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1. Introduction

The central retina of humans, apes and monkeys is uniquely characterized amongst
mammals by the presence of the macula, a distinct and specialized area 6 mm in diameter
(=22 degrees of visual angle) centered on the fovea (Curcio et al., 2000). The fovea which
measures just 0.8 mm and contains the highest photoreceptor and RPE densities in the
retina, enables the high visual acuities achieved by primates. A defining characteristic of the
macula includes the presence of the xanthophyll pigments, lutein and zeaxanthin, which
give the macula its distinctive yellow color (Snodderly et al., 1984). Within the macula, rods
outnumber cones by 9:1, lower than the 20:1 rod to cone ratio found for the retina as a whole
(Curcio et al.,, 2000). Therefore, while the macula is cone enriched compared with the
peripheral retina, rods are the predominant photoreceptor. In primates, the macula is
surrounded by the “rod ring”, an area with a radius of approximately 10 to 25 degrees,
which contains the highest rod density within the retina (Curcio et al., 1990; Packer et al.,
1989; Wikler et al., 1990). For the purposes of the present paper, the central retina is taken to
be the area covering 40 degrees of visual angle which encompasses the macula and much of
the surrounding rod ring.

With increasing age, changes in retinal morphology include an overall thinning of the retina,
accumulation of lipofuscin within the retinal pigment epithelium, thickening of Bruch’s
membrane, accumulation of basal deposits on and within Bruch’s membrane, and
accumulation of drusen, the extracellular deposits below the retinal pigment epithelium
(Bonilha 2008). The number of photoreceptors within the central and peripheral retina are
differentially affected by age. Within the central retina, rod density decreases by 30%
between 20 and 90 years of age, while cone density remains constant at the fovea and across
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the central retina (Curcio et al., 1993; Gao & Hollyfield 1992). In contrast, cone density in the
peripheral retina decreases by 20% between 20 and 90 years of age, while the number of
peripheral rods remains constant after 35 years of age (Curcio et al., 1993; Gao & Hollyfield
1992).

Age-related changes in retinal function largely correlate with the morphological changes
that occur within the retina with increasing age. Psychophysical studies have documented
approximately 35% slowing in the rate of dark adaptation and a 3-fold rise in absolute rod
threshold between 20 and 90 years (Jackson et al., 1999). Age-related changes in cone
mediated function include reduced contrast sensitivity, lower critical flicker/fusion
frequency, poorer color discrimination and lower hyperacuities (Haegerstrom-Portnoy 2005;
Wang 2001).

With increasing age, changes observed in both rod and cone ERGs include delays in ERG
implicit times, and decreases in ERG a- and b-wave amplitudes (Berrow et al., 2010; Gerth
2009). Aged related changes in phototransduction, measured from the bright flash ERG a-
wave, include lower rod sensitivity and slowing of rod inactivation kinetics (Jackson et al.,
2006). The changes in psychophysical and ERG functional measures with increasing age
cannot be accounted for by changes in optical media properties alone and are therefore,
attributable to functional/morphological changes in the retina and/or central nervous
system (Morrison, & McGrath 1985; Spear 1993).

Age-related macular degeneration (AMD) is the most common cause of legal blindness in
the elderly in the developed world. AMD is a heterogeneous disorder affecting the retinal
pigment epithelium/Bruch’s membrane complex which results in photoreceptor
dysfunction and loss. Early AMD is associated with changes in pigmentation of the retinal
pigment epithelium and the presence of soft or confluent drusen in the macula. Signs of
advanced AMD include development of geographic atrophy of the retinal pigment
epithelium and choroidal neovascularization. AMD is associated with the same changes in
retina and retinal pigment epithelium observed with normal aging but in AMD these
changes are more marked, progressive and may result in severe visual loss (Bonilha 2008).
In AMD, both rod and cone photoreceptors are lost, and photoreceptor density decreases by
30-40% relative to age-matched controls within 0.5 - 3 mm from the fovea (Curcio et al.,
1996). Thus the loss of photoreceptors in the paramacular of AMD patients occurs over the
same area of maximal rod loss seen in non-pathological aging. Rod death precedes that of
cones and there is a greater loss of rods in most AMD patients (Curcio et al., 1996). A recent
study, however, reported earlier and more extensive aberrant distribution of opsin
immunolabeling compared with rhodopsin in AMD eyes (Shelley et al., 2009). These results
suggest that sub-clinical pathological changes may occur earlier in cone photoreceptors than
in the rods of AMD eyes.

Psychophysical studies largely support the histopathological evidence of rod and cone
photoreceptor loss in early AMD. Cone mediated functions, including flicker and s-cone
sensitivities, color vision, temporal contrast, and light adaptation recovery kinetics, are
altered in early AMD (Hogg, & Chakravarthy 2006; Neelam et al., 2009; Phipps et al., 2003).
Longitudinal studies indicate that some of these parameters alone or in combination may
predict those eyes that will progress to more advanced AMD with good specificity and
sensitivity (Neelam et al,, 2009). Psychophysical studies also support histopathological
evidence for greater dysfunction and loss of rods over cones in the parafovea (two to four
degrees from the fovea) in early AMD (Neelam et al., 2009). Losses in rod sensitivity precede
associated losses in photopic sensitivity and in 87% of AMD patients, the degree of rod
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sensitivity loss is greater than for cone sensitivity (Jackson et al., 2002). The time constant of
dark adaptation is also markedly delayed in AMD patients (Eisner et al., 1992; Haimovici et
al., 2002; Owsley et al.,, 2001). These disturbances of psychophysical function in AMD
patients are not limited to the macula but extend across the central retinal area at radii up to
25 to 40 degrees from the fovea, for rod and cone adaptation respectively (Neelam et al.,
2009).

ERG assessment of central retinal function in aging and AMD have largely focused on the
recording of cone-mediated responses from photopic multifocal (mfERG), focal (fERG) and
pattern (pERG) ERGs [Reviewed in (Berrow et al., 2010)]. AMD is associated with delayed
implicit times and/or reduction in ERG amplitudes in at least one of the response
components of each of these ERG modalities. Drusen are associated with slight delays in
mfERG implicit times, although changes are not limited to areas with drusen (Berrow et al.,
2010). Correlations between the amplitude of the focal ERG and severity of non-exudative
AMD have been reported (Falsini et al., 1999). A focal ERG implementation of the photo
stress test also found a significantly slower recovery of bleach cone response in ARM
patients (Binns, & Margrain 2007).

Many studies have documented that rhesus macaques develop age related changes in the
macula including the formation of drusen and pigmentary changes within the retinal
pigment epithelium that are the hallmark of early human AMD (e.g. (Dawson et al., 2008;
Gouras et al., 2008)). Like humans, the prevalence and severity of drusen increase with age
in rhesus macaques, while some 30% of macaques do not develop drusen at any age (Gouras
et al., 2008; Hope et al., 1992) . Drusen do develop earlier in macaques than human and
drusen may be observed in up to 53 % of macaques by 10 years of age (Hope et al., 1992),
approximately equivalent to 30 human years. Early- and late-onset macular disease has also
been reported in a closely related species, the cynomologus macaque (Macaca fascicularis)
(Umeda et al, 2005a). Drusen from both macaque species have been confirmed by
histopathology to closely resemble human drusen (Gouras et al., 2008). Furthermore,
immunohistochemistry and proteonomic studies of isolated drusen from macaques have
identified many of the compounds present in human drusen, including apolipoprotein E,
complement component C5, membrane cofactor protein and vitronectin (Umeda et al,,
2005b). Lastly, rhesus and cynomologus macaques share genetic and nutritional risk factors
with human AMD (Francis et al., 2008; Singh et al., 2009; Umeda et al., 2003, Umeda et al.,
2005b)

We have identified a distinct retinal disease syndrome that is characterized by dominant
inheritance and the early onset of pan-retinal drusen in Japanese macaques (Macaca fuscata)
at our Oregon National Primate Research Center (Neuringer M, et al. IOVS 2011;52:ARVO
E-Abstract 4008). In a survey of retinal status of 160 of these animals, 42 (26%) showed this
disease phenotype. These Japanese macaques are also closely related to the rhesus macaque
and we wanted to determine whether the drusen observed in these monkeys were
associated with changes in retinal function. Further, given the nature of the photoreceptor
changes seen in human AMD, we sought to determine whether central retinal function was
selectively altered in these Japanese macaques, particularly as a function of age.

While psychophysical measures of visual function are possible in non-human primates, our
experience is that the time involved in training is substantial. Depending of the complexity
of the psychophysical task, training may take 6 months to 2 years per animal, making
detailed functional examination of a large number of animals prohibitively costly. The
widely used full field-electroretinogram (ERG), provides an objective, quick and detailed
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assessment of retinal function in non-human primates (e.g (Jeffrey et al., 2002)). However,
full field ERG is relatively insensitive to the local structural and functional changes that
occur in the central retina in maculopathies such as AMD. Given that rods comprise 90% of
macular photoreceptors and that dysfunction and degeneration of rods may precede that of
cones with age and in AMD, there is a need for a robust ERG measure of central rod
function. Several methods have been used to measure a rod focal ERG for areas ranging
from 5 to 40 degrees of the central retina (reviewed in (Binns, & Margrain 2006). The basis of
all methods used for obtaining a focal rod ERG is the elimination of the scattered light
component generated from the peripheral retina. Sandberg et al (1996) used a subtraction
technique to eliminate the stray light component of the double peaked focal flash response.
Sandberg’s method was extremely time consuming as it required recording full-field ERGs
of varying intensity until a response was found that exactly matched amplitude and
temporal characteristics of the scattered light response of the focal ERG. The focal response
was calculated by subtracting the scattered light response from the original double peaked
ERG b-wave response. Other methods used for recording a focal rod-ERG include
suppressing the peripheral rods using a dim background, or using a using a very small five
degree dim stimulus that produced no recordable scattered light component (Binns, &
Margrain 2006; Choshi et al,, 2003; Hood et al., 1998). While rod-isolated focal ERG
responses can be obtained by these methods, the b-wave responses recorded are extremely
small (<10 pV).

Nusinowitz et al (1995) described a method for deriving focal rod-isolated ERG a-waves
from a 40 degree field centered on the macula. The technique used bright paired flashes. The
first bright flash triggers a response from local rods and cones in the central 40 degree field,
as well as from peripheral photoreceptors due to scattered light. The second flash, given
while central rods are still saturated from the first flash, triggers a response from cones and
peripheral rods, but not central, rods. The rod-isolated ERG response from the central 40
degree field, is obtained by subtracting the second flash response from the that of the first.
Relatively large focal rod ERG a-waves, with peak a-wave amplitude of some 40 pV were
obtained using this paired flash method. Nusinowitz et al (1995) was also able to fit a P3
model to these central rod a-waves, thereby providing a quantitative description of central
rod phototransduction. However, to achieve the alignment necessary for their technique,
Nusinowitz et al (1995) used Maxwellian view projection, a method not amenable to use
with anesthetized animals.

Here we adapt the method described by Nusinowitz et al (1995) to enable measurement of
rod phototransduction from the central retina of the anesthetized monkey using a standard
Ganzfeld stimulus. The results demonstrate a selective reduction in central rod function that
worsens with age in a group of Japanese macaques with dominant drusen. By comparison
there was no effect of drusen in these macaques on the kinetics of dark adaptation measured
with the full field bright flash ERG.

2. Experimental methods and results

2.1 Animals

All experiments were reviewed and approved by the Institutional Animal Care and Use
Committee of the Oregon National Primate Research Center and were conducted in
accordance with the ARVO statement for the Use of Animals in Ophthalmic and Vision
Research.
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Color retinal fundus photography was used to screen for retinal phenotypes in a troop of
Japanese macaques (Macaca fuscata) resident at the Oregon National Primate Research
Center since 1964. Selected macaques were also assessed by fluorescein angiography. We
identified a distinct retinal disease syndrome in these macaques that is characterized by
dominant inheritance and the early onset of pan-retinal drusen (Neuringer M, et al. IOVS
2011;52:ARVO E-Abstract 4008). Electroretinograms (ERGs) were recorded from eight of
these Japanese macaques that were aged between 6 and 27 years at the time of testing. Four
monkeys had no evidence of drusen, while the other 4 monkeys had severe drusen noted on
retinal fundus photographs and fluroscein angiograms.

2.2 Animal preparation

In preparation for ERG recording, monkeys were anesthetized with intramuscular injection
of ketamine (10 mg/kg), xylazine (1.0 mg/kg) and atropine (0.4 mg/kg). Anesthesia was
maintained with ketamine (5 mg/kg), xylazine (0.5 mg/kg) and atropine (0.4 mg/kg) at 30-
to 50-minute intervals as required. Ketamine and atropine were administered at least five
minutes before xylazine injection. Supplemental oxygen was delivered via nasal canula at
0.5 liters/minute, and both the heart rate and oxygen saturation were monitored by pulse
oximetry. Core body temperature was maintained between 37.0°C and 38.5°C by using
water-circulated heated pads placed either side of the animal. After completion of the ERG
studies, a triple antibiotic (Vetropolycin; Dechra Pharmaceuticals, Overland Park, KS) was
placed on the eyes and an analgesic (ketaprofen, 20 mg/kg) given intramuscularly. Animals
were recovered in a darkened room before being returned to their holding cage.

Before ERG recording, pupils were dilated to approximately 8 mm with phenylephrine
(2.5%) and tropicamide (1%). The cornea was anesthetized with proparacaine (1%) and
lubricated with methylcellulose (1%) before insertion of a bipolar Burian-Allen contact lens
electrode (Hansen Ophthalmic Development Laboratory, Iowa City, IA). A subdermal
needle electrode placed in the back served as ground. With the bright flash intensities used
here, we often encountered large flash artifacts during ERG recording. We found that
covering the silvered speculum of the Burian-Allen electrode with black ink from a
permanent marker and placing a collar made from black plastic around the top edge of the
speculum minimized such flash artifacts. Animals were dark adapted for 30 minutes prior to
ERG recording. ERGs were amplified (10 000) and filtered (-3dB at 0.1Hz & 1 kHz) before
being sampled at 5 kHz with a 12-bit A/D converter and stored for off-line analysis.

2.3 Light stimulation

Flash stimulation was provided by two high-intensity photoflash units (2405CX and a
modified 1205 CX power supplies with 205 flash units: Speedotron; Chicago, Ill) mounted
on a customized 35-cm Ganzfeld. Flash intensities in candela-seconds/metre? (cd-s/m?2)
were measured by a photometer with a scotopic filter set to integration mode for
measurement of brief flashes (PR1980A-PL, Photo Research, Chatsworth CA). Retinal
illuminance in scotopic trolands (sc Td-s) was calculated from the respective flash energies
and pupil size (Wyszecki, & Stiles 1982).

2.4 Method for measuring full field rod phototransduction
The left columns of Figures 1 & 2 outline the paired flash protocol (Birch, & Hood 1995)
used to derive full-field rod isolated ERG a-waves. Full-field ERG rod a-waves were
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recorded to flash intensities of 2.1 - 4.5 log sc Td-s in approximately 0.3 log unit steps. ERGs
to the first (test) flash contained both rod and cone contributions (Figure 1A). Isolating the
cone contributions to these ERGs required a differential approach that depended on first
flash intensity. For test flash intensities greater than 3.3 log sc Td-s, rods saturate for longer
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Fig. 1. Derivation of full- and restricted -field rod ERG a-waves. Left column: A. Mixed
rod/cone ERG a-waves to a range of flash intensities (2.1 - 4.5 log sc Td-s) in response to the
first flash of paired-flash paradigm. C. Cone ERG a-waves to the same flash intensities in
response to the second of the paired flashes. E. Full-field rod-isolated ERG a-waves obtained
by subtracting response in C from those in A. Dashed lines show the ensemble fit of the P3
model (eqn 1) to the leading edges of the ERG a-waves. For this 27 year old monkey, Rmaxps
=-146 nV, S = (16.2 sc Td-s)! s2, td = 3.6 ms. Right column: B. Mixed rod/cone ERG a-
waves to a range of flash intensities (3.2 - 4.8 log sc Td-s) in response to an isolated flash. D.
The cone and scattered rod contributions are calculated from the same flashes presented 2.2
sec after a 3.3 log sc Td-s conditioning flash. F. Rod-isolated ERG a-waves from the central
400 obtained by subtracting responses in D from those in B. Dashed lines show the ensemble
fit of the P3 model (eqn 1) to the leading edges of the ERG a-waves.For this 27 year old
monkey, Rmaxps = -47 uV, S = (5.1 sc Td-s)! s2, t4=3.5 ms
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than 1.5 seconds, but cones recover in less than 400 milliseconds (unpublished data).
Therefore, dark adapted cone ERGs were obtained by presenting two identical flashes
separated by an interstimulus interval (ISI) of one second (Figure 2B). Thus, the second flash
was presented while the rods were still saturated from the first flash. For retinal
illuminances under 3.3 log scot Td-s, rods did not saturate for sufficient time to allow direct
application of this paired flash method. Instead a two step process was necessary (Figure
2A). In the first step, ERGs were recorded to isolated test flashes (Figure 2A). In the second
step, the ERG was then recorded to these same test flashes, presented 1 second after a 3.3 log
sc Td-s conditioning flash (Figure 2A). This 1.0 sec interval ensured that the test flash
occurred after complete cone recovery but before the onset of rod recovery from the
conditioning flash. Figure 1C shows the full-field cone ERGs obtained using this differential
approach. Rod isolated ERG a-waves (Figure 1E) were obtained by subtracting the dark-
adapted cone-isolated ERGs (Figure 1C) from the mixed rod/cone responses (Figure 1A).

2.5 Method of rod phototransduction analysis
Rod phototransduction was quantified from the fit of the following P3 model to the leading
edges the rod-isolated ERG a-waves (Birch et al., 1995):

P3 (i, t)=[1-exp(-1 @S @ (t-ty)2)]® Rmaxps t > td 1)

where P3 is the leading edge of the a-wave at time (t) seconds, in response to a flash with
a retinal illuminance of I (sc Td-s). The parameters derived to fit the model were: S ((sc
Td-s)-1 s2), the sensitivity parameter that scales retinal illuminance; tq (secs), the delay due
to the filter and finite duration of the flash; and Rmaxps (uV) , the maximum rod
photoresponse .

The parameters of the P3 model were determined by fitting equation 1 simultaneously
(ensemble fit) to the leading edges of the of the ERG a-waves for retinal illuminances from
2.4 to 4.2 log scot Td-s . The “leading edge” of the ERG a-wave for each flash intensity was
determined to be all points with amplitude less than 80% of the a-wave peak. The 80% value
was chosen to avoid the influence of the post-receptoral components that contribute to the a-
wave near its peak (Robson et al., 2003). During fitting, Rmaxps was fixed at the maximal a-
wave amplitude obtained and S and tq were varied. All analysis was performed with custom
written Matlab programs (David Birch, Retina Foundation of the Southwest, Dallas, TX.).

In Figure 1C, the fit of the P3 model (dotted lines) provides a good description of the rising
phases to the ERG a-waves for all but the two highest intensities where rate saturation
becomes a limiting factor (Breton et al., 1994; Lamb et al., 1992).

2.6 Method for measuring restricted field rod phototransduction

The right columns of Figures 1 & 2 outline the protocol used to derive rod isolated ERG a-
waves from a 40 degree field centered on the macula (Nusinowitz et al., 1995). The restricted
field ERG protocol also makes used of the paired flash method, but requires two recording
steps (Figure 2 C). In the first step, the ERG is recorded to an isolated test flash (3.2 - 4.8 log
sc Td-s) presented over a 40 degree field centered on the macula (Figure 2C). The ERG
response ERGqotal to this isolated test flash (Figure 1B), contains rod and cone components
from the central 40 degree field as well as rod and cone components from the peripheral
retina generated by scattered light (Nusinowitz et al., 1995).; i.e.

ERGiotal = Rodscentral + Conescentral + ROdSperipheral + Conesperpipheral (Za)
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Fig. 2. Graphical representation of stimuli timing for rod phototransduction.A. Derivation of
full-field rod-isolated ERG a-wave requires two steps for test flash intensities < 3.3 log sc Td-
s. Isolated test flashes (step 1) contain both rod and cone (R+C) contributions. Step 2: The
interstimulus interval (ISI) between the conditioning flash (3.3 log sc Td-s) and test flash was
set to 1.0 sec. With this ISI, the ERG to the test flash contains only cone contributions. B. For
test flash intensities above 3.3 log sc Td-s, ERGs are recorded to identical flashes separated
by an ISI of 1.0 sec. C. Step 1: the test flashes presented in isolation in a 40° field centered on
the macula contain rod and cone contributions from the central retina (R. + Cc) and from the
peripheral retina (R, + Cp). Step 2: When presented 2.2 sec after a 4.4 log sc Td-s
conditioning flash, ERG recorded to the test flashes contain central and peripheral cone
contributions and peripheral rod contributions (see main text).

In the second recording step, the same test flash intensities from step 1 are each presented
2.2 sec after a 4.4 log sc Td-s conditioning flash (Figure 1C) that saturates central rods for
>2.4 sec (Jeffrey et al., 2002; Jeffrey, & Neuringer 2009). Cones recover in less than 0.4 sec to
this conditioning flash intensity (unpublished data). The intensity of the scattered light is
estimated to be 1.5 - 2.0 log units dimmer than the conditioning flash, i.e. scattered light
intensity in the peripheral retina ranges from 2.4 - 2.9 log sc Td-s (Nusinowitz et al., 1995).
At theses flash intensities, rods achieve greater than 90% recovery 2.2 sec after a flash
(Jeffrey, & Neuringer 2009). Therefore, ERGs recorded to the test flash presented 2.2 sec after
a conditioning flash, do not contain any rod responses from the central retina. However, by
2.2 sec, the central cones and peripheral photoreceptor responses will have fully recovered.
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Thus, the ERG response to a test flash presented 2.2 sec after the conditioning flash (Figure
1D) will be:

ERGtest = Conescentral + ROdSperipheral + Conesperpipheral (2 b)

The final step to isolating the rod ERG a-wave from the central 40 degree is to subtract the
ERGs recorded in step 2 (eqn 2b) from the total ERG response recorded to the same flash
intensities in step 1 (eqn 2a). i.e.

ROdscentral = ERGtotal - ERGtest (2C)

Figure 1F shows the rod-isolated ERG a-waves from a 40 degree field centered on the
macula of a 27 year old monkey.

For the restricted field ERG, the P3 model was fit to the leading edges of the ERG a-waves
for retinal illuminances from 3.5 to 4.8 log sc Td-s. The range of retinal illuminances for the
restricted field analysis, which was higher than the intensity range used for the full-field,
was necessary due to the lower sensitivity obtained from the rods in the central visual field
(see section 2.7 below).

2.7 Results: full- and restricted-field phototransduction

We examined whether rod phototransduction was altered in eight Japanese macaques that
either had no or only mild central drusen (n=4; mean age + SE = 11.8 £ 2.3 years) or severe
drusen (n=4; mean age * SE = 16.3 * 4.1 years). Rod phototransduction parameters were
compared using a 2-way ANOVA for the main effects of drusen and field size. There were
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Fig. 3. Mean phototransduction parameters by drusen group. Mean rod maximal responses,
Rmaxps (A) and sensitivities S (B) for drusen and no drusen monkeys for both full- and 40°-
fields. C. Ratio of 40° to full field values for Rmaxps and S.
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no significant differences between drusen and no drusen monkeys for the absolute values of
maximal rod response, Rmaxp; (Figure 3A) nor for rod sensitivity, S (Figure 3B). For both
Rmaxp; and S, there was a significant effect of field size (p<0.0001). For all monkeys
combined, Rmaxps from the central 40 degree field (mean * SE = -65.4 * 6.7 uV) was reduced
by 63 % in comparison with the mean full field value (-178.6 + 16.7 uV). Similarly rod
sensitivity from the central retina (7.1 + 0.6 [sc Td-s]"! s-2) was reduced 68 % compared with
full field values (21.8 + 1.3 [sc Td-s]! s 2) . Overall monkeys with severe drusen had greater
variability for both full- and restricted field values of Rmaxpzand S (Figures 3A & B).

While absolute values of rod phototransduction were not different between drusen and no
drusen monkeys, we wanted to examine whether there may be selective loss of central rod
function in monkeys with drusen. To this end, we calculated the ratio of the 40 deg to full
field values for each of the rod phototransduction parameters. Calculating this ratio negates
the inherent variability in absolute amplitude measures, and enables the central retina to be
normalized with respect to the whole retina for each animal. Figure 3C shows a trend for a
reduction in the 40°/full field ratio of Rmaxps from the drusen monkeys, although the
difference did not reach significance (p=0.13). This reduction in the 40°/full field Rmaxps
ratio suggests a selective loss of central rod function in drusen monkeys compared with the
no drusen monkeys. There was no difference in the 40°/full field S ratio between the drusen
and no drusen groups (Figure 3C).
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Fig. 4. Variation in phototransduction parameters with age.Rod maximal amplitude, Rmaxps
(A) and rod sensitivity S (B) plotted as a function of age for both full- and 40¢-fields. Solid
lines: 40¢ field, dashed lines: full field. C. Ratio of 40° to full field values for Rmaxpsz and S
plotted as a function of age. Solid line: Rmaxps, dashed line: S.
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We also examined the effect of age on rod phototransduction parameters. There were general
trends for inverse relationships between both Rmaxp; (Figure 4A) and S (Figure 4B) with age.
Note that since Rmaxps is plotted as a negative voltage, an inverse relationship for amplitude
(Figure 4A) will be in the opposite direction to the same relationship for S (Figure 4B). Figure
4C shows the plots of 400/full field ratios for Rmaxps, and S as a function of age. The negative
slope of the 400/ full field Rmaxps ratio with age (Figure 4C; solid symbols, solid line) suggests
a selective loss of central rod function with increasing age in these Japanese macaques.

2.8 Dark adaptation: ERG recording methods and analysis

The left column of Figure 5 outlines the paired flash protocol used to quantify the kinetics of
dark adaptation as measured from the recovery of rod-isolated ERG a-wave amplitude
following a bleach. In order to bleach greater than 99% of all retinal pigment, one eye of the
monkey was exposed to a yellow background with retinal illuminance of 15 000 cd/m? for
two minutes (Thomas, & Lamb 1999). To obtain the background intensity necessary for a
full bleach, we built a six cm mini-ganzfeld that was connected to an incandescent light

amplitude (V)

Rmay,

amplitude (uV)

rod amplitude (uV)

H w0 0 ;n fu !;U
post bleach time (min)

amplitude (V)

post flash time (ms)

Fig. 5. Derivation of full-field dark adaptation. A. Recovery of ERG a-wave amplitude to a
4.4 log sc Td-s flash over a 50 minute period following a >99% bleach. All ERG’s recorded
over the first 20 min are shown; at longer post-bleach times, every other ERG recorded (i.e. 4
min separation) is shown. Responses at 10 and 24 min post-bleach are indicated by the
dotted and dashed lines respectively. All ERGs contain mixed rod and cone contributions. B.
Cone isolated ERG a-waves to an identical flash (4.4 log sc Td-s) for the same post bleach
times shown in A. C. Full-field rod-isolated ERG a-waves obtained by subtracting the cone
responses in B from the mixed rod/cone responses in A. Vertical dotted line indicates the
time ( 6 ms post flash) at which rod ERG a-wave amplitude was measured. D. Rod isolated
ERG a-wave amplitude plotted as a function of time post bleach. The solid line, shows the
plot of equation 3. For this 27 year old monkey, Rmaxps; = -103 pnV, ¢, = 146, Tpa = 3.4 min.
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source through a filter box via two fiber optic cables. Following the full bleach, scotopic full-
field ERGs were recorded to paired identical flashes (4.4 log sc Td-s flash, ISI = 1.0 sec) every
two minutes for 50 minutes. The technique for isolating the rod ERG a-wave is essentially
identical to the method used above (Section 2.4 ) for assessing full field rod
phototransduction. Figure 5A shows the mixed rod/cone ERG responses recorded to the
first flash and Figure 5B corresponding cone isolated responses obtained from the second
flash of the pair. Rod isolated ERG a-waves (Figure 5C) were then obtained by subtracting a
dark-adapted cone-isolated ERGs (Figure 5B) from the mixed rod/cone responses (Figure
5A). Rod ERG a-wave amplitude was measured at 6 millisecond post flash (Figure 5C:
vertical dotted line) to avoid contamination by post-receptoral components that may be
present at the a-wave peak (Robson et al.,, 2003). Figure 5D shows the recovery of rod-
isolated full-field rod ERG a-wave amplitude plotted as a function of post-bleach time. The
recovery of ERG a-wave amplitude was well described by the following equation (Thomas,
& Lamb 1999):

Rmax(T) = Rmax()/[ 1 + c, ® exp(-T/Tpa)] 3)

where Rmax(T) is the ERG a-wave amplitude (uV) at post-bleach time T (min) and Rmax() =
ERG a-wave amplitude (uV) in the fully dark adapted retina. Derived parameters were c,
(no units) which describes the degree of reduction immediately after a bleach, and tpa
(minutes) is the time constant of recovery of ERG a-wave amplitude.

A No Drusen
o Drusen

...0.0-]
-0_2:
0.4
0.6-
0.8-
1.0-

0 10 20 30 40
post-bleach time (min)

Normalized DA

Fig. 6. Mean normalized dark adaptation by drusen group. Plot of mean normalized dark
adaptation for the no drusen (solid squares) and drusen (open circles) monkeys plotted as a
function of time. Solid and dashed lines show the mean fits of (eqn 3) for the no drusen and
drusen groups, respectively.

Figure 5D shows that rod recovery began around 10 minutes post bleach and was almost
complete by 24 minutes. The ERG responses at 10 and 24 minutes post-bleach are indicated by
the dotted and dashed lines respectively in Figures 5 A-C. The cone response recorded 2
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minutes post bleach (Figure 5B) was consistently smaller than all remaining cone ERGs. This
was true for all monkeys in this study and indicates that cone recovery following a full bleach
takes up to four minutes, similar to that reported for the human (Mahroo, & Lamb 2004) .
Figure 6 shows kinetics of dark adaptation were not different between the drusen and no
drusen monkeys. For all monkeys combined, the time constant of dark adaptation was 3.1 +
0.1 minutes (mean * SE) and ERG a-wave amplitude had reached >97% of the full dark-
adapted value within 28 minutes after a full bleach. These results in the Japanese macaque are
similar to those obtained for humans using a similar ERG protocol (Thomas, & Lamb 1999).

3. Conclusion

In a unique colony of Japanese macaques at the Oregon National Primate Research Center
we identified a distinct retinal disease characterized by dominant inheritance and the early
onset of pan-retinal drusen syndrome (Neuringer M, et al. IOVS 2011;52:ARVO E-Abstract
4008). Although only a small number of these animals were available for functional testing,
the ERG data presented in this report point to changes in the function of the central rods of
these monkeys. The reduction in the 400/full field ratio for Rmaxps in the drusen monkeys
suggests that the drusen in these animals is associated with selective changes in their central
rod function. An alternative interpretation would be that selective loss of central Rmaxps
may purely be a function of age based on the observed inverse correlation of 400/ full field
Rmaxps ratio with age, which was independent of drusen status. Monkeys in the drusen
group were older (mean * SE) at 16.3 £ 4.1 years than the no-drusen monkeys at 11.8 + 2.3
years, although the difference did not reach significance. Regardless of the cause
(drusen/age), the reduction in the 400/full field ratio for Rmaxps strongly suggests selective
dysfunction or loss of rods from central retina of these Japanese macaques. Given these two
results, a larger study will be required to determine if drusen status and/or age account for
the loss of rod response from the central retina of this unique group of macaques.

Apart from drusen, these animals have no other overt signs of retinal disease. Therefore, the
results presented in this study highlight that restricted field ERG measure of
phototransduction may provide an objective and robust means to detect early pre-clinical
signs of retinal dysfunction prior to the presence of more advances stages of age-related
retinal disease.

This group of Japanese macaques with early onset dominantly inherited drusen adds to and
complements other large scale studies in cynomologus and rhesus macaques that have
reported drusen, with similar phenotype and genotypic characteristics to those observed
with human drusen/early AMD. These non-human primate models of early AMD will
prove invaluable as a resource for studying both the molecular and genetic mechanisms
associated with the development of early AMD. In addition non-human primate models,
especially those with early onset drusen, will likely provide an invaluable resource for
preclinical testing of AMD therapies. Although rodent models can provide information
regarding some of the processes underlying macular degeneration in AMD, non-human
primates are the only animals with a retina essentially identical to that of the human. Only
monkeys, apes and humans have nearly identical retinal structure including the presence of
a macula and a foveal pit with high cone density and adjacent peak RPE cell density. Lastly,
rodents do not accumulate significant xanthophylls in the retina, whereas a defining
characteristic of the primate macula is the presence of the xanthophylls lutein and
zeaxanthin.
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