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Impact statement

As the center of phototransduction, retinal
photoreceptors are responsible for cap-
turing and converting photon energy to
bioelectric signals for following visual
information processing in the retina. This
article summarizes experimental observa-
tion and discusses biophysical mechanism
of fast photoreceptor-intrinsic optical
signal (I0S) correlated with early phase of
phototransduction. Quantitative imaging of
fast photoreceptor-IOS may provide
objective optoretinography to advance the
study and diagnosis of age-related macu-
lar degeneration, retinitis pigmentosa, dia-
betic retinopathy, and other eye diseases
that can cause photoreceptor

Abstract

Quantitative assessment of physiological condition of retinal photoreceptors is desirable for
better detection and treatment evaluation of eye diseases that can cause photoreceptor
dysfunctions. Functional intrinsic optical signal (I0S) imaging, also termed as optoretinog-
raphy (ORG) or optophysiology, has been proposed as a high-resolution method for objec-
tive assessment of retinal physiology. Fast I0S in retinal photoreceptors shows a time
course earlier than that of electroretinography a-wave, promising an objective marker for
noninvasive ORG of early phototransduction process in retinal photoreceptors. In this arti-
cle, recent observations of fast photoreceptor-IOS in animal and human retinas are sum-
marized, and the correlation of fast photoreceptor-lIOS to five steps of phototransduction
process is discussed. Transient outer segment conformational change, due to inter-disc
space shrinkage correlated with activation phase of phototransduction, has been disclosed

dysfunctions.

as a primary source of the fast photoreceptor-10S.
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Introduction

Retinal photoreceptors are responsible for capturing and
converting photon energy to bioelectric signals for follow-
ing visual information processing in the retina. It is known
that eye diseases, such as age-related macular degeneration
(AMD)," retinitis pigmentosa (RP),*> and diabetic reti-
nopathy (DR),°” can cause photoreceptor dysfunctions.
Early detection and therapeutic assessment are essential
steps to prevent vision loss due to eye diseases.
Electrophysiological measurements such as electroreti-
nography (ERG) have been used for objective measurement
of photoreceptor dysfunctions.>®” However, the spatial res-
olution of the electrophysiological measurement is limited.
Moreover, the electrophysiological recording provides an
integral signal over the whole thickness of the retina.
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In principle, different components of ERG, such as a-
wave and b-wave which reflect outer and inner retinal
responses, respectively, can be separately evaluated.®
However, pathological conditions of any individual retinal
layer may affect the electrical loop for electrophysiological
recording, which makes clinical interpretation complicated.

Early receptor potential (ERP) has been also detected in
the retina when a very bright light flash is used to stimulate
the eye.””'” ERP occurs almost immediately with the onset
of the bright light flash, followed by ERG a-wave. Because
the ERP magnitude is linearly proportional to the stimulus
intensity and rhodopsin concentration in the photoreceptor
outer segment (OS), it can serve as an objective functional
biomarker of retinal photoreceptors. ERP measurement has
been occasionally used for assessing photoreceptor
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function in RP patients.® However, the ERP magnitude is
relatively small, compared to ERG a-wave, and the very
bright flash is required to evoke detectable ERP, which
makes the patient uncomfortable. Thus, the clinical deploy-
ment of the ERP has been so far limited.

Functional intrinsic optical signal (IOS) imaging, also
termed as optoretinography (ORG) or optophysiology,"
promises a high-resolution method for objective assess-
ment of retinal physiology.'” In analogy to ERG which
records stimulus-evoked bioelectronic signal, ORG maps
stimulus-evoked 10S. Stimulus-evoked IOS changes have
been first observed in photoreceptor OS suspensions'>*°
and isolated retinas.'®'® Near infrared (NIR) light was typ-
ically used for recording IOS evoked by a visible light flash.
These early studies revealed a close relationship between
the transient I0OS changes and early phases of phototrans-
duction process.'® Since phototransduction abnormalities
have been consistently reported in AMD,**** DR,”*?
and RP*% functional imaging of IOS changes correlated
with phototransduction process promises a new method
for objective ORG assessment of photoreceptor dysfunc-
tions with high resolution.

Recently, functional imaging of stimulus-evoked 10S
changes in the retina has been actively explored.'**%
In addition, IOS changes in both retinal vascular layers
and inner retinal layers have been also observed, which
can reflect neurovascular coupling effect in the retina.*

Pre-stimulus Stimulus

In this article, we will primarily focus on the summary of
observations of fast photoreceptor-IOS and discuss its rela-
tionship to early phase of phototransduction process at the
photoreceptor OSs.

In vitro imaging of photoreceptor-10S

Time-lapse NIR light microscopy was initially used to image
transient IOS changes in freshly isolated retinas.>'™*
Technical details of the experimental setup and sample prep-
aration have been reported in previous publications.®*°
Figure 1 shows representative NIR imaging of transient
I0S changes in a freshly isolated frog retina.** As shown in
Figure 1(b) and (d), the fast photoreceptor-IOS occurred
almost immediately after the visible light stimulus, and the
10S magnitude and time course were found to be dependent
on the stimulus strength.* In addition, the time-lapse micro-
scopic observation of retinal slices, which allowed simulta-
neous observation of individual retinal layers, confirmed the
fast IOS change at the retinal photoreceptor layer and rela-
tively slow IOS change at the inner retina.”” Dynamic differ-
ential IOS processing, which works as a high-pass filter,
indicated that the early phase of the fast IOS can track retinal
flicker stimulation tightly.***’

Transient photoreceptor movement was also observed in
both amphibian (frog) and mammalian (mouse) retinas.***!
The transient movement was shrinkage-induced and pre-
dominantly observed in rod photoreceptors that could
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Figure 1. I0S imaging of a freshly isolated frog retina (Rana pipiens). (a) Representative raw image sequence of the retina. The images were recorded with a CCD
camera at a speed of 80 frames/s. The white spot in the third frame shows the visible stimulus pattern. (b) Corresponding IOS images. Each frame is an average over a
100 ms interval (8 frames). 200 ms prestimulus and 500 ms poststimulus images are shown. (c) Enlarged image of the third frame shown in (b). (d) Temporal profiles of
10S change. Tracings 1 to 3 are representative 10S of individual pixels, corresponding to three points of arrows in (c). Tracing 4 represents the averaged optical

response of the whole image area. The vertical line indicates the stimulus onset. ERG: electroretinography. Reprinted with permission from Yao and Zhao.*® (A color

version of this figure is available in the online journal.)
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rapidly shift toward the direction of the visible light stim-
ulus (onset time: 10ms for frog and 5ms for mouse).
Figure 2 illustrates representative time-lapse microscopy
of transient photoreceptor movement in one freshly isolat-
ed mouse retina. As shown in Figure 2, transient photore-
ceptor movement was observed to occur almost
immediately after the onset of the visible light stimulation
(Figure 2(c)). Dynamic confocal microscopy and optical
coherence tomography (OCT) study suggested that the
photoreceptor OS is the anatomic source of the transient
photoreceptor movement.*> Indeed, stimulus-evoked OS
conformational change was directly observed in retinal
slices with a localized visible light stimulus.*® This study

Intrinsic signal optoretinograpy of phototransduction

further supports that the OS conformational change may
correlate with phototransduction process, and inhomoge-
neous rhodopsin bleaching over the lateral dimension, i.e.
the OS disc plane, may alter orientation of retinal photo-
receptors. As shown in Figure 3, time-lapse microscopy
revealed vertical shrinkage of rod OSs by a visible light
stimulation.** The shrinkage of rod OSs occurred almost
immediately after the onset of the visible light stimulation
(Figure 3(c)). Transmission electron microscopy (TEM) fur-
ther confirmed shortened inter-disc spacing in light-
adapted rod OSs compared to that in dark-adapted rod
0Ss.** Since both fast IOS and transient OS conformational
change occurred almost immediately after light stimulus, it
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Figure 2. Stimulus-evoked photoreceptor movement in a mouse retina (Mus musculus). (a) NIR microscopic image of mouse photoreceptor mosaic. A 40x objective
with 0.75 NA was used. The image size corresponds to a 60 x 60 um? area on the retina. The green dashed rectangle indicates the oblique stimulation area. (b)
Displacements of 10 photoreceptors over time. The stimulus was delivered at time 0's. These 10 photoreceptors were specified by arrows in (a). Blue arrows in circles
indicate the direction of the displacement at 30 ms after light stimulus. (c) Averaged displacement of 10 photoreceptors. The inset panel shows the same data within
the period from —0.02 to 0.1's. Reprinted with permission from Lu et al.*® (A color version of this figure is available in the online journal.)

10 05 00 05 10 15 20
Time (s)

Figure 3. Stimulus-evoked OS length shrinkage of frog rod photoreceptor (Rana pipiens). (a) Representative microscopic images of a single isolated rod OS acquired
at intervals of 0.5s. To better show the light-evoked OS shrinkage, the base of the rod OS in each image is aligned horizontally following the black solid line at the
bottom. The black-dash line at the top represents the position of the rod OS tip at time —1 s. Scale bars represent 5 um. (b) Enlarged picture of the white rectangle in (a).
Scale bars represent 2 um. (c) Normalized OS length and diameter changes from 8 different rod OSs. A shaded area indicates the 1's stimulation period. Reprinted with
permission from Lu et al.** (A color version of this figure is available in the online journal.)
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is reasonable to speculate that the stimulus-evoked inter-
disc narrowing can be a primary source of the fast IOS in
retinal photoreceptors.

To better understand the physiological mechanism of the
fast I0S, comparative measurements of OS movement and
ERG were conducted (Figure 4). It was consistently observed
that the conformational change of OSs occurs earlier than the
onset of the ERG a-wave that reflects the hyperpolarization
of retinal photoreceptors.*> Moreover, substitution of normal
superfusing medium with low-sodium medium reversibly
blocked the photoreceptor ERG a-wave, but largely pre-
served the stimulus-evoked rod OS movements as shown
in Figure 5.*° This observation provides a solid evidence to
support that the fast IOS in retinal photoreceptors does not
depend on cyclic guanosine monophosphate (cGMP) gated
ion channel closure, which is the source of ERG a-wave.
Rather, fast IOS and rod OS conformational changes are
tied directly or indirectly to the early phase of phototrans-
duction process that involves the sequential activation of
rhodopsin, transducin, and <¢GMP phosphodiesterase
(PDE). A recent comparative study of wild-type (WT) and
retinal degeneration 10 (rd10) mice demonstrated that fast
photoreceptor-IOS occurs even earlier than PDE activation.*®

In vivo imaging of photoreceptor-l10S

Modified fundus camera,*”~>° adaptive op‘fics,Sl’52 confocal,>>*

and OCT*>>*! systems have been explored for in vivo retinal

30,47-50,53,54,57-59 and

IOS imaging of anesthetized animals
awake humans 552556061

A high-speed (200 frames/s) line-scan confocal ophthal-
moscope has been used to demonstrate in vivo IOS imaging
of intact frog eyes.>* Comparative ERG measurement was
implemented. As shown in Figure 6, fast photoreceptor-10S
occurs almost immediately after the onset of visible light
stimulus, which is consistent with early observations with
isolated retinas.®® IOS imaging of laser-injured frog eyes
demonstrated that the confocal IOS can clearly detect local-
ized (30 pm) functional lesions in the retina before morpho-
logical abnormality is detectable.”

Depth-resolved in vivo OCT imaging of stimulus-evoked
IOS changes in frog™ and mouse®” retinas further
showed that the fast IOS changes were primarily observed
at the photoreceptor layer, particularly the OS region. With
increased stimulus duration or repeated flash stimuli, IOS
changes were also detected in the inner retinal layers.
Figure 7 illustrates representative OCT imaging of transient
I0S changes in a mouse retina.”® As shown in Figure 7(a2),
fast IOS change consistently occurred right after the onset
of light stimulation; while, relatively slow IOS changes
were observed in the inner retinal layers (Figure 7(a2)),
and corresponding hemodynamic changes were detected
in trilaminar vascular plexuses in the retina (Figure 7(b2)).

High-speed adaptive optics imaging has revealed milli-
second level intensity fluctuations in human photoreceptors,
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Figure 4. Comparative measurement of stimulus-evoked ROS movement and ERG of frog retina (Rana pipiens). (a) Representative image of ROS acquired at a frame
speed of 500 fps. Temporal profiles of (b1) averaged ROS movement and (c1) averaged ERG response from 10 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 3-3 threshold of
ROS movement and ERG a-wave, respectively. Shaded areas in (b1), (b2), (c1), and (c2) represent stimulation periods. ERG: electroretinography; ROS: rod outer
segment. Reprinted with permission from Lu et al.*® (A color version of this figure is available in the online journal.)
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Figure 5. Comparative measurement of stimulus-evoked ROS movements and ERGs acquired from frog retinas (Rana pipiens) with (a) control Ringer’s medium, (b)
low sodium medium, and (c) recovery groups. Shaded areas represent stimulation periods. Modified with permission from Lu et al.*® ERG: electroretinography; ROS:

rod outer segment. (A color version of this figure is available in the online journal.)
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Figure 6. (a) In vivo I0S imaging and ERG measurement of frog retina (Rana pipiens). Each illustrated frame is an average over 100 ms interval (20 frames). The black
arrowhead indicates the onset of the 10 ms green flash stimulus. 200 ms pre-stimulus baseline and 900 ms post-stimulus 10S recordings are shown. (b) Representative
108 responses of individual pixels randomly selected from the image area. The gray bar indicates the stimulus onset and duration. (c) The top black trace shows the
10S magnitude (i.e. absolute value of the I0S) averaged over the whole image area, corresponding to the image sequence shown in (a). The gray trace shows one
control experiment without stimulation. The black trace below shows concurrent frog ERG. The gray bar indicates the stimulus onset and duration. ERG: electro-
retinography; 10S: intrinsic optical signal. Reprinted with permission from Zhang et al.>* (A color version of this figure is available in the online journal.)

and cone waveguiding efficiency was speculated to be
enhanced shortly following the bleach of visual pigment.®®
Similarly, phase-sensitive OCT imaging of awake human
retinas revealed rapid reduction of optical pathlength
(OPL) of photoreceptor OSs.®" The rapid OPL decrease of
OSs also showed a time course of millisecond level, which
is consistent with that of stimulus-evoked fast
photoreceptor-IOS in animal models.***®

Discussion

Biophysical mechanism of the fast photoreceptor-IOS may
attribute to transient OS shrinkage.**** Comparative TEM

has revealed shortened inter-disc spacing of OSs in light-
adapted retinas compared to that in dark-adapted retinas.**
Fast X-ray diffraction studies also found a light-induced
shrinkage of the disc lattice distance from both the frog
and mouse rod 0Ss.°*** A recent phase-sensitive OCT
study has revealed transient reduction of OPL of photore-
ceptor 08Ss,°! which is consistent with the vertical shrink-
age of photoreceptor OS.** In addition, both the fast
photoreceptor-IOS and OS shrinkage occur immediately
following the visible light stimulation,”~**> which is much
faster than ERG a-wave generation.***** These facts
appear to provide evidence that the fast IOS and
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Figure 7. Functional OCT of stimulus-evoked neurovascular responses in a mouse retina (C57BL/6J). (a1) Representative flattened OCT B-scan and (a2) spatio-

temporal neural-IOS map. (b1) Representative flattened OCTA B-scan and (b2) spatiotemporal hemodynamic-IOS map. Scale bars in (a1) and (b1) indicate 500 um. (c)
Neural-I0S changes of PL, OPL, IPL, and GCL. (d) Hemodynamic-IOS changes of SVP, ICP, and DCP. (e) Averaged onset times of neural-IOS changes at PL, OPL, IPL,
and GCL. (f) Averaged onset times of hemodynamic-lIOS changes of SVP, ICP, and DCP. SVP: superficial vascular plexus; ICP: intermediate capillary plexus; DCP:
deep capillary plexus; GCL: ganglion cell layer; IPL: inner plexiform layer; OPL: outer plexiform layer; PL: photoreceptor layer. Reprinted with permission from Yao
et al.?® (A color version of this figure is available in the online journal.)
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Figure 8. Phototransduction activation. Step 1: Incident photon (hv) is absorbed and activates a rhodopsin to R*. Step 2: R* makes repeated contacts with transducin
molecules, catalyzing its activation to G*. Step 3: G* binds inhibitory y subunits of the PDE activating its o and B subunits. Step 4: Activated PDE hydrolyzes cGMP.
Step 5: GC synthesizes cGMP. Reduced levels of cytosolic cGMP cause cyclic nucleotide gated channels to close, preventing further influx of Na* and Ca®*. GC:
guanylyl cyclase; PDE: phosphodiesterase; GDP: guanosine diphosphate; GTP: guanosine triphosphate; GMP: guanosine monophosphate; cGMP: cyclic guanosine

monophosphate. Reprinted from https://en.wikipedia.org/wiki/Visual_phototransduction. (A color version of this figure is available in the online journal.)

OS physical response may share the same physiological
mechanism as well as they may stem from the early
phase of phototransduction.

Figure 8 illustrates five steps of the phototransduction
process: (1) activation of rhodopsin (R); (2) activation of
G-protein transducin (G); (3) activation of the PDE; (4)
hydrolysis of cGMP; and (5) ion channel closure, i.e. hyper-
polarization of retinal photoreceptor. As shown in Figure 5,
substitution of low-sodium medium did not substantially
affect either the time course or the peak amplitude of the
fast OS change.”” However, the ERG response was signifi-
cantly suppressed by low-sodium medium and fully recov-
ered upon returning to normal medium (Figure 5).
This indicates that fast photoreceptor-IOS change does

not require the involvement of ion exchanges, accompany-
ing the hyperpolarization of retinal photoreceptors, i.e.
phototransduction step 5. In other words, this study
refers the physiological origin of the stimulus evoked 10S
change to the phototransduction steps 1-4.

A preliminary study of WT and rd10 mice suggested that
the fast photoreceptor-IOS might have a triggering point
even before the PDE activation, i.e. phototransduction
step 3.%° The rd10 mice are a model of autosomal recessive
RP and have a spontaneous mutation of the B-subunit of the
PDE.® The PDE deficiency in rd10 can cause the accumu-
lation of cGMP and then produce rod photoreceptor degen-
eration. However, as the rods still express about 40% of
endogenous PDE in the rd10 mouse, it has a relatively
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Figure 9. Comparative photoreceptor-IOS measurements in WT (C57BL/6J) and rd10 (B6.CXB1-Pde6b™'%J) mice at P14 and P16. (a1) and (a2) show averaged
photoreceptor-lOS responses recorded from 12 WT and 12 rd10 retinas at P14. (b1) and (b2) are statistics of peak amplitudes and time-to-peaks corresponding to the
data shown in (a1) and (a2), respectively (n =12, NS = not significant). Averaged magnitude-temporal curve of photoreceptor-IOS responses from (c1) 12 WT mouse
retinas and (c2) 12 rd10 mouse retinas at P16. (d1) and (d2) are statistics of peak amplitudes and time-to-peaks corresponding to the data shown in (c1) and (c2),
respectively (n =12, NS = not significant, **P < 0.05). Significance was determined by a two-sample t-test with equal variance assumed. The normality of data was
determined using the Kolmogorov-Smirnov test. Each solid curve in (a) and (c) represents the mean values, and the accompanied colored area represents the
corresponding standard deviations of the photoreceptor-IOS responses. The gray shaded areas represent stimulus duration. Reprinted with permission from Lu et a/.*®

(A color version of this figure is available in the online journal.)

delayed onset of rod photoreceptor degeneration.®® Before
postnatal days 15 (P15), the relative expression level of rho-
dopsin and transducin in rd10 mice are similar with that in
WT mice, while the relative expression level of PDE in rd10
mice is about 21%-28% of that in WT mice.®® If the PDE is
involved in the production of the fast photoreceptor-IOS,
the signal magnitude in rd10 should be smaller than that in
WT as the relative expression level of rhodopsin and trans-
ducin are similar. Therefore, a comparative study of WT
and rd10 mice before P15 can test the effect of PDE defi-
ciency on the fast photoreceptor-IOS. As shown in Figure 9,
the preliminary study revealed similar I0S changes in WT
and rd10 retinas at P14, but significant difference was
observed at P16. At P16, it is known that the relative expres-
sion level of rhodopsin and transducin is low in rd10 com-
pared to WT. Therefore, this observation supports that the
fast photoreceptor-1IOS has a signal source even before the
phototransduction step 3, i.e. the PDE activation is behind
the onset of photoreceptor-IOS response.*®

Taken together, the similarity of the properties of the fast
photoreceptor-IOS to that of ERP strongly argues that both
are produced by a similar phenomenon. The ERP is caused
by the rapid movement of charge across the photoreceptor
plasma membrane produced by conformational change in
rhodopsin after bleaching, the phototransduction step 1.%
The ERP increases linearly with the intensity of the light stim-
ulus. Similarly, the magnitude of fast IOS response also
showed a positive correlation with the number of incident
photons.”” Recent in vivo human studies also reported a light-
evoked rapid decrease of OPL within the cone OSs in a few
milliseconds.®®®' These results demonstrate the potential
capability of the fast IOS as a new imaging biomarker that
probes the early phase of phototransduction in the

photoreceptors. However, further investigations, such as
comparative ERP and IOS measurement with different
bleaching levels, are required to verify the exact effects of
the early phase of phototransduction on the fast
photoreceptor-IOS. Moreover, it is not clear if the observed
transient OS shrinkage may affect physiological properties of
the supporting tissue of the retina. Light-evoked expansion
of choroidal thickness and subretinal space has been reported
in mouse models.®® Further characterization of the relation-
ship between the transient photoreceptor OS shrinkage and
posterior segment dynamic may provide new biomarkers for
functional ORG assessment of retinal physiology.

Conclusion

Fast photoreceptor-IOS, which may attribute to step 1 and/
or step 2 of phototransduction, has been imaged in animals
and human subjects. Further development of the fast [0S
imaging technology promises an objective method for high
resolution ORG assessment of activation phase of photo-
transduction, improving early detection and clinical man-
agement of AMD, DR, RP, and other eye diseases which can
cause photoreceptor dysfunctions.

Authors’ contributions: XY drafted a first version of the
manuscript, and TK contributed to manuscript revision and
figure preparation.

DECLARATION OF CONFLICTING INTERESTS

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of
this article.



1094 Experimental Biology and Medicine Volume 245 July 2020

FUNDING

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: This research was supported in part by NIH grants
RO1 EY023522, RO1 EY030101, RO1EY030842, RO1EY029673,
and P30 EY001792; by Richard and Loan Hill endowment;
and by unrestricted grant from Research to Prevent Blindness.

ORCID iD

Tae-Hoon Kim (® https:// orcid.org/0000-0002-4391-4860

REFERENCES

1. Curcio CA, Medeiros NE, Millican CL. Photoreceptor loss in age-
related macular degeneration. Invest Ophthalmol Vis Sci 1996;37:1236-49
2. Yang S, Zuo C, Xiao H, Mi L, Luo G, Xu X, Liu X. Photoreceptor dys-
function in early and intermediate age-related macular degeneration
assessed with mfERG and spectral domain OCT. Doc Ophthalmol
2016;132:17-26
3. Jackson GR, Owsley C, Curcio CA. Photoreceptor degeneration and
dysfunction in aging and age-related maculopathy. Ageing Res Rev
2002;1:381-96
4. Berson EL, Gouras P, Gunkel RD. Rod responses in retinitis pigmento-
sa, dominantly inherited. Arch Ophthalmol 1968;80:58-67
5. Berson EL, Goldstein EB. Early receptor potential in dominantly inher-
ited retinitis pigmentosa. Arch Ophthalmol 1970;83:412-20
6. Holopigian K, Greenstein VC, Seiple W, Hood DC, Carr RE. Evidence
for photoreceptor changes in patients with diabetic retinopathy. Invest
Ophthalmol Vis Sci 1997,38:2355-65
7. McAnany JJ, Park JC. Cone photoreceptor dysfunction in early-stage
diabetic retinopathy: association between the activation phase of cone
phototransduction and the flicker electroretinogram. Invest Ophthalmol
Vis Sci 2019;60:64-72
8. Perlman I. The Electroretinogram: ERG by Ido Perlman, http:/ /webvision
medutahedu/book/electrophysiology / the-electroretinogram-erg/
2015 (accessed 14 June 2020).
9. Yonemura D, Kawasaki K. The early receptor potential in the human
electroretinogram. Jpn | Physiol 1967;17:235-44
10. Berson EL, Goldstein EB. The early receptor potential in sex-linked
retinitis pigmentosa. Invest Ophthalmol 1970;9:58-63
11. Bizheva K, Pflug R, Hermann B, Povazay B, Sattmann H, Qiu P, Anger
E, Reitsamer H, Popov S, Taylor JR, Unterhuber A, Ahnelt P, Drexler W.
Optophysiology: depth-resolved probing of retinal physiology with
functional ultrahigh-resolution optical coherence tomography. Proc
Natl Acad Sci U S A 2006;103:5066-71
12. Yao X, Wang B. Intrinsic optical signal imaging of retinal physiology: a
review. | Biomed Opt 2015;20:90901
13. Michel-Villaz M, Brisson A, Chapron Y, Saibil H. Physical analysis of
light-scattering changes in bovine photoreceptor membrane suspen-
sions. Biophys | 1984;46:655-62
14. Harary HH, Brown JE, Pinto LH. Rapid light-induced changes in near
infrared transmission of rods in bufo marinus. Science 1978;202:1083-5
15. Kaplan MW. Concurrent birefringence and forward light-scattering
measurements of flash-bleached rod outer segments. | Opt Soc Am
1981;71:1467-71
16. Kahlert M, Pepperberg DR, Hofmann KP. Effect of bleached rhodopsin
on signal amplification in rod visual receptors. Nature 1990;345:537-9
17. Pepperberg DR, Kahlert M, Krause A, Hofmann KP. Photic modulation
of a highly sensitive, near-infrared light-scattering signal recorded
from intact retinal photoreceptors. Proc Natl Acad Sci U S A
1988;85:5531-5
18. Liebman PA, Jagger WS, Kaplan MW, Bargoot FG. Membrane structure
changes in rod outer segments associated with rhodopsin bleaching.
Nature 1974;251:31-6

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

39.

40.

41.

. Bennett N. Light-induced interactions between rhodopsin and the

GTP-binding protein. Relation with phosphodiesterase activation. Eur
J Biochem 1982;123:133-9

Dimopoulos IS, Tennant M, Johnson A, Fisher S, Freund PR, Sauve Y.
Subjects with unilateral neovascular AMD have bilateral delays in rod-
mediated phototransduction activation kinetics and in dark adaptation
recovery. Invest Ophthalmol Vis Sci 2013;54:5186-95

Newman AM, Gallo NB, Hancox LS, Miller NJ, Radeke CM, Maloney
MA, Cooper ]JB, Hageman GS, Anderson DH, Johnson LV, Radeke M].
Systems-level analysis of age-related macular degeneration reveals
global biomarkers and phenotype-specific functional networks.
Genome Med 2012;4:16

Ronan S, Nusinowitz S, Swaroop A, Heckenlively JR. Senile panretinal
cone dysfunction in age-related macular degeneration (AMD): a report
of 52 amd patients compared to age-matched controls. Trans Am
Ophthalmol Soc 2006;104:232-40

Liu H, Tang J, Du Y, Saadane A, Samuels I, Veenstra A, Kiser JZ,
Palczewski K, Kern TS. Transducinl, phototransduction and the devel-
opment of early diabetic retinopathy. Invest Ophthalmol Vis Sci
2019;60:1538-46

McAnany JJ, Liu K, Park JC. Electrophysiological measures of dysfunc-
tion in early-stage diabetic retinopathy: No correlation between cone
phototransduction and oscillatory potential abnormalities. Doc
Ophthalmol 2020;140:31-42

Nakao T, Tsujikawa M, Notomi S, Ikeda Y, Nishida K. The role of mis-
localized phototransduction in photoreceptor cell death of retinitis pig-
mentosa. PLoS One 2012;7:€32472

Tzekov RT, Locke KG, Hood DC, Birch DG. Cone and rod ERG photo-
transduction parameters in retinitis pigmentosa. Invest Ophthalmol Vis
Sci 2003;44:3993-4000

Shady S, Hood DC, Birch DG. Rod phototransduction in retinitis pig-
mentosa. Distinguishing alternative mechanisms of degeneration.
Invest Ophthalmol Vis Sci 1995;36:1027-37

Yao X, Son T, Kim TH, Lu Y. Functional optical coherence tomography
of retinal photoreceptors. Exp Biol Med (Maywood) 2018;243:1256-64
Hunter JJ, Merigan WH, Schallek JB. Imaging retinal activity in the
living eye. Annu Rev Vis Sci 2019;5:15-45

Son T, Alam M, Toslak D, Wang B, Lu Y, Yao X. Functional optical
coherence tomography of neurovascular coupling interactions in the
retina. | Biophotonics 2018;11:€201800089

Yao XC, George JS. Dynamic neuroimaging of retinal light responses
using fast intrinsic optical signals. Neuroimage 2006,33:898-906

Yao XC, George JS. Near-infrared imaging of fast intrinsic optical
responses in visible light-activated amphibian retina. | Biomed Opt
2006;11:064030

Yao XC, Zhao YB. Optical dissection of stimulus-evoked retinal activa-
tion. Opt Express 2008;16:12446-59

Yao XC. Intrinsic optical signal imaging of retinal activation. Jpn |
Ophthalmol 2009;53:327-33

Yao XC, Li YC. Functional imaging of retinal photoreceptors and inner
neurons using stimulus-evoked intrinsic optical signals. Methods Mol
Biol 2012;884:277-85

Zhao YB, Yao XC. Intrinsic optical imaging of stimulus-modulated
physiological responses in amphibian retina. Opt Lett 2008;33:342-4
LiYC, Strang C, Amthor FR, Liu L, Li YG, Zhang QX, Keyser K, Yao XC.
Parallel optical monitoring of visual signal propagation from the pho-
toreceptors to the inner retina layers. Opt Lett 2010;35:1810-2

. Li YG, Zhang QX, Liu L, Amthor FR, Yao XC. High spatiotemporal

resolution imaging of fast intrinsic optical signals activated by retinal
flicker stimulation. Opt Express 2010;18:7210-8

LiYG, Liu L, Amthor F, Yao XC. High-speed line-scan confocal imaging
of stimulus-evoked intrinsic optical signals in the retina. Opt Lett
2010;35:426-8

Lu RW, Levy AL, Zhang QX, Pittler S, Yao XC. Dynamic near infrared
imaging reveals transient phototropic change in retinal rod photore-
ceptors. | Biomed Opt 2013,18:106013

Lu, Liu C, Yao X. In vivo super-resolution imaging of transient retinal
phototropism evoked by oblique light stimulation. | Biomed Opt
2018;23:1-4


https://orcid.org/0000-0002-4391-4860
https://orcid.org/0000-0002-4391-4860
http://webvisionmedutahedu/book/electrophysiology/the-electroretinogram-erg/2015
http://webvisionmedutahedu/book/electrophysiology/the-electroretinogram-erg/2015
http://webvisionmedutahedu/book/electrophysiology/the-electroretinogram-erg/2015

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Yao and Kim

. Wang B, Zhang Q, Lu R, Zhi Y, Yao X. Functional optical coherence

tomography reveals transient phototropic change of photoreceptor
outer segments. Opt Lett 2014;39:6923-6

Zhao X, Thapa D, Wang B, Lu Y, Gai S, Yao X. Stimulus-evoked outer
segment changes in rod photoreceptors. | Biomed Opt 2016,21:65006
Lu Y, Benedetti ], Yao X. Light-Induced length shrinkage of rod photo-
receptor outer segments. Transl Vis Sci Technol 2018;7:29

Lu Y, Wang B, Pepperberg DR, Yao X. Stimulus-evoked outer segment
changes occur before the hyperpolarization of retinal photoreceptors.
Biomed Opt Express 2017,8:38-47

Lu Y, Kim TH, Yao X. Comparative study of wild-type and rd10 mice
reveals transient intrinsic optical signal response before phosphodies-
terase activation in retinal photoreceptors. Exp Biol Med (Maywood)
2020,245:360-7

Hirohara Y, Mihashi T, Kanda H, Morimoto T, Miyoshi T, Wolffsohn JS,
Fujikado T. Optical imaging of retina in response to grating stimuli in
cats. Exp Eye Res 2013;109:1-7

Schallek JB, McLellan GJ, Viswanathan S, Ts’o DY. Retinal intrinsic
optical signals in a cat model of primary congenital glaucoma. Invest
Ophthalmol Vis Sci 2012;53:1971-81

Schallek J, Li H, Kardon R, Kwon Y, Abramoff M, Soliz B, Ts’o D.
Stimulus-evoked intrinsic optical signals in the retina: spatial and tem-
poral characteristics. Invest Ophthalmol Vis Sci 2009;50:4865-72
Schallek J, Kardon R, Kwon Y, Abramoff M, Soliz P, Ts'o D. Stimulus-
evoked intrinsic optical signals in the retina: pharmacologic dissection
reveals outer retinal origins. Invest Ophthalmol Vis Sci 2009;50:4873-80
Grieve K, Roorda A. Intrinsic signals from human cone photoreceptors.
Invest Ophthalmol Vis Sci 2008;49:713-9

Jonnal RS, Rha ], Zhang Y, Cense B, Gao WH, Miller DT. In vivo func-
tional imaging of human cone photoreceptors. Opt Express
2007;15:16141-60

Zhang QX, Lu RW, Curcio CA, Yao XC. In vivo confocal intrinsic optical
signal identification of localized retinal dysfunction. Invest Ophthalmol
Vis Sci 2012;53:8139-45

Zhang QX, Lu RW, Li YG, Yao XC. In vivo confocal imaging of fast
intrinsic optical signals correlated with frog retinal activation. Opt Lett
2011;36:4692-4

Srinivasan V], Chen Y, Duker ]S, Fujimoto JG. In vivo functional imag-
ing of intrinsic scattering changes in the human retina with high-speed
ultrahigh resolution OCT. Opt Express 2009;17:3861-77

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

68.

Intrinsic signal optoretinograpy of phototransduction

Srinivasan V], Wojtkowski M, Fujimoto JG, Duker JS. In vivo measure-
ment of retinal physiology with high-speed ultrahigh-resolution opti-
cal coherence tomography. Opt Lett 2006;31:2308-10

Wang B, Lu Y, Yao X. In vivo optical coherence tomography of
stimulus-evoked intrinsic optical signals in mouse retinas. | Biomed
Opt 2016;21:96010

Zhang Q, Lu R, Wang B, Messinger JD, Curcio CA, Yao X. Functional
optical coherence tomography enables in vivo physiological assess-
ment of retinal rod and cone photoreceptors. Sci Rep 2015;5:9595
Zhang P, Zawadzki RJ, Goswami M, Nguyen PT, Yarov-Yarovoy V,
Burns ME, Pugh EN. Jr., In vivo optophysiology reveals that G-protein
activation triggers osmotic swelling and increased light scattering of
rod photoreceptors. Proc Natl Acad Sci U S A 2017;114:E2937-E46
Hillmann D, Spahr H, Pfaffle C, Sudkamp H, Franke G, Huttmann G. In
vivo optical imaging of physiological responses to photostimulation in
human photoreceptors. Proc Natl Acad Sci U S A 2016;113:13138-43
Zhang F, Kurokawa K, Lassoued A, Crowell JA, Miller DT. Cone pho-
toreceptor classification in the living human eye from
photostimulation-induced phase dynamics. Proc Natl Acad Sci U S A
2019;116:7951-6

Bedggood P, Metha A. Optical imaging of human cone photoreceptors
directly following the capture of light. PloS One 2013;8:e79251

Yagi N. Structural changes in rod outer segments of frog and mouse
after illumination. Exp Eye Res 2013;116:395-401

Chabre M. X-ray diffraction studies of retinal rods. L. Structure of the
disc membrane, effect of illumination. Biochim Biophys Acta
1975;382:322-35

Gargini C, Terzibasi E, Mazzoni F, Strettoi E. Retinal organization in the
retinal degeneration 10 (rd10) mutant mouse: a morphological and
ERG study. ] Comp Neurol 2007;500:222-38

Chang B, Hawes N, Pardue M, German A, Hurd R, Davisson M,
Nusinowitz S, Rengarajan K, Boyd A, Sidney S. Two mouse retinal
degenerations caused by missense mutations in the f-subunit of rod
c¢GMP phosphodiesterase gene. Vision Res 2007;47:624-33

. Woodruff ML, Lem J, Fain GL. Early receptor current of wild-type and

transducin knockout mice: photosensitivity and light-induced Ca2+
release. | Physiol (Lond) 2004;557:821-8

Berkowitz BA, Grady EM, Khetarpal N, Patel A, Roberts R. Oxidative
stress and light-evoked responses of the posterior segment in a mouse
model of diabetic retinopathy. Invest Ophthalmol Vis Sci 2015;56:606-15



