic NO by reacting with glutathione (GSH) and forming S-nitrosoglutathione, which could
in turn release NO, thereby allowing ONOO" to exhibit NO-like activity and increase levels of
cGMP (Mayer et al., 1995).

Our experiments with the ONOO"™ scavenger Lcys indicate that depleting ONOO- reduced the
effects of DETA in the inner retina by about one-third (Fig. 4). This supports the possibility
that some of the effects of NO may indeed involve ONOO"However, other biochemical
mechanisms, such as Lcys modifying the redox state in retinal neurons, may also occur. The
NO-stimulated, Ca?*-dependent, and cGMP-mediated GABA release that does not involve
OONO" or presynaptic neurons probably involves the more established NO-sGC-cGMP-
CNGC signal pathway. The effects of 8BrcGMP in the inner retina support this possibility.

NO inhibits glycine release through the modulation of GABA release

Although few studies have examined the mechanisms involved in GLY release, it is thought
to be conventional Ca2*-dependent release. Our data demonstrate an apparent inhibition of
GLY release by NO, an effect mimicked by SIN-1, but not by 8BrcGMP. The resemblance of
the effects of DETA versus SIN-1 suggests that NO may possibly work through ONOO" to
inhibit GLY release. Several studies indicate that the NO-cGMP-PKG signaling pathway can
inhibit L-type, N-type, and P/Q-type VDCCs (L-, Carabelli et al., 2002; N-, D’ Ascenzo et al.,
2002; P/Q-, Grassi et al., 1999), which would support inhibitory effects of NO/cGMP on
transmitter release (Gray et al., 1999). However, our study indicated that 8BrcGMP slightly
stimulated both GLY uptake and release in the IPL, suggesting that cGMP may have similar
effects on GLY and GABA by stimulating release through activation of CNGCs.

Our experiments not only confirm that NO reduces GLY release and promotes its uptake, but
they also indicate that GABAaR-mediated inhibition contributes to the effects of NO on GLY
release. Given that NO enhances GABA release through multiple mechanisms, and that
GABAergic and glycinergic neurons are known to be able to mutually inhibit each other
(Zhang et al., 1997), the effects of NO on GLY could be secondary to its effects on GABA, in
that enhanced GABAergic inhibition could reduce GLY release. Several lines of evidence
support this possibility. Glycinergic neurons did not respond to NO/ONOO- as uniformly as
the GABAergic neurons did, in that some somata showed increased GLY-LI whereas others
did not, suggesting that selective synaptic circuitry may play a role, as specific glycinergic
neurons may receive different levels of GABAergic inhibition. Blocking GABAAR reduced
the effects of NO on Gly-LI in the IPL, indicating that the effects of NO involve enhanced
inhibition through GABAAR. Blocking GABAAR and NOS at the same time reduced GLY-
LI, suggesting that GABAergic inhibition through GABAAR did prevent basal levels of GLY
release. This idea is supported by the correlation of the relatively weak stimulatory effect of
8BrcGMP on GABA release in the IPL and its weak inhibition on GLY release in the same
strata, and by the strong effects of SIN-1 on GLY in the IPL and its stronger effect on GABA
in the same strata. Thus our data support the possibility that the stimulatory effects of NO/
ONOO" on Ca?* dependent GLY release are countered by enhanced GABA inhibition.

However, it is possible that additional mechanisms involving glycinergic cells and NO/
ONOQOr, or perhaps other transmitters, may be involved. Because blocking GABAAR
inhibition with BIC only reduced but did not eliminate the inhibitory effects of NO on GLY
release, most notably in the INL, it is possible that GABAAR inhibition was not the only
pathway by which NO inhibits glycinergic neurons. GABAcRs are predominantly located on
bipolar cell axon terminals (Vitanova et al., 2001), and GABAcRs have been shown to interact
with glycinergic neurons (Cook et al., 2000). Enhanced feedback inhibition onto bipolar cells
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through GABACR may reduce the excitatory drive to glycinergic neurons, resulting in reduced
GLY release. Thus, the effects of NO on GLY release may involve enhanced GABAergic
inhibition through both GABAAR and GABACR synaptic pathways.

CONCLUSIONS

In summary, NO modulates the release of inhibitory transmitters using multiple mechanisms:
reversal of the Na*-dependent GABA transporter; activation of release through the cGMP-
CNG channels to increase CaZ** influx; formation of ONOO"™ and subsequent activation of
VDCCs to increase Ca2*-mediated release; activation of Na*-dependent transporter reversal
by enhancing pre-synaptic release of glutamate; and inhibition of GLY release through
enhanced GABA release. Our study also indicated that cGMP can reverse the GABA
transporter in horizontal cells. The dominant effect of NO on a specific neuron will depend on
which members of downstream signaling pathways, such as sGC, CNGCs, transporters, or ion
channels, can be activated by NO in a specific neuron; and on the synaptic connectivity of that
neuron. Finally, our data indicated that NO may work through both cGMP and ONOO", but
each may have different effects. This raises the possibility that the effects of NO in a given
tissue may depend on the local oxidative microenvironment in that tissue, which would
determine how much superoxide is available to convert NO into ONOO".
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Fig. 1.

The horizontal arrowheads in Figures 1, 2, 5, and 6 indicate the borders of the IPL. In this
figure and Figure 2, the localization of GVG-LI is indicated as follows: horizontal cells
(horizontal arrows), amacrine cell somata (vertical arrowheads), S17-S28 of the IPL (single
asterisks), and S67-S95 of the IPL (double asterisks). A: Without loading with GVG, there
was no endogenous GVG-LI anywhere in the retina. B: Loading with 5 mM GVG for 60
minutes dramatically increased GVG-LI in the retina, showing labeling patterns that match
those of GABA. H1 horizontal cells, amacrine cell somata, and labeled bands within the IPL
are clearly visible. Probably due to the thin sections used in our study, the GABAergic bands
at S17 and S28 appear as one thick band, and the GABAergic bands at S67, S84, and S95 also
appear as one continuous band with elevated GVG-LI. C: Loading with GVG in the presence
of 100 uM DETA for 60 minutes dramatically prevented an increase in GVG-LI. There was
virtually no GVG-L1I in horizontal cells and only extremely faint GVG-LI in some amacrine
cell somata and the IPL. D: Incubating retinas with 100 uM DETA for 30 minutes after loading
with GVG dramatically reduced the levels of GVG-LI in horizontal cells, amacrine cell somata,
and bands formed by processes in the IPL. For abbreviations, see list. Scale bars = 25 pum.
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Fig. 2.

In this plate, a corresponding line profile curve box is attached to the right side of each image.
These line profile curves were generated by scanning and averaging the optical density of
GVG-LI in a comparable region of 10 retinal samples from the same treatment. Higher levels
of GVG-LI are indicated to the right and as darker shades in the shade gradient box beneath
the line profile curves. All retinas were preloaded with GVG prior to the pharmacological
treatments. A: Retinas loaded with GV G that were left in normal BSS were used as controls.
The levels of GVG-LI were high in horizontal cells, in amacrine cell somata, in S17-S28 of
the IPL, and in S67-S95 of the IPL. The line profile curve of this treatment is shown as the
right border of the gray shading throughout this figure. B: In High-K treated retinas, the GVG-
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LI was dramatically reduced. This line profile curve is presented as the left borderline of the
gray shading throughout this figure. C: Retinas treated with 100 uM DETA showed similar
effects to High-K, with reduced GVG-L1I in all layers. This line profile curve is presented as a
dark line. The same indications of the control, High-K, and the specific pharmacological
treatment as a dark line are used for all the subsequent panels in this figure. D: Treatment with
100 uM 8BrcGMP simulated the effects of either DETA or High-K in the outer retina by
producing a dramatic reduction in GVG-LI in the horizontal cells. The other retinal layers only
showed slight decreases in GVG-LI. E: Removal of external Ca2* and replacing it with
Cd2* (D-Cd) reduced the effects of DETA in the IPL, producing only moderate decreases in
the levels of GVG-LI. There was still a strong DETA-stimulated decrease in GVG-LI in the
outer retina. F: NA (100 uM) blocked the effects of DETA in the outer retina and reduced the
effects of DETA inthe IPL. G: The combination of Cd2* and NA effectively blocked the effects
of DETA in all retinal layers. H: MK801 and CNQX reduced part of the DETA stimulated
release in all layers. I: Combining NA with MK801 and CNQX (100 pM each) eliminated the
DETA-stimulated release in all retinal layers. J: SIN-1 (100 uM) mimicked the effects of
DETA inthe inner retina but failed to do so in the outer retina. K: The ONOQO- scavenger Lcys
(100 uM) reduced a portion of the DETA-stimulated release in the inner and outer retina,
indicating that some DETA effects were acting through ONOO-L: Lcys alone slightly
increased the GVG-LI in the horizontal cells whereas it appeared to have little effect in the
other retinal layers. For abbreviations, see list. Scale bars = 25 um.
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Fig. 3.

Mechanisms of NO-stimulated GVG release. The line profile curve averages for the GVG
release experiments are presented together to show the differences between the various
treatments in specific retinal layers. The line profile curve of the control is shown as the top
border of the gray shading, and the line profile curve for the High-K treatment is shown as the
bottom border of the gray shading. For abbreviations, see list.
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The efficacy of a given treatment in stimulating GVG release from specific retinal layers was
calculated based on the peak values (PVs) from each treatment. The PVs were measured, and
their average differences from the control were compared against the difference between the
control and the High-K stimulation, which was considered as 100% release. For abbreviations,

see list.
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Glycine uptake experiments. In this figure and Figure 6, the vertical arrowheads indicate
amacrine cell somata with GVG-L1I, and the horizontal arrows indicate labeled boutons in the
IPL. Higher GLY-LI levels are indicated to the right and as darker shades in the shade gradient
box on top of the line profile curves. A: Retinas incubated with 5 mM sarcosine for 180 minutes
were used as controls. Little GLY-LI was present after this treatment, and the line profile curve
shows the background levels of GLY-LI. B: Reloading with GLY (1 mM) for 30 minutes
dramatically increased GLY-LI in amacrine cell somata and in boutons in the IPL. The line
profile curve shows increased levels of GLY-LI in the amacrine cell somata and in the IPL
(right border of the gray shading in the curve box). C: Loading with GLY in the presence of
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100 uM DETA increased the GLY-LI in the IPL and in amacrine cell somata in comparison
with GLY loading only. D: Loading with GLY in the presence of 100 uM 8BrcGMP, however,
did not mimic the effects of DETA, with the line profile curve roughly matching that seen with
GLY loading only. E: Loading with GLY in the presence of 100 uM SIN-1 also raised GLY -
L1 above the levels seen with loading GLY alone, but more prominently in the IPL. F: Loading
with GLY in the presence of 100 uM BIC mimicked the effects of DETA or SIN-1, with
increased GLY-LI in amacrine cell somata and in the IPL, but the levels of increase in the IPL
were not as great as those seen with DETA or SIN-1. G: Combining 100 uM SMTC with BIC,
however, reduced the effects of BIC alone. H: SMTC alone did not enhance the loading of
GLY. For abbreviations, see list. Scale bars = 25 pum.
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Glycine release experiments. A: Retinas loaded with 1 mM GLY for 180 minutes were used
as a control, and showed strong GLY-L1 in both amacrine cell somata and boutons in the IPL.
This control line profile curve is presented as the right borderline of the gray shading. Higher
GLY-LI levels are indicated toward the right and as darker shades in the shade gradient box
on top of the line profile curves. In B-H, all retinas were treated as follows after being loaded
with 1 mM GLY for 180 minutes. B: High-K stimulation dramatically reduced the levels of
GLY-LI, and the line profile curve is shown as the left borderline of the gray shading. C: DETA
(100 uM) dramatically increased the levels of GLY-LI in amacrine cell somata, in somata in
the GCL, and in boutons in the IPL, leading to significantly higher numbers of labeled amacrine
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cell somata than in the controls. D: Treatment with 100 M 8BrcGMP did not mimic the effects
of DETA, showing a line profile curve more similar to that of the controls. E: SIN-1 (100 M)
mimicked some effects of DETA in that the GLY-LI levels were raised in both amacrine cell
somata and in boutons in the IPL, but not in somata in the GCL. F: BIC (100 M) also increased
GLY-LI in amacrine cell somata and in some boutons in the IPL. G: Adding 100 M SMTC to
100 M BIC reduced the GLY-LI in amacrine cell somata, in somata in the GCL, and in some
boutons in the IPL, in comparison with BIC alone. H: SMTC itself had little effect on GLY-
LI, showing a similar line profile curve to that of the control. For abbreviations, see list. Scale
bars 25 p m.
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The line profile curves for the GLY uptake experiments are presented together to show the
differences between the treatments in specific retinal layers. The line profile curve of the
unloaded control is shown as the bottom border of the gray shading, and the line profile curve
for the GLY-loading is shown as the top border of the gray shading. For abbreviations, see list.
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The line profile curves for the GLY release experiments are presented together to show the
differences between the treatments in specific retinal layers. The line profile curve of the
untreated but GVG-loaded control is shown as the top border of the gray shading, and the line
profile curve for the High-K treatment is shown as the bottom border of the gray shading. For
abbreviations, see list.
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The area-under-the-curve (AUC) values for the amacrine cell somata and the IPL of the GLY-
LI line profile curves. A: The efficacy of treatments in promoting GLY uptake were calculated
based on the comparison of the difference in the GLY-LI AUC between untreated control
retinas (0% uptake) and the retinas loaded with GLY (100% uptake); B: The efficacy in
stimulating GLY release was calculated based on the comparison of the AUC difference
between the GLY-loaded control retinas (0% release) and High-K-stimulated retinas (100%
release); C: The amacrine cell somata count reflects the number of somata with strong GLY-
LIinthe INL seen with each treatment. The somata counts were obtained from images of retina
that were matched in terms of their retinal location and the length of retina analyzed. For

abbreviations, see list.
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