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ABSTRACT: In the classic retinoid cycle, 11-cis retinol is synthesized in the retinal pigment epithelium (RPE)
by two enzymes: Isomerase I (RPE65) and lecithin:retinol acyltransferase (LRAT). The purpose of this study
is to provide experimental evidence for two active isomerases in the cone-dominated chicken eye: an LRAT-
dependent Isomerase I in the RPE and an ARAT (acyl CoA:retinol acyltransferase)-dependent isomerase
(Isomerase II) in the retina. First, we show that whole chicken retina in vitro, removed from the RPE/choroid
and sclera, produces 11-cis retinoids upon light exposure, indicating the existence of RPE-independent
isomerase (Isomerase II) activity in the retina. Reverse transcriptase polymerase chain reaction studies show
high levels of RPE65 expression in the RPE, low levels in the retina, and none in primary Muller cell cultures,
indicating the presence of Isomerase I in the RPE and a minimal amount in the retina. Activities of the RPE
and retina isomerases were thenmeasured by enzyme assays with specific enzyme inhibitors. 2,20-Bipyridine, a
known Isomerase I inhibitor, andN-ethylmaleimide (NEM), a known LRAT inhibitor, significantly reduced
Isomerase I activity but not Isomerase II activity. Progesterone, a known ARAT inhibitor, completely
blocked Isomerase II activity but not Isomerase I activity. Thus, this study reports novel results for
distinguishing the biochemical properties of Isomerase I from those of Isomerase II, as well a difference in
their locations in the chicken eye. On the basis of these differences, the cone-dominated chicken eye must
contain two retinoid cycles: a classic visual cycle for retinoid exchange between the RPE and the retina
supported by Isomerase I in the RPE and an additional visual cycle for retinoid processing in the retina
supported by Isomerase II.

Light sensitivity in the eye requires the regeneration of 11-cis
retinaldehyde through different isomers and oxidation states of
vitamin A. An intimate relationship exists between photorecep-
tors and the retinal pigment epithelium (RPE)1 to regenerate this
11-cis retinaldehyde by way of the biochemical pathway known
as the visual or retinoid cycle. This classic retinoid cycle has been
well established for rod photoreceptors (for reviews, see refs
(1-7)). Attention has recently been focused on an additional
vitamin A processing pathway in the retina for the supply of
visual chromophore to cone photoreceptors (6, 8-13). Little is
known about the pathway of this novel cone cycle (6).

A key reaction in both retinoid cycles involves the isomeriza-
tion of retinoids from the all-trans to the 11-cis conformation.
The first (and more extensively characterized) pathway is enzy-
matic and driven by the protein RPE65 (Isomerase I) (14-16)
where it is localized in the RPE and uses all-trans retinyl esters as
the substrate for the production of 11-cis retinol (17, 18). RPE65
from the RPE of the cone-dominated chicken has been shown to
possess significantly higher isomerase activity than the RPE from
rod-dominated species (12).

The second pathway is a photic cycle (5) driven by the retinalG
protein-coupled receptor (RGR). RGR is located in theRPE and
Muller cells of rod-dominated species (19-22). RGR has also
been shown to isomerize all-trans retinaldehyde to 11-cis reti-
naldehyde in a light-dependent (23, 24) as well as a light-
independent manner (25). More recently, RGR has been sug-
gested to mediate the translocation of all-trans retinyl esters for
the synthesis of the visual chromophore in the RPE (26). The
exact role of RGR in the regeneration of visual chromophore,
however, has not yet been elucidated.

Recently, in the cone-dominated zebrafish model, evidence of
two parallel visual cycles has been reported (27, 28) along with
evidence of an RPE65-independent pathway for the regeneration
of 11-cis retinaldehyde for cone vision (29). The ability of cone
photoreceptors to recover sensitivity in isolated salamander and
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mouse retinas after bleaching has also been demonstrated,
suggesting an intraretinal cone-specific cycle in these species (30).

The enzymes responsible for regeneration of cone pigment
within the cone-dominated retina are yet to be determined.
Isomerization of retinoids is a crucial reaction in the classic
retinoid cycle, and it has been suggested that in the retina, the
cones acquire retinal chromophore from a different pathway
(a cone-specific retinoid cycle) for pigment regeneration (8, 13,
30-32, 48). The purpose of this investigation is to study the
classic retinoid cycle (supported by Isomerase I in the RPE) and
the novel cone cycle (supported by Isomerase II in the retina) in
the cone-dominated chicken eye. We first demonstrated that
significant isomerase activity exists in the RPE-free isolated
chicken retina by examining the formation of 11-cis retinoids
in the light-adapted retina. We then studied the expression of
RPE65 in the chickenRPE, retina, and primary culture ofMuller
cells using real-time PCR. To study the nature of retinoid
isomerization, in vitro Isomerase I and II assays were conducted
in the presence of inhibitors of RPE65, ARAT and LRAT. Our
results show the cone-dominated chicken eye contains two
isomerases that support two visual cycles: a classic retinoid cycle
for retinoid exchange between the RPE and the retina and a cone
cycle for retinoid processing within the retina. Our data also
suggest that, as in the rod-dominated eye, Isomerase I in the cone-
dominated chicken eye is also located in the RPE and its activity
is LRAT-dependent. Furthermore, a second isomerase (Isomer-
ase II) was found in the retina and has biochemical properties
significantly different from those of Isomerase I in the RPE; i.e.,
Isomerase II activity is ARAT-dependent and iron-independent.
This study is the first to provide biochemical evidence for both
retinoid regeneration pathways in the cone-dominated chicken
eye. Our results strongly suggest that there are two functional
retinoid cycles in the cone-dominated eye: a classic retinoid cycle
supported by Isomerase I in the RPE (for rod and cone pigment
regeneration) and an additional retinoid cycle supported by
Isomerase II for cone pigment regeneration.

EXPERIMENTAL PROCEDURES

Isolated Chicken Retina Light Exposure Study. Heads
from freshly decapitated adult chickens (Gallus domesticus, from
TysonFoods, Inc., Seguin, TX)were obtained and transported to
the laboratory on ice. Upon arrival, retinas were dissected free
from RPE in ice-cold minimal essential medium (MEM) and
suspended in 1.0 mL of MEM. Retinas were incubated at 40 �C
for 5 min prior to light exposure (≈3000 lx) for the indicated
times. Retinas were immediately homogenized under dim red
light, and retinoids were extracted using hexane for both retinyl
esters and retinol, and the formaldehyde method for retinalde-
hydes (33).
Chicken Primary Muller Cell Cultures. Freshly decapi-

tated chicken heads were acquired as described above. Primary
chicken Muller cell cultures were established according to the
method of Das et al. (31) with minor modifications. Eyes were
enucleated within 3 h postmortem and sterilized with 10%
Wescodyne for 5 min. Eyes were sectioned at the level of the
ora serrata; the vitreous was removed, and the retina was
dissected from the eye. After being rinsed in 1% antibiotic/
antimycotic in Hank’s balanced salt solution (HBSS), the retinas
were incubated for 45 min at 37 �C in HBSS containing 5.0 mg/
mL papain. The retinas were then rinsed three times in HBSS,
and tissue was collected by centrifugation (1500g). Cells from two
to three retinas were seeded into eachT75 flaskwith 10-12mLof

MEM [10% fetal bovine serum (FBS) and 5 mg/mL glucose] and
incubated at 37 �C and 5% CO2. The medium was changed 24 h
later and every 48 h thereafter until cultured cells were confluent
(approximately 14-19 days).
Polymerase Chain Reaction (PCR) Expression Studies.

Chicken primary Muller cells were isolated and cultured as
previously described (11). Freshly decapitated chicken heads
were acquired as described above. Total RNA was isolated from
retinal tissue, RPE tissue, and primary Muller cell cultures using
Trizol reagent. Equal amounts (5 μg) of RNA were used in the
reverse transcription reaction. Primers were designed using
Invitrogen’s Oligoperfect Designer software, based on the
DNA sequence of chicken RPE65 [RPE65 forward (50 ACA
AAG GAG ACC TGG GTG TGG 30) and RPE65 reverse
(50 GCT GGA AGA AGC CTA ACA CGG 30)]. Primers were
diluted according to supplier’s instructions. Real-time PCR was
performed using an ABI prism real-time PCR machine at the
following settings: 50 �C for 2 min (one repetition), 95 �C for
10 min (one repetition), and 95 �C for 15 s and 60 �C for 1 min
(50 repetitions). All reactions were normalized with the house-
keeping gene, 18s, provided as a preoptimized control probe (ABI
prism software, Applera, U.K.), enabling data to be expressed
as delta threshold cycle (2CT) values (where 2CT=CT of 18s
subtracted fromCTofRPEgene of interest).Measurementswere
taken in triplicate for each sample. The level of expression
was analyzed from the amplification data generated from ABI
PRISM in different tissues.
DNA Gel Electrophoresis. Agarose gel electrophoresis was

performed to determine the PCR product size. A 2% agarose gel
containing ethidium bromide was prepared and run in a MINI-
CELL EC37OM Electrophoretic Gel Systems apparatus.
A Promega 100 bp DNA ladder was used as the molecular
weight standard. The gel was then photographed under UV light
using a Polaroid electrophoresis system, photodocumentation
camera model FBPDC-34. The PCR product was sequenced by
The University of Texas Health Science Center DNA Lab to
confirm its identity.
Immunoblot/Western Analysis. Protein concentrations of

samples prepared from the chicken retina, RPE, and primary
Muller cell cultures were determined using Bio-Rad protein assay
and bovine serum albumin (BSA) standards. Chicken RPE,
retina, and primary Muller cell culture proteins were loaded in
equal amounts (50 μg), separated by SDS-PAGE, and trans-
ferred onto Sequi-blot PVDF membranes using a Bio-Rad mini-
transblot cell system. The membranes were then incubated with
primary antibody overnight at a dilution of 1:1000 (anti-RPE65
from J.-X.Ma,University ofOklahomaHealth Sciences Center).
This was followed with a 2 h incubation using peroxidase-labeled
secondary antibody at a dilution of 1:2500 (Vector Laboratories).
Protein bands were visualized using diaminobenzadine (DAB
easy tablets for immunohistochemistry, ACROS Organics).
Isomerase IAssay.Microsomal proteins were prepared from

fresh ocular tissues (retina or RPE) obtained from bovine eyes
(Bos taurus, provided by Wiatrek Meat Markets, Poth, TX) and
decapitated chicken heads. Tissues were immediately placed on
ice and transported to the laboratory. Retinas were dissected free
from RPE. Ocular tissues were then homogenized in Tyrode’s
avian buffer (consisting of 8.0 g/L NaCl, 0.2 g/L KCl, 0.05 g/L
MgCl2, 0.2 g/L CaCl2, 0.33 g/L NaH2CO4, 1.0 g/L NaHCO3,
and 1.0 g/L glucose) (34) using protease inhibitor cocktail
(SigmaAldrich Inc., product no. P2714).Microsomal and homo-
genate fractions were then prepared, and protein concentrations
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were determined using Bio-Rad’s standard protein assay (35).
Protein samples were frozen and stored at -80 �C until they
were used.

The isomerase assays were performed as described byWinston
and Rando (36) with minor modifications. Microsomal or
homogenate proteins were exposed to UV light (Spectroline
lamp model EN-140 L), at a wavelength of 365 nm, for 5 min
to destroy endogenous retinoids; 200 μg of RPE microsomal
protein or 1 mg of retina homogenate was preincubated in
reaction buffer [100 mM Tris, 2 mM CaCl2, and 2 mM MgCl2
(pH 8.0)]. The substrates [20 mM all-trans retinol, 20 mM all-
trans retinyl palmitate, or 20 mM all-trans retinol and 100 mM
palmitoyl-coenzyme A (palm-CoA)] were delivered with 1.0%
BSA and incubated for 30 min at room temperature. Cellular
retinaldehyde binding protein (CRALBP from K. Palczewski,
Case Western Reserve University, Cleveland, OH) was then
added to the mixture after the initial incubation and incu-
bated for an additional 60 min at 37 �C. The total reaction
volume was 500 μL. The reaction was stopped by the addition
of 1 mL of ice-cold ethanol, and retinoids were extracted for
HPLC analyses.
2,20-Bipyridine Inhibition Studies. Chicken retina homo-

genate (1.0 mg) and RPE homogenate (0.5 mg) were preincu-
bated, at room temperature, with reaction buffer [100 mM Tris,
2 mM CaCl2, and 2 mM MgCl2 (pH 8.0)] containing 20 μM all-
trans retinol or 20 μM all-trans retinol and 5 mM 2,20-bipyridine
(Alfa Aesar) for 30 min. After the initial incubation, 30 μM
CRALBP was added to each sample and incubated for 1 h at
37 �C. The total reaction volume was 500 μL. Isomerase
inhibition studies were conducted using chicken retina homo-
genate as described above, adding 100 μM palm-CoA. The
reaction was then stopped using 1 mL of ice-cold ethanol, and
the retinoids were extracted for HPLC analyses.
Progesterone and N-Ethylmaleimide (NEM) Inhibition

Studies. It is known that Isomerase I activity requires all-trans
retinyl esters as a substrate, and that their synthesis is LRAT-
dependent in the RPE. To test whether the isomerase in the cone-
dominated chicken retina is similar to Isomerase I in theRPE, the
retinyl ester synthase inhibitors progesterone (ARAT inhibi-
tor) (11, 37-40) andNEM (LRAT inhibitor) (41) were incubated
with chicken RPE and retina homogenates. Isomerase assays
were conducted as described above, except that the homogenates
were preincubated with 100 μMprogesterone or 20 μMNEMfor
30 min at room temperature prior to substrate delivery.
Retinoid Analyses. Retinoids were analyzed by HPLC.

Retinaldehydes were analyzed at an absorbance wavelength of
365 nm using a Beckman System Gold 168 Detector, with
a Zorba Rx-sil 5 μm, 4.6 mm � 250 mm column, at a flow rate
of 1.0 mL/min, with a 3.0% tert-butyl methyl ether/hexane
mobile phase. 11-cis retinol and retinyl esters were analyzed at
an absorbance wavelength of 318 nm using a Waters System
equipped with a 2996 PDA Detector, with a Zorba Rx-sil
5 μm, 4.6 mm � 250 mm column, at a flow rate of 1.0 mL/
min, with 10 and 0.20% dioxane/hexane mobile phases, respec-
tively. Isomerization in RPE samples was assessed by 11-cis
retinol synthesis; isomerization in chicken retina samples was
assessed by the synthesis of 11-cis retinyl esters. Retinoids were
identified by comparison of retention times of authentic retinoid
standards and UV spectra from the photodiode array detector.
Quantification was achieved by comparing peak areas of reti-
noids with those from calibration curves obtained from authentic
standards.

RESULTS

Isomerase Activity in Isolated Chicken Retina. Fully
dark-adapted chicken retinas were exposed to light to study the
formation of 11-cis retinoids (9). The dark-adapted chicken
retina had 0.20 ( 0.01 nmol/mg of 11-cis retinaldehyde; this
level of 11-cis retinaldehyde decreased by a factor of 10 to 0.02(
0.01 nmol/mg after illumination for 5 min, further decreasing to
0.01( 0.00 nmol/mg of retinal protein after exposure to light for
15 min. All-trans retinaldehyde concentrations correspondingly
increased by a factor of 5, from 0.01( 0.00 nmol/mg in the dark-
adapted chicken retina to 0.05( 0.00 nmol/mg after illumination
for 5 min (Figure 1A). Light treatments did not produce any
significant change in 11-cis retinol levels in the dark-adapted
retina (0.03 ( 0.00 nmol/mg), while the level of all-trans retinol
increased from 0.05( 0.00 to 0.14( 0.02 nmol/mg after exposure
to light for 5 min and remained at similar levels after 15 min
(Figure 1B). All-trans retinyl esters also showedminimal changes
upon light exposure, while levels of 11-cis retinyl esters increased
from 0.08( 0.00 to 0.18( 0.05 nmol/mg and remained constant
after exposure to light for 15 min (Figure 1C). Recovery of total
retinoids extracted from the isolated retina remained unchanged
between dark- and light-exposed conditions (Figure 1D).
RPE65 Expression Studies.Real-time PCR results indicate

that RPE65 was expressed in the chicken RPE, but only minimal
RPE65 expression was found in the chicken retina and no
expression in cultured Muller cells [at 6.00 and 0.00%, respec-
tively, when compared to RPE65 expression in chicken RPE,
normalized at 100% (Figure 2B)]. The real-time PCR product
was confirmed by sequencing and by agarose gel electrophoresis
(Figure 2A). Anti-RPE65 Western blot analyses of chicken
primary Muller cell cultures, chicken RPE, and chicken retina
showed strongpositive staining in chickenRPEand no detectable
staining in chicken retina or chicken primary Muller cell culture
samples (Figure 2C).
Isomerase Activity in Cone-Dominated Chicken Retina.

To study the isomerase activity in the cone-dominated chicken
retina, we performed in vitro Isomerase I and II activity assays on
chicken retina and RPE microsomes using bovine retina and
RPE microsomes as controls for Isomerase I activity. Table 1A
shows 11-cis retinol was produced in bovine RPE microsomes at
a rate of 16.90 ( 0.90 pmol min-1 mg-1; this rate is comparable
with published results of 16.6 pmol min-1 mg-1 (42). 11-cis
retinyl esters and all-trans retinyl esters were also produced by
RPEmicrosomes at rates of 4.61( 0.30 and 328.89( 43.25 pmol
min-1 mg-1, respectively (Table 1A). Bovine retinal microsomes
did not synthesize 11-cis retinol or 11-cis retinyl esters, but all-
trans retinyl esters were synthesized at a rate of 5.55( 0.11 pmol
min-1 mg-1. Table 1 also shows the formation of 11-cis retinol in
chicken RPE microsomes at a rate of 11.71 ( 0.55 pmol min-1

mg-1 and 11-cis retinyl esters at a rate of 1.61( 0.43 pmol min-1

mg-1. All-trans retinyl esters formed from all-trans retinol at a
rate of 2.40( 0.28 pmol min-1 mg-1 and 11-cis retinyl esters at a
rate of 0.58 ( 0.20 pmol min-1 mg-1 in chicken retina micro-
somes. No 11-cis retinol was formed from all-trans retinol in
chicken retina microsomes.

Isomerase I activity was tested in chicken retina and RPE, as
well as in bovine retina and RPE, using microsomes made from
respective tissues. All-trans retinyl palmitate was used as the
substrate (Table 1A). Enzymatic activity was determined bymea-
suring the formation of 11-cis retinol. Bovine RPE microsomes
produced 11-cis retinol at a rate of 5.66( 0.17 pmolmin-1 mg-1,
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while negligible amounts were produced by the bovine retina
(0.08( 0.05 pmol min-1 mg-1). Chicken RPE microsomes pro-
duced 11-cis retinol at a rate of 1.13( 0.04 pmol min-1 mg-1.
No 11-cis retinol was synthesized from all-trans retinyl palmitate
using chicken retina microsomes.

Finally, we incubated chicken retina microsomes with all-trans
retinol in the presence of palm-CoA and studied the formation of
11-cis retinoids (Table 1B). 11-cis and all-trans retinyl esters were

synthesized at rates of 2.00 ( 0.19 and 12.33 ( 1.53 pmol min-1

mg-1, respectively. 11-cis retinol was not detected.
Studies Using Isomerase, ARAT, and LRAT Inhibitors.

To further investigate the nature of the isomerase activity in the
cone-dominated retina, we conducted Isomerase I inhibition
studies on chicken RPE and retina homogenates using 2,20-
bipyridine which inhibits RPE65 by chelating necessary iron.
Bovine RPE microsome synthesis of 11-cis retinol (control) was

FIGURE 2: Expression ofRPE65 in chicken primaryMuller cell cultures, RPE, and retina byRT-PCR andWestern blotting. (A) RPE65 product
was confirmed by electrophoresis: lane 1, PCR product from primary Muller cell cultures; lane 2, PCR product from chicken RPE; lane 3, PCR
product from chicken retina. (B) Normalized RPE65 expression levels in chicken primary Muller cell cultures, chicken RPE, and chicken retina
(n=6). (C) Western blot anti-RPE65: lane 1, chicken primaryMuller cell culture homogenate; lane 2, chicken RPE homogenate; lane 3, chicken
retina homogenate; lane 4, bovine RPE homogenate (positive control). Fifty micrograms of protein was loaded in each lane. No detectable
amounts of RPE65 were observed in the chicken retina or chicken primary Muller cell culture samples.

FIGURE 1: Changes in retinoid concentrations in response to light adaptation in isolated chicken retina. Isolated dark-adapted chicken retinas
were exposed to light (≈3000 lx) for the indicated time intervals at 40 �C. (A)Change in retinaldehyde concentration (nanomoles permilligram) in
isolated retina when dark-adapted for 5 and 15 min after light exposure. The level of 11-cis retinaldehyde decreased from 0.20( 0.01 to 0.01(
0.00 nmol/mg. The level of all-trans retinaldehyde increased after exposure to light for 5min and decreased back to near dark-adapted levels after
exposure for 15 min. (B) The decrease in the level of 11-cis retinaldehyde was accompanied by a corresponding increase in the level of all-trans
retinol after light exposure, while 11-cis retinol concentrations remained constant. (C) 11-cis retinyl ester concentrations doubled from0.08( 0.00
to 0.18( 0.03 nmol/mg after light exposure, demonstrating the existence of isomerase in the isolated chicken retina. No change in all-trans retinyl
ester concentrations was detected. (D) Total retinoid concentrations showed little variance under light or dark conditions (n=3).
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reduced to a nondetectable level (data not shown). Chicken RPE
homogenate synthesis of 11-cis retinol was similarly reduced
from 0.04 ( 0.004 nmol/mg to a nondetectable level (Figure 3A,
C). The level of 11-cis retinyl ester synthesis in retinal homo-
genate was 0.12( 0.03 nmol/mg in the absence of 2,20-bipyridine
and remained at a steady level of 0.11( 0.04 nmol/mg in the
presence of the inhibitor (Figure 4A,C).

We also examined whether the isomerase activity observed
in the chicken retina and RPE was ARAT-dependent. Chicken

retina and RPE homogenates were incubated with progesterone
prior to the isomerase assays. Results from these inhibition
studies showed no significant reduction in Isomerase I activity
in chicken RPE homogenate in the presence of progesterone
(Figure 3A,D). In contrast, the Isomerase II activity in the
chicken retina homogenate was reduced by 84.0% from 0.08 (
0.02 to 0.012 ( 0.00 nmol/mg in the presence of progesterone
(Figure 4A,D). Synthesis of 11-cis retinol was not observed in any
of the retinal homogenate samples.

Table 1: Retinoid Isomerase Activity in Bovine and Chicken Retina and RPE Microsomes from All-trans Retinol or All-trans Retinyl Palmitate Substrate

(A) Ester Synthase and Isomerase I Activity Using All-transRetinol (AtRoL) and All-transRetinyl Palmitate (AtRP) Substrates in Bovine and Chicken Eyesa

ester synthase (AtRoL f AtRP),

all-trans retinyl palmitate

(pmol min-1 mg-1)

Isomerase I

(AtRoL f 11-cis OL),

11-cis retinol

Isomerase I/ester synthase

(AtRoL f 11-cis RP),

11-cis retinyl palmitate

Isomerase I

(AtRP f 11-cis OL),

11-cis retinol

bovine RPE 328.89( 43.25 16.90( 0.897 4.61( 0.29 5.66( 0.17

bovine retina 5.55( 0.11 0.00( 0.00 0.00( 0.00 0.08 ( 0.05

chicken RPE 313.39 ( 21.60 11.71( 0.55 1.61( 0.43 1.13( 0.04

chicken retina 2.40( 0.28 0.00( 0.00 0.58( 0.20 0.00( 0.00

(B) Ester Synthase and Isomerase II Activity Assayed in the Presence of palm-CoA in the Chicken Retinab

ester synthase (AtRoL f AtRP),

all-trans retinyl palmitate

(pmol min-1 mg-1)

Isomerase II

(AtRoL f 11-cis OL),

11-cis retinol (pmol min-1 mg-1)

Isomerase II/ester synthase

(AtRoL f 11-cis RP),

11-cis retinyl palmitate (pmol min-1 mg-1)

12.33( 1.53 0.00( 0.00 2.00( 0.19

aEster synthase and Isomerase I activity after incubation of the protein samples with 20 μM all-trans retinol as the substrate, and Isomerase I activity after
incubation of the protein samples with 20 μMall-trans retinyl palmitate as the substrate. b Isomerase II activity in chicken retina after incubation of the protein
samples with 20 μM all-trans retinol as the substrate in the presence of 100 μM palm-CoA and 30 μM CRALBP.

FIGURE 3: Inhibition of isomerase activity in chicken RPE homogenate by NEM, 2,20-bipyridine, and progesterone. Isomerase assays were
performed on chicken RPE homogenates in the presence or absence of the indicated inhibitors. The effect of treatment was determined
by measuring the change in 11-cis retinol synthesized from treated RPE homogenate from 11-cis retinol synthesized in control experiments.
(A) The effect of NEM on RPE homogenate from control was -0.034 ( 0.004 nmol/mg. 2,20-Bipyridine also provided an inhibitory effect on
11-cis retinol synthesis in RPE homogenate (-0.039( 0.003 nmol/mg). Progesterone had no significant effect on RPE retinoid isomerase
activity (0.004 ( 0.013 nmol/mg). (B-D) Representative HPLC chromatograms of retinoid extracts from control and treated (NEM, 2,20-
bipyridine, and progesterone from left to right) RPE homogenates. Insets show absorbance spectra of the HPLC peak indicated by the arrow
(11-cis retinol) (n = 3).
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To further differentiate between Isomerase I in the RPE and
Isomerase II in the cone-dominated chicken eye, we conduc-
ted isomerase assays using chicken RPE or retina homogenates
in the presence of NEM, an inhibitor of LRAT; this would in-
hibit Isomerase I activity by depriving the enzyme of its sub-
strate. Results from this study showed that Isomerase I acti-
vity in chicken RPE was reduced by NEM, from 0.08( 0.01
to 0.05 ( 0.00 nmol/mg (Figure 3A,B). Synthesis of 11-cis
retinyl esters in chicken retina homogenate was not signifi-
cantly affected by NEM (0.043 ( 0.02 vs 0.08 ( 0.01 nmol/mg
(Figure 4A,B).
Apparent Kinetic Constants of Isomerase II in Chicken

Retina Homogenate. To demonstrate protein dependency and
enzyme kinetics for the formation of 11-cis retinoids in chicken
retina by Isomerase II enzyme, we conducted Isomerase II assays
as described above with increasing amounts of protein and
substrates. Increasing amounts of protein resulted in increased
levels of formation of 11-cis retinyl esters by a factor of 5, from
0.004 to 0.022 nmol, at 1.0 mg protein. When 2.0 mg of
homogenate protein was used, the amount of 11-cis retinyl esters
doubled to 0.045 nmol (data not shown).

To determine apparent kinetic constants for the formation of
11-cis retinoids, by Isomerase II, from all-trans retinol in chicken
retina homogenates, homogenate proteins were incubated with
fixed concentrations of palm-CoA and CRALBP; all-trans
retinol was added to the reaction mixture in increasing amounts.
Lineweaver-Burk plot transformation of the data yielded
apparent values for 11-cis retinoid formation, i.e., Isomerase II

activity: Vmax = 2.10 pmol min-1 mg-1, and KM = 0.10 μM
(Figure 5 A,B).

DISCUSSION

The classic retinoid cycle for rod and cone photoreceptors has
beenwell-established (1-7), but retinoid processing in support of
cone pigment regeneration in the cone-dominated retina has yet
to be fully elucidated. Does an RPE-independent visual cycle
exist in the cone-dominated retina? One of the key reactions in
retinoid processing is isomerization of vitamin A. At present, the
nature of this reaction and the identification of this isomerase are
not known for cone-specific retinoid regeneration. It has been
suggested that the cone-dominated chicken retina possesses a
novel retinoid processing pathway, supported by a novel retinol
isomerase (8, 13, 31, 32, 48). This view was not supported by
others who suggest that the retinoid cycle in the cone-dominated
retina is supported by RPE65 (43). Recent reports provide new
experimental evidence for an RPE65-independent pathway in
the zebrafish for the regeneration of 11-cis retinaldehyde in
cone-mediated vision (29). Cones, located in the retina of both
salamander and mouse, have been shown to recover light
sensitivity in a manner independent of the RPE (30). In this
study, we investigated RPE65 expression and isomerase activities
in the cone-dominated chicken eye. We have demonstrated the
presence of two isomerases in the cone-dominated chicken eye (8)
and have distinguished the locations and activities of Isomerase I
(RPE65) and Isomerase II.

FIGURE 4: Inhibition of isomerase activity in chicken retina homogenate by NEM, 2,20-bipyridine, and progesterone. Isomerase assays were
performed on chicken retina homogenates in the presence or absence of the indicated inhibitors. The effect of treatment was determined by
measuring the change in 11-cis retinyl esters synthesized from treated retina homogenate from 11-cis retinyl esters synthesized in control
experiments. (A) The effect of NEM on retina homogenate from control was not significant, 0.037(0.021 nmol/mg. 2,20-Bipyridine also
produced no inhibitory effects on 11-cis retinyl ester synthesis in retina homogenate (-0.001( 0.041 nmol/mg).However, progesterone produced
a significant inhibitory effect on the isomerase activity in the retina (-0.068( 0.017 nmol/mg). (B-D)Representative HPLC chromatograms of
retinoid extracts from control and treated (NEM, 2,20-bipyridine, and progesterone from left to right) retinal homogenates. Insets show
absorbance spectra of the HPLC peak indicated by the arrow (11-cis retinyl ester) (n=3).
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We first showed the existence of isomerase activity in the
isolated chicken retina. Fully dark-adapted chicken retina, free of
RPE, was exposed to light to bleach the photopigments, leading
to a significant reduction in the level of 11-cis retinaldehyde. This
decrease in the level of 11-cis retinaldehyde was accompanied by
an increase and accumulation of all-trans retinol and 11-cis
retinyl esters, while 11-cis retinol levels remained constant
(Figure 1A-C). This increase in all-trans retinol in the isolated
retina was the result of a decreased amount of all-trans retinal-
dehyde produced by photoisomerization of 11-cis retinaldehyde.
On the basis of the results from our in vitro isomerase assay, all-
trans retinol is isomerized to 11-cis retinol by Isomerase II. 11-cis
retinol is then esterified, leading to the observed accumulation of
11-cis retinyl esters. The formation and accumulation of 11-cis
retinyl esters in the isolated retina can be attributed to (1) the
higher rates of isomerization of 11-cis retinol from all-trans
retinol, as previously published (11, 13), (2) the esterification of
11-cis retinol (Α ≈ 190 and 170 pmol min-1 mg-1, respec-
tively) (11, 13), and (3) the relatively lower rates of 11-cis retinyl
ester hydrolysis (≈20 pmolmin-1mg-1) (32) and oxidation of 11-
cis retinol to 11-cis retinaldehyde (≈100 pmol min-1 mg-1) (8).

RPE65 is an isomerase in the classic retinoid cycle, in rod-
dominated species (14-16), which supports rod and cone pig-
ment regeneration. Our real-time PCR results indicate that
RPE65 was expressed in the chicken RPE, a cone-dominated

species, but that there is little expression of this enzyme in
the chicken retina and no expression in cultured Muller cells
(Figure 2). These results suggest that Isomerase I activity ob-
served in this study is from RPE65 which supports the classic
retinoid cycle. Our data also suggest that isomerase activity in the
isolated retina cannot be attributed to RPE65, as RPE65 was not
found to be expressed in the retina.

To determine how Isomerase I activity supports the isomeriza-
tion reactions in the RPE and in the retina, we conducted
Isomerase I assays on bovine RPE and retina, as well as chicken
RPE and retina (Table 1A). Isomerase I assays, using all-trans
retinol as the substrate, resulted in the formation of 11-cis retinol
in the bovine RPE and chicken RPE at similar rates (Table 1A),
suggesting that the Isomerase I protein in the chicken RPE
possesses isomerase activity for support of a classic retinoid cycle
in the RPE. The rate of 11-cis retinol synthesis in chicken RPE
was reported to be approximately 11 times faster than in the
bovine RPE (12). This difference is likely due to the fact that, in
this study, a saturating concentration of substrate (20 μM all-
trans retinol) was used instead of 0.20 μM (12). In comparison to
the RPE, incubation of all-trans retinol with chicken or bovine
retina did not yield any 11-cis retinol, suggesting the absence of
Isomerase I activity in the chicken and bovine retina (Table 1A).
A small amount of 11-cis retinyl esters was formed in chicken
retina, which likely results from Isomerase II activity.

FIGURE 5: Enzyme kinetics of the formation of 11-cis retinyl esters from all-trans retinol substrate in chicken retina homogenate. (A) Saturation
curve of Isomerase II in chicken retina homogenate. Protein was incubated with increasing concentrations of all-trans retinol while palm-CoA
concentrations were kept constant. (B) Lineweaver-Burk plot conversion of the substrate saturation curve yielded apparent kinetic constants:
Vmax=2.10 pmol min-1 mg-1, and KM=0.10 μM. Protein saturation experiments were conducted from 0.0 to 1000.0 μg/mL chicken retina
homogenate; 1000.0 μg/mL chicken retina homogenate was used for all kinetic studies. 11-cis retinyl esters were undetectable at protein
concentrations lower than 1000.0 μg/mL. Synthesis of 11-cis retinoids was not observed when protein was heated to 90 �C for 5 min prior to
incubation (data not shown).
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To further confirm Isomerase I activity in the chickenRPE,we
conducted Isomerase I assays using all-trans retinyl palmitate as
the substrate (36). As expected, Isomerase I activity was observed
in the RPE and was not detected in chicken retina microsomes
(Table 1A).

Synthesis of 11-cis retinyl esters was observed in chicken retina
microsomes incubated with all-trans retinol in the presence of
palm-CoA (Table 1B), suggesting an isomerase (Isomerase II)
with biochemical properties different from those of RPE65
(Isomerase I). The requirement of palm-CoA as an acyl donor
in this reaction suggests that Isomerase II is dependent on ARAT
instead of LRAT (as in Isomerase I). One of the enzymes
previously suggested to be located in the cone-dominated chicken
retina is a novel ester synthasewhich is coupledwith an isomerase
activity (8). A novel 11-cis ARAT activity has also been recently
described and was thought to be localized in the chicken retinal
Muller cell (11). Acyl-CoA:diacylglycerol acyltransferase-1
(DGAT-1) has recently been suggested to be responsible for
the ARAT activity in the cone-dominated retina (44). The
identity of the enzyme responsible for synthesis of 11-cis retinyl
esters requires further investigation.

To further distinguish between Isomerase I and Isomerase II
activities, we employed the iron chelator, 2,20-bipyridine, a
known Isomerase I inhibitor (45). Panels A and C of Figure 3
show that in the presence of 2,20-bipyridine, isomerization of all-
trans retinol to 11-cis retinol in the chicken RPE was completely
inhibited. In contrast, the presence of the Isomerase I inhibitor
had no effect on the synthesis of 11-cis retinyl esters in the retinal
samples (Figure 4A,C). Progesterone, a known ARAT inhibitor,
was also employed to distinguish between the isomerase activity
in chicken RPE and chicken retina. Results from this study show
that retinoid isomerization in the RPE was not significantly
affected by the presence of progesterone (Figure 3A,D). In con-
trast, the presence of progesterone in the chicken retina greatly
decreased the level of retinoid isomerization, suggesting that
retinoid isomerization is coupled to 11-cis retinyl ester synthesis
in the cone-dominated chicken retina (Figure 4A,D). It is also
important to note that no 11-cis retinol was detected in any of the
chicken retina samples. It is possible that the apparent lack of 11-
cis retinol is due to the similar isomerization and retinyl ester
synthesis rates as well as the relatively slow rate of 11-cis retinyl
ester hydrolysis and 11-cis retinol oxidation, as described above.

In the classic retinoid cycle, LRAT is responsible for the
conversion of all-trans retinol to all-trans retinyl palmitate, the
substrate for Isomerase I. Therefore, via inhibition of synthesis of
all-trans retinyl palmitate, retinoid isomerization by Isomerase I
is also inhibited. To differentiate between isomerization activities
in chicken RPE and retina, isomerase assays were conducted in
the presence of an LRAT inhibitor. Isomerization activity in the
chicken RPE was reduced by 37.5% in the presence of NEM
(Figure 3A,B). The remaining 62.5% of isomerase activity may
have resulted from the presence of endogenous all-trans retinyl
palmitate prior to NEM delivery, or all-trans retinyl palmitate
synthesized by ARAT activity in the RPE (38). When NEMwas
added to retinal samples, there was no significant reduction in
retinoid isomerization as indicated by the levels of 11-cis retinyl
esters (Figure 4A,B). This further supports the idea that the
isomerase in the chicken retina is not RPE65, and that its activity
is not LRAT-dependent.

In this study, we employed three visual cycle enzyme inhibitors
to distinguish between the isomerase activity in the chicken RPE
and retina. Results from 2,20-bipyridine inhibition clearly show

that Isomerase II activity in the chicken retinawas not affected by
this inhibitor which completely inhibited Isomerase I in the RPE.
Furthermore, in contrast to Isomerase I, 2,20-bipyridine did not
affect Isomerase II, suggesting that this activity is not iron-
dependent. Both progesterone and NEM studies demonstrated
that Isomerase II activity in the retina is coupled to synthesis of
11-cis retinyl esters while, in the RPE, Isomerase I is dependent
on the formation of all-trans retinyl esters. Our results agree with
those from a recent study in which cone dark adaptation was
demonstrated in isolated retinas of rod-dominated mice and
salamanders, suggesting the existence of an RPE-independent
intra-retinal retinoid cycle in these species (30). This study is
the first to provide biochemical evidence that the chicken eye
utilizes both the classic retinoid cycle and a cone cycle in the

FIGURE 6: Location of two visual cycles involving exchange of
retinoids between photoreceptors and RPE (classic, canonical visual
cycle) or Muller cells (cone visual cycle). (A) The classic visual cycle
involving both rod and cone photoreceptors and RPE (gray shade)
operates under light illumination. All-trans retinaldehydes released
from photopigments are reduced and transported from the outer
segment to the RPE where they are processed (esterified, hydro-
isomerized, and oxidized) to become 11-cis retinaldehyde and
returned to the photoreceptor for pigment regeneration (1-5). This
visual cycle is supported by Isomerase I (RPE 65) and LRAT. Under
intense light illumination, the rate of cone pigment regeneration
exceeds the rate of chromophore recovery from the classic visual
cycle, and an additional visual cycle to supply chromophore for cone
pigment regeneration occurs between the cone outer segment and
Muller cells (orange shade) in the retina (B). All-trans retinaldehydes
released from cone pigments are transported from the cone outer
segment to Muller cells (30, 31) where they are processed (esterified
and isomerized) to become cis retinoids and returned to the cone
photoreceptors for pigment regeneration (8, 11, 13). This visual cycle
is supported by Isomerase II (an unidentifiedprotein). It is not known
how the cone cycle is activated by intense light illumination or how
chromophores are selectively transported to the RPE and to the
Muller cell (when both cycles are in operation). In addition, the
relative contribution of chromophore (from the RPE and theMuller
cells) for pigment regeneration is also not known. However, IRBP
has been implicated as the transport protein for the retinal chromo-
phore for both visual cycles (46). On the basis of results from this
study, the classic visual cycle in the chicken RPE is supported by
RPE65 (Isomerase I). Isomerase I was inhibited by 2,20-bipyridine
(an iron chelator) and NEM (an LRAT inhibitor) but not by
progesterone (an ARAT inhibitor). In contrast, Isomerase II activity
is inhibited by progesterone but not by 2,20-bipyridine or NEM.
On the basis of results from enzyme assays, Isomerase I produced cis
retinoids at a rate 6 times faster than Isomerase II in the chicken eye,
suggesting a faster recovery of visual chromophores from the classic
visual cycle. This schematic diagram was adopted from a previous
anatomical study of the chicken retina (47).
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retina. The presence of two retinoid isomerase enzymes at
different locations in the chicken eye suggests the pos-
sible cooperation between two visual cycles for maintenance of
visual sensitivity under different light conditions (see below and
Figure 6).

The relative contribution of cis retinoids (from these two
cycles) for pigment regeneration is not known at this time. Can
cone pigments in the retina regenerate in the absence of either one
of these two visual cycles? On the basis of electrophysiological
data, it has been shown that cone pigment regeneration can be
completed in 7min in the dark-adapted amphibian eye cup, solely
supported by retinoids from the RPE (30) (Figure 5) without
apparent contributions fromMuller cells in the retina. If so, what
is the role of the cone cycle in the retina for cone pigment
regeneration? It is possible that this additional visual cycle plays
an essential role to provide needed chromophore for cone
pigment regeneration under intense light illumination when the
demand of cis retinods far exceeds the capacity of retinoid supply
from the classic visual cycle (Figure 6) (8). On the basis of
Isomerase I and II activities reported in this study (see Table 1 and
Figure 5), Isomerase II in the retina produces cis retinoids at a rate
that is≈17%of that of Isomerase I in the RPE. This suggests that
the classic visual cycle may contribute 6 times more cis retinoids
for cone pigment regeneration. However, it is important to
consider that cis retinoids from Isomerase II may be more readily
available for cone pigment regeneration because of the proximity
of this Isomerase II enzyme in the retina to the cone photorecep-
tors. Furthermore, it has recently been shown, in IRBP knockout
studies (46), that cone functions are significantly reduced without
IRBP to transfer retinoids to cones (49). This constitutes an
additional factor which may determine the relative availability of
cis retinoids from the two visual cycles for cone pigment regen-
eration.

Further studies are needed to explore the nature of Isomerase
II in the retina, and the location and function of the 11-cis retinyl
ester storage pool in the retina, as well as interactions between the
classic retinoid cycle and the cone cycle on cone pigment
regeneration.
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