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Abstract
Transient intrinsic optical signal (IOS) has been observed in stimulus-evoked retinal photo-

receptors. This study is to compare IOS changes in wild-type and retinal degeneration 10

(rd10) mouse retinas, to evaluate the effect of cyclic guanosine monophosphate

phosphodiesterase on photoreceptor-IOS. Time-lapse near-infrared light microscopy

was employed to monitor the spatiotemporal dynamics of the IOS responses in freshly

isolated retinas activated by visible light stimulation. Comparative IOS recordings were

conducted at postnatal days 14 (P14) and P16. At P14, intrinsic optical signal magnitudes

and spatiotemporal dynamics in wild-type and rd10 retinas were similar, indicating that the

phosphodiesterase deficiency in rd10 did not affect the formation of photoreceptor-IOS. At

P16, IOSmagnitude in rd10 significantly decreased compared to that in wild-type, suggest-
ing the IOS sensitivity to the photoreceptor degeneration in rd10. Our experimental results and theoretical analysis indicate that

early disc-based stages of the phototransduction cascade before the activation of phosphodiesterase may contribute to the

formation of the photoreceptor-IOS responses; and the IOS can be a sensitive biomarker for objective assessment of retinal

function.
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Introduction

Functional assessment of retinal physiology is important for
early detection and treatment assessment of eye diseases,
such as age-related macular degeneration (AMD), diabetic
retinopathy (DR), and retinitis pigmentosa (RP).1–3

Electroretinogram (ERG) can be used for objective evalua-
tion of the retinal function. However, it provides limited
spatial resolution and signal specificity.4 Intrinsic optical
signal (IOS) imaging of retina measures the stimulus-
evoked intrinsic optical property changes, such as light
scattering, polarization, and absorption fluctuation, in the
retina activated by visible light stimulation.5 In conjunction
with advanced imaging technologies, such as optical coher-
ence tomography (OCT), scanning laser ophthalmoscopy

(SLO) and adaptive optics, functional IOS imaging prom-
ises a noninvasive, objective, and high-resolution method
to evaluate retinal physiological function.6–8

Retinal IOS responses have been demonstrated in differ-
ent animal models and human eyes with various optical
imaging modalities.9–12 Rapid IOS has been consistently
observed in retinal photoreceptors, and slow IOS changes
have been reported correlated with inner retinal neural
response and hemodynamics.7 The photoreceptor-IOS
occurs almost right away,< 4ms after the initiation of reti-
nal stimulation.13,14 Transient photoreceptor outer segment
(OS) changes have been demonstrated to have a close cor-
relation with the rapid photoreceptor-IOS.10,15

Comparative ERG study of freshly isolated retina further
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revealed that such conformational changes happen before
the hyperpolarization of the photoreceptors.16 These exper-
imental observations suggest that the rapid photoreceptor-
IOS has a physiological origin in the upstream, disc-based
phototransduction cascade steps, including the sequential
activation of rhodopsin, transducin, and cyclic guanosine
monophosphate (cGMP) phosphodiesterase (PDE).17–19

In this study, a retinal degeneration mouse model
Pde6brd10 (rd10) was used to test if the PDE is involved in
the production of transient photoreceptor-IOS. The rd10
mouse model has a spontaneous mutation in the gene of
the b-subunit of PDE (b-PDE) in the rod photoreceptors.20

The deficiency of PDE causes the accumulation of cGMP
and results in the degeneration of rod photoreceptors due
to the excessive influx of cations. However, as the rods still
express<40% of endogenous PDE in the rd10 mouse, it has
a relatively delayed onset of photoreceptor degeneration.20

Before postnatal days 15 (P15), the relative expression level
of rhodopsin and transducin in rd10 mouse is similar with
that in the wild-type (WT) mouse. Additionally, the differ-
ence between relative cell death ratios in WT and rd10
mouse is also insignificant in the first two postnatal
weeks.20,21 In comparison, the relative expression level of
PDE in rd10 mouse is about 21%–28% of that in the WT
mouse during P12–P14.20 Therefore, a comparative study
between WT and rd10 mice before P15 can specifically

reveal the effect of PDE deficiency on the photoreceptor-
IOS. WT and rd10 mice at P14 were selected for compara-
tive IOS imaging study to test the effect of PDE on the
photoreceptor-IOS. Furthermore, the retinal degeneration
process in rd10 mouse starts from P16 to P18.20–23

Thereafter, the relative expression level of rhodopsin
and transducin significantly decreases in the rd10 mouse
compared to that in the WT mouse. Histological changes of
the retina have been consistently observed in rd10 mouse
since P16.24,25 To demonstrate the impact of early retinal
degeneration process on the photoreceptor-IOS, compara-
tive IOS imaging study of WT and rd10 retinas at P16 was
conducted.

Materials and methods

Experimental setup

Figure 1 illustrates the schematic diagram of the experi-
mental setup. The imaging system is based on a modified
NIR light microscope (BX531WI, Olympus) with a 60�
objective lens (LUMPLanFL60X, NA 0.9, Olympus).
A fiber-coupled light emitting diode (LED) at visible wave-
length (center wavelength: 550 nm, bandwidth: �200 nm)
was used to provide retinal stimulation. The stimulus
light was collimated and then coupled into the microscope.
A slit with its conjugate plane at the sample plane was

Figure 1. Schematic diagram of the experiment setup. A custom modified microscope, with a 60� objective and a CMOS camera (16 bits depth and 100 frames/s),

was used for retinal imaging. During the experiment, the photoreceptor outer segment (OS) tips were facing upward and the retina was perfused with oxygenated

physiological solution (pH 7.4 and 35–37�C). A rectangular stimulus pattern, generated by a slit and a LED at visible wavelength, was projected to the retina for

localized stimulus. The stimulus duration was 500ms for all the experiments. (A color version of this figure is available in the online journal.)
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employed to generate a rectangular stimulus pattern
(�12mm� 56 mm) at the center of the field of view. The
stimulus intensity was set to �3.6� 109 photon/mm2/s
with a duration of 500ms during the experiment. A perfu-
sion system was employed to perfuse the retina with oxy-
genated bicarbonate-buffered Ames medium (pH 7.4
and 35–37�C) during the experiment. The perfusion was
suspended during the image recording to minimize the
effect of fluid fluctuation on the image quality. The retinal
images were recorded by a CMOS camera (pixel size:
6.5 mm�6.5 mm, Neo 5.5, Andor Technology) with an imag-
ing speed of 100 frames/s and a frame resolution of
512� 512 pixels. The stimulus light source and the image
recording system were electronically synchronized and
controlled by a custom-designed LabView (National
Instrument) platform.

Sample preparation

WT mice (57BL/6J, The Jackson Laboratory) and rd10 mice
(B6.CXB1-Pde6brd10/J, The Jackson Laboratory) at P14 and
P16 were used in this study. Both WT and rd10 mice were
maintained in standard housing conditions under a
14/10-h light-dark cycle. For each postnatal day, 12 WT
mice and 12 rd10 mice with no significant difference in
body size and weight were selected for experiments.
All the mice were dark-adapted for more than 6 h before
the experiment. The isolation of mouse retina has been
reported in our previous study.26 Briefly, enucleated eyeball
from anesthetized mouse was hemisected along the equa-
tor with fine scissors. The retina was then carefully isolated
from the retinal pigment epithelium (RPE) and separated
from the back of the eye. The isolated retina was transferred
to a chamber for IOS imaging with the OS tip of the pho-
toreceptor facing upward. As the photoreceptors degener-
ate first in rd10 mouse model, such setup allows an
unambiguous identification of the structural change of
photoreceptors and a reliable identification of the IOS
responses from photoreceptors. All the procedures were
performed in oxygenated bicarbonate-buffered Ames
medium (pH 7.4 and 35–37�C). To ensure the consistency
of the observations, retinal images were all acquired from
the retinal locations close to the optical nerve head (ONH)22

and the imaging plane was focused at the photoreceptor OS
layer. All the procedures were conducted in a dark room
with minimum level of red-light illumination.

For histological study of mouse retinas, the mice at P14
and P16 were euthanized by carbon dioxide (CO2) inhala-
tion, followed by enucleation for both eyes. The eyeball was
immediately embedded in tissue freezing medium and
placed on dry ice prior to cryostat sectioning. The cryostat
sectioning (10 mm in thickness) was performed to harvest
retinal tissues near the ONH. The sections were subse-
quently fixed with 4% paraformaldehyde (PFA) and 1%
glutaraldehyde (GA) for 15min. After washing the fixative
solution with 1�PBS, hematoxylin (ab245880, Abcam) was
applied and incubated for 5min. The hematoxylin was then
rinsed in two changes of distilled water prior to OS length
measurement under a microscope. To ensure the reliability
of the data, OS lengths were measured at �350 mm from the

ONH in all samples where the thickness of retina is rela-
tively consistent.

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 state-
ment on the use of animals in ophthalmic and vision
research, established by the Association for Research in
Vision and Ophthalmology (ARVO).

Data processing

Figure 2 shows representative retinal images and corre-
sponding IOS maps. Each recording trial contains three
phases, a 1.0-s pre-stimulus phase, a 0.5-s stimulus phase,
and a 3.5-s post-stimulus phase. The IOS can be processed
based on the retinal images

IOSt x; yð Þ ¼
jDIt x; yð Þj
�Ipre x; yð Þ

¼ jIt x; yð Þ � �Ipre x; yð Þj
�Ipre x; yð Þ

where IOSt x; yð Þ represents the IOS map with a frame index
of t, �Ipre x; yð Þ represents the mean intensity map of all
images recorded during the pre-stimulus phase,
and It x; yð Þ is the retinal image with a frame index of t.
A 3-d threshold and a temporal window filter were applied
to suppress potential spatial and temporal noise contribu-
tions to the IOS map. For the 3-d threshold, a pixel with
coordinate xk; ykð Þ in a retinal image It x; yð Þ will be
regarded as reflecting IOS when It xk; ykð Þ > �Ipre xk; ykð Þ þ
3 � dpre xk; ykð Þ or It xk; ykð Þ < �Ipre xk; ykð Þ � 3 � dpre xk; ykð Þ,
where dpre xk; ykð Þ is the standard deviation of all pre-
stimulus images. For the temporal window filter with
an n-frame window size, It xk; ykð Þ . . . Itþn xk; ykð Þ should
consistently meet the 3-d threshold to include It xk; ykð Þ
for IOS calculation. In this study, n¼ 3 was used consider-
ing the signal-to-noise ratio of IOS responses.

Results

Figure 2(a) shows a representative sequence of retinal
images acquired from a P16 WT mouse. Individual photo-
receptor OS tips can be clearly identified. Figure 2(b) shows
the corresponding photoreceptor-IOS image sequence.
Each illustrated frame is an average of 50 photoreceptor-
IOS maps acquired during the 0.5-s interval. Figure 2(c)
shows the sequence of immediate photoreceptor-IOS
responses after the onset of stimulus at a temporal resolu-
tion of 10ms. As shown in Figure 2(c), rapid photoreceptor-
IOS occurred almost immediately, within 10ms after
the onset of stimulus. Moreover, the photoreceptor-
IOS intensities increased and its spatial distribution broad-
ened over time. To quantify the temporal dynamics of
photoreceptor-IOS responses, a magnitude-time curve of
photoreceptor-IOS responses was obtained by averaging
the photoreceptor-IOS intensities in each photoreceptor-
IOS map and aligning them together following the time
sequence (Figure 2(d)). The waveform of the curve shows
that the flash stimulus evoked a robust photoreceptor-IOS
with a peak at �0.4 s. Additionally, the photoreceptor-IOS
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intensities gradually recovered to baseline in the post-
stimulus phase.

To test the effect of PDE deficiency on the photoreceptor-
IOS formation, we performed comparative studies of WT
and rd10 mice at P14 (Figure 3(a) and (b)) and P16 (Figure 3
(c) and (d)). At P14, the overall structure of photoreceptors
remained similar between WT and rd10 mice (Figure 3(a1)
and (b1)). The spatial distribution of photoreceptor-IOS
responses in both groups was mainly confined within
the stimulus pattern, and the photoreceptor-IOS magni-
tudes were also relatively similar (Figure 3(a2) and (b2)).
Figure 3(a3) and (b3) shows the time courses of the
photoreceptor-IOS magnitude values. Photoreceptor-IOS
waveforms in both WT and rd10 presented a flat stage
prior to flash delivery, a rapid rise upon the initiation of
the flash stimulus, a peak before the shutoff of the stimulus,
and a recovery to baseline at �2 s. The similarities between
Figure 3(a2) and (b2) and (a3) and (b3) indicate that the PDE
deficiency in rd10 mouse retina did not affect the formation
of photoreceptor-IOS responses.

As shown in Figure 3(c1) and (d1), differences between
the photoreceptor structures in WTand rd10 mouse retinas
emerged at P16. Though some photoreceptor tips can
still be identified in the rd10 mouse retina at P16, the
spatial distribution and intensity of photoreceptor-IOS
responses exhibited significant attenuation in the rd10
mouse retina (Figure 3(d2)), compared to that in WT
mouse retina (Figure 3(c2)). The magnitude-time curve
of photoreceptor-IOS responses in rd10 mouse retina

(Figure 3(d3)) also shows a significantly lower peak
value, compared to that in WT mouse retina (Figure 3(c3)).

To further confirm the observation, we repeated the
experiment on 12 WT and 12 rd10 mice retinas at both
P14 and P16, including the retinas shown in Figure 3.
The results are shown in Figure 4. In each panel of
Figure 4(a) and (c), the solid curve is the mean of all
photoreceptor-IOS magnitude-time curves from 12 retinas
and the accompanied colored area represents the standard
deviations of data about the mean. For all the IOS data, the
relationship of the standard deviation amplitudes to the
mean waveform indicates a general similarity of the results
obtained from different retinas. As the waveforms shown
in Figure 4(a1) and (a2), the photoreceptor-IOS responses in
WT and rd10 mouse retinas were similar at P14. However,
the WT mouse retinas showed significantly stronger
photoreceptor-IOS responses than rd10 mouse retinas at
P16. To better demonstrate the similarity/difference of
photoreceptor-IOS responses between WT and rd10 group
at each postnatal day, peak amplitude (the maximum value
of the IOS magnitude) and time-to-peak (time taken
to reach the peak amplitude) of the photoreceptor-IOS
waveforms were statistically analyzed. The results in
Figure 4(b1) and (b2) show that there was no significant
photoreceptor-IOS difference between WT and rd10 mice
at P14. For P16, the photoreceptor-IOS peak amplitudes of
WT mice retinas were significantly higher than that in the
rd10 mice retinas (Figure 4(d1)), while the time-to-peaks
still showed no significant difference (Figure 4(d2)).

Figure 2. (a) Representative microscopic images of a P16 WT mouse retina acquired with a 0.5-s interval. The white rectangle in the second frame shows the visible

stimulus pattern with a duration of 0.5 s. (b) Temporal sequence of photoreceptor-IOSmaps corresponding to the data in (a). Each panel represents an average of all 50

photoreceptor-IOS maps acquired during the 0.5-s interval indicated by the time axis at the bottom. (c) Enlarged single-frame photoreceptor-IOS maps acquired after

the onset of stimulus with an imaging speed of 100 frames/s. The time axis at the bottom indicates the acquisition time. (d) Time course of the mean magnitude of

photoreceptor-IOS responses. The shaded area indicates the stimulus duration. Scale bars represent 10 mm. (A color version of this figure is available in the online

journal.)
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Figure 4. Averaged photoreceptor-IOS responses from WT and rd10 mice at P14 and P16 and the corresponding statistical characterization. Averaged magnitude-

time curve of photoreceptor-IOS responses from 12 WT mouse retinas (a1) and 12 rd10 mouse retinas (a2) at P14. (b1) and (b2) are statistics of peak amplitudes and

time-to-peaks corresponding to the data shown in (a1) and (a2), respectively (n¼ 12, N.S.¼ not significant). Averaged magnitude-time curve of photoreceptor-IOS

responses from 12WTmouse retinas (c1) and 12 rd10mouse retinas (c2) at P16. (d1) and (d2) are statistics of peak amplitudes and time-to-peaks corresponding to the

data shown in (c1) and (c2), respectively (n¼12, N.S.¼ 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. (A color version of

this figure is available in the online journal.)

Figure 3. Comparison of photoreceptor-IOS responses between WT and rd10 groups at P14 and P16. (a) Representative retinal images (left) and photoreceptor-IOS

map obtained at 0.5 s (middle), and time course of mean photoreceptor-IOS magnitude (right), acquired from a WT mouse retina at P14. (b) Representative results

acquired from a rd10 mouse retina at P14. (c) Representative results acquired from aWT mouse retina at P16. (d) Representative results acquired from an rd10 mouse

retina at P16. Scale bars represent 10 lm. Shaded areas indicate stimulus duration. (A color version of this figure is available in the online journal.)
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The results are consistent with the previous observations in
Figure 3.

Figure 5 shows the averaged photoreceptor-IOS maps in
WT and rd10 groups at time 0.5 s. Each panel in Figure 5
shows averaged data from 12 retina samples. At P14,
the spatial distribution of photoreceptor-IOS responses
in WT group (Figure 5(a1)) was similar to that in rd10
group (Figure 5(a2)). The majority of the active pixels are
within the stimulus pattern. At P16, the distribution of
photoreceptor-IOS responses in the WT group appeared
wider in the X-direction and presented overall higher inten-
sities compared to the rd10 group. To better quantify the
difference in the spatial distribution of photoreceptor-IOS
responses, each panel was averaged in the Y-direction and
converted as an intensity profile in the X-direction (dashed
curves in Figure 5(a3) and (b3)). To better show the spatial
distribution of photoreceptor-IOS responses, the intensity
profiles were smoothed by an empirical 40-point rolling
window (solid curves in Figure 5(a3) and (b3)) with
which the background perturbations can be sufficiently
reduced but the overall shape of the profile can be reason-
ably maintained. At P14, the full-width-half-maximum
(FWHM) values of the smoothed photoreceptor-IOS inten-
sity profiles in WT and rd10 group are �14.6 mm and
�14.2 mm, respectively. At P16, the FWHM values of the
smoothed photoreceptor-IOS intensity profiles for WT
and rd10 group are �14.8 mm and �12.35 mm, respectively.
The results show that the spatial distributions of the
photoreceptor-IOS responses in WT and rd10 group were
similar at P14. But at P16, the spatial distribution of the
photoreceptor-IOS responses in rd10 was compressed com-
pared to that in WT group.

Histological examinations were further performed to
demonstrate the structure of photoreceptor OSs in the

intact retinas of WT and rd10 mice at P14 and P16
(Figure 6). Figure 6(a1) and (a2) shows the representative
transmission light microscopic images of eyecup slices
from WT and rd10 mice at P14, respectively. Figure 6(b1)
and (b2) shows the representative images acquired from
WT and rd10 mice at P16. The junctions of OS tips and
RPE in Figure 6(a) and (b) were horizontally aligned
(marked by the red-dashed line). The black-dashed lines
correspond to the general position of OS/IS junctions.
As shown in Figure 6(a1) and (a2), the OS layers of WT
and rd10 mice at P14 present a general similarity in thick-
ness. At P16, the thickness of OS layer in rd10 retina was
reduced compared to that in WT retina (Figure 6(b1) and
(b2)). To confirm these observations, OS lengths were mea-
sured from different retinal samples (n¼ 6 for each group).
The results are shown in Figure 6(a3) and (b3). The statis-
tical analysis reveals that the OS lengths are similar in WT
and rd10 groups at P14. At P16, the rd10 group presented
significantly reduced OS lengths compared with that in
WT group.

Discussion

In this study, we compared the IOS responses in WT and
rd10 retinas at P14 to investigate the effect of PDE deficien-
cy on the photoreceptor-IOS formation. As the rod degen-
eration starts at around P16 in rd10 mouse, comparative
photoreceptor-IOS imaging at P14 can isolate the impact
of PDE deficiency from other degeneration factors (P15
was not considered to avoid the potential overlap with
the degeneration process). A key observation was that the
photoreceptor-IOS responses in rd10 mice were similar
with that in WT mice at P14. As shown in Figure 4(a),
the overall waveform of the mean photoreceptor-IOS
curve and the amplitudes of the corresponding standard

Figure 5. Averaged photoreceptor-IOS maps acquired at 0.5 s after the onset of stimulus from WT and rd10 mice. Each panel is an average of photoreceptor-IOS

maps from 12 retinal samples. Averaged photoreceptor-IOS map of WT (a1) and rd10 (a2) mice at P14, and WT (b1) and rd10 mice (b2) at P16. (c) Intensity profiles of

the photoreceptor-IOS maps averaged along Y-direction. The dashed curves represent the raw profiles of the mean intensity. The solid curves represent the

corresponding profiles smoothed by 40 points. Mean intensity profiles of WT and rd10 mice at P14 (c1) and P16 (c2). The black bars at the top represent the width of

the stimulus pattern (�12 lm). (A color version of this figure is available in the online journal.)
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deviations about the mean in the WT group were generally
similar with that in the rd10 group. Further statistical
analysis about two descriptive parameters of the curves,
peak amplitude and time-to-peak, confirmed that the
photoreceptor-IOS responses in WT and rd10 group were
similar in terms of photoreceptor-IOS magnitude and
time course. The spatial spread of the photoreceptor-IOS
patterns, reflected by the averaged intensity profiles
(Figure 5(c1)), shows that the photoreceptor-IOS responses
had a similar spatial distribution in WT and rd10 group.
In comparison, previous studies demonstrated that ERG
a-wave, which is tightly correlated with the activity of
PDE, exhibited lower peak amplitude in rd10 mice com-
pared with that in WT at P14.20 Therefore, the similarities
in the temporal dynamics and the spatial distribution of the
photoreceptor-IOS responses between WTand rd10 groups
indicate that the PDE deficiency in rd10 rods did not affect
the formation of photoreceptor-IOS responses.

Previous in vivo IOS imaging with a high-speed OCT
(1250 frames/s) has demonstrated that the photoreceptor-
IOS had an onset time of�1.1ms, suggesting a signal origin
in the early, disc-based phototransduction steps which
includes the activation of rhodopsin, transducin, and
PDE.13 As the relative concentration of rhodopsin:transdu-
cin:PDE is �100:10:1, PDE is the rate limiting factor for the
disc-based phototransduction cascade.19,27 The stimulus
employed in this study has an intensity (�3.6� 109

photon/mm2/s) that was sufficient to activate most of the
PDEs at millisecond level in both WT and rd10 rods at
P14.19,28 Our studies further demonstrated that the OS
length of WT rods is similar with that of rd10 rods at P14.
Previous studies also revealed that the trend of

photoreceptor loss in rd10 mice was in well accordance
with that in WT mice before P15, suggesting the photore-
ceptor densities are also similar in WT and rd10 mice at
P14.21 These results suggest that the possibility of involving
OS structure-correlated variations can be minimum in our
photoreceptor-IOS comparison between WT and rd10 mice
at P14. If the photoreceptor-IOS responses are
directly originated from or tightly correlated with the activ-
ity of PDE, we expect that a higher level of activated PDE
in WT rods would contribute to a faster formation of
photoreceptor-IOS responses, reflected by a steeper
rising phase and a shorter time-to-peak value of the
photoreceptor-IOS time courses, compared to that in the
rd10 rods. However, our data show that there was no
significant difference between the time-to-peak values of
the photoreceptor-IOS in WT and rd10 mice (Figure 4
(b1)). Based on these results, we speculate that the
photoreceptor-IOS responses have a disc-based physiolog-
ical origin that is upstream from the activation of PDE in the
phototransduction cascade, including the activation of rho-
dopsin and transducin.

In a previous OCT study, the thickness of the total retina
and the photoreceptor layer (from Bruch’s membrane to the
inner nuclear layer/outer plexiform layer interface)
showed observable difference betweenWTand rd10 retinas
at P16.25 Histological examination (Figure 6(b)) shows the
OS lengths were reduced in rd10 group compared to that in
WT group at P16. Correspondingly, the photoreceptor-IOS
responses in WT and rd10 mice presented significant dif-
ference at P16 in this study. It demonstrates that the
photoreceptor-IOS responses are tightly correlated with
the integrity of photoreceptor and can be sensitive to the

Figure 6. Histological images of eyecups frommice at P14 (a) and P16 (b). (a1) and (b1) are representative images fromWTmice. (a2) and (b2) are representative images

from rd10 mice. GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer; IS: inner segment; OS: outer segment; RPE: retinal pigment epithelium. The

red- and back-dashed line represent the general positions of OS tips and IS/OS junctions, respectively. The scale bars represent 50lm. Statistics of outer segment layer

thickness in wild-type and rd10 mice at P14 (a3) and P16 (b3). Significance was determined by a two-sample t-test with equal variance assumed (**P< 0.05; NS, not

significant; n¼ 6). The normality of data was determined using the Kolmogorov–Smirnov test. (A color version of this figure is available in the online journal.)
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early degeneration process due to the PDE-associated reti-
nal degeneration.

In conclusion, our experimental study and theoretical
analysis indicate that early, disc-based stages of the photo-
transduction cascade, which are upstream from the activa-
tion of PDE, can primarily contribute to the formation of the
photoreceptor-IOS responses. The photoreceptor-IOS
promises a sensitive biomarker for objective assessment
of the functional integrity of retinal photoreceptors.
Functional photoreceptor-IOS imaging may advance the
diagnosis and treatment management of eye diseases,
such as AMD and RP, which are known to damage retinal
photoreceptors.
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