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Abstract: Transient retinal phototropism (TRP) has been predominantly observed in rod
photoreceptors activated by oblique visible light stimulation. Dynamic confocal microscopy
and optical coherence tomography (OCT) have revealed rod outer segment (ROS) movement
as the physical source of TRP. However, the physiological source of ROS movement is still
not well understood. In this study, concurrent near-infrared imaging of TRP and
electroretinogram (ERG) measurement of retinal electrophysiology revealed that ROS
movement occurs before the onset of the ERG a-wave, which is known to reflect the
hyperpolarization of retinal photoreceptors. Moreover, substitution of normal superfusing
medium with low-sodium medium reversibly blocked the photoreceptor ERG a-wave, but
largely preserved the stimulus-evoked ROS movements. Our experimental results and
theoretical analysis indicate that early, disc-based stages of the phototransduction cascade,
which occur before the hyperpolarization of retinal photoreceptors, contribute to the TRP
associated ROS movement.
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1. Introduction

Transient retinal phototropism (TRP) has been observed in both amphibian (frog) and
mammalian (mouse) retinas illuminated by oblique visible light [1]. High-resolution
microscopy revealed that the TRP is dominated by rod photoreceptors. Functional optical
coherence tomography (OCT) located the anatomic source to rod outer segment (ROS) [2].
Our recent studies with retina slices, which enable a cross-sectional view of mouse and frog
photoreceptors, confirmed the ROS movement as the physical mechanism of TRP [3]. This
TRP provides a reasonable explanation for the Stiles—Crawford effect (SCE) [4] being
predominantly observed in cones and not rods. In other words, the loss of luminous efficiency
caused by oblique stimulation may be compensated by the phototropic movement of ROSs.
Although the stimulus-evoked property of TRP indicates a cause-and-effect relationship
between phototransduction and TRP, the physiological mechanism underlying TRP remains
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unclear. Previous studies of isolated ROS [5, 6] and of isolated intact retina [7, 8] have shown
that in response to a visible flash, photoreceptors exhibit an intrinsic near infrared scattering
signal. As the ROS movement represents a morphological change in the retina, it is logical to
hypothesize that the phototropic response of ROSs is a key component of the light-scattering
signal [9], i.e., TRP may also originate from the ROSs. Our previous studies showed that the
onset time of the intrinsic optical signal (IOS) precedes the onset time of the
electroretinographic (ERG) a-wave, which reflects the hyperpolarization of photoreceptor
outer segments (OS) [10, 11], and the rod dominant phototropism was suggested to be a
primary contributor to the IOS [1, 12]. Therefore, we further hypothesized that the onset of
TRP occurs earlier than cell hyperpolarization in the phototransduction cascade.

To investigate the physiological origin of TRP, we have employed a modified Ringer’s
medium with sodium ions substituted by choline to maintain a condition of shut-off of rod
circulating current and, thus, of suppressed stimulus-evoked hyperpolarization of the rods and
signal transmission to downstream neurons (e.g., bipolar cells) [13—15]. Choline-substituted
medium achieves the shut-off of the circulating dark current because choline, unlike sodium,
does not pass through cyclic guanosine monophosphate (cGMP) gated ion channels. Thus, if
TRP has a receptoral origin, it should persist during superfusion with low-sodium medium.
Furthermore, the TRP, if resulting from receptoral events upstream from the closure of
c¢GMP-gated ion channels, might develop on a time scale faster than that of the ERG a-wave,
which largely reflects the decrease in circulating current through cGMP-gated ion channels.

2. Materials and methods
2.1 Retinal preparation

Both leopard frogs (Rana Pipiens) and mice (Mus musculus) have been used to demonstrate
stimulus evoked ROS movement [3]. We selected frog retinas for this study because frog
photoreceptors are relatively large and allow unambiguous observation of individual
photoreceptors. Therefore, quantitative analysis of ROS movement can be readily
implemented. The retinal preparation procedure has been reported in our previous
publications [16]. Briefly, leopard frogs were euthanized by decapitation followed by double-
pithing after dark adaptation for more than eight hours. The eyes were then enucleated and
hemisected along the equator with fine scissors. A circular section of the retina with a
diameter of about 6 mm was separated from the retinal pigment epithelium (RPE) and
isolated from the back of the eye. Next, the isolated retina was positioned in a chamber (Fig.
1A) with the OS of the photoreceptor facing upward and was continuously superfused with
oxygenated Ringer’s medium at room temperature (18~20 °C). The Ringer’s medium
contained 110.0 mM NacCl, 2.5 mM KCl, 1.6 mM MgCl,, 1.0 mM CaCl,, 22.0 mM NaHCO:;,
and 10.0 mM D-glucose, pH 7.3~7.4. The low-sodium medium was prepared by replacing the
NaCl in the Ringer’s medium with 110.0 mM choline chloride [7]. All procedures for
preparation and study of the retina were performed in a dark room with dim red light
illumination. All experiments were performed following the protocols approved by the
Animal Care Committee (ACC) at the University of Illinois at Chicago, and conformed to the
statement on the use of animals in ophthalmic and vision research, established by the
Association for Research in Vision and Ophthalmology (ARVO).

2.2 System setup

As shown in Fig. 1(A), the imaging system was based on a modified NIR light microscope
(BX531WI, Olympus, Japan) with a 40X water immersion objective lens (UMPLFLN40XW,
NA 0.8, Olympus, Japan). A CCD camera (pixel size: 7.4 um X 7.4 um; Pike, Allied Vision,
Exton, PA) was employed for image acquisition. The acquisition rate was set to 100 frames
per second (fps) with a frame resolution of 400 x 400 pixels. To specify the onset time of
ROS movements, the CCD camera was replaced by a CMOS camera (pixel size: 6.5 pm x 6.5
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um; Neo 5.5, Andor Technology Ltd, Belfast, Ireland), providing an acquisition rate of 500
fps with a frame resolution of 431 x 122 pixels. A fiber-coupled light emitting diode (LED)
with a central wavelength at 550 nm (bandwidth: ~200 nm) was connected to the microscope
to provide oblique light stimulation (angle: ~20°, Fig. 1(B)). The stimulus pattern projected
onto the retina was a rectangular area (Figs. 1(B) and 2(A)) of dimensions 19.8 um X 252 um
that covered about two rod photoreceptors in the lateral direction. The stimulus intensity was
empirically set to ~1.13 x 10° photon/um?/s to enable robust ROS movement.

Full-field ERG recording [17] was implemented by placing differential electrodes on the
top and bottom of the retina (Fig. 1(A), dashed square). The recorded ERG signal (sampling
rate: 10 kHz) was processed by a physiological amplifier (DAM 50, World Precision
Instruments, Sarasota, FL) with a gain of 1,000 and a bandpass of 0.1 Hz to 10 kHz. The
amplified ERG response was digitized using a 16-bit DAQ card (NI PCle-6351, National
Instruments, TX) and was sent to the computer for display and storage. The image
acquisition, stimulation and ERG recording were hardware-synchronized and software-
controlled by a custom-designed Labview (National Instrument, TX) program.
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Fig. 1. (A) Schematic diagram of the experiment setup. Left: A custom modified microscope
with a 40X water immersion microscope and a CCD (100 fps) or a CMOS (500 fps) camera
was employed for imaging. Right: The ERG recoding was achieved by placing electrodes on
the retina in a glass chamber (dashed square). The isolated retina was continuously superfused
with physiological medium during the experiment. (B) The retina was placed with
photoreceptor layer on the top and was obliquely (~20°) stimulated by visible light from the
top [2]. The coordinate axes shown at the bottom were used to define the direction of ROS
movement. The 90° direction represents ROS movement toward the incident stimulation.

2.3 Experimental procedure

To investigate retinal physiological responses, the retina was consecutively superfused with
Ringer’s solution, low-sodium solution and then Ringer’s solution again. Each superfusion
period lasted 20 minutes, allowing a complete replacement of the previous superfusion
medium and sufficient retinal recovery, and was followed by a five-second imaging period.
During the imaging period, the superfusion was suspended to provide a static imaging
environment. Each imaging period was composed of three phases, including a 1.0-s pre-
stimulus phase, a 1.0-s stimulus phase and a 3.0-s post-stimulus phase.
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2.4 Data analysis

The methods employed for the quantification of ROS movements and the segmentation of
active areas were as described previously [2]. An optical flow algorithm [18] was employed
to generate a movement magnitude map (Figs. 2(B) and 2(D)) and a movement direction map
(Fig. 2(E)) for each acquired retinal image. Based on the magnitude map, a threshold was
automatically calculated using Otsu’s method [19]. Those pixels that had a higher movement
magnitude than the threshold constituted active areas and the rest were inactive areas. The
inactive areas on the direction map were then set to blue to highlight the active areas.

The temporal dynamics of the ROS movement magnitude was investigated by calculating
the time course of the mean movement magnitude of the ROSs in each frame. The calculation
of the mean movement magnitude was similar to that previously used for the computation of
I0Ss [10, 11]. The primary procedures were the following: a 3-6 threshold and a temporal
window were applied to exclude potential spatial and temporal noise contributions. For the 3-

d threshold, a pixel (p) with coordinator index (xp , yp) on a magnitude map with frame index

k was assumed to reflect the signal if its intensity 7, (x Yy ) satisfied

Ik (xp’yp)>pr(xp’yp)+3§pre(xp’yp) (1)

where Tm (xp, y p) represents the mean intensity of the pixels with same index (x 4 p) in

all pre-stimulus magnitude maps and 5p,,e(xp,yp) represents the standard deviation. The

temporal window was further employed to eliminate random movements that may have had
higher magnitudes than the 3-6 threshold but were not stimulus-related in magnitude map £.
That is, we used this temporal window to examine whether /,, (xp, yp),---,1k+n (xp, yp)
were consistently above the 3-8 threshold and #» was the frame number within the temporal
window. Finally, a mean ROS movement magnitude, representing an overall movement level
in frame &, was calculated by averaging all 7, (x,y)s that, by the above criterion, were taken

to be ROS movement signals, and a magnitude-time curve (Fig. 2(F)) was obtained by
aligning the mean ROS movement magnitudes together according to the time sequence.
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Fig. 2. (A) Top: Representative microscopy images of ROSs acquired in intervals of 0.2 s. The
white regions in the panels represent the stimulus pattern presentations. Bottom: The imaging
period (5 s) had three phases: pre-stimulus (1 s), stimulus (1 s), and post-stimulus (3 s) phases.
(B) Dynamic magnitude changes of ROS movements corresponding to the retinal images in A.
Enlarged microscopy image of ROSs acquired at time 0.4 s (C) and the corresponding
movement magnitude (D) and direction (E) maps. (F) Time course of the mean magnitude of
ROS movements. (G) Full-field ERG recorded from the isolated retina. The shaded areas in F
and G indicate the stimulus duration.

3. Results

Figure 2 shows imaging data (Figs. 2(A)-2(E)), and time courses of stimulus-evoked ROS
movement (Fig. 2(F)) and the ERG response (Fig. 2(G)) obtained in a representative
experiment. This experiment involved superfusion only with normal Ringer’s solution, and an
image acquisition rate of 100 fps. The Fig. 2(A) images show the mosaic pattern of ROS. The
Fig. 2(A) images were obtained before, during and after a 1-s stimulus, and Fig. 2(C) shows
replicates, at higher magnification, the image obtained at time 0.4 s. The Fig. 2(B) data show,
in color-coded fashion, the image by image determination of ROS movement for the Fig.
2(A) images. The Fig. 2(B) ROS movement image obtained at time 0.4 s, and the color key
that applies to the Fig. 2(B) data are shown in Fig. 2(D). The color-coded Fig. 2(E) image
shows the direction of ROS movement corresponding to the Fig. 2(D) image. As shown
respectively in Figs. 2(F) and 2(G), the stimulus evoked a rapidly rising mean movement of
the ROS, and an ERG response that contained a negative going a-wave followed by a positive
going b-wave.

A key objective of this study was to investigate the relative times of onset of the stimulus-
evoked ROS movement and development of the ERG a-wave. Figure 3, which shows results
obtained from a single representative retina, addresses this topic of relative timing of the ROS
movement and the ERG a-wave response. To compare the time courses of these responses
with an imaging temporal resolution exceeding that of Fig. 2 experiment, the imaging field in
the Fig. 3 experiment was confined to a smaller area (Fig. 3(A)) of ROSs, allowing a higher
image acquisition rate (500 fps), i.e., a 2-ms temporal resolution. Signal denoising was
performed by averaging the magnitude-time curves of ROS movements and ERGs acquired
from ten different locations of the retina. Figs. 3(Bl) and 3(Cl) display the averaged
magnitude of ROS movements and ERGs over time. Figs. 3(B2) and 3(C2) provide enlarged
illustration for the dashed squares in Figs. 3(B1) and 3(C1), respectively. For the ROS
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movements, the corresponding time of the first frame that had a mean movement magnitude
larger than the 3-0 threshold (mean plus three standard deviations) was assumed to be the
onset time. The criterion also applied for estimating the onset time of the ERG a-wave. The
onset times (red triangles in Figs. 3(B2) and 3(C2)) of ROS movements and ERGs were 10
ms and 38 ms, respectively, indicating a 28-ms delay for ERG a-wave onset.
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Fig. 3. (A) Representative ROS image acquired at a frame speed of 500 fps. Time course of the
averaged mean movement magnitudes of ROSs (B1), and averaged ERGs (C1) acquired from
ten different retinal locations. (B2) Enlarged picture of the dashed square in B1. (C2) Enlarged
picture of the dashed square in C1. The red triangles in B2 and C2 indicate the onset times
determined by the 3-8 threshold of ROS movement and ERG a-wave, respectively. Each data
point shown in C2 (sampling rate of the original data: 10 kHz) represents the value exhibited at
the end of a given 2-ms interval. Gray areas in B1 and C1 show standard deviations. Shaded
areas in B1, B2, C1, and C2 represent stimulation periods.

In order to further investigate the relationship between the stimulus-evoked ROS
movement and the electrophysiological response, we conducted comparative experiments
with the retinas superfused with control Ringer’s medium and low-sodium medium. During
the experiment, the imaging area was fixed on the same location of the retina (Figs. 4(Al),
4(B1) and 4(Cl)), avoiding possible differences in retinal responses caused by different
retinal locations. Retinal images acquired at time 0.4 s (when ROSs usually have the
maximum displacement) and their corresponding photoreceptor movement magnitude maps
and direction maps are shown in Figs. 4(A1)-4(A3), 4(B1)-4(B3) and 4(C1)-4(C3),
respectively.

As shown in Figs. 4(A2), 4(B2) and 4(C2), robust ROS movements were observed in the
retina superfused with both normal medium and low-sodium medium. At the same time, the
movement direction was centered near 90° (Figs. 4(A3), 4(B3) and 4(C3)), showing that the
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stimulated rod photoreceptors swung toward the direction of the stimulus. The coordinates of
the movement angle are shown in Fig. 1(B).

Figs 4(A4), 4(B4) and 4(C4) show time courses of the magnitude values of ROS
movements. The waveforms of all three panels exhibited a stable and flat stage prior to flash
presentation, a rapid rise upon the initiation of the flash stimulus, and a peak value at about
0.5s.

As illustrated in Figs. 4(A4), 4(B4) and 4(C4), substitution of low-sodium medium did not
substantially affect either the time course or the peak amplitude of the ROS movement period.
However, the ERG responses were totally abolished by low-sodium medium (Fig. 4(B5)) and
recovered essentially fully upon return of normal medium (Fig. 4(C5)).
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Fig. 4. Comparison of ROS movements and ERGs between control groups (superfusion with
Ringer’s medium) and the low-sodium group (superfusion with low-sodium medium). The
retina superfusion followed a sequence of Ringer’s medium superfusion (control group), low-
sodium medium superfusion (low Na® group), and Ringer’s medium superfusion (control
group). Representative ROS images acquired from the same area of the retina before (Al),
during (Bl) and after (Cl) superfusion with the low-sodium medium. Representative
movement magnitude maps and movement direction maps, before (A2, A3, respectively),
during (B2, B3, respectively) and after (C2, C3, respectively) superfusion with the low-sodium
medium. Time course of the mean movement magnitude of ROSs and ERGs acquired before
(A4, AS, respectively), during (B4, BS5, respectively) and after (C4, CS5, respectively) the low-
sodium superfusion. The magnitude maps (A2, B2 and C2) and direction maps (A3, B3 and
C3) were calculated from the retinal images acquired at 0.4 s after the onset of the stimulus in
the different groups.

Figure 5 illustrates ROS movement and ERG data obtained from a group of six retinas,
including the retina described in Fig. 4. In each panel of Fig. 5, the mean ROS movement or
ERG trace (black waveform) is accompanied by the standard deviations of data about the
mean (gray areas). For the ROS movement data as well as the ERG data, the relationship of
the standard deviation amplitudes to the mean waveform indicates general similarity of the
results obtained from different retinas.
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Fig. 5. Averaged ROS movements (A) and ERGs (B) of control (Al, B1), low-sodium (A2,
B2), and recovery (A3, B3) groups. Each trace is the average of data obtained from 6 frog
retinas. The gray area that accompanies each trace illustrates standard deviation. Vertical solid
and dashed lines show stimulus onset and offset, respectively.

4. Discussion

In this study, we have investigated the relationship between the stimulus-evoked ROS
movement and the ERG a-wave. In the presence of normal Ringer’s solution, we found that
the onset of ROS movement occurs earlier (~28 ms) than the onset of the ERG a-wave
response (Fig. 3). We hypothesized that ROS movement is driven by signals/processes in the
photoreceptors that are upstream from light-induced closure of the photoreceptor cGMP-gated
ion channels. To test this hypothesis, we measured the effect of treatment with low-sodium
medium, a condition that suppresses ERG a-wave generation. As shown in Figs. 4 and 5, our
findings that the low-sodium treatment largely preserves both the peak amplitude and time
course of ROS movement provide strong evidence that the events underlying ROS movement
do not depend on cGMP-gated ion channel closure. Rather, these events are tied directly or
indirectly to the upstream, disc-based phototransduction steps that involve the sequential
activation of rhodopsin, transducin and cGMP phosphodiesterase (PDE). As shown in Figs. 4
and 5, we observed that superfusion with low-sodium medium has little or no effect on the
onset time of the ROS movement response. This observation argues against an effect of
channel closure (i.e. ERG a-wave development) in either accelerating or delaying initiation of
the ROS movement. An earlier study, employing OCT to characterize 10Ss in the intact eye
of frog, showed that onset of the stimulus-evoked IOS response can occur as early as 4 ms
after flash initiation (Fig. 4C in [11]). This interval is shorter than the 10-ms onset time
determined for ROS movement in the present work. Because the previous and present studies
differ in several respects, including the investigation of intact eye vs. isolated retina, OCT vs.
microscopy system, and possible differences in photo stimulation efficiency, the extent to
which the presently measured ROS movement accounts for the previously measured overall
IOS remains to be determined. For isolated retina, this issue can be addressed in future work
by using either a camera with higher frame acquisition rate, or other high-speed imaging
techniques such as high-speed confocal [10, 20-22] or OCT [2, 11] systems.

It is interesting to consider our data in the context of the possibility that the blockage of
rod circulating current can provide osmotic and therefore structural changes within the
photoreceptor [23, 24]. The preservation of stimulus-evoked ROS movement in low-sodium
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medium argues against the possibility that an osmotic change tied to a light-induced change in
closure of cGMP-gated ion channels underlies the ROS response. However, remaining open
possibilities include stimulus-evoked rhodopsin-, transducin-, and/or PDE-dependent
permeability changes [25-27], compression of disc membranes [28], and the distribution of
the phospholipids in the disc membranes [29]. As TRP clearly depends on a structural
perturbation of the OS, these possibilities offer possible avenues for investigating the basis of
TRP at a subcellular level.

This study has involved the recording of stimulus-evoked retinal responses from isolated
retina. We selected isolated retina as the experimental preparation for two reasons. First,
isolated retina (in comparison with eyecup preparation or intact eyes) allows a more precise
and efficient control of the bathing environment. Second, the free distal ends of ROSs,
realized by separation of the retina from the RPE, enable a direct view of, and facile
quantification of, the ROS movements. However, it is important to clarify that the movement
magnitude of the photoreceptors in the isolated retina may differ from that in the natural
condition in which the ROSs interface with the RPE. For pursuing in vivo investigation, we
are constructing a super-resolution ophthalmoscope, based on virtually structured detection
(VSD) [30-33].

5. Conclusion

This study reports a comparative investigation of TRP associated ROS movement and
electrophysiological dynamics in the retina stimulated by oblique visible light. Our
experimental results and theoretical analysis suggest that early, disc-based stages of the
phototransduction cascade, which occur before hyperpolarization, contribute to the TRP-
associated movement of rod photoreceptors. As TRP reflects a functional response of the
retina to a light stimulus, further study of the TRP mechanism will not only benefit in depth
understanding of photoreceptor physiology, but also may provide a valuable biomarker for
advanced diagnosis of retinal diseases.
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