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Retinoid processing proteinsin the ocular ciliary epithelium
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Purpose: To identify retinoids and retinoid processing proteins in the ocular ciliary epithelium (CE), and to compare in
cultured ciliary epithelial cell lines promoter activities of the cellular retinaldehyde binding protein (CRALBP) and
interphotoreceptor retinoid binding protein (IRBP).

Methods: Retinoid processing proteins were detected by RT-PCR, western analysis and immunocytochemistry. PCR
products were verified by DNA sequence analysis. Retinoids were measured by normal phase HPLC and UV visible
spectroscopy. Reporter product from CRALBP and IRBP promoter fragments was measured following transient transfec-
tion in bovine pigmented and nonpigmented CE cells.

Results: CRALBP, IRBP, cellular retinol binding protein (CRBP), dik-retinol dehydrogenase (kis-RDH),
lecithin:retinol acyltransferase (LRAT), and ATP binding cassette receptor (ABCR) were detected in human CE tissue by
RT-PCR. Retinal pigment epithelium specific protein 65 kDa (RPE65) mRNA and protein were also detected. CRALBP
and IRBP were detected by western analysis in tissue extracts from bovine CE and were localized to the PE and NPE cell
layers, respectively, by immunocytochemistry. IRBP immunoreactivity was also detected in aqueous humor. Retinoids
identified in the bovine CE include retinyl esters €84 pMol/mg of protein) and atlans-retinol (14.9:1.1 pMol/mg of
protein).pCarotene was also tentatively identified.cl4-Retinoids were not detected. In CE cell cultures, the CRALBP
p2.1-kb promoter construct exhibited reporter activity 15-30 fold above basal level, with 2 fold more activity in pig-
mented than nonpigmented CE cells. IRBP promoter constructs exhibited low level reporter activities in vitro in both CE
cell layers.

Conclusions: The ocular CE expresses genes encoding components of the rod visual cycle. The differential localization
of CRALBP and IRBP along the bilayer of the CE suggests a potential role in retinoid transport and/or retinoid metabo-
lism. However, the absence of dik-retinoids suggests that the function of retinoid processing proteins in the CE differs
from that of the retina.

Photoisomerization of rhodopsin bounddéretinalto  because expression of rod specific and cone specific genes
all-trans-retinal initiates the phototransduction signal cascad@ave been detected in these tissues [3,4].
within rod photoreceptor cells, with subsequent regeneration  Although there is no evidence that the mammalian CE is
of the 11eis-retinoid occurring within the adjacent retinal pig- intrinsically photosensitive, several functions ascribed to this
ment epithelium (RPE) [1]. The epithelial cell layers of thetissue follow a 24 h light-dark circadian cycle, including aque-
iris and ciliary epithelium (CE) are differentiated cell layersous humor secretion and regulation of IOP. In experimental
related to both the RPE and retina, sharing with these tissuegamimals entrained in a 24 h light-dark cycle, the circadian
common embryological origin [2]. Thus, the pigmented (PEyYhythm of IOP persists in constant dark [5]. The signals re-
cell layer of the CE is continuous with the RPE, and the norsponsible for maintaining the circadian rhythm are believed
pigmented (NPE) cell layer is related to the multiple cell lay+to derive from the central nervous system (i.e., suprachiasmatic
ers of the retina. The bilayer CE is a secretory neuroepitheuclei) and to arrive at the superior cervical ganglia by way of
lium that controls the production and protein composition opreganglionic fibers of the sympathetic system and travel to
the aqueous humor and regulates (in conjunction with the tréhe eye through postganglionic adrenergic nerves [6]. Supe-
becular meshwork and Schlemm’s canal) intraocular pressur@r cervical ganglionectomy or preganglionic sectioning of
(IOP). Earlier studies have raised the possibility that the irighe cervical sympathetic trunk in rabbits does not abolish the
CE might display an intrinsic non-visual phototransductiorcircadian IOP [7]. It is difficult to explain the continued light
induced decrease of IOP in sympathectomized animals with-
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cells contained the opsin based molecule melanopsin, and they METHODS
are believed to transduce ambient light signals to areas of ti$eurce of eyetissues and ciliary epithelial cell lines: Human
brain involved in tasks including circadian entrainment, pueyes were obtained from cadavers within 24 h after enucle-
pillary light reflexes, and melatonin synthesis [10-12]. How-ation through the National Disease Research Interchange
ever, the light induced transduction mechanism linked to th@Philadelphia, PA). Under a dissecting microscope the ciliary
activation of the photopigment in these cells is, at presenbody and retina were dissected and stored in liquid nitrogen
unknown. until further analysis. A human nonpigmented ciliary epithe-
We have hypothesized that the expression of functiondial cell line, ODM-C4, was used in this study and cultured as
components of rod phototransduction in the iris-CE may bereviously described [16]. Investigations with human subjects,
linked to neuroendocrine signals underlying the regulation ofvhich involved only residual material from autopsy, was ap-
the circadian rhythms of agqueous humor secretion and 10proved by the Human Subjects Committee of Yale University
[13]. In the present work we set out to determine whether fun@nd, followed the tenets of the Declaration of Helsinki.
tional components of the rod visual cycle critical for the re-  Bovine eyes from 1- to 12-week-old animals were ob-
generation of photopigment are also expressed in the CE. &ined from a local slaughterhouse and dissected within 2 h of
far, the only component of the retinoid cycle previously deenucleation. To eliminate cross contamination between the CE
scribed in the iris-CE is the cellular retinaldehyde binding proand the retina, eyes were opened by a circumferential incision
tein (CRALBP) [14]. CRALBP in the visual cycle serves asapproximately 2-3 mm away from the corneoscleral limbus
an 1leis-retinol acceptor for the enzymatic isomerization ofand 2 mm inside of the ciliary body from the ora serrata. The
all-trans-retinyl esters to 1tis-retinol and as a substrate car- ciliary processes from the pars plicata region of the CE were
rier for 11<¢is-retinol dehydrogenase (RDH5) [15]. We do notthen dissected from the lens or cornea. The retina and RPE
know, at present, the function of CRALBP in the CE. were also dissected. Two bovine ciliary epithelial cell lines
Wescreened for relevant mRNA, retinoid processing proestablished from the pigmented (PE) and nonpigmented (NPE)
teins in human CE tissues and cells in vitro and report evicE were also used in the present study and cultured as previ-
dence supporting the presence of visual cycle proteins in tlausly described [17].
CE. We also report evidence of transcriptional regulation in  Reverse transcription (RT-) polymerase chain reaction
the CE of genes encoding the cellular retinaldehyde bindin@PCR) assays. Total RNA was isolated from human retinas,
protein (CRALBP), and the interphotoreceptor retinoid bind-ciliary processes, and cultured human ODM-C4 cells using
ing protein (IRBP). Finally, we analyzed by normal phaseTRIzol reagent (GIBCO BRL, Gaithersburg, MD), according
HPLC retinoids extracted from bovine ciliary processes.  to the manufacturer’s protocol and quantitated by spectropho-

TABLE 1. OLIGONUCLEOTIDE PRIMERS

Pr oduct Anneal i ng GenBank
I ength tenmperature accessi on
Gene Primers (bp) (°O nunber Location
ABCR 5' - GTGCTCCCGGCTACCTTTGIGITT- 3' 824 60 NM 000350  4132- 4155
5' - TACTCCTCGGGGCTCCTGICCTTA- 3' 4932- 4955
11-cis-RDH 5'- ACCCTTGCCCTGCTGCCTCTGC- 3' 415 63 U43559 430- 451
5' - TGTAGCGGGT TCGGEEGTGTCG 3 823- 844
CRBP 5' - CGCCAAAATCGCCAACTT- 3' 288 56 ML1433 216- 232
5' - GACCACACCTTCCACTCTCAT- 3' 485- 503
LRAT 5' - GCCCCGGACCCACCTGACC- 3' 456 61 AF071510 159- 177
5' - GACGCCAATCCCAAGACTGCTGAA- 3' 591- 614
| RBP 5' - CCCCGAGCCTCCCCCACAAG- 3' 505 62 M22453 400- 419
5' - GBCCCCTCCCCCAGTCC- 3' 904- 888
CRALBP 5' - TGGCGGAGAGGGTGCAAGAGAAGG: 3' 458 65 L34219 251- 274
5' - TTTGAACCGGGCTGGGAAGGAATC- 3' 708- 685
RPE65 5' - GTCACGCTCCCCAATACAACT- 3 400 55 AHO006489 1150- 1170
5' - CAGCCCGGGCAACTTCACT- 3' 1549- 1531
B-actin 5' - TCGTGCGT GACATTAAGGAGAAGC- 3' 506 60 BC013835 695- 718
5' - CTAGAAGCATTTGCGGT GGACGAT- 3' 1200- 1177

Primer sets for the listed genes were selected, as indicated in Methods, from their corresponding published cDNAs (Gessamk acce
number). The predicted length for each of the PCR DNA products in base pairs (bp), annealing temperature, and locatiovacd tedf
reverse sequence for each primer pair are also listed.
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tometry. Polyadenylated RNA (poly(ARNA) was purified  in rabbits [18] and a monoclonal antibody mAb F7 against the
from total RNA using an oligotex RNA mini kit from Qiagen bovine IRBP (personal communication, J. Huang and J. C.
Inc., Valencia, CA following the manufacturer’s protocol. Oli- Saari). Cryostat sections (1u2n thick) of the bovine ciliary
gonucleotide primers (Table 1) specific for the following hu-processes were prepared as described [19]. Sections were in-
man retinoid processing proteins were designed with the aclibated with the anti-K25Q antibody at a dilution 1:100, or
of DNASTAR software (DNASTAR Inc. Madison, WI) and with mAb F7 at a dilution 1:50 in 10% normal horse serum
GenBank: ATP binding cassette receptor (ABCR)¢isdret-  containing 1% BSA in PBS for 2 h at 3C in a humidified

inol dehydrogenase (1dis-RDH), cellular retinol binding atmosphere. After washing with 1% BSA in PBS, the sections
protein (CRBP), lecitin:retinol acyltranferase (LRAT), were incubated for 1 h at 3€ with the secondary antibody
interphotoreceptor retinoid binding protein (IRBP), cellular(rhodamine conjugate anti-rabbit or anti-mouse immunoglo-
retinaldehyde binding protein (CRALBP), and retinal pigmentbulin, respectively) followed by three 10-min washes in PBS.
epithelium specific protein 65 kDa (RPE65). Primers werel'he sections were mounted in a solution of glycerol pH 7.0
annealed to cDNA templates synthesized in vitro from 100 tand analyzed in a Zeiss microscope equipped with
500 ng of poly(A) mRNA. epifluorescent microscopy.

Toeliminate possible genomic DNA contaminationinthe  For western blotting, protein concentration was measured
RNA preparation, samples were pretreated with RNase frdgy colorimetry [20]. Microsomal fractions from ocular tissues
DNase (Boehringer Mannheim, Indianapolis, IN). RT-PCRwere prepared as previously described [19]. Proteins were sepa-
reactions were performed using a RT-PCR kit (Stratagene, Lrated by SDS-PAGE and transferred onto nitrocellulose mem-
Jolla, CA), according to the manufacturer’s protocol. Each PCRranes (BioRad, Hercules, CA) by semidry electroblotting, as
cycle consisted of a denaturation step at@4or 1 min, 1  previously described [4]. Blots containing proteins from whole
min of annealing at the optimal temperature indicated in Tabléssue extracts were probed with anti-CRALBP (at a dilution
1, and 2 min of polymerization at 7€. This cycle was re- of 1:1000), and anti-IRBP (at a dilution of 1:500). Blots con-
peated 35 times for each of the set of primers used in thiaining proteins from the microsomal fractions of RPE and
work. The final polymerization step was extended an addieiliary process were probed with a rabbit polyclonal antibody
tional 5 min. raised against a conserved human/bovine peptide of RPE6G5

Indirect immunofluorescence and immunoblotting: For  (a gift from Dr. Michael Redmond, National Eye Institute,
indirect immunofluorescence, two antibodies were used; AIH, Bethesda) [21,22] at a dilution 1:250. Secondary anti-
polyclonal anti-peptide (K25Q) antibody to CRALBP raisedbodies were peroxidase conjugated goat-anti-rabbit or goat-

415 bp 305§

ABCR 11-cis-RDH CRBP
M1 2 3 M1 2 3

1018- 1018-
-456 bp 506-
P Zos-

1018-
-505 bp ggg- -458 bp

LRAT IRBP CRALBP

Figure 1. Detection of components of the retinoid cycle in human ciliary processes and in a human ciliary epithelial Satdioé.
oligonucleotide primers were selected to amplify by RT-PCR coding regions from the following genes; ATP binding casseéd3 @it
11-cisretinol dehydrogenase (RDH), cellular retinol binding protein (CRBP), lecithin:retinol acyltranferase (LRAT), interphaioretept
inoid binding protein (IRBP), and cellular retinaldehyde binding protein (CRALBP). DNA products amplified by PCR were msal2éd
agarose gels, stained with ethidium bromide, and photographed. Lane 1 represents retina, lane 2 represents ciliarynordaessgs, a
represents the ODM-C4 cell line. To the left of each gel is a 1 Kb DNA ladder marker (M).
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anti-mouse immunoglobulin G (Amersham, Arlington, IL) at (-200 to +80 bp) [24]. Three previously characterized IRBP-
a dilution of 1:5000, and antigen-antibody complexes detectedAT reporter gene constructs were also used and contained
using the ECL chemiluminescent substrate (Amersham, Apromoter regions of the mouse IRBP gene designated as p156
lington, IL). As a control, pre-immune mouse serum or cul{-156 to +101), p70 (-70 to +101), and p45 (-45 to +101) [25].
ture medium was used. In both cases the signal was negative. Transient transfections of two bovine ciliary epithelial cell
To verify differences in protein loading in each lane separatelines, PE and NPE [17], with either the CRALBP-Luc con-
by electrophoresis, blots were probed also with anfaati-  structs or the IRBP-CAT, were carried out following condi-
tin antibody (Miles Scientific, Naperville, IL) at a1:500 dilu- tions previously described in detail [24,25]. For comparative
tion. purposes, cultured HelLa cells (a cell line of non-ocular ori-
Retinoid extraction and analysis. Bovine eyes were gin) were also used as control. The different constructs were
adapted to the dark for at least 2-3 h after enucleation anthnsfected in the presence of p'galactosidase (Promega,
before dissection of ciliary processes under dim red light tMadison, WI), using lipofectamine-2000 (Invitrogen,
avoid photoisomerization. Retinoids were extracted fronCarslbad, CA). Cell extracts were assayed for luciferase,
pooled ciliary processes from six eyes of one-week-old calveshloramphenicol acetyl transferase (CAT)pegalactosidase
and from six eyes of 6-12-week-old cows and analyzed in activity as previously described [26]. To correct for variation
normal phase HPLC column, as previously described [23]n transfection efficiency, luciferase levels and CAT activity
Spectra of selected components were obtained with a dioadeere normalized to protein concentration frghlactosidase,
array detector. These experiments were repeated at leastiging commercially available assay systems (Promega). All
times. Ethyl alltrans-9-(methoxy-2,3,6-trimethylphenyl)-3,7- values are expressed as the msgmdard deviation of 3-6
dimethyl-2,4,6,8-nonatetraenoate (etretinate) was used as s@parate determinations.
internal standard. Carotenoid elution was marked by a nega- Nucleotide sequencing: PCR DNA products were se-
tive deflection because the reference beam of the HPLC imuenced on both strands in an automated DNA sequencer (ABI
strument was set at a wavelength close to the maximal abs&RISM 310 Genetic Analyzer), using the rhodamine termina-
bance of the compounds (450 nm). tor cycle sequencing ready reaction from a DNA sequencing
CRALBP luciferase and IRBP chloramphenicol acetyl kit (PE Applied Biosystems, Foster City, CA).
transferase (CAT) reporter-geneassays. Two previously char-
acterized CRALBP-luciferase (Luc) reporter gene constructs RESULTS
were used in this study and contained CRALBP promoter reRetinoid processing proteinsin the human CE processes. The
gions designated as p2.1-Luc (-2089 to +80 bp) and p0.2-Lywredicted PCR DNA products for ABCR, tis-RDH, CRBP,

Figure 2. Cellular distribution of
CRALBP and IRBP on semithin
cryostat sections of the bovine
ciliary epithelium. Cryostat sec-
tions from the pars plicata region
were labeled with a polyclonal
antibody against CRALBR(B)

or a monoclonal antibody to IRBP
(C,D). Photographs oB and D
are the phase contrast of the indi-
rect immunofluorescence photo-
graphs ofA andC, respectively.
The nonpigmented epithelium
(NPE), pigmented epithelium
(PE), and stroma (S) are labeled.
Scale bar represents tqufn.
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LRAT, IRBP, and cellular CRALBP were amplified from tected in retina (Figure 1, lane 1). Surprisingly, each was also
poly(A)* mRNA prepared from the retina and ciliary processesletected in ciliary processes (Figure 1, lane 2) and in the ODM-
of a human eye donor (cadaver), and from an established ha4 cell line (Figure 1, lane 3). The DNA products from PCR
man cell line (ODM-C4) derived from CE and analyzed byamplification were gel purified and their nucleotide sequences
agarose gel electrophoresis (Figure 1). As expected, mRNwere found to exhibit 100% identity with the corresponding
for each of these genes of the retinoid visual cycle was deublished cDNA sequences.
Immunolabeling of CRALBP and IRBP in bovine CE: In

earlier studies we demonstrated immunodetection of CRALBP

A along the pigmented CE in bovine eyes [14]. In the present
kDa 1 2 3 4 study, for comparative reasons, we have analyzed the cell re-
200 _ stricted immunolocalization of CRALBP along the CE and its

_ pattern of expression with that of IRBP. Using a different, well
150 characterized anti-peptide CRALBP antibody designated anti-
100~ K25Q [18], we confirmed the restricted immunolocalization

75— of CRALBP along the PE cell layer of the bovine CE (Figure

2A,B). From western analysis, the anti-K25Q CRALBP anti-
body crossreacted with a single band of approximately 36 kDa

S0~ in whole tissue extracts prepared from ciliary processes (Fig-
37— ure 3A, lane 1), RPE cells (Figure 3A, lane 2), and retina (Fig-
e gElnS SEuD < CRALBP ure 3A, lane 3), but not in the aqueous humor (Figure 3A, lane
o8 — 4). In contrasting immunocytochemical analyses for IRBP, the
mAb F7 against IRBP labeled the NPE cell layer of the bo-
B vine CE, but not the PE (Figure 2C,D). From western analy-
ses, the mAb to IRBP crossreacted with a doublet band of
k%?) approximately 138 to 140 kDa in whole tissue extracts from
- : ; . . ciliary processes (Figure 3C, lane 1), RPE (Figure 3C, lane
37— -'-’- B [S—actm 2), retina (Figure 3C, lane 3), and aqueous humor (Figure 3C,
lane 4). To verify that approximately similar amounts of pro-
C tein from tissue extracts were loaded in each linguOblots
kDa 1 2 3 4 shown in Figure 3 were reprobed with-actin antibody (Miles
200- T Scientific, Naperville, IL) at a dilution of 1:500.
150~ L o = < [RBP These results support the cytosolic nature of CRALBP
and the secreted nature of IRBP, and the distinct PE and NPE
1007 | specific cellular distribution of these retinoid processing pro-
75— teins in the CE.
Expression of RPE65 mRNA and protein in the bovine
50— ciliary epithelium: It is generally accepted that RPEG5 is a
key component in the processing oftalins-retinol into 11-
37 cis-retinol [27,28]. To verify whether RPE65 mRNA and pro-
tein were expressed in the ciliary process, we carried out RT-
25— PCR and western blot analysis, respectively, and used RPE
D tissue extract as a positive control. By RT-PCR, a set of oligo-
nucleotide primers based on the human RPE65 cDNA sequence
k%g were selected (see Table 1), and annealed to cDNA templates
F . prepared from bovine RNA from RPE and ciliary processes.
37— o, e - < ﬁ_aCtm A 400 bp DNA product was amplified from both RPE and

ciliary process (Figure 4A, lanes 1 and 2). The nucleotide se-
guence of the gel purified PCR DNA product confirmed its
Figure 3. Western blot patterns of CRALBP and IRBP in the parhiomology with bovine RPE65. By western blot analysis, an
plicata region of the ciliary epithelium. Whole tissue extracts (3Qanti-peptide antibody to RPEG5 [21,22] recognized an abun-
ug/lane) from the bovine ciliary processes (lane 1), RPE (lanes 2jant protein of 65 kDa of molecular mass in the microsomal
retina (lane 3), and aqueous humor ('f?‘”es 4) were resolve_d by 4-13% ction from bovine RPE cells (Figure 4B, lane 1). In con-
SDS-PAGE gels and subjected to immunoblot analysis using ?rast, the predicted 65 kDa protein corresponding to RPE65

polyclonal antibody against CRALBR), a monoclonal antibody . s .
against bovine IRBRY) and a-actin antibody® D). The antigen- V&3 much less abundant in extracts of ciliary body (Figure

antibody complexes were detected by the ECL chemiluminesceAB: lane 2). To determin(-?‘ .the abundance of RPE65 signal in
system. The migration of CRALBP (36 kDa) and IRBP (140 kDa)the RPE relative to the ciliary process, we reprobed the blot
are marked with arrows. membrane shown in Figure 4B witlpactin antibody. After
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normalizing the RPEBGS5 signal to that of flractin signal, we likely stearate and palmitate, respectively, peak 4 correspond-
estimated that the RPEG5 signal in the RPE was approximateilyg to alltrans-retinol and peak 3 to an internal standard. The
20 fold higher than in ciliary process. negative deflection at 2.5 min corresponds to a carotenoid,

CRALBP and IRBP promoter activity in cultured ciliary  possibleB-carotene and the second negative deflection at 25
epithelial PE and NPE cells. To further examine the cell spe- min may be another carotenoid. Interestingly, the negative
cific expression of CRALBP and IRBP in the CE, transientdeflection at 2.5 min was absent in one-week-old calves (see
transfection assays were performed to compare promoter deigure 6A). Overall, we estimate from these results that bo-
tivities of CRALBP and IRBP in vitro in bovine CE cultures vine ciliary processes from older cows contain aboutB 43
established with either the PE or NPE cell layers. Reportet
activities from two human CRALBP promoter constructs (p2.1 A
and p0.2-Luc) [24,26] and three mouse IRBP promoter cor > 2.1 |—>02
structs (p156, p70, and p45) [25,291 are shown in Figure { CRALP e congiucs e 3
The CRALBP p2.1-Luc construct elicited about 15-30 fold [ 1
more reporter activity than the p0.2-Luc construct (or -2089 -200 +80
promoterless vector) in both cell lines and exhibited approxi T
mately 2 fold greater reporter activity in PE cells than in NPE 30  [J bNPE cells
cells (Figure 5A). The IRBP-CAT p156 and p70 constructs B bPE cells
elicited somewhat higher reporter activities than the p45 ¢ .
promoterless controls in both NPE and PE cells (about 0.5
fold), however no significant differences were apparent be
tween NPE and PE cells. HelLa cells transfected with thes
IRBP constructs did not show any CAT reporter activity (datz
not shown).

Retinoidsin bovineciliary processes. Rethoids were ex-
tracted from bovine ciliary processes from calves (n=6 eye:
and older cows (n=6 eyes) and analyzed by normal pha: ST T B
HPLC, with components identified based on their relative elu Reporter Construct
tion times and characteristic absorbance spectra. A represe B
tative HPLC result is shown in Figure 6, with peaks 1 and : C T
(Figure 6B) corresponding to aHlans retinyl esters, most 5 I IRBP reporter constructs I | |H CAT ] 3

-1783 -156 -70 -45 +101
41

A B ] bNPE cells .
] I bPE cells
bp M 1 2 kDa 1 2
200 =

1,018= 100 —

7%=

= -actin -
506 = f-act 36 5};\ pd5 p70 p156 0{-\ p45 p70 p156
Ty

8]
q q

25 = Reporter Construct
20—

RLU
8

o
Lo b b ot o d st 0ad gl

o

W

T T

-
L

CAT Activity (fold pvoCAT)
L35 ]
L

o

== [l-actin Figure 5. Reporter activity of CRALBP and IRBP promoter constructs

in bovine PE and NPE cell$\: CRALBP-luciferase (Luc) reporter

constructs (p2.1-Luc [-2089 to +80 bp] and p0.2-Luc [-200 to +80
Figure 4. Expression of RPE65 mRNA and protein in the ciliary epibp]). B: IRBP chloramphenicol acetyl transferase (CAT) reporter
thelium. A: The expected DNA product sizes amplified by PCR forconstructs (p156 [-156 to +101], p70 [-70 to +101] and p45 [-45 to
RPEG5 (400 bp) anf-actin (506 bp) were amplified from cDNA +101]). The transcriptional activity generated by the CRALBP-Luc
templates, synthesized in vitro from poly (A)+ mRNA prepared fromand IRBP-CAT constructs were normalized3tgalactosidase and
bovine RPE (lane 1) and ciliary process (lane 2). DNA products werexpressed as relative light units (RLU) and CAT activity (fold
resolved on 1% agarose gels, stained with ethidium bromide, am/oCAT), respectively. Basic (pGL2) and pvoCAT indicate two con-
their identity confirmed by direct sequencirig). A representative  trol vectors used in the transfection assay lacking promoter regions
western blot analysis of the microsomal fractions from bovine RPEor CRALBP and IRBP genes, respectively. Bars represent the mean
(lane 1) and ciliary process (lane 2), with polyclonal anti-peptideand standard error of the mean for at least three independent experi-
antibody to RPEG5. p-actin antibody was used to verify loading of ments. Asterisks indicate statistical significance calculated using
protein in each lane. Arrow B indicates the migration of RPE65. Student’s t-test (p<0.05)
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pmoles/mg of protein atFans-retinyl palmitate (7 analyses) phototransduction signaling cascade. Complementary to this
and about 14.861.13 pmoles/mg of protein allans-retinol  cascade are the reactions of the retinoid visual cycle in RPE,
(7 analyses). No evidence was detected focig&tetinal or  which provide the necessary enzymatic machinery for regen-
all-trans-retinal in any of the bovine CE samples. Additionaleration of visual pigment. We have hypothesized that within
experiments employing hydroxylamine during retinoid extracthe ocular CE (by analogy with the retina and the RPE) there
tion also did not provide evidence for dit-retinal oxime (re- is also compartmentalization of the genes expressed in
sults not shown). phototransduction, and the retinoid cycle. For example, gene
expression of opsin, rhodopsin kinase, and visual arrestin have
DISCUSSION been shown in the NPE cells [3], and of CRALBP in the PE
In spite of the embryological relationship between the bilayefthis work and [14]).
CE with the RPE and sensory retina, there is no evidence that Wealso detected IRBP in the ocular CE, distributed along
the ocular CE is intrinsically photosensitive. However, indi-the NPE cells, and in the agueous humor. IRBP is a poorly
rect evidence raises the possibility that the mammalian CEnderstood, large (140 kDa) glycoprotein synthesized in pho-
may be photosensitive [13,30]. This hypothesis is based doreceptors and secreted into the interphotoreceptor matrix
the findings that the human and bovine CE and iris expregtPM) [32]. However, in zebrafish eyes IRBP has been shown
many genes encoding proteins involved in phototransductioto be synthesized in both photoreceptor cells and RPE cells
[3,4] and the retinoid cycle (this work). Further suggestivg33]. It has been suggested that IRBP plays a role in the traf-
evidence comes from studies in transgenic mice carrying taficking of 11cisretinal and alltransretinol between photore-
dem copies of the rhodopsin promoter region fused to the laczZeptors and the RPE [32]. Although IRBP can not freely dif-
reporter gene, which have shogsgalactosidase activity in  fuse out of the IPM [34,35], it appears to be internalized also
photoreceptor cells, in the brain, and in the ocular CE [31]. into the RPE [36,37]. The protein binds several hydrophobic
The absorption of light by rhodopsin in the photoreceptofigands, including 1lis-retinal, allirans-retinol, other
cells in the retina causesia to trans photoisomerization of retinoids, several fatty acids and vitamin E [38,39]. IRBP
its bound chromophore, 1dis-retinal, initiating the knockout mice do not exhibit retarded rhodopsin regenera-

40 7 A Figure 6. Chromatographic separation
of retinoids from bovine ciliary pro-
cesses. Retinoids were extracted from
2 0 pooled ciliary processes of eyes of one-
7 week-old calves and six- to eight-week-
old cows, and analyzed on normal phase
HPLC as previously described [21]. The
0 L plots show the chromatographic sepa-
] ration of retinoids from one-week-old
1 00 (A) and from older cows). The peaks
—_ B from older cowsB) are numbered for
= identification: 1 and 2 correspond to all-
< trans-retinyl esters (stereate and palmi-
é 80 - tate, respectively); 3 corresponds to
Te]
(9]
ly2)
<

control (etretinate); and 4 corresponds
\ to all{rans-retinol. The negative deflec-
tion at 3 min corresponds to elution of

60 1250 [350 450 550 350 300 350 400 250 300 350 400 4 a carote_noid, Iikely_ﬁ-carotene (only
present in older animals). The absorp-

2 3 tion spectra of components 1, 2, 4, and

the carotenoid, are shown in inseé&3. (

40 | The elution profile of retinoids was
obtained at 325 nm.

20- 250 300 350 400

L -

T

0 10 20 30
Time (min)
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tion [40]. The function of IRBP remains to be determined buary bodies, which is likely to bgcarotene based on it early
it has been proposed to serve a protective role for visual cyctdution and absorption spectrum. However, additional experi-
retinoids [32,41]. Perhaps IRBP protects ocular tissues by scaments are necessary to confirm this assignmenttréds-
enging, trapping, and facilitating the removal of oxidizedretinyl esters and attans-retinol are common constituents in
retinoids, lipids, and fragments thereof. To the best of oumany cells and their presence in ciliary body may reflect sys-
knowledge, this is the first report describing the detection afemic functions of the vitamin A, or perhaps contamination
IRBP mRNA and protein in the NPE cells of the CE and infrom retinal. The presence [dfcarotene in ciliary bodies from
aqueous humor. The relative strong immunodetection of thaedult cows and its absence in calf tissues may reflect a dietary
138 to 140 kDa IRBP protein in the bovine aqueous humaoeontribution of carotenoid. The accumulation of carotenoids
suggested its accumulation in this fluid in large amounts. Thim the ciliary body is also consistent with the anti-oxidant func-
presence of IRBP in this fluid also suggests that it could praions of the CE. This tissue expresses abundantly anti-oxidant
vide binding sites for retinoids (or other ligands) and allowenzymes involved in detoxification and protection from oxi-
vectorial diffusion of the ligand through the aqueous phasdative damage induced in part by light [42,43].
through a concentration gradient. Further studies are neces- All-trans-Retinyl esters and altans retinol can be rap-
sary to confirm de novo synthesis of IRBP in the ciliary epiidly interconverted by the action of the enzymes lecithin ret-
thelium, for example, by immunoprecipitation with IRBP an-inol acyl transferase (LRAT) and retinyl ester hydrolase (REH)
tibodies from proteins of extracts taken from metabolic labelf44,45]. The detection of the substrate {edias retinol) for
ing of dissected ciliary processes in vitro, with isotopes suchRAT indicates that the bilayered CE is involved in retinoid
as*S-Methionine. metabolism. However, the lack of detection ofcigretinol
Although CE cell expression of all the proteins involvedor 11<is-retinal among the retinoids extracted from the bo-
in the retinoid visual cycle has yet to be demonstrated, weine ciliary processes, contrasted with the expression (MRNA)
have provided evidence of the distinct cell specific distribu-of 11-cis-retinol dehydrogenase (Xls-RDH). This dehydro-
tion of CRALBP and IRBP in the bilayer CE. RPEG5, a uniquagenase is involved in the conversion ofd&retinol into 11-
RPE specific protein required for the conversion ofrals  cis-retinal [46]. Possible explanations for the lack of a chro-
retinyl esters to 1tisretinol has been suggested to functionmophore in the ciliary processes are: (a) it is not generated,;
as a retinyl ester binding protein [27,28]. Using RPEG5 anti¢b) it is unstable upon retinoid extraction; or (c) it is below the
bodies, we were able to detect very low levels of this proteitimits of HPLC detection. Overall, the levels of retinoid in the
in a microsomal fraction of bovine ciliary process, when comeiliary processes are very low, compared to those in the retina.
pared (by western blot) to a similar fraction prepared fromnterestingly, HEK293S cells express in culture many of the
RPE. However, by indirect immunofluorescence, RPE65 arphototransduction and retinoid cycle proteins described in the
tibodies fail to label the CE (data not shown). present study. However, it is not known whether they can elicit
In the present work, we compared reporter gene activitliight responses [47]. Recent studies have also documented the
with CRALBP and IRBP promoter constructs in two cell linescapability of the NPE cells to differentiate in vivo into neu-
representative of the two cell layers of the bovine CE. Weons in response to mitogens [48], which may be underlying
found enhanced reporter activity with the p2.1 CRALBP conthe “neural” characteristic and perhaps the stem-progenitor
struct in the PE cells compared to NPE. This result is consigell capacity of the CE [49].
tent with the cell restricted localization of CRALBP in vivo in Arecent study documented the lack of detection afig1-
the PE cells (Figure 2) [14]. Interestingly, in an earlier study, @hromophore in the pineal gland of the golden hamster, in
human CE derived cell line had also the in vitro capability tespite of vestigial levels of components of phototransduction
drive reporter activity from the p2.1 CRALBP promoter con-[50]. We do not believe that the levels of many of the compo-
struct similar to RPE cells but differently than in retinal Muller nents of phototransduction and the retinoid visual cycle in
cells [26]. In contrast to CRALBP, the reporter gene activitypbovine and human CE are present at the vestigial level or that
with IRBP promoter constructs was less marked between bothey are due to tissue cross contamination with the retina. Sev-
NPE and PE cells, even though IRBP appears to be restrictedal of the key components of phototransduction and of the
to the NPE cell layer in vivo. Earlier studies have shown thatetinoid cycle have been immunolocalized along the CE in a
the p70 and p156 IRBP constructs contain photoreceptor speell specific manner (Figure 2) [3]. However, because of the
cific consensus sequences that confer partial tissue specificifynitations in retinoid detection, the present study does not
to IRBP gene expression [25,29]. The relatively low level ofrule out the possibility of non-visual photosignaling based on
reporter activity observed for the IRBP constructs in CE mayetinal chromophore. Furthermore, the potential role of retin-
be due to species differences, and/or the lack of esseistial oid processing proteins in retinoid metabolism in the CE, un-
or trans factors. derlying circadian tasks such as aqueous humor secretion and
Finally, we identified retinoids present in the ciliary body intraocular pressure, requires further study.
of bovine eyes. The absorption spectra and chromatographic
characteristics of the main retinoids resolved by HPLC were ACKNOWLEDGEMENTS
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