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Abstract. Rod-dominated transient retinal phototropism (TRP) has been recently observed in freshly isolated
mouse and frog retinas. Comparative confocal microscopy and optical coherence tomography revealed that the
TRP was predominantly elicited from the rod outer segment (OS). However, the biophysical mechanism of rod
OS dynamics is still unknown. Mouse and frog retinal slices, which displayed a cross-section of retinal photo-
receptors and other functional layers, were used to test the effect of light stimulation on rod OSs. Time-lapse
microscopy revealed stimulus-evoked conformational changes of rod OSs. In the center of the stimulated region,
the length of the rod OS shrunk, while in the peripheral region, the rod OS swung toward the center region. Our
experimental observation and theoretical analysis suggest that the TRP may reflect unbalanced rod disc-shape
changes due to localized visible light stimulation. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.

JBO.21.6.065006]
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1 Introduction
Located at the back of the eye, the retina is a complex neural
system that consists of multiple types of neural cells for light
capturing and visual information processing.1 Retinal rod and
cone photoreceptors are the first-order neurons responsible
for converting light energy into biochemical and bioelectrical
activities, i.e., phototransduction processes.2 It is well known
that the cone photoreceptors are responsible for photopic vision
and rod photoreceptors are responsible for scotopic vision. Early
studies showed that retinal cone photoreceptors exhibited differ-
ential sensitivities to light entering the eye from different por-
tions of the pupil.3 The sensitivity to the light entering from the
center of the pupil was higher than that of the light entering from
the periphery of the pupil.4 This phenomenon is described as the
Stiles–Crawford effect (SCE). In general, it is believed that
physical properties, such as the shape and orientation of retinal
photoreceptors, govern SCE.5,6 Retinal photoreceptors are
physically oriented toward the center of the pupil,7 and that
architecture makes them most sensitive to the light entering
from the center of the pupil. It is known that SCE is predomi-
nantly observed in cone photoreceptors.8 However, why it is
absent in rod photoreceptors is still not well understood.9

Recently, oblique light stimulation evoked transient retinal pho-
totropism (TRP) has been detected in amphibian (frog) and
mammalian (mouse) retinas.10 High-resolution microscopy of
freshly isolated retinas indicated that TRP is predominated by
rod photoreceptors.10 We speculate that the rod-dominated TRP
may provide a quick compensation for the light inefficiency of
oblique illumination, and the time course of the observed TRP
can be too short to be detectable by the psychophysical methods

used for traditional SCE studies.3,9 Comparative confocal
microscopy and optical coherence tomography revealed that
TRP was predominantly elicited from the rod outer segment
(OS).11 However, the biophysical mechanism of rod OS dynam-
ics is still unknown.

This study was designed to investigate conformational
changes of rod OSs correlated with localized visible stimulation.
Retinal slices, which display a cross-section of retinal photore-
ceptors and other functional layers, were used to test the effect of
light stimulation on rod OSs. High spatiotemporal resolution
near-infrared (NIR) light microscopy was employed to monitor
photoreceptor changes in retinal slices stimulated by visible
light flashes. Leopard frogs (Rana Pipiens) and mice (Mus mus-
culus) were used in this study. We selected frog retinas as the
primary specimens while mouse retinas were used to verify the
photoreceptor movement in mammals. The frog retinas were
selected as a primary specimen because of the following rea-
sons: 1) frog photoreceptors are relatively large and allow unam-
biguous observation of individual photoreceptors, 2) frog rod
and cone photoreceptors can be easily separated based on
their cellular diameters. It is known that the diameter of rod pho-
toreceptors (∼5 to 8 μm) is much larger than that of cone photo-
receptors (∼1 to 3 μm), and 3) frog rod and cone photoreceptors
are stratified into different depths, which allows easy evaluation
of rod OSs.12 Schematic diagram of retinal photoreceptors of
leopard frog [Fig. 1(a)] and histological images [Figs. 1(b)
and 1(c)] verify that the OS tips of cone and rod photoreceptors
are located at different depths. The red and green arrows show
cone and rod photoreceptors, respectively. Moreover, compara-
tive histological images of dark-adapted [Fig. 1(b)] and light-
adapted [Fig. 1(c)] retinas showed increased distances between
the rod tips and Bruch’s membrane. In other words, reduced rod
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OS length was observed in the light-adapted retina compared to
that in a dark-adapted retina. Therefore, we speculated that the
visible light stimulation may produce transient rod OS changes,
and TRP may reflect unbalanced rod disc-shape changes due to
localized light phototransduction.

2 Methods

2.1 Sample Preparation

Retinal samples were prepared in a dark room with dim red light
illumination. After 4 h of dark adaptation, eyes were enucleated
from euthanized frogs or mice. The eyeball was hemisected
along the equator with fine scissors and the anterior structures
were removed from the retina. The retina was separated from
the retinal pigment epithelium (RPE). The isolated retina was
then cut into retinal slices with 150 μm thickness. Without
RPE, retinal slices provided a simple preparation to enable
easy observation of individual photoreceptors and quantitative
calculation of photoreceptor movements. The entire sample
preparation procedure was performed in Ringer’s solution con-
taining 110.0 mM∕LNaCl, 2.5 mM∕LKCl, 1.6 mM∕LMgCl2,
1.0 mM∕L CaCl2, 22.0 mM∕L NaHCO3, and 10.0 mM∕L
D-glucose.14–16 Retinal slices were immersed in a chamber filled
with Ringer’s solution and placed under an NIR light micro-
scope for optical imaging. Retinal slices were illuminated
from the side, which comprised a cross-section of retinal photo-
receptors and other functional layers. All experiments were per-
formed following the protocols approved by the Animal Care
Committee at the University of Illinois at Chicago.

2.2 Experimental Setup

An NIR light microscope (BX531WI, Olympus, Japan) with a
40× NA 0.8 water immersion objective lens was used for this
study. Figure 2 shows a schematic diagram of the experimental
setup that has been used for intrinsic optical signal (IOS)17,18 and
TRP10 studies in freshly isolated retinas. A high-speed camera
(Neo 5.5, Andor Technology Ltd., Belfast, Ireland) was used for
dynamic NIR microscopy imaging. The NIR light for optical
imaging was produced by a halogen lamp with a band-pass filter
(wavelength band: 775 to 1000 nm). The stimulus light was pro-
vided by a fiber-coupled light-emitting diode with a central
wavelength of 550 nm (wavelength range: 450 to 650 nm).

The retinal slices were stimulated by a rectangular shape stimu-
lus light pattern. The width of the stimulus light pattern was con-
trolled by an adjustable slit in the stimulus path. Adjustable light
intensity was controlled with neural density filters. For illus-
trated measurements in this article, we selected the following
stimulus intensities: ∼1.0 × 107, 1.0 × 108, 1.0 × 109, and
1.0 × 1010 photon∕μm2 · s, with 1 s stimulus duration. All illus-
trated images in this article were captured at a speed of
100 frames∕s, with a frame resolution of 512 × 512 pixels.
The entire experiment for each retinal preparation was com-
pleted within 2 h after animal euthanasia.

Fig. 1 (a) Schematic diagram of retinal photoreceptors of the leopard frog adapted from Ref. 12, (b) his-
tological images of dark-adapted and (c) light-adapted frog eyes adapted from Ref. 13. The red arrows
indicate cone photoreceptors and the green arrows indicate rod photoreceptors. INL, inner nuclear layer;
OPL, outer plexiform layer; ONL, outer nuclear layer; IS, inner segment; OS, outer segment; RPE, retina
pigment epithelium; BrM, Bruch’s membrane; ChC, choriocapillaris.

Fig. 2 Schematic diagram of experimental setup. The NIR light was
used for retinal imaging. The visible light stimulator was used for reti-
nal stimulation. A slit was used to limit the visible stimulus light into
a rectangle shape. In front of the high-speed camera, the NIR filter
was used to block visible stimulus light.
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2.3 Data Processing

Optical flow is a well-established method for calculating target
movements between two images. It identifies movements in
sequential images, which makes the method suitable for tracking
movements of retinal cells.11 To verify the photoreceptor dis-
placement, we adopted optical flow MATLAB® software devel-
oped by Sun et al.19 Stimulus-evoked photoreceptor movement
was quantified in magnitude and direction maps by comparing
the images before and after the stimulation. In order to automati-
cally segment active areas and inactive areas in a displacement
magnitude map, Otsu’s thresholding method20 was used. The
active area is the location with detectable photoreceptor dis-
placement, while the inactive area is the location without detect-
able displacement. Segmented active areas were color coded in
the direction map.

Centroid detection algorithm was used to study the stimulus-
evoked OS changes’ kinetics of individual rod photoreceptors.
A similar algorithm has been well established for single mol-
ecule localization to achieve super-resolution imaging, such as
photoactivated localization microscopy (PALM) and stochastic
optical reconstruction microscopy, at nanometer resolution.21–24

In this study, a small rectangular window was drawn on the tip
of the rod OS and the intensity centroid of the window was
tracked in each frame of the video. If the background of the
image was completely black (i.e., zero intensity), the centroid
movement in the vertical direction should be exactly half of
the physical length change of the photoreceptor tip; i.e., if
the photoreceptor was shrunk by 2 pixels in the vertical direc-
tion, the centroid should move 1 pixel in the vertical direction.
However, the background of the image recorded with micros-
copy was not totally black. In fact, the contrast between the
photoreceptor and background was poor due to the transparency
of retinal tissues. Because the centroid detection method is
sensitive to the background level, it requires background

correction for reliable measurement. The performance of the
centroid detection method can be improved by using a simple
background filtering approach or by using a more robust back-
ground-corrected centroid estimation method, such as super-
resolution analysis tools (QuickPALM).21 We resolved this
problem by calibrating each photoreceptor in the first frame of
each image sequence. First, a small rectangular window was
drawn which covers approximately half background and half
photoreceptor tip as shown in Fig. 3(a). The window was shifted
up to 4 pixels above and 4 pixels below the original position,
with one pixel interval in the vertical direction. At each position
of the selected window, the centroid was calculated. The cent-
roid movement in the vertical direction was plotted against
the magnitude of the window shift in the vertical direction.
The relation between these two variables was almost linear.
A best fit line was plotted and the slope of the line was calcu-
lated. The slope of the line provided the relation between the
photoreceptor movement and centroid movement when the
background was nonzero.

We tested this technique on a simulated rectangular photo-
receptor created with intensities 128þ ðrandom values × 10Þ,
as shown in Fig. 3(a). The centroids were calculated by placing
the photoreceptor in three different (high, intermediate, and low)
background conditions. First, the simulated photoreceptor was
placed on a completely black background [Fig. 3(a)]; i.e., all the
background pixels had zero intensity. The calibration factor was
0.50, which indicated that the photoreceptor movement was two
times that of the centroid movement. Second, the simulated
photoreceptor was placed on backgrounds with intensities that
were nearly half of the photoreceptor intensity [Fig. 3(b)]. The
background was formed by creating pixel values with intensities
60þ 10 × random variables to create slightly different inten-
sities in the background region. The calibration factor for
intermediate contrast conditions was 0.14, which indicated
that photoreceptor movements were nearly seven times that of

Fig. 3 Effect of the background on the centroid calculation. The first row shows a simulated photorecep-
tor at three different contrasts compared to its background: (a) high contrast, (b) intermediate contrast,
and (c) low contrast. The calibration factor was calculated by shifting a small rectangular area [i.e., a
region of interest (ROI)] one pixel at a time in the vertical direction. The second row shows shifting
of x-coordinates of the centroid when ROI shifts in the vertical direction. The calibration factor for the
high-contrast image (a) was 0.50, the calibration factor for the intermediate-contrast image (b) was
0.14, and the calibration factor for the low-contrast image (c) was 0.05.
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the centroid movement. Third, the simulated photoreceptor was
placed on the background with a slightly lower intensity
(100þ 10 × random variables) than that of the photoreceptors
[Fig. 3(c)]. The calibration factor for low-contrast conditions
was 0.05, indicating that the photoreceptor movement was 20
times of the centroid movement. The aforementioned centroid
displacement method was used to calculate the stimulus-evoked
OS change kinetics of individual rod photoreceptors of retinal
slices. To verify the reliability of the observed rod OS changes,
we repeated the measurements with nine retinal slices under
identical experimental condition.

3 Results

3.1 Video Microscopy of Stimulus-Evoked Rod
Outer Segment Changes

Figures 4 and 5 illustrate representative measurement with
mouse and frog retinal slices, respectively. Individual mouse
photoreceptors can be ambiguously observed in Fig. 4(a), and
stimulus-evoked OS change of a single mouse rod photoreceptor
(yellow arrowhead) is shown in Fig. 4(b). Compared to a mouse
photoreceptor, individual photoreceptors can be easily observed

Fig. 4 (a) Stimulus-evoked mouse rod OS movement (Video 1, MOV, 56 KB) [URL: http://dx.doi.org/10
.1117/1.JBO.21.6.065006.1]. The yellow window indicates the stimulation area. (b) OS changes of
a mouse rod photoreceptor (yellow arrowhead) at the center of the stimulus window.

Fig. 5 (a1) Stimulus-evoked frog rod OS movement (Video 2, MOV, 64 KB) [URL: http://dx.doi.org/10
.1117/1.JBO.21.6.065006.2]. The yellow window indicates the stimulation area. Corresponding optic flow
visualization results are shown in (a2) and (a3). (a2) Rod OSmagnitude map derived from the image and
(a3) rod OS direction map. Inactive area mapped by black background. Active/inactive areas are sep-
arated according to the displacement magnitude using Otsu’s thresholding method. The active area is the
location with detectable photoreceptor displacement, while the inactive area is the location without
detectable displacement. The distribution around 0 and 180 deg represents moving toward right and
left, respectively, while that around 90 deg represents shrinkage. Stimulus-evoked OS changes in
frog rod photoreceptors at the left edge (rod 1), center (rod 2), and right edge (rod 3) of the window
are shown in (b1), (b2), and (b3), respectively. At the center of the stimulus pattern, the rod OS tip move-
ment was predominated by shrinkage, i.e., OS length reduction. At the left and right edges of the stimulus
pattern, the rod OS tip movement was predominated by a shift toward the center of the stimulus.
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in Fig. 5(a1). Movie clips associated with Figs. 4(a) and 5(a1)
revealed rapid rod OS length and orientation changes in mouse
and frog retinas. Each movie represents a 5.0 s time-lapse
microscopy video clip that consists of a 0.5 s prestimulus, 1.0 s
stimulus, and 3.5 s post-stimulus recordings. The magnitude and
direction of rod OS change varied with the photoreceptor posi-
tion within the stimulation area. In the center of the stimulation
region, the length of the OS shrunk, while in the peripheral
region, the OS swung toward the center of the stimulation area
in the plane perpendicular to the incident stimulus light. The
diameters of mouse photoreceptors (both rods and cones ∼1
to 2 μm) were relatively smaller than those of frog photorecep-
tors (rod: ∼5 to 8 μm, cone: ∼1 to 3 μm).25,26 For easy calcu-
lation of individual photoreceptor movements, we used frog
retinal slices for quantitative analysis of rod OS changes at
the center and periphery of the stimulus pattern.

3.2 Quantitative Comparison of Transient Rod
Outer Segment Changes

Figures 5(a2) and 5(a3) show the magnitude and direction map
derived from the two microscopy images taken before and after
100 ms of the stimulation using the optic flow method described
in Sec. 2. The magnitude map is color coded [Fig. 5(a2)]. The
direction map revealed that photoreceptors located at the left
edge of the stimulation center moved toward the 0 deg direction
(right direction), whereas photoreceptors located at the right
edge of the stimulation center moved toward 180 deg (left direc-
tion). While the optical flow map revealed robust rod OS shifts
at the right and left edges of the stimulus pattern, it was not sen-
sitive enough to disclose the small rod OS shrinkage at the
center of the stimulus pattern. Figure 5(b) illustrates stimulus-
evoked OS changes’ kinetics of individual rod photoreceptors.
At the left edge (rod 1) of the stimulus pattern, the rod OS tip
movement was predominated by a 0.77 μm shift to the right
[Fig. 5(b1)]. At the center (rod 2) of the stimulus pattern, the
rod OS tip movement was predominated by shrinkage of
0.14 μm, i.e., OS length reduction [Fig. 5(b2)]. At the right
edge (rod 3) of the stimulus pattern, the rod OS tip movement
was predominated by a 1.11 μm shift to the left [Fig. 5(b3)].

We repeated the measurements with nine retinal slices under
identical experimental conditions. The average transverse
movement (tip shift) and shrinkage (length reduction) of nine
left-edge, nine center, and nine right-edge rods are shown in
Fig. 6. Our results revealed that the peripheral rod OS tip shifted
toward the center of the stimulus pattern, while the center rod
OS length reduced unambiguously. As shown in Fig. 6, the
average shrinkage and shift of the photoreceptors located at
the center of the stimulation area were 0.16� 0.06 and
0.06� 0.02 μm, respectively. Similarly, the average shrinkage
and shift at the left peripheral region of the stimulation area
were 0.21� 0.10 and 0.48� 0.25 μm, respectively, and the
average shrinkage and shift at the right peripheral region of
the stimulation area were 0.16� 0.05 and 0.38� 0.16 μm,
respectively. The average shift of the photoreceptors located
at the center of the stimulation area was smaller than the average
shrinkage. In contrary, the average shrinkage of the photorecep-
tors located in the peripheral regions was smaller than the
average shift. The left and right photoreceptor shifts were sig-
nificantly different (p < 0.01) from that of the central photo-
receptor, whereas the remainder of the comparisons were not
statistically different.

3.3 Effect of Stimulus Strength on Rod Outer
Segment Changes

To further understand the stimulus-evoked photoreceptor
kinetics, we measured the effect of stimulus light intensity on
the rod OS shift response. Individual photoreceptors at the
left/right edges of the stimulus pattern were selected for meas-
urement. Experimental data were collected from 12 retinal slices
with four different stimulus intensities. For each stimulus inten-
sity, three retinal slices were measured. We measured the latency
time (the time delay before detectable response), peak time (the
time to peak magnitude), and peak amplitude. Figure 7 shows
the averaged rod OS responses (latency, peak time, and peak
amplitude) corresponding to four stimulus intensities. It was
observed that the peak amplitude increased with enhanced
stimulus intensity [Fig. 7(b)]. However, the latency decreased
with enhanced stimulus intensity [Fig. 7(c)]. Similarly, the
peak time, i.e., time to peak, decreased with enhanced stimulus
intensity [Fig. 7(d)].

4 Discussion
Rods and cones are specialized for different aspects of vision. It
is known that cones are less sensitive but allow color vision in
bright light conditions. In contrary, rods are extremely sensitive
but only provide monochromatic vision in dim light conditions.
Phototransduction takes place in the photoreceptor OS, espe-
cially in the membranous discs. It is established that the visual
pigment rhodopsin is embedded in the OS discs.27 However, the
format of rhodopsin organization in the disc membrane is still
controversial.27 In history, it was proposed that the rhodopsin
can be freely diffusing in the disc membrane.28,29 However,
recent studies revealed a variable fraction of immobile rhodop-
sin and heterogeneity of rhodopsin diffusion.27,30,31 In this study,
our observed OS morphological change, due to local stimula-
tion, provides additional evidence to support the existence of
immobile rhodopsin and multiple-order architecture of rhodop-
sin organization in the photoreceptor. We speculate that local
conformational change occurred due to visible light stimulation.
Predominant OS length shrink was observed when the rod was
fully covered by the stimulus pattern, while predominant OS tip
shift was detected when the rod was partially covered by the
stimulus pattern. A similar model has been proposed by Asai
et al.32 Previous studies have reported swollen disc membranes
and shrinkage with respect to the osmotic pressure of the bathing
medium,33 rod OS volume changes due to the illumination,34–37

Fig. 6 Averaged stimulus-evoked OS changes from nine rod photo-
receptors at the left edge, center, and right edge of the stimulus
pattern. The OS tip movement was predominated by a shrinkage
response at the center of the stimulus pattern and by a shift response
at the peripheral region of the stimulus pattern.
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permeability changes in the photoreceptor disc membranes due
to the illumination,38 bleaching that causes the rhodopsin to sink
into the lipid core,39 conformational changes, such as turbidity,
viscosity, and light scattering intensity of the disc membrane
upon its bleaching,32 intradistal space expansion and contraction
with respect to the osmotic pressure of impermanent substan-
ces,40 and birefringence of the rod OS changes after bleaching.41

It has been reported that the illumination generates changes in
the outer enveloping plasma membrane, which lead to a reduc-
tion in the dark current.38 Although disc membranes in rods are
isolated and freely floating in the outer enveloping membrane,42

it is highly possible that disc membranes undergo conforma-
tional changes in such a way that the diffusion of ions during
phototransduction would be compensated.

The conformational change of the rod OS upon stimulation
depends upon the intensity of the stimulus light [Fig. 7(a)].
When the stimulus intensity changed from 107 to
1010 photon∕μm2 · s, the latency changed from 570 to 10 ms,
and the peak time changed from 1457 to 90 ms. The number
of bleached rhodopsin molecules increased with enhanced
light intensity to accelerate the conformational changes in the
rod OS, causing a shortened latency and time-to-peak. Early
studies have shown an inverse relation between the light

intensity and rhodopsin concentration across the rat retina.43,44

If a rat raised in low light intensity was moved to high light
intensity, its rod OS shortened and rhodopsin concentration
decreased and vice versa. In our study, the enhanced light
intensity accelerated the conformational changes in the rod
OS, causing a shortened latency and time-to-peak. The photo-
receptor response did not increase after certain stimulus inten-
sity, rather it decreased slightly [Fig. 7(b)]. We speculated that
this might involve complications of rod saturation and adapta-
tion mechanisms.

In this study, the OS responses were quantitatively calculated
from individual photoreceptors. However, we cannot exclude
the possibility that the movement of individual photoreceptors
could be influenced by physical connection to their neighboring
photoreceptors. We are also aware that the experiment using iso-
lated retina without RPE was different from natural conditions,
and the stimulus-evoked movements might be overestimated
compared to that in in situ conditions. Further in vivo investi-
gation is required for better understanding of the observed rod
OS changes.

Moreover, the stimulus-evoked rod OS changes may contrib-
ute to stimulus-evoked IOS signals45 observed in both isolated
retinas,11,17,46–48 intact animals,49–51 and human subjects.52–55

Fig. 7 Effect of stimulus strength on rod OS changes. (a) Rod OS changes elicited by different stimulus
intensities, (b) averaged peak amplitude (n ¼ 3 rods) versus stimulus strength, (c) averaged latency
(n ¼ 3 rods) versus stimulus strength, and (d) averaged peak time (n ¼ 3 rods) versus stimulus strength.
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Comparative study of the stimulus-evoked TRP and IOS has
been discussed in our previous publication.10 Stimulus-evoked
IOSs correlated with action potentials and postsynaptic poten-
tials have also been detected in excitable neural tissues56,57 and
endocrine cells.58,59 Biophysical sources and physiological
mechanisms of the IOSs in neural tissues have been explored
by several research groups.56,57,60–63 Multiple physiological
processes, such as neurotransmitter secretion,64 reorientation
of membrane proteins and phospholipids,56,57,65 and refractive
index change of neural tissues66 during neural activation, might
contribute to the observed IOSs observed in neural tissues.
Water influx in response to ionic currents through gated chan-
nels during depolarization causes cellular swelling, which can
also produce light scattering61,62,67,68 and polarization changes63

in stimulus-activated excitable cells.

5 Conclusion
In summary, the rods at the center of the stimulation region
shrunk as they were exposed to visible light homogenously,
while those in the periphery of the stimulation region shifted
as each rod was partially exposed to light. The observed rod
OS morphological change due to local stimulation provides
experimental evidence to support the existence of immobile rho-
dopsin and multiple-order architecture of rhodopsin organiza-
tion in the photoreceptor.27,30,31 The rod OS movement due to
uneven stimulus light distribution at a single cell level may elu-
cidate the mechanism underlying oblique light stimulus-evoked
TRP in rods.10 Further investigation is required to understand
the biochemical mechanism of the observed rod OS kinetics.
A better study of the TRP may provide a noninvasive IOS
biomarker to enable early detection of age-related macular
degeneration and other diseases that are known to produce
retinal photoreceptor dysfunctions.
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