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            Introduction 

 The vertebrate visual pigment, the light receptor molecule of rod and 
cone photoreceptor cells, is composed of a protein moiety, opsin, 
and chromophore, typically 11- cis  retinal. Upon absorbing light, 
11- cis  retinal is photoisomerized to its all- trans  form to activate the 
pigment before eventually dissociating from opsin [reviewed in 
(Ebrey & Koutalos,  2001 ; Imamoto & Shichida,  2014 )]. The con-
tinuous function of photoreceptor cells requires regeneration of 
their visual pigments with newly synthesized 11- cis  retinal. In ver-
tebrate eyes, there are two metabolic pathways for 11- cis  retinal 
synthesis: the retinal pigment epithelium (RPE) visual cycle and 
the retina visual cycle (Wang & Kefalov,  2011 ; Saari,  2012 ; Tang 
et al.,  2013 ; Wright et al.,  2015 ). The RPE visual cycle is the 
canonical pathway in which 11- cis  retinal is synthesized in the 
RPE cells and supplied to both rods and cones. The retina visual 
cycle, on the other hand, is a recently discovered pathway in which 
11- cis  retinol is synthesized in Müller cells, supplied to cones, 
and then oxidized there to 11- cis  retinal. This  cis  retinol oxidation 

activity is cone-specifi c (Jones et al.,  1989 ; Miyazono et al.,  2008 ; 
Ala-Laurila et al.,  2009 ; Sato & Kefalov,  2016 ). As a result, the 
retina visual cycle can supply chromophore exclusively to cones, 
enhancing in that way their fast dark adaptation and their function 
in bright light (Mata et al.,  2002 ; Kolesnikov et al.,  2011 ; Wang et al., 
 2014 ). However, little is known about the molecular mechanisms 
of the retina visual cycle. Although recent studies have identifi ed 
several putative components of the pathway for 11- cis  retinoid syn-
thesis in Müller cells (Kaylor et al.,  2013 ; Kaylor et al.,  2014 ; Xue 
et al.,  2015 ), the enzyme(s) responsible for the  cis  retinol oxidation 
in cones is still unknown. 

 Two hypotheses about this cone-specifi c reaction have been 
recently proposed. One suggestion is that the oxidation of  cis  retinol 
is carried out in the outer segments of cones by retinol dehydroge-
nase 8 (RDH8). This idea is based on the observation that deletion 
of RDH8 blocks the  cis  retinol-dependent sensitivity recovery in 
mouse M-cones (Kolesnikov et al.,  2015 ). However, RDH8 is 
expressed in the outer segments of both rods and cones (Maeda et al., 
 2005 ; Miyazono et al.,  2008 ) and is thought to be primarily a 
reductase of all- trans  retinal rather than an oxidase of  cis  retinol 
(Rattner et al.,  2000 ). The alternative hypothesis is that the oxida-
tion of  cis  retinol takes place in cone inner segments and is carried 
out by RDH13-like (RDH13L) and its homologs (Sato et al.,  2015 ). 
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 Abstract 

 Vertebrate rod and cone photoreceptors require continuous supply of chromophore for regenerating their visual 
pigments after photoactivation. Cones, which mediate our daytime vision, demand a particularly rapid supply of 11- cis  
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These results suggest, surprisingly, that the  cis -retinol oxidation occurs in the outer segments of cone photoreceptors. 
Confi rming this notion, pigment regeneration with exogenously added 9- cis  retinol was directly observed in the 
truncated outer segments of cones, but not in rods. We conclude that the enzymatic machinery required for the 
oxidation of recycled  cis  retinol as part of the retina visual cycle is present in the outer segments of cones.   
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RDH13L is a cone-specifi c enzyme identifi ed from purifi ed carp 
cone inner segment membranes. It oxidizes  cis  retinol with con-
comitant reduction of NADP +  or hydrophobic aldehydes. However, 
RDH13L is found only in fi sh and is, therefore, not a component of 
the mammalian retina visual cycle. Although it’s functional homolog, 
RDH14 (Sato et al.,  2015 ), is suggested to be expressed in mouse 
cones (Kanan et al.,  2008 ), its role in the cone-specifi c oxidation of 
 cis  retinol has not been examined. 

 Here, as a way of addressing this issue, we sought to identify 
the cellular compartment of salamander red cones where  cis  retinol 
oxidation takes place. The salamander retina has a high percentage 
of cones ( ∼ 40%) (Sherry et al.,  1998 ) and its photoreceptors are >5 
times larger in width than those of the mouse retina [see for instance 
(Koutalos & Cornwall,  2010 )]. These features allowed us targeted 
application of  cis  retinal or  cis  retinol selectively to the inner or 
outer segment of individual cones in an effort to determine the sub-
cellular localization of the  cis  retinol oxidation activity in cones.   

 Materials and methods  

 Single-cell suction recordings 

 All experiments were performed in accordance with protocols 
approved by the Washington University Animal Studies Committee 
and the Institutional Animal Care and Use Committee of Boston 
University School of Medicine, following the Guide for the Care 
and Use of Laboratory Animals and the Animal Welfare Act. Larval 
tiger salamanders ( Ambystoma tigrinum , Charles D. Sullivan Co. 
Inc., Nashville, TN) were maintained on a 12-h day–night cycle 
and were dark-adapted overnight before use. Single-cell recordings 
from salamander cones were carried out as previously described 
(Kefalov et al.,  2001 ). For the cone dark-adaptation experiments, 
the inner or outer segment of a red cone was fi rst drawn in the suc-
tion pipette and after measuring its dark current and sensitivity, the 
cell was exposed to brief bright 505 nm light estimated to bleach 
>99% of its visual pigment. Bleaching light duration was deter-
mined from the relation  F  = 1 − exp(− IPt ), where  F  is the fraction 
of pigment to be bleached (>0.99),  t  is the duration of light expo-
sure (>18 s),  I  is the light intensity (1.2 × 10 8  photons·µm -2 ·sec -1 ), 
and  P  is the photosensitivity of salamander red cones at 505 nm 
(2.3 × 10 −9   µ m 2 ), estimated from the action spectrum of salamander 
red cones (Makino & Dodd,  1996 ; Sato & Kefalov,  2016 ) and the 
reported photosensitivity value at the wavelength of peak absor-
bance (6.0 × 10 −9   µ m 2 ) (Jones et al.,  1993 ). Following the bleach, 
the cell was incubated in darkness for 20 min to allow the photoac-
tivated visual pigments to decay to free opsin. The bleach-adapted 
cell was then treated with 800  µ l of 125  µ M retinoid solution which 
was added to the recording chamber. The retinoid solution was pre-
pared as follows: 300  µ g of dry retinoid (9- cis  retinol: Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA; 9- cis  retinal: Sigma-Aldrich, 
Inc., Saint Louis, MO) was dissolved into 11  µ l ethanol and kept on 
ice until used. Just before adding to the recording chamber, 1  µ l of 
the ethanolic retinoid solution was mixed with 100  µ l of Ringer’s 
solution fi rst and then additional 700  µ l of Ringer’s solution was 
added gradually to obtain 125  µ M retinoid solution. The retinoid 
solution thus prepared was added into the recording chamber 
containing  ∼ 2 ml of perfusion solution (i.e., fi nal concentration: 
 ∼ 40  µ M) using a pipette with a wide-bore tip. To optimize the delivery 
of retinoids to the cone held in the suction electrode, the solution 
in the chamber was stirred by fl ushing some of it in and out of the 
pipette 3 times. As the solution was applied to the bath, only the 

segment of the cell exposed to it and not drawn in the suction elec-
trode was treated with the retinoid (Jin et al.,  1994 ). To monitor the 
recovery of cone sensitivity following the application of the reti-
noid, dim fl ash responses (with amplitudes below 30% of the max-
imum recorded from each cone) were recorded every 1 min for 
9- cis  retinal-treated cones or every 2 min for 9- cis  retinol-treated 
cones, up to 20 min after the addition of retinoid solution. Flash 
sensitivities were determined as the ratio of dim fl ash response 
amplitude and fl ash intensity. Electrophysiology data were ana-
lyzed using pClamp 9 (Molecular Devices, LLC, Sunnyvale, CA) 
and Origin 7.5 (OriginLab, Northampton, MA).   

 Microspectrophotometry measurements 

 The microspectrophotometry measurements were performed on 
a previously described instrument (Frederiksen et al.,  2012 ). At 
the beginning of an MSP experiment, a dark-adapted retina was 
chopped and triturated. Solution containing isolated intact cells 
and outer segments was placed on a quartz cover-slip window 
located in the bottom of a 2 mm-deep Plexiglass recording chamber. 
The tissue was allowed to settle and adhere to the quartz window 
for up to 10 min to minimize movement of the cells, after which the 
tissue in the chamber was superfused at a rate of 4 ml/min with 
Ringer’s solution identical to that used in the electrophysiological 
experiments. At this time, an isolated intact photoreceptor cell or 
outer segments were identifi ed from their projected image on the 
screen of the infrared video system. A baseline absorbance spec-
trum was measured in an area adjacent to the selected outer seg-
ment. Following this measurement, the outer segment was oriented 
in the beam path with the polarization of the incident measuring 
beam parallel to the plane of the disks (rods) or invaginations 
(cones), and absorbance spectra in this area were measured in steps 
of 2 nm step width. Generally, ten complete sample scans and ten 
baseline scans were averaged to increase the signal-to-noise ratio 
of a measured spectrum. The absorbance spectrum was calculated 
using Beers’ Law according to the relation; OD = log 10 ( I  o / I  t ), where 
OD is optical density or absorbance,  I  o  is the light transmitted 
through a cell-free space adjacent to the outer segment, and  I  t  is the 
light transmitted through the outer segment. 

 Dark-adapted spectra of the visual pigment were measured in 
this way from rod and cone outer segments. Once the dark-adapted 
spectral absorbance was established, the pigment was bleached 
(>99%) using a calibrated (505 nm; 1.3 × 10 7  photons·µm -2 ·sec -1 ) 
LED light source. Bleaching photoproducts were monitored peri-
odically and were allowed to decay to undetectable levels. This 
period was 10 min for cone outer segments, and about 60 min for 
rods. Following this, we measured the bleached absorbance spec-
trum. Next, we treated the preparation with 1 ml of 40  µ M 9- cis  
retinol for 10 min. Spectral absorbance was measured and the 
pigment regeneration was monitored until no further change in 
spectral absorbance could be detected. Then the regenerated 
pigment (cones) was bleached once more to confi rm that it was 
photosensitive. If no pigment was regenerated (rods) the prepara-
tion was treated with 1 ml of 40  µ M 11- cis  retinal for 10 min and 
allowed to regenerate visual pigment.   

 Statistics 

 A two-tailed unpaired Student’s  t -test was used to test for the sig-
nifi cance of difference in the mean values of two sample groups. 
 P -values of <0.05 were considered to be statistically signifi cant.    
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 Results  

 Location of the  cis  retinol oxidation reaction in salamander red cones 

 In the living retina, fresh 11- cis  retinol is provided by the Müller 
cells to cones, and ultimately used for pigment regeneration in the 
cone outer segments. However, as Müller cell processes do not 
make direct contact with the cone outer segments (Sarantis & 
Mobbs,  1992 ; Garlipp & Gonzalez-Fernandez,  2013 ), their 11- cis  
retinol is most likely delivered to the cone inner segments (Insinna 
et al.,  2012 ). It is currently unclear whether the subsequent oxida-
tion of 11- cis  retinol to 11- cis  retinal takes place in the inner or 
outer segments of cones. To determine the location of  cis  retinol 
oxidation in cones, we compared the time course of sensitivity 
recovery of fully bleached (>99% of visual pigment) isolated sala-
mander red cones in a suction electrode when their outer  vs . inner 
segment was exposed to 9- cis  retinol, a commercially available 
more stable analogue of 11- cis  retinol. As the suction electrode 
fi ts tightly around the photoreceptor cell, chromophore movement 
from the bath into the electrode was restricted so that only the part 
of the cell outside the electrode was exposed to it (Jin et al.,  1994 ). 
Thus, we reasoned that exposing directly the part of the cell where 
oxidation takes place to 9- cis  retinol would result in faster pigment 
regeneration compared to the reverse cell confi guration. Isolated 
salamander red cones were drawn into the suction pipette from 
the outer segment to the mid-point of the inner segment (outer 
segment-in confi guration;  Fig. 1A ) or from the cell body to the base 
of the outer segment (outer segment-out confi guration;  Fig. 2A ). 
Cone pigments were fully bleached (>99%) by 505 nm light and 
then the cells were kept in darkness for 20 min until their sensi-
tivity reached a steady state. At this point, 9- cis  retinal or 9- cis  
retinol was added to the bath of the recording chamber and the 
change in cone sensitivity was monitored for the next 10 min for 
9- cis  retinal or 20 min for 9- cis  retinol. Although the relation 
between the fraction of bleached pigment and sensitivity is non-
linear (Jones et al.,  1993 ; Kefalov et al.,  2005 ), physiological 
measurements of cone sensitivity provide a reliable method for 
monitoring the onset and kinetics of cone pigment regeneration. 
Thus, we used the kinetics of cone dark adaptation to estimate the 
rate of pigment regeneration in the outer segment, and the initial 
delay in this process to estimate the time required for the production/
delivery of 9- cis  retinal to the outer segment.         

 We began by treating the inner segments of bleached red cones 
with 9- cis  retinal in order to determine the kinetics of delivery of 
this retinoid to the outer segment and the subsequent rate of cone 
pigment regeneration in a confi guration similar to that  in vivo , with 
the retinoid delivered from the Müller cells. As 9- cis  retinal can 
be used directly for pigment regeneration, the dark adaptation of 
cones in this case was rate-limited by its delivery to the outer seg-
ment. For outer segment-in cones ( Fig. 1A ), sensitivity recovery 
began shortly upon exposure to 9- cis  retinal ( Fig. 1B , black traces). 
The recovery onset was delayed by  ∼ 1 min ( Fig. 1C , black fi lled 
squares), possibly refl ecting the time required for 9- cis  retinal 
taken up by the inner segment from the bath to reach the outer 
segment of the cell, sheltered inside the suction electrode. The sub-
sequent dark adaptation of the cones proceeded rapidly and was 
largely completed within 5–6 min. 

  

 Fig. 1.      Kinetics of red cone sensitivity recovery when exposing the inner 
segment to exogenous 9- cis  chromophore. ( A ) Image of a red cone in the 
outer segment-in confi guration under microscope with infrared illumina-
tion. ( B ) Dim fl ash responses from bleached red cones at indicated times 
after treatment with 9- cis  retinal (black traces) and 9- cis  retinol (red traces). 
Response amplitudes are normalized to the fl ash intensity (i.e. response 

per photon) to allow direct comparison of sensitivity. ( C ) Sensitivity recovery 
time course of bleached red cones in the outer segment-in (OS-in) confi gu-
ration incubated with 9- cis  retinal (fi lled black squares;  n  = 10) or 9- cis  
retinol (fi lled red circles;  n  = 8). Data are shown as mean ± SEM.    
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 We next treat the inner segments of bleached cones with 9- cis  
retinol, a functional analogue to the 11- cis  retinol produced by 
Müller cells in the retina (Sato & Kefalov,  2016 ). In comparison 
with 9- cis  retinal, use of 9- cis  retinol requires the additional step of 
oxidation before it could be used for pigment regeneration. Thus, 
the overall time course of cone dark adaptation in this case was 
determined by two processes: production of 9- cis  retinal and its 
delivery to the outer segment. As expected, the administration of 
9- cis  retinol to the inner segments resulted in gradual recovery of 
cone sensitivity, indicating that cones could oxidize 9- cis  retinol 
and use it for pigment regeneration. However, this recovery was 
delayed by  ∼ 6 min ( Fig. 1B , red traces;  Fig. 1C , fi lled red circles) 
from the time of retinoid application. This delay in the onset of 
cone recovery with 9- cis  retinol was substantially larger than the 
 ∼ 1 min delay observed for 9- cis  retinal in the same confi guration. 

The slight transient decrease in sensitivity upon the application of 
9- cis  retinol was likely due to toxicity of its high concentration in 
the bath when the perfusion was stopped during retinoid applica-
tion. Indeed, this decrease was not observed when the 9- cis  retinol 
solution was diluted 10-fold and the perfusion was not halted 
during its application, thus rapidly removing excess retinoid from 
the recording chamber (data not shown). The kinetics of the 9- cis  
retinol-driven recovery were also >3-fold slower than the recovery 
driven by 9- cis  retinal so that cone dark adaptation was still incom-
plete 20 min after treatment. Thus, when the retinoid was applied 
to the cone inner segment, the recovery driven by 9- cis  retinol was 
delayed by several min and proceeded >3-fold slower than the 
recovery driven by 9- cis  retinal. This could refl ect the different 
traffi c rates of 9- cis  retinal and 9- cis  retinol through the cone inner 
segment, or could be caused by the extra oxidation step of 9- cis  
retinol to 9- cis  retinal. However, based only on the results above, 
we could not determine which of these two factors causes the delay 
or the slower recovery of cones when their inner segments were 
treated with 9- cis  retinol  vs . 9- cis  retinal. 

 To address this question and distinguish between these two pos-
sibilities, we treated directly the outer segments of bleached cones 
with 9- cis  retinal and 9- cis  retinol by using the outer segment-out 
confi guration ( Fig. 2A ). When applied directly to the outer seg-
ment, 9- cis  retinal could be immediately taken up by the cone and 
began driving pigment regeneration and dark adaptation within 
seconds ( Fig. 2B ; black open squares). Direct comparison of cones 
treated with 9- cis  retinal in the outer segment-in ( Fig. 3A , open 
squares) and outer segment-out ( Fig. 3A , fi lled squares) confi gura-
tions demonstrated that their kinetics of dark adaptation were com-
parable. The only difference was the  ∼ 1 min delay in cone recovery 
when the chromophore was applied to the inner segment of the 
cones, compared to its direct application to the outer segment. This 
delay when 9- cis  retinal is applied to the cone inner segment is 
comparable to that previously observed with 11- cis  retinal (Jin et al., 
 1994 ) and likely refl ects the time required for the retinoid to reach 
the outer segment. Notably, the ensuing 9- cis  retinal-driven pigment 
regeneration in our experiments was independent of the site of 
retinoid application and completed within 5–6 min.     

 Having established the time course of dark adaptation driven by 
exogenous  cis  retinal in the two cell confi gurations, we next com-
pared the kinetics of cone dark adaptation with  cis  retinol. Pigment 
regeneration in this case requires the additional step of oxidation to 
 cis  retinal before pigment regeneration. To investigate the subcel-
lular localization and the kinetics of  cis  retinol oxidation in cones, 
we compared the kinetics of 9- cis  retinol-driven cone dark adapta-
tion in the outer-segment-in confi guration with that of bleached 
cones in the outer segment-out confi guration. Notably, similar to 
the treatment with 9- cis  retinal in this confi guration, and unlike the 
treatment with 9- cis  retinol in the reverse confi guration, the recovery 
of cone sensitivity in this case began immediately after the application 
of the retinoid ( Fig. 2B , red open circles). Thus, cones could rap-
idly and effi ciently utilize 9- cis  retinol for robust pigment regener-
ation when the retinoid was applied directly to their outer segments. 
The kinetics of the 9- cis  retinol-driven recovery of sensitivity were 
slower than those of the 9- cis  retinal-driven recovery in this confi g-
uration ( Fig. 2B ), but comparable to those of the 9- cis  retinol-driven 
recovery in the outer segment-in confi guration ( Fig. 3B ). In both 
recording confi gurations, the kinetics of recovery with 9- cis  retinol 
was  ∼ 3-fold slower than that with 9- cis  retinal ( Figs. 1C  and  2B ). 
Together, these results suggest that the delay in cone recovery 
when 9- cis  retinol is applied to the inner segment is most likely due to 
the slow transport of this retinoid to the outer segment. The immediate 

  

 Fig. 2.      Kinetics of red cone sensitivity recovery when exposing the outer 
segment to exogenous 9- cis  chromophore. ( A ) Image of a red cone in the 
outer segment-out confi guration under microscope with infrared illumina-
tion. ( B ) Sensitivity recovery time course of bleached red cones in the outer 
segment-out (OS-out) confi guration incubated with 9- cis  retinal (open black 
squares;  n  = 7) or 9- cis  retinol (open red circles;  n  = 8). Data are shown as 
mean ± SEM.    
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onset of cone recovery when 9- cis  retinol is applied directly to 
the outer segment is consistent with the notion that its oxidation 
to 9- cis  retinal occurs in the outer segment itself rather than in the 
inner segment. The  ∼ 3-fold slower dark adaptation with 9- cis  retinol 
over 9- cis  retinal likely refl ects the relatively slow oxidation of  cis  
retinol to  cis  retinal in the outer segments of cones.   

  cis  Retinol oxidation in the truncated cone outer segment 

 Our physiological data is consistent with the presence of  cis  retinol 
oxidation activity in cone outer segments. However, the spatial 
isolation between the outer and inner segments by our suction elec-
trode was likely not ideal. Thus, the possibility still existed that 
in the outer segment-out confi guration, 9- cis  retinol from the bath 

could reach the tip of the inner segment and get oxidized there 
instead of in the outer segment. A second complication of the inter-
pretation of our recordings arose from the slight decrease of cone 
sensitivity in the outer segment-in confi guration upon the application 
of 9- cis  retinol ( Fig. 1C ). This transient sensitivity suppression, 
which was not observed in the outer segment-out confi guration, 
could also have masked any early onset of cone recovery mediated 
by oxidation in the inner segment. To rule out these possibilities, 
we tested directly the ability of truncated salamander cone outer 
segments to oxidize 9- cis  retinol and use it for pigment regenera-
tion. As suction recordings from truncated cone outer segments 
are quite challenging, we used microspectrophotometry (MSP) to 
measure directly pigment regeneration in 9- cis  retinol-treated cone 
outer segments broken off from the rest of the cell. Truncated outer 
segments from dark-adapted red cones were identifi ed by their 
shape and their characteristic absorption spectrum ( Fig. 4A ) with a 
peak at 610 ± 4 nm (mean ±  s.d. ,  n  = 4), refl ecting the mix of 11- cis  
A 1  and 11- cis  A 2  chromophore in the retina of larval tiger salaman-
ders (Makino et al.,  1999 ). The outer segments were then bleached 
by bright light, which, as expected, resulted in the ablation of the 
pigment peak in the absorption spectrum ( Fig. 4B ). Critically, 
treatment of such bleached truncated cone outer segments with 
9- cis  retinol resulted in robust 9- cis  pigment regeneration as dem-
onstrated by the reappearance of a blue-shifted pigment spectrum 
( Fig. 4C ) with a peak at 544 ± 9 nm (mean ±  s.d. ,  n  = 4). This peak 
wavelength is comparable to the reported value for the 9- cis  pig-
ment in salamander red cones (542 nm) (Makino et al.,  1999 ). The 
absorption peak disappeared after an additional bright light illumi-
nation, confi rming that it originated from bleachable pigment and 
not from nonspecifi c retinoid products. This result clearly demon-
strates that 9- cis  retinol can be oxidized in the truncated cone outer 
segment and used for 9- cis  pigment formation. As a control, the same 
experiments were done with intact salamander red rods ( Fig. 4E ) 
following a bleach ( Fig. 4F ). In this case, pigment regeneration was 
not observed after 9- cis  retinol treatment ( Fig. 4G ). However, 
subsequent treatment with 11- cis  retinal produced robust pigment 
regeneration ( Fig. 4H ). The inability of salamander rods to utilize 
9- cis  retinol for pigment regeneration is consistent with our recent 
fi nding that 9- cis  retinol oxidation activity is cone-specifi c (Sato & 
Kefalov,  2016 ). Importantly, the lack of regeneration in rods under 
these conditions also ruled out contamination with 9- cis  retinal in 
our 9- cis  retinol preparation. Together, these MSP results substan-
tiate our fi ndings from single-cell recordings above and clearly 
demonstrate that the oxidation of 9- cis  retinol takes place in cone 
outer segments and can drive robust cone pigment regeneration.        

 Discussion  

 Oxidation and traffi c of 9- cis  retinol in cones 

 This study builds on two elegant previous studies that showed that 
 cis  retinol can drive cone pigment regeneration (Jones et al.,  1989 ) 
and that the movement of retinoid from the inner to outer segment 
of salamander cones can be studied by restricting access with 
a suction electrode (Jin et al.,  1994 ). Here, we used a similar 
approach to determine the cone compartment where oxidation of 
 cis  retinol takes place. We found that when the cone outer segment 
was treated with 9- cis  retinal, dark adaptation began essentially 
immediately ( Fig. 2B ). When the cone inner segment was treated 
with 9- cis  retinal, the recovery onset was delayed by  ∼ 1 min ( Fig. 1C ) 
refl ecting the time required for the movement of 9- cis  retinal to the 
outer segment before pigment regeneration can begin. The kinetics 

  

 Fig. 3.      Comparison of the kinetics of bleached red cone recovery in outer 
segment-in  vs . outer segment-out confi gurations (data replotted from  Fig. 1C  
and  2B ). ( A ) Sensitivity recovery time course of bleached red cones incu-
bated with 9- cis  retinal in the OS-out (fi lled black squares) or OS-in (open 
black squares) confi guration. ( B ) Sensitivity recovery time course of 
bleached red cones incubated with 9- cis  retinol in the OS-out (fi lled red 
circles) or OS-in (open red circles) confi guration.    
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of the subsequent dark adaptation was identical in the two confi gu-
rations ( Fig. 3A ). Notably, after its onset, the kinetics of cone 
recovery with 9- cis  retinol in the two confi gurations were also 
identical ( Fig. 3B ) but  ∼ 3-fold slower than the recovery kinetics 
with 9- cis  retinal. This result suggests that the oxidation of  cis  
retinol proceeds relatively slowly and might be rate-limiting for the 
regeneration of pigment  via  the retina visual cycle. On the other 
hand, after exposing the inner segment of bleached cones to 
9- cis  retinol, sensitivity recovery onset was delayed by  ∼ 6 min. 
The absence of such delay in the outer segment-out confi guration 
( Fig. 2B ) allowed us to rule out slow 9- cis  retinol oxidation as its 
source. Instead, this result suggested that this delay likely refl ects 
the time required for 9- cis  retinol to travel from the inner to the 
outer segments of cones, similar to the case of 9- cis  retinal. Thus, 
the most likely explanation for our electrophysiological results is 
that 9- cis  retinol is oxidized in the cone outer segment. 

 Notably, the delay in recovery onset observed in outer segment-in 
cones with 9- cis  retinol ( Fig. 1C ) was similar to the delay observed 
in intact salamander retina [Fig. 5A in (Wang et al.,  2009 )]. Thus, 
even though isomeric differences between endogenous 11- cis  
retinoids and their exogenous 9- cis  analogs used in this study 
could exist, they do not appear to affect dramatically cone dark 
adaptation. Together, our results suggest that in the intact eye,  cis  
retinol is transported from the microvilli of Müller cells to cone 
outer segments  via  the inner segments and is then oxidized to the 
 cis  retinal needed for pigment regeneration. The substantially 
longer time for 9- cis  retinol delivery from the inner to the outer 

segment compared to 9- cis  retinal ( Fig. 1C ) suggests the presence 
of an effi cient mechanism for transporting  cis  retinal from cone 
inner segment to the outer segment. Alternatively, the movement of 
 cis  retinol through the cone inner segment could somehow be 
obstructed. Photoreceptors are thought not to have retinoid binding 
proteins that regulate the transport of hydrophobic retinoids within 
the cytosol. Indeed, cellular retinal binding protein (Collery et al., 
 2008 ) and cellular retinol binding protein (Bok et al.,  1984 ) have 
not been detected from photoreceptors. Thus, chromophore-binding 
proteins are not likely to be involved in the regulation of retinoid 
transport through the cone inner segment. Finally, it is also worth 
pointing out that due to their different chemical nature, retinol is 
less hydrophobic than retinal, and would therefore be expected to 
partition and diffuse differently through the cellular membranes 
and cytosol of cone photoreceptors.   

  cis  Retinol oxidase in cone outer segment 

 Our MSP data ( Fig. 4 ) clearly demonstrate the presence of  cis  retinol 
oxidase in the outer segments of cones. This result is consistent 
with the hypothesis that RDH8 is the enzyme responsible for this 
reaction. RDH8 is expressed in cone outer segments (Maeda et al., 
 2005 ; Miyazono et al.,  2008 ) and shows weak but detectable 
activity to  cis  retinoid (Rattner et al.,  2000 ). In addition, deletion of 
RDH8 blocks the sensitivity recovery with exogenous 9- cis  retinol 
in mouse M-cones (Kolesnikov et al.,  2015 ). However, RDH8 is 
expressed not only in cones but also in rods (Maeda et al.,  2005 ; 

  

 Fig. 4.      Microspectrophotometric measurement of pigment regeneration in a truncated cone outer segment and in an intact rod. 
( A ) Absorbance spectrum of a dark-adapted cone outer segment. Fitted to the data is a visual pigment template with peak wavelength at 
605 nm and an optical density of 0.039. ( B ) Absorbance spectrum of the same cone outer segment as in ( A ) recorded after >99% of the 
visual pigment had been bleached. ( C ) Absorbance spectrum of the same bleached cone outer segment as in ( B ) recorded after treatment 
with 9- cis  retinol. Fitted to the data is a visual pigment template with peak wavelength at 549 nm and an optical density of 0.040. 
( D ) Absorbance spectrum of the same regenerated cone outer segment as in ( C ) recorded after a second >99% bleach of its visual 
pigment. ( E ) Absorbance spectrum of the outer segment of an intact dark-adapted red rod. Fitted to the data is a visual pigment template 
with peak wavelength at 518 nm and an optical density of 0.14. ( F ) Absorbance spectrum of the same rod as in ( E ) recorded after >99% 
of the visual pigment had been bleached. ( G ) Absorbance spectrum of the same bleached rod as in ( F ) recorded after treatment with 9- cis  
retinol. ( H ) Absorbance spectrum of the same bleached rod as in ( G ) recorded after treatment with 11- cis  retinal. Fitted to the data is a 
visual pigment template with peak wavelength at 500 nm and an optical density of 0.12.    
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Miyazono et al.,  2008 ), a distribution inconsistent with the cone-
specifi c oxidation of  cis  retinol. One possibility is that RDH8 is not 
itself the  cis  retinol dehydrogenase, but rather it supports this 
reaction by providing NADP +  through the reduction of all- trans  
retinal (Kaylor et al.,  2014 ). Further studies will be needed to 
determine the exact involvement of RDH8 in the retina visual 
cycle. 

 In contrast to our fi nding from salamander, a recent biochem-
ical study reported  cis -retinol oxidation activity in the carp cone 
inner segments but not in the outer segments (Sato et al.,  2013 ; 
Sato et al.,  2015 ). RDH13L, the enzyme responsible for this inner 
segment activity, is localized in the inner segments of carp cones 
but it is not found in the amphibian genome. Notably, a functional 
homologue of RDH13L, RDH14, is expressed in rod and cone 
outer segments in bovine retina (Haeseleer et al.,  2002 ). However, 
the functional role of RDH14 in the retina visual cycle, and specif-
ically in the oxidation of 11- cis  retinol, is still unknown. The 
confl icting results obtained from salamander cones (this study) and 
from carp cones (Sato et al.,  2013 ; Sato et al.,  2015 ) may simply 
refl ect interspecies difference. Alternatively, co-factors or other 
reaction modifi ers could be required for the effi cient oxidation 
of  cis  retinol in cones. In that case, their availability or absence in 
different experimental conditions could determine the subcellular 
location of this reaction. Similarly, the presence or absence of 
cellular compartmentalization in different experimental conditions 
could also affect the effi ciency of  cis  retinol oxidation. Nevertheless, 
the robust pigment regeneration and dark adaptation observed in 
our experiments with cone outer segment-delivered 9- cis  retinol 
clearly demonstrate the presence of  cis  retinol dehydrogenase 
activity in the outer segments of cones but not rods. 

 Finally, it is also possible that another enzyme, different from 
RDH8 and RDH14, is responsible for the oxidation of  cis  retinol in 
the outer segments of cones. Notably, RPE65, the isomerohydrolase 
of the canonical RPE visual cycle, was recently shown to be expressed 
in the outer segments of cones in some mouse strains (Tang et al., 
2011 b   ) as well as in humans (Tang et al., 2011 a   ). It has been sug-
gested that this protein might be involved in the cone visual cycle 
by acting as a retinol-binding protein (Tang et al.,  2013 ). An inter-
esting possibility is that RPE65 might interact with the cone-
specifi c RDH and, in that way, facilitate the oxidation of  cis  retinol 
in cones. However, the functional role of RPE65 in cones is still 
unclear and its possible involvement in the retina visual cycle has 
not been explored.   

 Co-factor driving the  cis  retinol oxidation in cones 

 Previous studies with amphibian rods (Kawamura & Murakami, 
 1989 ) and fi sh rods and cones (Takemoto et al.,  2009 ) both suggest 
that the inside of the truncated outer segment remains accessible to 
bath-applied compounds. Thus, the truncated outer segments in our 
experiments also likely remained open, allowing wash out of small 
molecules from the cytoplasm. NADP +  is thought to be a cofactor 
in the cone-specifi c  cis  retinol oxidation (Mata et al.,  2002 ). 
However, we observed 9- cis  retinol-driven pigment regeneration in 
the truncated cone outer segment ( Fig. 4 ) even though NADP +  was 
expected to be washed out rapidly. Thus, the cofactor for  cis  retinol 
oxidation in the truncated cone outer segment is not likely to be 
NADP + . A possible alternative co-factor is all- trans  retinal, which 
is insoluble and shown to work as a co-factor in the  cis  retinol oxida-
tion reaction by carp RDH13L and mouse RDH14 (Sato et al.,  2015 ). 
All- tran s retinal is released at a high concentration (up to 3 mM) in 

cone outer segments following the bleaching of their visual pig-
ments (Harosi,  1975 ). In the intact cones, all- trans  retinal is then 
rapidly converted to all- trans  retinol by NADPH-driven reduction 
(Ala-Laurila et al.,  2006 ). However, our attempt to detect accelera-
tion of  cis  retinol oxidation by all- trans  retinal was not successful: 
addition of all- trans  retinal to the 9- cis  retinol treatment of either 
outer segment-in ( Fig. 1A ) or outer segment-out ( Fig. 2A ) bleached 
cones did not affect the kinetics of cone dark adaptation (data not 
shown). Thus, the cofactor for  cis -retinol oxidation is still unclear 
and further experiments will be needed to clarify the molecular 
mechanism of this key reaction of the retina visual cycle. Our fi nding 
that the oxidation of  cis  retinol takes place in the outer segments of 
cones should inform future studies and help in the eventual identi-
fi cation of the enzyme responsible for this reaction.    
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