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ABSTRACT. Photoisomerization of 1tis-retinal toall-trans-retinal and reduction tall-trans-retinol occur

in photoreceptor outer segments whereas enzymatic esterificatiatt-todns-retinol, isomerization to
11-<cisretinol, and oxidation to 1tis-retinal occur in adjacent cells. The processes are linked into a
visual cycle by intercellular diffusion of retinoids. Knowledge of the mechanistic aspects of the visual
cycle is very limited. In this study, we utilize chemical analysis of visual cycle retinoids to assess
physiological roles for components inferred from in vitro experiments and to understand why excised
mouse eyes fail to regenerate their bleached visual pigment. Flash illumination of excised mouse eyes or
eyecups, in which regeneration of rhodopsin does not occur, produced a block in the visual cycle after
all-trans-retinal formation; constant illumination of eyecups produced a block in the cycleadifteans-

retinol formation; and constant illumination of whole excised eyes resulted in a block of the cycle after
formation ofall-trans-retinyl ester. These blocks emphasize the role of cellular metabolism in the visual
cycle. Interphotoreceptor retinoid-binding protein (IRBP) has been postulated to play a role in intercellular
retinoid transfer in the retina; however, the rates of recovery ofigtetinal and of regeneration of
rhodopsin in the dark in IRBP-/- mice were very similar to those found with wild-type (wt) mice. Thus,
IRBP is necessary for photoreceptor survival but is not essential for a normal rate of visual pigment
turnover. Arrestin forms a complex with activated rhodopsin, quenches its activity, and affects the release
of all-trans-retinal in vitro. The rate of recovery of 1dis-retinal in arrestin-/- mice was modestly delayed
relative to wt, and the rate of rhodopsin recovery wa0% of that observed with wt mice. Thus, the
absence of arrestin appeared to have a minor effect on the kinetics of the visual cycle.

Light absorbed by visual pigments of rod and cone (RPE} cells. Because enzymatic isomerization and photo-
photoreceptor cells causes a photoisomerization that convertssomerization occur in different cells, the chromophore must
1llcisretinal to all-trans-retinal (Figure 1). This photo- diffuse between RPE and photoreceptor celly quring
isomerization triggers the phototransduction cascade andvisual pigment regeneration. This cycle of bleaching (isomer-
ultimately modifies the rate of neurotransmitter release from ization) and regeneration of visual pigments, termed the
photoreceptor cells. A thermally driven, enzymatic reaction visual cycle 2—5), occurs continually during light exposure,
produces 1Xisretinal in adjacent retinal pigment epithelial and constant illumination produces a steady state of bleached
visual pigments in which the bleach and regeneration rates
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Ficure 1: Reactions of the mammalian rod visual cycle. Absorption of light by Rho results in the conversiorcisfréfinal to all-
transretinal and generates the active photoproduct, metarhodopsin Il (Mll). The G-protein-stimulating activity of Mll is quenched by
phosphorylation and by the binding of arrestin. MIl decays to late photoproducts, the Schiff base &tikinags-retinal and opsin is
hydrolyzed by an unknown mechanism, adbtrans-retinal is reduced tall-trans-retinol by all-trans-retinol dehydrogenase (RDHjll-
trans-Retinol leaves the photoreceptor cell and enters the retinal pigment epithelium (RPE), where it is esterified by lecithin:retinol
acyltransferase (LRAT)all-trans-Retinyl esters are converted to tik-retinol by an isomerohydrolase. tis-Retinol can be esterified

and stored or oxidized to 1dis-retinal by 11eis-retinol dehydrogenase (11-RDH). tis-Retinal diffuses into the photoreceptor rod outer
segment where it associates with opsin to regenerate the visual pigment. IRBP is found in the extracellular compartment between RPE and
rod outer segmentsill-trans-Retinol can be taken up from the blood and esterified by LRAT in RPE cells. REH, retinyl ester hydrolase.

metabolism are examined with excised mouse eyes andanimals were those described in defand arrestin-/- mice
eyecups and different bleaching conditions. The mechanismwere those described in r&b. Wt mice used in these studies
of translocation of retinoids between photoreceptor cells and were a mixture of strains, ages, and sexes. Wt mice of strains
RPE is explored in more detail in mice with a targeted BALB/c (albino), 129svj (albino), C57BI/6 (pigmented), and
disruption of the gene encoding interphotoreceptor retinoid- C57B2/6 were also examined.

binding protein (IRBP), a protein that has been implicated Methods. Flash or Constant llluminatioBreeding pairs

in retinoid transport since its discover§-<{11). Finally, the of IRBP-/- and arrestin-/- mice were maintained in cages in
intersection of visual cycle and phototransduction pathways the dark. Pups were born and raised in the dark and were
is examined in mice bearing a targeted disruption of the geneallowed food and water ad libitum. Animals were maintained
encoding arrestin, a protein that binds to phosphorylated on a normal mouse diet (Harlan Teklad Rodent Diet, #8604).
opsin, quenches the activity of metarhodopsin 1l (MIl), and The genotype of each set of parents and their offspring was
appears to control the release alf-trans-retinal into the determined by PCR (see below). The protein pellet obtained

visual cycle in vitro (2). after extraction of retinoids was analyzed by SEFFAGE
and immunoblotting using a polyclonal anti-IRB® 6r anti-
MATERIALS AND METHODS arrestin (6). The retinas of selected animals were examined

by immunocytochemistry with anti-IRBP or anti-arrestin. The
Materials. All experiments involving animals employed methods used for constant and flash illumination of mice,
procedures approved by the University of Washington recovery in the dark and the determination of Rho concentra-
Animal Care Committee and The American Veterinary tions were described previously)( A single flash was
Medical Association Panel on EuthanasiEB)( Animals employed in these studies with a SunPak Thyristor 433D
employed in these experiments were pigmented (agouti)flash unit set at maximum power (2.5 ms flash duration)
males and females, approximately 45 days old. IRBP-/- (SunPak Division, Hackensack, NJ).
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Extraction of Retinoids and HPLC AnalysiRetinoids 3; IRBP, 5-TGC TGC GTC ACT GTG GGA CT-3IRBPF,
were extracted with a modification of the method previously 5-CCT GGA TAACTA CTG CTT CCC TGA G-3 IRBPR
described?). Frozen mouse eye backs were placed in a Duall 5-GAG ATC TAG CAC CAA GGA GGA GGT G-3 The
glass-glass homogenizer in 2 mL of 50 mM Mops £8-[ knockout PCR product results from tiNeo/IRBPprimers
morpholino]propanesulfonic acid), pH 6.5, 10 mM bBH (530 bp). The wt PCR product results from t(RBPF/IRBPR
(freshly neutralized NRDH-HCI), 50% in ethanol and  primers (403 bp). One microgram of genomic DNA was
homogenized with six passes of the pestle. Homogenatescombined with 150 ng of each oligonucleotide primer in 50
were incubated at room temperature for 30 min to allow mM KCI, 10 mM Tris-HCI, pH 9, 1.5 mM MgGJ, 0.1%
formation of retinal oximes. Retinyl acetate in ethanol was Triton X-100; 500uM each of dATP, dCTP, dGTP, and
added (1.52 nmol/tube) as an external standard for quan- dTTP; and 0.5uL of Taq DNA polymerase (Promega,
titative analysis. Following addition of 4 mL of hexane, the Madison, WI) in a total volume of 50.5L. The reaction
homogenate was drawn up and down in a Pasteur pipet andvas assembled on ice and processed as follows: IRBP,
centrifuged in the homogenizer tube at §d0r 2 min to 94 °C, 4 min; 40 cycles, 94C, 15 s, 54°C, 30 s, 72°C,
produce a clean phase separation. The upper phase wa% min; 72°C, 7 min.
removed and the extraction repeated following addition of
another 4 mL of hexane. The combined upper phases fromRESULTS
three extractions were dried with flowing argon, dissolved ) .
in 200uL of hexane and analyzed with a silica HPLC column ~ Eyecup and Excised Whole Eye Experimetitgecup
(Supelcosil LC-Si, 150x 4.5 mm, 3um particle size, preparations aqd excised whole eyes provided insight into
Supelco Inc., Bellfonte, CA) equilibrated with hexane. aspects of the visual cycle depend_ent on ce}lular metabc_)llsm.
Following injection of the sample, the following program Eyecups from dark-adapted, wt mice were illuminated either
was run with a flow rate of 1 mL/min: 910 min, 100:0  With a flash that bleached-35% of the visual pigment
(hexane:ethyl acetate, v/v); @0 min, 99.5:0.5; 2635 min,  followed by incubation in the dark (Figure 2), or with
90:10; 35-45 min, 100:0. Retinoids were quantified as constant light. The flash produced the decrease irig-1-
described 7) except thagll-trans-retinyl acetate was used retinal and the corresponding increaseaiftrans-retinal
to determine the extraction yield instead 8fJall-trans- expected from photoisomerization (Figure 2A). Further
retinol. Two or four eyes were used for each analysis. The incubation in the dark did not result in an increase in 11-
results are expressed as percent of total retinoid because ofis-Tetinal, and Rho did not regenerate, as previously noted
the variation in absolute amounts observed between indi- by others in mice17). all-trans-Retinal was not reduced to
vidual animals. Saponification and HPLC analysis of the all-trans-retinol during the sub_sequent incubation m_the dark,
retinols as described previously)(was used to determine and there was no increase in thg amount of retlnyl es.ter.
the stereoisomeric composition of isolated retinyl esters. However, when eyecups were subjected to constant illumina-

Eyecup and Whole Eye Preparatioses were removed  tion (F|gure 2.B), all-trans-retinal d|sappear_ed vy|th. time
from dark-adapted animals under red illumination, rinsed, concomitant with the appearanceadftrans-retinol, indicat-
and used for whole eye experiments. For eyecup experimentsing that reductlon'had taken place. '_rhere was no increase in
the anterior segment including the cornea and lens wasthe amount of retinyl ester, suggesting that transpoetllef
removed, a process requiring2 min. The eyecup was placed ~transretinol to RPE, where LRAT is foundl@, 19, had
posterior pole down and incubated at room temperature Not occurred.

(~22 °C) in 10 mM Hepes, pH 7.5, containing 120 mM Because retinal detachment could have occurred during
NacCl, 3.5 mM KCI, 10 mM glucose, 0.2 mM Cagl0.2 the prolonged incubation of mouse eyecups in buffer, we

mM MgCl,, and 1 mM EDTA. The buffer was neither applied the same experimental paradigm to excised, intact
oxygenated nor changed during the experiments. A singlemouse eyes. The results of these experiments are shown in
flash was delivered with the photographic flash unit described Figure 3. Flash illumination of excised eyes produced the

above. Constant illumination (54 ft cd) was provided by one same result as observed with flashed eyecups, namely,
60 W incandescent bulb 32 cm from the eyes. production ofall-trans-retinal from 11eis-retinal, but no

Experimental ProtocolA typical experiment consisted of  reduction of alltrans-retinal toall-trans-retinol (Figure 3A).
bleaching (via a flash or constant illumination) the visual Constant illumination of excised mouse eyes resulted in a
pigment in dark adapted mice (or eyes derived from dark decrease in the amount of tisretinal and a concomitant
adapted animals) and returning the animals to the dark for aincrease in the amount @fl-trans-retinal, resulting from
recovery period. Retinoids (or rhodopsin) were extracted photoisomerization of Rho. With increasing illumination
from the animals before the bleach and during the recoverytime, we also observed a steady decrease in the amount of
period in the dark. The point markeéd= O in our figures is all-trans-retinal, and increases in the amountsabiftrans-
actually ~30 s after the bleach. All results shown are the retinol andall-trans-retinyl esters (Figure 3B). Therefore,
averages of the mean with bars indicating the standardthe absence of esterification observed with constant illumina-
deviation from the meam(= 8). tion of eyecups is likely to have resulted from retinal

PCR.Tail biopsies were collected at the time of weaning. detachment during the incubation period. We repeated these
Murine DNA for genotype analysis was obtained from experiments and analyzed dissected neural retina and RPE/
proteinase K tissue digests of 2 cm tail biopsy specimens choroid. The results indicated thali-trans-retinal andall-
using a Qiagen Genomic Tip 20/G kit (Qiagen Inc., Valencia, transretinol accumulated in neural retina (photoreceptor
CA). The arrestin genotype was determined as descritigd ( cells) and retinyl ester accumulated in RPE (results not
The following primers were used to characterize the IRBP shown). We also determined that the retinyl esters that
genotype: Neq 5-CTT GCC GAA TAT CAT GGT GG- accumulated were-90% all-trans-retinyl esters.
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Ficure 2: Changes in retinoid composition in wt mouse eyecups. Retinoids in mouse eyecups were extracted and analyzed before and after
a flash or during constant illumination. (A) Flash. Eyecups were prepared in red light and exposed to a flash. Retinoids were extracted and
analyzed before the flash (dark) and after 0, 15, 30, 45, and 60 min in the dark following the flash. (B) Constant illumination. Eyecups were
prepared in red light and exposed to constant light. Retinoids were extracted and analyzed before (dark) and after 15, 30, 45, and 60 min
of illumination. The bars show the mean values and standard deviations from the mea8)( For comparison, the insert shows the

profile obtained with wt living mice subjected to a flash and regeneration in the dark.

IRBP-/- Mice IRBP-/- mice were born and raised in the produced an immediate 35% decrease in the amount of 11-
dark until they were~45 days old, a time sufficient for  cis-retinal and a concomitant, proportional increase in the
normal retinal maturatior2Q). The genotypes of all IRBP-/-  amount of the photolysis produetl]-trans-retinal. Recovery
animals used in the experiments were confirmed using PCR.in the dark resulted in an increase in the amount otik1-

In addition, IRBP was absent in the retina, as judged by retinal and a corresponding decrease in the amouatl-of
SDS-PAGE and immunoblotting with anti-IRBFO)Y and transretinal. Small, transient increases alf-trans-retinol

by immunocytochemistry employing the same antibody. and retinyl ester (from-2 to ~10% of total, and from~5
Histologic examination revealed that there weré nuclei to ~10% of total, respectively) were observed during the
in the outer nuclear layer of retinas from IRBP-/- mice, return to the dark-adapted state (Figure 4A). The recovery
compared to the 1112 nuclei found in wt mice, similar to  kinetics resulting from four experiments with IRBP-/- mice

the results reported for animals raised in cyclic lightitg)( are shown in Figure 4B, along with the recovery curve
Thus, the photoreceptor degeneration observed in theseobtained with wt mice. IRBP-/- mice regenerated their 11-
animals appears to occur in the dark. cis-retinal with a rate of 0.8%/min, compared to a value of

IRBP-/- mice were dark adapted and exposed to a flash 1.1%/min for a mixed population of wt mice. We noted
that bleached-35% of their visual pigment. Animals were  similar small differences in the rates of regeneration of 11-
sacrificed before the flash (dark adapted) and at+8(Qs), cis-retinal with other pure strains of wt mice also examined
15, 30, 45, and 60 min in the dark after the flash. Retinoids (BALB/c albino; 129svj albino; C57BI/6 pigmented; C57BI2/
were extracted from the posterior poles of the eyes as6). Thus, the relatively modest difference in rates of recovery
described previously’j and analyzed by HPLC as described (28%) shown in Figure 4 is not consistent with an obligatory
in the Materials and Methods. The results of four experiments requirement for IRBP in regeneration of visual pigments.
are summarized in Figure 4A. Retinyl esters in IRBP-/- mice  Because translocation of retinoids from photoreceptor cells
represented a smaller fraction of the total retinoids than to RPE was also observed in excised eyes with constant
observed with wt mice~{5% compared t6-20%). The flash illumination (Figure 3B), we applied the same protocol to



12016 Biochemistry, Vol. 38, No. 37, 1999 Palczewski et al.

LELELE
= £
. E
1 5Ecqses
1 .|I||m=;f ......... T

11-cis-Retinal all-trans-Retinal 11-cis-Retinol all-trans-Retinol

A 100

80—11

60 -

% of Polar Retinoid

o 407

g T O m ©

= 20‘

()

| .

c O

it

O

]

w5 80 .

N

o 60_ cCcCcc
xEEEE
Segeg

40

20 -

11-cis-retinal all-frans-retinal all-trans-retinol retinyl ester  11-cis-retinol

Ficure 3: Changes in retinoid composition in wt excised, whole mouse eyes. Retinoids were extracted and analyzed before and after a
flash or during constant illumination. (A) Flash. Eyes were removed from dark-adapted mice in red light and exposed to a flash. Retinoids
were extracted from the posterior half of the eyes and analyzed before the flash (dark) and after 0, 30, and 60 min in the dark following
the flash. (B) Constant illumination. Eyes were removed from dark-adapted mice as described above and exposed to constant light. Retinoids
were extracted as above and analyzed before (dark) and after 15, 30, 45 and 60 min of illumination. The bars represent the means and
standard deviations from the meanx 8). For comparison, the insert shows the response of living wt mice to a flash and recovery period

in the dark.

eyes removed from IRBP-/- mice. The pattern of retinoid mice (Figure 5B). However, the rate of regeneration of Rho
distribution was identical to that observed with wt mice, in arrestin-/- mice (0.8%/min) was only modestly different
providing further indication that the absence of IRBP did from that observed with wt mice (1%/min). The retinyl ester
not affect the flow of retinoid between neural retina and RPE. content of arrestin-/- mice was approximately equal to that

Regeneration of Rho in IRBP-/- mice was examined using found in wt mice (~25% of total retinoids), in contrast to
the same experimental paradigm. Results of four experimentsthe lower value found in IRBP-/- mice~5%).
are shown in Figure 4C. Rho levels in dark-adapted IRBP-/-
mice were lower than those found in wt animaigi60 pmol/ DISCUSSION
eye compared to-600 pmol/eye), in keeping with the loss  The vertebrate visual cycle involves reactions in two
of ~40% of their photoreceptor cells. The initial rate of different cells coupled by intercellular transpaatl-trans-
regeneration of Rho in the dark (0.8%/min) was equal to Retinol, produced in photoreceptor cells, must diffuse into
the rate of regeneration of Ids-retinal and 80% of the rate  the adjacent RPE cells and then back into the photoreceptor
observed with wt mice (1%/min). cells after transformation into 1dis-retinal (1) (Figure 1).
Arrestin-/- Mice Arrestin-/- mice were born and raised in We explored mechanistic aspects of the mouse visual cycle
the dark and subjected to the same experimental paradignwith high-resolution HPLC analyses of retinoidg).(The
as described above. Figure 5A presents the distribution ofresults here demonstrate that the cycle can be blocked at
visual cycle retinoids observed before and after a flash. The different sites with accumulations of different retinoids and
recovery of 1igis-retinal in the dark is shown in Figure 5B  validate the general experimental approach. The results also
for wt and arrestin-/- mice, and the recovery of Rho is shown provide insight into the functions of IRBP and arrestin.
in Figure 5C. Arrestin-/- mice regenerated di$-retinal in Excised Eyes and Eyecui®udies from other laboratories
the dark at a rate of 0.6%/min compared to 1.1%/min for wt have established that excised mouse eyes do not regenerate
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Ficure 4: Kinetics of retinoid and rhodopsin recoveries in IRBP-/-
mice after a flash. (A) Retinoid composition in RPE/retina. Mice
were dark-adapted overnight. Animals (2 per analysis,4) were
sacrificed in red light before (dark) or after a flagh= 0, 15, 30,
45, or 60 min in the dark) that bleached35% of the visual
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FiIGURe 5: Kinetics of retinoid and rhodopsin recoveries in
arrestin-/- mice after a flash. The experimental paradigm is as
explained in Figure 4. (A) Retinoid composition in RPE/retina. (B)
Kinetics of 11¢is-retinal formation in the dark. The open circles
were derived from wt mice, the filled circles from arrestin-/- mice.

pigment. Retinoids were extracted and analyzed by HPLC as Inset. HPLC traces obtained during retinoid analyses of mice

described in the Materials and Methods. (B) Kinetics ofcidl-
retinal formation in the dark. The open circles were derived from
wt mice, the filled circles from IRBP-/- mice. (Inset) HPLC traces
obtained during retinoid analyses of mice immediately after the
flash (point a) (upper trace, 11-cis- aatl-trans-retinal oximes
the major retinoids) and after 60 min in the dark (point b) (lower
trace, 1leis-retinal oximes the major retinoids). (C) Bleaching and

immediately after the flash (point a) (upper trace,cl¢-andall-
transretinal oximes the major retinoids) and after 60 min in the
dark (point b) (lower trace, ltisretinal oximes the major
retinoids). (C) Bleaching and recovery of Rho. Rho concentrations
were measured before and after a flash that bleached 40% of the
visual pigment. (Inset) Rhodopsin bleaching difference spectra
obtained from mice immediately after the flash (point a) (solid

recovery of Rho. Rho concentrations were measured before andcurve) and after 60 min of recovery (point b) (dashed curve).

after a flash that bleached35% of the visual pigment. (Inset)

Rhodopsin bleaching difference spectra obtained from mice im-

mediately after the flash (point a) (solid curve), and after 60 min
of recovery (point b) (dashed curve). (B and C) The error bars
indicate the standard error of the mean=t 4). The abscissa
indicates the time in the dark after the flash. The points&imin

are from dark-adapted mice.

(B and C) The abscissa indicate the time in the dark after the flash.
The error bars indicate the standard error of the maan 4). The
points at—5 min are from dark-adapted mice.

eyecup preparations in unoxygenated buffers. Studies with
rabbit retina have shown that a light-evoked compound action
potential disappeared completely in 2.5 m23);, attributed

their visual pigment unless provided with oxygen and glucose t0 & loss of high-energy phosphate compounds. Thus, ATP

(17). However, the step in the visual cycle that is blocked

stores are likely to have been depleted in excised mouse

in these eyes has not been identified. Energy is required to€yecups during the relatively long incubations (up to 60 min)

drive the production of the hindered tis-retinal fromall-
transretinal 21, 29; however, the proposed mechanism for
this reaction would not appear to require the input for

employed in our experiments.

Flash illumination of mouse eyecups or whole eyes
produced the expected immediate loss ofcistretinal and

metabolic energy. We examined this question with mouse gain of all-trans-retinal. However, the failure to observe
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reduction ofall-trans-retinal to all-trans-retinol was unan-  and controversial. Several lines of experimentation suggested
ticipated. The results obtained with a flash are in contrast to that IRBP plays a passive rather than an active role in retinoid
those observed with constant illumination of either eyecups transport. First, physical studies revealed that IRBP is a high
or whole eyes, wherall-trans-retinal was reduced tall- molecular weight protein with an axial ratio of7 to 1
transretinol. While the explanations for these differences (31, 39, an unusual shape for a diffusible protein carrier.
are uncertain, it is possible that a flash fails to activate the Second, a number of in vitro studies established that polar
pentose phosphate pathway and that the retina under theseetinoids diffused through the aqueous phase relatively
conditions lacks sufficient NADPH for reduction alfl-trans- rapidly and that IRBP actually retarded the rate of retinoid
retinal. transfer between populations of vesiclg@é)( However, other
Constant illumination of excised whole mouse eyes investigators found that release of dik-retinal from RPE
resulted in an accumulation efl-trans-retinyl ester in RPE,  cells required IRBP37, 38, suggesting a molecular interac-
a phenomenon not observed in living animals or in eyecup tion between IRBP and components of the RPE cell.
preparations. This observation suggests that the failure to If IRBP is required for efficient transport of retinoids
observe retinyl ester synthesis with mouse eyecups with thebetween RPE and photoreceptor cells, the absence of the
same experimental paradigm was most likely caused by protein should result in a buildup d@ll-trans-retinol fol-
retinal detachment during the prolonged incubation. The lowing a visual pigment bleach and a delayed rate of visual
accumulation o&ll-trans-retinyl esters in excised eyes with  pigment regeneration (Figure 1). In this study, we tested this
constant illumination suggests that the cycle is blocked at hypothesis with mice lacking a functional gene for IRBP.
the isomerization reaction. Rando and associ@&e24 have The results demonstrate that IRBP does not appear to be
proposed that the energy for formation of the d& necessary for retinoid transfer during bleaching and regen-
configuration (-4 kcal/mol) is provided by the hydrolysis  eration of visual pigments in mice. The rates of regeneration
of the carboxylic ester bond oéll-transretinyl esters of 1l<cisretinal and decay oéll-trans-retinal were only
(=5 kcal/mol) in a concerted reaction catalyzed by a putative modestly slower than those observed for these processes in
isomerohydrolase (Figure 1). If conversioratiftrans-retinyl wt mice. In addition, only small, transient increases in the
ester to 1leis-retinol proceeds thermodynamically downhill, relative amounts ddll-trans-retinol were observed following
why should this compound accumulate when cellular me- either a flash that bleached35% of the visual pigment or
tabolism and energy production have been disrupted? Recen® h of constant illumination (results not shown), similar to
observations document that conversionatiftrans-retinol the results with wt mice?). Constant illumination would
to 11<isretinol in vitro does not proceed by way of the bulk be expected to exhaust endogenous stores afstietinoid
retinyl ester pool 25). Further experimentation will be [although none appear to be present in the mouse ref)ha (
required to resolve this issue, but the observations raise theand to ensure that regeneration was due to de novo synthesis
intriguing possibility that the visual cycle requires the direct of 11-cis-retinoids. While it is possible that effects of the
input of energy derived from cellular metabolism. absence of IRBP only come into play at low fractional
We observed previously that regeneration ofcigtretinal bleaches, our results appear to diminish the importance of
is more rapid after constant illumination than after flash IRBP as a necessary component of the retinoid transport
illumination (7, 26). Others noted that recovery of Rho and system through the photoreceptor RPE extracellular space.
visual sensitivity after flash illumination took as long as  The loss of photoreceptor cells observed in IRBP-/- mice
recovery from prolonged light adaptation that bleached twice (14) suggests that the protein plays an essential role in
as much visual pigmen®{, 28. It is possible that these  maintaining the integrity of these cells. Because IRBP is a
phenomena are related to the absence of reductiail-of  major protein in the interphotoreceptor matr89( 40, it is
transretinal after a flash, as observed in our studies with possible that its absence causes a disruption of the extracel-
eyecups and whole eyes. lular matrix with resulting death of the photoreceptor cells.
IRBP-/- Mice.The low solubility of retinoids in aqueous It is also possible that a function of IRBP is to minimize the
media seems at odds with their postulated intercellular exposure of the retina to transient increases in extracellular
diffusion as part of the visual cycle. In the early 1980s, retinoid concentration36) and prevent their deleterious
several laboratories discovered IRBP in extracts of retina effects @1).
(8, 10, 11. Several lines of evidence suggested a role for  Arrestin-/- Mice Photoactivated Rho is quenched in a two-
IRBP in the transport of retinoids between photoreceptors step process involving opsin phosphorylation by Rho kinase
and RPE. First, the protein possessed two high-affinity (reviewed in re#42) and binding of arrestin to phosphorylated
binding sites for retinoids20—31). Second, the amount of  opsin (reviewed in re#3). The absence of arrestin in humans
all-trans-retinol bound to IRBP increased following il- results in Oguchi's disease in which the inability to quench
lumination and the amount of 1dis-retinal increased inthe  activated Rho produces a decrease in the sensitivity of the
dark 31, 32. Third, removal of IRBP slowed the regenera- visual system, manifested as night blindne%4).(
tion of visual pigment in skate eyecups, and its replacement In vitro experiments suggested a role for arrestin in

partially restored the normal regeneration r&8)(Fourth, reactions of the visual cycle. First, addition of arrestin to
bleached salamander photoreceptors resensitized when prgshotolyzed Rho stabilized MIKE). Second, addition ddll-
sented with 1leis-retinal (rods and cones) or Xis-retinol transretinal promoted arrestin binding to phosphorylated

(cones) bound to IRBP3#). Finally, IRBP was found opsin @6). Third, addition of NADPH resulted in dissociation
precisely in the extracellular compartment separating pho- of arrestin from its complex with phosphorylated, photolyzed
toreceptor and RPE cell9) Rho @6) (Figure 1), suggesting that reductionaif-trans-
Mechanistic aspects of IRBP’s role in diffusion of retinoids retinal to all-trans-retinol promotes arrestin dissociation.
between photoreceptors and RPE cells have remained uncleafFourth, addition of ATP to unwashed rod outer segments
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substantially reduced the rate of reductioralptrans-retinal
generated by a flasii®). These results suggested that arrestin
stabilizesall-trans-retinal in the binding pocket of MIl or
Mill-like forms of Rho and that mice lacking arrestin would
show abnormalities in the kinetics of photopigment regenera-
tion. The rate of recovery of 1dis-retinal was 1.8 times
faster for wt mice than for arrestin-/- mice; however, the

rate of visual pigment regeneration was equal to that observed

with IRBP-/- mice and only modestly slower than that of wt
(0.8%/min compared to 1%/min). These observations are
counterintuitive to experiments in vitro, described abd\®,(
which would predict accelerated reductioradiftrans-retinal

in the absence of arrestin. Perhaps the in vitro experiments

poorly reflect the in vivo conditions because of altered ratios

of key components in a rod outer segment (ROS) preparation,

or because of the dilutions involved.
Conclusions.The results of this study resolve issues
regarding the visual cycle and raise additional, interesting

questions. First, the results suggest that cellular metabolism

is required for conversion oéll-trans-retinol to 1le¢is-

retinoid, a finding not predicted from consideration of the
isomerohydrolase reaction. Second, the absence of reduction 26-
of all-trans-retinal toall-trans-retinol in flashed eyecups or

excised eyes suggests that control of this step may be more

complex than considered previously. Third, the absence of
arrestin had little effect on retinoid processing kinetics, in
contrast to the results from experiments in vitro. Finally,
IRBP apparently plays an important role in photoreceptor
physiology but its function is not related to the kinetics of
retinoid processing.
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