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Cellular/Molecular

Chromophore Supply Rate-Limits Mammalian
Photoreceptor Dark Adaptation

Jin-shan Wang,' Soile Nymark,>* Rikard Frederiksen,’ Maureen E. Estevez,>* Susan Q. Shen,? Joseph C. Corbo,?

M. Carter Cornwall,® and Vladimir J. Kefalov!

'Departments of Ophthalmology and Visual Sciences and ?Departments of Pathology and Immunology, Washington University School of Medicine, St.

Louis, Missouri 63110, *Departments of Physiology and Biophysics, Boston University School of Medicine, Boston, Massachusetts 02118, “Department of

Electronics and Communications Engineering, Tampere University of Technology and BioMediTech, FI-33014 Tampere, Finland, and *Department of

Neuroscience, Brown University, Providence, Rhode Island 02912

Efficient regeneration of visual pigment following its destruction by light is critical for the function of mammalian photoreceptors. Here,
we show that misexpression of a subset of cone genes in the rd7 mouse hybrid rods enables them to access the normally cone-specific
retina visual cycle. The rapid supply of chromophore by the retina visual cycle dramatically accelerated the mouse rod dark adaptation.
At the same time, the competition between rods and cones for retina-derived chromophore slowed cone dark adaptation, indicating that
the cone specificity of the retina visual cycle is key for rapid cone dark adaptation. Our findings demonstrate that mammalian photoreceptor
dark adaptation is dominated by the supply of chromophore. Misexpression of cone genes in rods may represent a novel approach to treating
visual disorders associated with mutations of visual cycle proteins or with reduced retinal pigment epithelium function due to aging.
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Introduction

Efficient regeneration of visual pigment following its destruction
by light is critical for the function of mammalian photoreceptors.
Light activation (bleaching) of visual pigment leads to its even-
tual decay into free opsin and all-frans retinol. Regeneration of
the pigment requires recycling of the chromophore in a process
known as the visual cycle (Fain et al., 2001; Wang and Kefalov,
2011; Saari, 2012). For rods, all-trans retinol is recycled to 11-cis-
retinal by the retinal pigment epithelium (RPE). For cones, pig-
ment is regenerated through two mechanisms: the RPE visual
cycle and the recently characterized retina visual cycle (Wang and
Kefalov, 2009; Wang et al., 2009; Kolesnikov et al., 2011). In this
cone-specific pathway, all-trans retinol is isomerized to 11-cis-
retinol in the retina Miiller glia (Kaylor et al., 2013) before it is
returned to cones, where it is oxidized to 11-cis-retinal by an
unknown enzyme and subsequently used for pigment regenera-
tion (Mata et al., 2002; Parker et al., 2011). The fast pigment
regeneration through the retina visual cycle drives the initial
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rapid dark adaptation of cones (Kolesnikov et al., 2011) and ex-
tends their dynamic range to bright light (Wang and Kefalov,
2009), rendering this pathway essential for the ability of mamma-
lian cones to mediate daytime vision.

A key feature of the retina visual cycle is its cone specificity,
which would allow efficient supply of chromophore to cones
without competition from rods. This is particularly important for
rod-dominant species such as humans and mouse, where the
bulk of the chromophore produced by the RPE is consumed by
rods. Despite the critical role of rapid pigment regeneration for
the function of cones, the molecular mechanisms that make this
possible by restricting the retina visual cycle exclusively to cones
are not understood. We found a potential way to overcome this
problem by using a unique mouse strain, known as retinal degen-
eration 7 (rd7 ). In this mutant mouse, a spontaneous mutation in
the gene encoding the rod transcription factor Nr2e3 results in
the upregulation of a subset of cone genes in its hybrid rods
(Chen etal., 2005; Corbo and Cepko, 2005; Peng et al., 2005). We
demonstrate that the expression of this subset of cone genes in
mouse rods is sufficient to enable them to use 11-cis-retinol for
pigment regeneration and to access the retina visual cycle. The
rapid supply of chromophore through the retina visual cycle dra-
matically accelerates dark adaptation of the rd7 hybrid rods,
while at the same time competition with rods slows down cone
dark adaptation. Our results demonstrate that the dark adapta-
tion of mammalian rods and cones is rate limited by the supply of
chromophore. We also show that the cone specificity of the retina
visual cycle is key for the rapid dark adaptation of cones. Our
results provide a road map to identifying the cellular and molec-
ular mechanisms controlling access to the retina visual cycle and
demonstrate the therapeutic potential of misexpressing cone
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genes in rods for visual disorders associated with the pigment
epithelium visual cycle.

Materials and Methods

Animals. To avoid the slow retinal degeneration and decline in visual
performance that becomes apparent physiologically after 5 months of age
in rd7 mice (Akhmedov et al., 2000), all experiments were conducted in
6- to 12-week-old animals of either sex. The rd7 mice were on a C57BL/6
background (PRID: MGI:3709293), and wild-type C57BL/6 mice were
used as controls. For convenience, cone recordings were conducted using
mice with deleted a-subunit of rod transducin (Gnatl~’~; Calvert et al.,
2000), which prevents rods from generating light responses but does not
affect the morphology and function of cones (Nikonov et al., 2006).

Ex vivo electrophysiology. Procedures for single-cell and transretinal
electrical recordings have been previously described (Wang and Kefalov,
2010; Kolesnikov and Kefalov, 2012). Briefly, dark-adapted mice were
killed, the eyes were removed under infrared light and hemisected, and
the retinae were isolated from the pigment epithelium. For single-cell
recordings, a retina was chopped into small pieces with a razor blade,
placed in a recording chamber, and perfused with 36 —38°C bicarbonate-
buffered Locke solution containing the following (in mm): 112 NaCl, 3.6
KCl, 2.4 MgCl,, 1.2 CaCl,, 10 HEPES, 20 NaHCO3, 3 Na,-succinate, 0.5
Na-glutamate, and 10 glucose, pH 7.4. Membrane currents were re-
corded with a suction electrode connected to a conventional patch-
clamp amplifier. For rods, the outer segment of a single cell protruding
from a piece of retina was drawn into the suction electrode. For cones,
recordings were done by drawing the cell body of a single photoreceptor
into the recording electrode as previously described (Nikonov et al.,
2006; Shi et al., 2007). The suction electrode was filled with solution
containing the following (in mm): 140 NaCl, 3.6 KCl, 2.4 MgCl,, 1.2
CaCl,, 3 HEPES, and 10 glucose, pH 7.4. For transretinal voltage record-
ings, V4 piece of retina was transferred to the recording chamber on filter
paper (photoreceptor side up) and perfused with 36 —38°C bicarbonate-
buffered Locke solution containing a mixture of synaptic inhibitors: 2
mM L-aspartate, pH 7.4, and 5 um L-(+)-2-amino-4-phosphonobutyric
acid (1-AP4) to block on-bipolar cell signals (Thoreson and Ulphani,
1995; Winkler et al., 1999), NBQX to block AMPA/kainate signals (Yu
and Miller, 1995), and 50 um D-AP5 to block NMDA signals (Coleman
and Miller, 1988). Barium chloride (10 mm) was added to the solution in
the reference electrode space proximate to the ganglion cell layer to sup-
press glial components of the photoresponse (Green and Kapousta-
Bruneau, 1999). Transretinal recordings were made between an electrode
built into the bottom of the chamber and another one positioned above
the retina. In both single-cell and transretinal recording conditions, test
flashes (20 ms, 500 nm) were delivered from an optical bench. Flash
intensity was varied using calibrated neutral density filters. A brief expo-
sure to bright light was used to bleach an estimated 90% of the visual
pigment as previously described (Nymark et al., 2012). Photosensitivity
was calculated from the linear region of the intensity-response curve as
the ratio of response amplitude and flash intensity. As the photoreceptor
sensitivity declines with increasing levels of bleached pigment (Kefalov et
al., 2005), we were able to use sensitivity to monitor the pigment regen-
eration in rods and cones under physiological conditions (Kefalov et al.,
2010). Intensity-response data were fit by the Naka—Rushton equation:

R I )
Row 141, W
where R is the transient-peak amplitude of response, R, ., is maximal

response amplitude, I is flash intensity, and I, is the flash intensity that
produces a half-maximal response.

The decline in photoreceptor sensitivity in background light was fit by
the Weber—Fechner equation:

Sr I
ST+ 1y

(2)

where Sy is photoreceptor sensitivity in background light, Sy is photore-
ceptor sensitivity in darkness, I, (photons um ~*s ~ ') is the background

J. Neurosci., August 20, 2014 - 34(34):11212-11221 + 11213

light intensity, and I (photons um ~2s ') is the background light in-

tensity required to reduce sensitivity twofold.

In vivo electrophysiology. In vivo ERG recordings were done as previ-
ously described (Kolesnikov et al., 2011). Briefly, mice were anesthetized
by subcutaneous injection of a mixture of ketamine (100 mg/kg) and
xylazine (20 mg/kg), and pupils were dilated with 1% atropine sulfate.
The mouse was placed on a heating pad and maintained at 37°C. ERG
responses were recorded from both eyes with corneal electrodes using an
UTAS-E 3000 system (LKC Technologies).

Microspectrophotometry. The level of photopigment in rd7 rods was
assessed with a single-beam microspectrophotometer (MSP) that was
modified from a similar instrument described previously (MacNichol et
al., 1978; Cornwall et al., 1984; Jones et al., 1993). Pigment absorbance
was measured as described previously (Nymark et al., 2012).

Dark-adapted spectra were compared with spectra measured follow-
ing exposure to a 500 nm light calculated to have bleached 90% of the
pigment. The extent of bleaching was confirmed by comparison of the
post-90% bleach spectra to spectra measured following exhaustive
(<99%) bleach. This last measurement was used to calculate the total
fraction of bleached photopigment present in rods. Bleaching light was
produced by a continuous xenon source, the output of which was passed
through a 500 nm interference filter. Light intensity was calibrated with a
silicon photodiode (United Detector Technology). The bleaching light
was projected as a circular spot of uniform intensity larger than that of
the of the whole retina.

The methods of tissue preparation for microspectrophotometry were
largely the same as for single-cell and whole-retina electrical recordings.
Retinae of wild-type and rd7 mice were gently isolated from the eyes and
the underlying pigment epithelium in L-15 medium (Sigma-Aldrich)
under infrared light. One retina was placed on the MSP recording stage
for the recordings of dark-adapted spectra. The other retina was exposed
to 500 nm light that was calculated to bleach 90% of the visual pigment.
In certain experiments, the bleached retina was placed in a light-tight
container and incubated in a Petri dish in L-15 medium (with 0.1% BSA)
for atleast 2.5 h. In others, the incubation medium also contained 10 mm
a-aminoadipic acid (L-a-AAA, Sigma), together with ~20 um 11-cis-
retinol or 11-cis-retinal dissolved in 0.1% ethanol (Crouch et al., 2002).
In the experiments where the rate of pigment regeneration was mea-
sured, the retina was treated with 50 M 11-cis-retinal (with 1% BSA) on
the microscope stage. Temperature was maintained at 35—37°C.

For all experiments, data were expressed as mean = SEM. Data were
analyzed using independent, two-tailed Student’s t test, with an accepted
significance level of p < 0.05.

Results

Physiological properties of dark- and light-adapted rd7 rods
In addition to their full complement of rod genes, all rd7 rods
express a subset of cone genes (Corbo and Cepko, 2005). This
makes the rd7 rods an invaluable tool for understanding the cone
specificity of the retina visual cycle. It was previously shown that
rd7 rods represent a homogeneous population with hybrid mo-
lecular and cellular features (Chen et al., 2005; Corbo and Cepko,
2005). However, it is not known how the extra cone genes affect
their physiological properties. Thus, we first sought to determine
how the presence of supplemental cone genes affects phototrans-
duction in dark- and light-adapted rd7 rods. We started by char-
acterizing the physiological properties of dark-adapted rd7 rods
using single-cell suction recordings and comparing their re-
sponses to those of wild-type (C57BL/6) rods. The rd7 rods had
normal dark current as measured from saturated responses
(compare Fig. 1A, B; see also Table 1), indicating healthy photo-
receptors with normally-functioning outer segments. This result
suggests that the reduced a-wave amplitude of rd7 animals ob-
served in ERG studies is likely due to another cause, possibly the
formation of rosettes in the retina (Akhmedov et al., 2000). The
sensitivity of rd7 rods was reduced by ~20% compared with that
of wild-type rods (Fig. 1C; Table 1). In addition, their dim flash
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response kinetics were slightly faster than
those of wild-type rods (Fig. 1D, left), with
reduced time-to-peak, integration time,
and recovery time constant (Table 1).
This acceleration persisted throughout
the rod’s dynamic range and could be ob-
served in brighter, saturated flash re-
sponses as well (Fig. 1D, right). In
addition, a subtle delay in the late phase of
response recovery of rd7 rod responses
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The reduced sensitivity and accelerated
flash response in rd7 rods are reminiscent
of cone-like functional properties and are
consistent with the acquisition of some
cone-like molecular features by the rd7
rods. Overall, however, the light responses
of rd7 rods were still quite similar to those
of wild-type rods and differed dramatically
from those of cones in both sensitivity and ki-
netics. Notably, the physiological proper-
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ties of rd7 rods were homogeneous and
their light response properties were uni-
form (compare parameter scatter in Table
1), consistent with the single homoge-
neous population of rod photoreceptors E
in the rd7 retina (Corbo and Cepko,
2005).

Next, we examined how the expression
of a set of cone genes in rd7 hybrid rods
affects their ability to adapt to background
light. Based on the reduction in their sen-
sitivity to 80% and the shortening of their
response integration time to 78% of those
of wild-type rods, their effective back-
ground adaptation would be expected to
be reduced to 62% of that of wild-type
rods, resulting in a comparable shift of
their functional range to brighter lights.
Indeed, we observed a shift in the adapta-
tion curve of rd7 rods compared with con-
trols (Fig. 1F); however, its magnitude
was much greater than expected. The
background intensity required to reduce
sensitivity twofold (Is in Eq. 2) increased
from 89 R* s ~" in control rods to 480 R*
s ' in rd7 rods. This greater than fivefold
increase in dynamic range indicates that
the expression of a set of cone genes in rd7
rods significantly enhances their capacity
to adapt to background light.

L]
10’

Norm. Sensitivity

Figure 1.

adapted.

Dark adaptation of rd7 rods in isolated retina

The central question of this study was whether the expression of
some cone genes by the rd7 rods alters their visual cycle and
affects rhodopsin regeneration and dark adaptation. For wild-
type rods, the only source of chromophore is the RPE, and re-
moval of the retina from the RPE prevents rhodopsin
regeneration (Pepperberg et al., 1978). As a result, exposure of
wild-type rods in an isolated retina (in the absence of RPE) to
bright bleaching light leads to a permanent loss of their pigment.
Physiologically, this pigment loss is manifested by a reduction of

Light Intensity (photons um?)

10° 4

10" 5

10° 10° 0 1 0 1
Time (s)

m WT rods lg =480 £+ 89 R* 5!

® rd7rods

ls =89 16 R* 't

10° 10" 10°  10°
Background Light (R*s™)

DA 10*  10°

Flash response families from single-cell suction electrode recordings of wild-type (4) and rd7 (B) rods. Red traces in
both parts show responses to 14.8 photon um ~2test flash. €, Intensity-response data from individual wild-type (n = 16) and rd7
(n = 8) rods fit with Equation 1. Half-saturating flash intensities, /,, are given in Table 1. D, Left, Comparison of the kinetics of
normalized dim flash responses from wild-type (black) and rd7 (red) rods (n = 8; flash intensity = 14.8 photon m —?), Right,
Comparison of the kinetics of saturated flash responses from wild-type (black) and rd7 (red) rods (n = 8; flash intensity = 2170
photon m ~2). E, background adaptation in wild-type (n = 13) and rd7 (n = 6) rods. Data are fit with Equation 2. DA, dark

the dark current, acceleration of the flash response, and decreased
sensitivity (Fig. 2A). Using single-cell recordings, we found that
following a 90% bleach the dark current of wild-type rods was
substantially suppressed (Fig. 2A, top) and their sensitivity was
reduced by 135 = 25-fold (n = 12; Fig. 2A, bottom). In contrast,
cones in the isolated retina can still regenerate their pigment with
chromophore from the Miiller cells (Wang et al., 2009) and
largely recover their dark current and sensitivity following expo-
sure to bright bleaching light. As cones represent a very small
fraction of the photoreceptors in mouse retina (~3%), we used
Gnatl ™'~ animals, in which rods are unable to generate photo-
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Table 1. Rod response parameters

Ipa (PA) 1,5 (ms) T,(ms) Tt (MS) Ty (MS)
WT (n = 16) 164+07 55=*3 163 =3 263 + 26 231%26
Rd7 (n =12) 14.8 = 0.7 70 = 10% 145 = 2° 204 + 15*% 151 = 15%

Single-cell recording parameters: /,,,, dark current; /; , , flash intensity required to produce half-saturated photore-
sponse; T, time to peak of the dim flash response; T;,, , integration time given by the time integral of the normalized
dim flash response; 7., recovery time constant given by the single exponential fit to the late shut-off phase of the
dim flash response. Data presented are mean = SEM (*p << 0.05).

responses, to obtain recordings from cones. Following a 90%
bleach, the dark current of control cones from isolated retina
largely recovered (Fig. 2B, top) and their sensitivity was reduced
by only 4.2 = 0.7-fold (n = 18; Fig. 2B, bottom), indicating
substantial cone dark adaptation due to regeneration of cone
pigment within the retina. The incomplete recovery of cone sen-
sitivity in isolated retina is consistent with our recent finding that
the RPE visual cycle is required for the completion of cone dark
adaptation (Kolesnikov et al., 2011). We next examined the level
of recovery following pigment bleaching in rods from isolated rd7
retina. Similar to the case in cones and unlike in wild-type rods,
the dark current in rd7 rods recovered essentially completely fol-
lowing a 90% bleach (Fig. 2C, top). In addition, their sensitivity
recovered to within 16 * 3-fold (n = 8; Fig. 2C, bottom) from
dark-adapted levels. This represents an eightfold (135/16) higher
recovery than that observed in wild-type rods and indicates that a
substantial fraction of the bleached pigment in rd7 rods was
paradoxically regenerated in the isolated retina despite the
lack of RPE.

Kinetics of rd7 rod dark adaptation in isolated retina

The single-cell recordings above clearly demonstrate that the iso-
lated retina is somehow able to promote dark adaptation in rd7
hybrid rods. However, single-cell recordings are not suitable for
observing this recovery in real time as the recording electrode
appears to disturb the flow of chromophore in and out of photo-
receptors (Wang et al., 2009). Thus, we turned to less invasive
transretinal recordings (Wang and Kefalov, 2009; Kolesnikov
and Kefalov, 2012) to determine the kinetics of dark adaptation
in rd7 rods driven by pigment regeneration within the retina.
Pharmacological blockage of synaptic transmission (see Materi-
als and Methods for details) allowed us to observe the complete
response generated by photoreceptors (a-wave) unobscured by
inner retina components, such as the b-wave. Recordings of the
voltage response of photoreceptors obtained in this fashion
produced waveforms similar to these obtained with single-cell
suction electrode recordings. Consistent with our single-cell re-
cordings, we observed a lack of transretinal response recovery in
wild-type rods (Fig. 3A), substantial recovery in cones (Fig. 3B),
and, notably, a substantial recovery in rd7 rods (Fig. 3C). Thus,
our transretinal recordings confirmed our single-cell results and
demonstrated substantial recovery both in response amplitude
and sensitivity in the rd7 rods following a bleach.

We next examined the kinetics of this sensitivity recovery.
Following a 90% bleach in wild-type retina, light responses at
steady state were desensitized by 122-fold compared with the
responses from the rods that dominate overall sensitivity in dark-
adapted retina (Fig. 4, dashed line; replotted from Fig. 3A; Wang
and Kefalov, 2009). Under these conditions, wild-type rods are
substantially and permanently desensitized, and their light re-
sponses have sensitivity and amplitude comparable to these of
cones (Fig. 3A, B). In contrast, cones underwent a rapid recovery
driven by pigment regeneration via the retina visual cycle (Kole-
snikov et al., 2011). The time constant of this cone recovery was
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1.7 min, and the final steady-state cone sensitivity was within
twofold of their starting dark-adapted level (Fig. 4; black) despite
the absence of RPE. Consistent with our steady-state recordings
(Figs. 2C, 3C), we observed robust recovery in the rd7 rods fol-
lowing a bleach in the isolated retina, with a final sensitivity only
sixfold below their dark-adapted level but 20-fold higher than in
wild-type rods (Fig. 4, red). The time constant of the retina visual
cycle-driven dark adaptation in rd7 rods was only 2.4 min. This
extremely rapid dark adaptation is consistent with the rapid rate
of chromophore recycling through the retina visual cycle (Mata
et al., 2002). This retina-driven dark adaptation of rd7 hybrid
rods is dramatically faster than the RPE-driven dark adaptation
of wild-type rods in vivo (Fig. 7) but still slower than that of cones
in isolated retina.

Dark adaptation of rd7 rods in the retina is driven by

Miiller cells

We next investigated the mechanism driving the recovery of re-
sponse amplitude and sensitivity observed in rd7 hybrid rods
following a bleach in isolated retina. For cones, pigment regener-
ation within the retina is driven by chromophore recycled in the
Muiiller glial cells (Wang and Kefalov, 2009). Considering the ac-
quisition of cone-like molecular features by the rd7 rods and their
partial dark adaptation in the absence of RPE, we hypothesized
that, unlike wild-type rods, these hybrid rods might be able to use
chromophore recycled by the retina visual cycle for rhodopsin
regeneration. Thus, we investigated how the recovery of rd7 rods
is affected by the gliotoxin L-a-AAA. Acute treatment with this
gliotoxin inhibits the function of Miiller cells and thereby blocks
the retina visual cycle without affecting the function of photore-
ceptors (Wang and Kefalov, 2009; Wang et al., 2009). Using tran-
sretinal recordings, we examined the responses of rd7 rods
following a 90% bleach in isolated mouse retina that had been
pretreated for 2 h with 10 mm L-a-AAA. Unlike the case in control
rd7 retina, where substantial rod dark adaptation could be ob-
served (Fig. 3C), rd7 rods in gliotoxin-treated retina showed no
evidence of recovery following the bleach (compare Fig. 5A, B).
Thus, pharmacological blockage of the retina visual cycle pre-
vented the dark adaptation of 7d7 rods in isolated retina.

Pigment regeneration in rd7 rods in isolated retina

Our single-cell and transretinal recordings demonstrate that the
rd7 hybrid rods undergo substantial dark adaptation in the iso-
lated retina without help from the RPE. This result suggests that
these rods can regenerate their rhodopsin with chromophore
provided by the retina visual cycle. To demonstrate this directly,
and to measure the level of pigment regeneration accompanying
this dark adaptation, we performed MSP measurements from
patches of photoreceptors in wild-type and rd7 retinae. As rods
represent the bulk of photoreceptors in the mouse, the absorp-
tion through wild-type retina is dominated by rhodopsin. Thus,
the optical density (OD) measured in dark-adapted, wild-type
mouse retina peaks at ~500 nm, consistent with the absorption
spectrum of mouse rhodopsin (Fig. 6A, black). Immediately fol-
lowing a 90% bleach of the photopigment, absorption was re-
duced ~10-fold as expected (Fig. 6A, blue). In the isolated wild-
type retina removed from the RPE, there was no subsequent
regeneration of rod pigment even following 3 h of incubation in
darkness (Fig. 64, red). Consistent with the normal morphology
of the outer segments of rd7 rods and the presence of rhodopsin
there, their absorption spectra were identical to these of wild-type
rods both in dark-adapted conditions (Fig. 6B, black) and imme-
diately following a 90% bleach (Fig. 6B, blue). The visual pigment
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Suction electrode recordings from individual wild-type rods (), cones (B), and rd7 rods (C). Top, left, Families of flash responses in dark-adapted state. Right, Families of flash responses

from photoreceptors bleached at 90% in isolated retina removed from RPE and then incubated in darkness for 3 h. Red traces indicate flash intensities of 655 photon um 2 for wild-type rods (4)
andrd7rods (€) and 2170 photon m ~2for cones (B). Bottom, The corresponding intensity-response data for dark-adapted (black squares) and bleach-adapted (red circles) photoreceptors fit with

Equation 1. For wild-type rods (A), Sfdecreased from 2.07 % 0.10 X 10 " pA photon ~"

wm?(n=16)t01.53 = 0.26 X 10 ~*pAphoton ~"

um %(n = 8), reflecting a 135-fold desensitization

induced by the bleach. For cones (B), Sfdecreased from 7.34 = 0.25 X 10 ~*pAphoton ~"um?(n = 8)t0 1.75 = 0.21 X 10 ~*pAphoton ~"um? (n = 8), reflecting a 4.2-fold desensitization induced by

thebleach. For rd7 rods (€), Sfdecreased from 1.84 £ 0.18 X 10
Data are shown as mean = SEM.

template (Govardovskii et al., 2000) produced an excellent fit (R*
= 0.99) to the mean dark-adapted spectrum from rd7 retina (Fig.
6C) with a peak absorption 0of 499 nm, consistent with rhodopsin.
However, after a subsequent 3 h incubation in darkness, a third of
the bleached rhodopsin had regenerated in rd7 rods, whereas it
remained at the post-bleach 10% level in control rods (44 = 3%
and 13 = 2%, respectively, n = 3 for both). As these experiments
were done in the absence of RPE to prevent pigment regeneration
through the canonical visual cycle, this result demonstrates that
the isolated retina can promote pigment regeneration in rd7 rods.
To test whether this pigment regeneration is driven by the retina
visual cycle, we pretreated the retina with the Miiller cell-specific
gliotoxin L-a-AAA before the MSP measurements. We observed
that blocking the retina visual cycle in this way eliminated the
regeneration of rod pigment in the isolated rd7 retina (Fig. 6C).

Pigment regeneration and dark adaptation in rd7 rods with
11-cis-retinol

The putative product of the retina visual cycle is 11-cis-retinol,
which has been shown to promote pigment regeneration and
dark adaptation selectively in cones but not in rods (Jones et al.,
1989; Wang and Kefalov, 2009; Wang et al., 2009). To test
whether the rd7 hybrid rods are indeed capable of using the retina
visual cycle, we applied exogenous 11-cis-retinol to rd7 rods from
a bleached retina, pretreated with gliotoxin, to block the endog-
enous retina visual cycle. Whereas in wild-type mouse rods such
treatment produces no effect (Wang and Kefalov, 2009), the ap-
plication of 11-cis-retinol in rd7 rods promoted substantial re-
covery of their response amplitude and sensitivity (Fig. 5C). The
treatment with 11-cis-retinol also resulted in partial regeneration
of the pigment in rd7 rods (Fig. 6D). Notably, however, unlike
11-cis-retinal, which produces a complete dark adaptation in

"pAphoton ~"um?(n = 6)t0o1.16 + 0.14 X 10 ~2pAphoton ~'um? (n = 6), reflecting a 16-fold desensitization induced by the bleach.

both rods and cones (Wang and Kefalov, 2009), the 11-cis-
retinol-driven recovery in rd7 rods was only partial, both in pig-
ment content and in sensitivity. In contrast, full regeneration in
rd7 rods could be achieved with 11-cis-retinal (Fig. 6E). These
results clearly indicate that unlike wild-type rods and similar to
cones, the rd7 rods are able to oxidize 11-cis-retinol and use it for
rhodopsin regeneration. However, it appears that the capacity of
rd7 rods to oxidize 11-cis-retinol is limited under our experimen-
tal conditions.

Dark adaptation of rd7 rods and cones in vivo

Rods in the intact eye can require up to 1 h to completely recover
their sensitivity following exposure to bright light (Rushton,
1965; Fig. 7A). Cones, in contrast, recover within 3—5 min (Kole-
snikov et al., 2011; Figs. 4, 7A). It is still not known which step of
the rod visual cycle is rate limiting for rod dark adaptation, al-
though it is believed that the underlying reaction resides outside
photoreceptors (Lamb and Pugh, 2004; Imai et al., 2007). The rd7
mice, with their ability to use chromophore from the fast retina
visual cycle, represent a unique system in which to investigate
whether chromophore delivery to rods is rate limiting for their
dark adaptation. To determine whether the faster chromophore
supply by the retina visual cycle will accelerate dark adaptation in
rd7 rods over that in wild-type rods, we performed dark adapta-
tion experiments using in vivo ERG recordings. The a-wave sen-
sitivity recovery in wild-type mice was biphasic, with an initial
rapid cone-driven component and a subsequent slower rod-
driven component (Fig. 7A, black). The recovery of rod sensitiv-
ity, driven by the canonical RPE visual cycle, in wild-type mice
following a 90% bleach took ~50 min, as expected. Remarkably,
rd7 rod dark adaptation driven by the combined action of the
RPE and retina visual cycles following an identical bleach was
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rd7 rods (Fig. 7C). Thus, the dramatic ac-
celeration of rod dark adaptation in rd7
retina could be attributed directly to the
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ability of rd7 rods to access the retina vi-
sual cycle. Our observation that the decay
and regeneration of visual pigment in rd7
rods proceed with kinetics identical to
those in wild-type rods clearly demon-
strates that any expression of cone opsin
in these cells is inconsequential and they
overwhelmingly express rod opsin.
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Finally, the ability of rd7 hybrid rods to
use the retina visual cycle also allowed us
to determine the functional significance
of this cone specificity for the dark ad-
aptation of cones. We found that forc-
ing cones to compete with the rd7 rods
for chromophore from the retina visual
cycle resulted in delayed cone recovery
(Fig. 7A). Thus, the cone specificity of
the retina visual cycle provides one
mechanism for ensuring the rapid dark
adaptation of cones.
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Discussion

Here we demonstrate a powerful and origi-
nal approach to understanding the molecu-
lar mechanism controlling the operation of
the RPE and retina visual cycles and their
function in maintaining photoreceptor sen-
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sitivity. Our study took advantage of the
unique features of rods in the rd7 mouse,
which express a subset of cone genes due to
the functional deletion of the rod-specific
transcription factor Nr2e3 (Chen et al.,
2005; Corbo and Cepko, 2005; Peng et al.,
2005). We used microspectrophotometry
and single-cell and whole-retina recordings
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Figure 3.
stimulating light.

complete within 20 min (Fig. 7A, red). In both cases the recovery
was incomplete, most likely due to the use of anesthetic in these
experiments. However, the final sensitivity recovery following
the bleach was comparable between wild-type and rd7 mice.
Thus, accelerating the delivery of recycled chromophore by the
inclusion of the retina visual cycle dramatically accelerated rd7
rod dark adaptation in the intact eye.

To rule out changes in the kinetics of rhodopsin decay and
regeneration independent of the supply of chromophore, we
used MSP to measure directly these parameters. Metarhodopsin
I (Meta III; A,,,, = 472 nm) is a key product of rhodopsin
bleaching and its production reflects the decay of physiologically
active metarhodopsin II (Meta II). We found that both the pro-
duction and decay of Meta III were unaffected in rd7 rods (Fig.
7B). Similarly, the regeneration of rhodopsin in bleached rods
supplied with 50 M exogenous 11-cis-retinal was also normal in

1 2 3 4 5 0 1 2
Time (s)
Families of transretinal responses from wild-type rods (A), cones (B), and rd7 rods (C) in dark-adapted retinae (left)

and retinae exposed to a 90% bleach followed by a 3 h recovery in darkness (right). Red traces represent responses to test flashes
0f 2170 photon um ~2intensity. Flash strengths increased with a step of ~ 0.5 log units (505 nm light). Photoreceptors faced the

from rd7 mouse rods to investigate whether
they can use the normally cone-specific ret-
ina visual cycle for pigment regeneration
and dark adaptation. Our results revealed
that despite the acquisition of some cone-
like features, dark-adapted rd7 photorecep-
tors produce essentially rod-like responses.
However, in contrast to wild-type rods and
similar to cones, rd7 rods underwent sub-
stantial pigment regeneration and dark adaptation in isolated retina
that had been removed from the pigment epithelium. This recovery
in rd7 rods could be blocked by pharmacologically inhibiting the
retina visual cycle, and then restored by exogenous 11-cis-retinol.
Notably, the rate of rd7 rod dark adaptation in vivo was substantially
faster than that of wild-type rods. Together, these results demon-
strate that the expression of a subset of cone genes in the rd7 rods is
sufficient to enable them to use 11-cis-retinol for pigment regenera-
tion and to access the retina visual cycle.

Pigment regeneration and dark adaptation in rd7 rods is
driven by the retina visual cycle

Our assertion that the observed pigment regeneration and dark
adaptation in the rd7 rods is driven by the retina visual cycle is
based on the implicit assumption that contamination from the
RPE makes a negligible contribution to their recovery. Three
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Figure 4.

Time course of recovery from a bleach in isolated retina for cones (black squares) and rd7 rods (red circles) determined from transretinal recordings. Sensitivity was normalized to its

dark-adapted level before the bleach. The recovery of sensitivity was it by a single exponential function with a time constant of 1.7 == 0.3 min (black line; n = 10) for cones and 2.4 == 0.2 min (red
line; n = 8) for rd7 rods. For comparison, the steady-state level of desensitization in wild-type rods following an identical bleach is also shown (dashed line). Data are shown as mean == SEM.
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Figure 5.

Effect of treatment with the Miiller cell-specific gliotoxin 1-c-AAA on rd7 rod response amplitude and sensitivity following a bleach. Transretinal recordings from rd7 rods in

dark-adapted retina (4), following a 90% bleach and 3 h dark recovery (B), and after a subsequent treatment with 100 wum 11-cis-retinol (11cROL; €). Red traces in all parts correspond to a test flash

0f 2170 photon wm ~?intensity.

arguments support this assumption. First, contamination from
RPE in the isolated retina should produce pigment regeneration
and dark adaptation not only in rd7 rods but also in wild-type
rods. However, our results demonstrate that no such recovery in

wild-type rods takes place in the absence of the RPE (Figs. 24, 3A,
4,6A). Second, rd7 rod recovery driven by RPE contamination in
isolated retina should not be affected by blocking the retina visual
cycle. However, we find that selective pharmacological inhibition
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Figure 6.

MSP measurements of rhodopsin levels in wild-type and rd7 rods. Absorption spectra of wild-type (A) and rd7 (B) rod outer segments measured in dark-adapted conditions (black), 1

min after ~90% bleach (blue), and 3 h after the 90% bleach (red). Normalized absorption spectra (mean = SEM) of rd7 rod outer segments measured in dark-adapted conditions (black squares),
after ~90% bleach and 3 h incubation (red circles) in 1-c-AAA (n = 3; (), in L-a-AAA with 20 m 11-cis-retinol (n = 3; D), and in --cc-AAA with 20 um 11-cis-retinal (n = 3; E).

of the retina visual cycle with gliotoxin, which does not affect the
RPE visual cycle (Wang et al., 2009), completely blocks rd7 pig-
ment regeneration (Fig. 6C) and dark adaptation (Fig. 5B) in
isolated retina. Finally, both visual pigment regeneration and
sensitivity recovery driven by RPE contamination would be ex-
pected to proceed with a time course similar to that of the RPE
visual cycle. However, our in vivo ERG recordings demonstrate
that rd7 rod dark adaptation is dramatically faster than that of
wild-type rods (Fig. 7), an observation consistent with the rapid
recycling of chromophore via the retina visual cycle (Mata et al.,
2002).

Chromophore delivery rate limits mammalian rod and cone
dark adaptation

One long-standing question in vision research has been the iden-
tity of the rate-limiting step for rod and cone dark adaptation. For
rods, this process takes tens of minutes (Rushton, 1965; Figure 7)
and greatly impairs our ability to see under scotopic conditions
for minutes after exposure to bright light. Mutation-induced de-
ficiencies in multiple steps of the visual cycle, from rhodopsin
inactivation, to the traffic of chromophore in and out of photo-
receptors, and the recycling of chromophore in the RPE (for
review, see Travis et al., 2007), all can slow down rod dark adap-
tation. Here, we demonstrate a substantial acceleration of mam-
malian rod dark adaptation, indicating that the rate-limiting step
for this process has been accelerated. It has been suggested that
the rate-limiting step for rod pigment regeneration resides out-
side photoreceptors (Lamb and Pugh, 2004). Indeed, mutating
rhodopsin to accelerate its decay to opsin following photoactiva-

tion and its regeneration does not affect the overall rate of pig-
ment recovery during dark adaptation in vivo (Imai et al., 2007).
Our finding that the rd7 hybrid rods are able to use the fast retina
visual cycle allowed us to test whether supply of chromophore
rate limits rod dark adaptation. Our results demonstrate that the
retina visual cycle-driven dark adaptation of rd7 rods proceeds
surprisingly fast (Fig. 4). Furthermore, we find that overall rd7
rod dark adaptation in vivo, as driven by the combined actions of
the retina and RPE visual cycles, occurs 2.5-fold faster than that of
wild-type rods and is complete within only 20 min (Fig. 7A).
These results clearly demonstrate that pigment regeneration and
dark adaptation in the rd7 rods proceed substantially faster than
in wild-type rods. The normal decay of photoactivated rhodopsin
(both Meta IT and Meta III) to free opsin (Fig. 7B), and its normal
regeneration with exogenous chromophore (Fig. 7C), indicate
that the processing of chromophore in rd7 rods is unaffected.
While the expression of yet unidentified auxiliary cone-specific
genes might enhance pigment inactivation in rd7 rods, the dra-
matic acceleration of dark adaptation when chromophore supply
is boosted by the fast retina visual cycle indicates that mammalian
rod dark adaptation is rate limited by the supply of chromophore.
It still remains to be established whether this is also the case in the
human retina and whether the recycling of chromophore or its
uptake by photoreceptors controls the overall rate of rod dark
adaptation.

Our in vivo dark adaptation results from rd7 mice also dem-
onstrate that, in contrast to the accelerated recovery of rods fol-
lowing a bleach, cone dark adaptation is delayed in the rd7 retinae
(Fig. 7A). Considering that the mutation in these mice is in the
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rod-specific Nr2e3 transcription factor, it
is unlikely that this delay is caused by al-
tered gene expression or physiological
function in the cones. Rather, the slower
cone dark adaptation in rd7 retina is most
likely due to the competition with the
hybrid rods for chromophore recycled
by the retina visual cycle. Thus, the cone
specificity of the retina visual cycle,
which normally excludes rods from us-
ing chromophore produced by the Miil-
ler cells, is key for the timely
regeneration of visual pigment in cones.

Our results also provide insight into
the capacity and origin of retinoids that
can be supplied by the retina visual cycle.
Our MSP measurements demonstrate
that the isolated retina can drive the re-
generation of ~40% of rhodopsin in rd7
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rods. With total rhodopsin in the mouse
retina of ~520 pmol (Palczewski, 2012),
this implies the delivery of >200 pmol of
chromophore to photoreceptors in a sin-
gle rd7 mouse retina. This level is too high
to be derived from retinoids stored in
photoreceptors or the retina (Jin et al.,
2009). Thus, the most likely source of
substrate for the retina visual cycle is the
all-trans retinol released from photore-
ceptors following a bleach, rather than
retinoid storage within the retina.
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Identifying the cone-specific gene re-
quired for the oxidation of 11-cis-retinol
would not be trivial in wild-type mice due
to the small fraction of cone photorecep-
tors, making differential expression anal-
ysis technically challenging. The cone-like
ability of rd7 rods to undergo pigment
regeneration driven by the retina visual
cycle or by exogenous 11-cis-retinol
suggests that these rods express the nor-
mally cone-specific enzyme responsible
for the oxidation of retinol. Thus, the rd7
rods, expressing only a subset of cone
genes, provide a potential avenue for
identifying the molecular mechanism that
controls access to the retina visual cycle. Notably, in addition to
expressing a subset of cone genes, the rd7 rods also acquire some
cone-like cellular features. Compared with wild-type rods, the
rd7 rods have more abundant euchromatin, larger cell bodies,
and juxtanuclear mitochondria while retaining normal outer seg-
ments (Corbo and Cepko, 2005). Thus, rd7 rods could also hold
the key to understanding the cellular mechanisms that control
access to the retina visual cycle.

Finally, as rod pigment regeneration is driven exclusively by
the RPE visual cycle, disorders affecting this pathway have devas-
tating effects on rod-mediated vision. Such disorders include ret-
initis pigmentosa, Leber congenital amaurosis, rod dystrophy,
and Stargardt disease (for review, see Travis et al., 2007). Normal

Figure7.
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Time course of dark adaptation of wild-type (black squares; n = 6) and rd7 (red circles; n = 6) retinae measured with
in vivo ERG recordings (4). The a-wave sensitivity was normalized to its dark-adapted level before the bleach. B, Production and
decay of Met Il as a function of time after an extensive bleach (>90%) in wild-type (black squares,n = 9) and rd7 (red circles,n =
8) mice rod photoreceptors. Met Il was assessed as the change in spectral absorbance at 472 nm. Fitted to the data are double
exponential functions with the time constants 7, = 2.0, 7, = 23.7min (WT), and 7, = 2.1, 7, = 18.0min (rd7). All retinae were
incubated in 1-a-AAA for 3 h prior the start of the experiment. €, Pigment regeneration as a function of time after an extensive
bleach (>90%) and exogenous treatment with 11-cis-retinal (50 pemin 1% BSA) in WT (black squares; n = 9) and rd7 (red circles;
n = 7) mice rod photoreceptors. The pigment regeneration was measured by MSP as the change in spectral absorbance at 500 nm.
The two datasets were not significantly different (p = 0.18) and fitting a single exponential function to the averaged data
produced time constants of 7 = 3.5 min (wild-type) and 7 = 3.2 min (rd7). All retinae were incubated in .--cc-AAA for 3 h prior the
start of the experiment. The exogenous treatments were made onstage after the decay of photoproducts was complete. Data are

aging also results in reduced efficiency of the human RPE visual
cycle and delayed rod dark adaptation (Jackson et al., 1999,2006).
Our study reveals an exciting, novel, and potentially powerful
therapeutic approach to such disorders. As our results demon-
strate, a genetic manipulation that enables rods to access the nor-
mally cone-specific retina visual cycle can compensate for the
lack of RPE visual cycle and provide rods with chromophore to
sustain rod-mediated vision. Such treatments could prove useful
in RPE visual disorders associated with mutations of key visual
cycle proteins or with reduced RPE function due to aging. En-
abling rods to use the retina visual cycle is indeed achievable in
adult mice (Montana et al., 2013). Our results may also advance
our understanding of cone visual cycle disorders and drive the
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development of new treatments for cone degenerative diseases
such as age-related macular degeneration.
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