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PURPOSE. Increases in retinaldehyde dehydrogenase 2 (RALDH2) transcript in the chick
choroid suggest that RALDH2 may be responsible for increases observed in all-trans-retinoic
acid (atRA) synthesis during recovery from myopic defocus. The purpose of the present study
was to examine RALDH2 protein expression, RALDH activity, and distribution of RALDH2
cells in control and recovering chick ocular tissues.

METHODS. Myopia was induced in White Leghorn chicks for 10 days, followed by up to 15 days
of unrestricted vision (recovery). Expression of RALDH isoforms in chick ocular tissues was
evaluated by Western blot. Catalytic activity of RALDH was measured in choroidal cytosol
fractions using an in vitro atRA synthesis assay together with HPLC quantification of
synthesized atRA. Distribution of RALDH2 cells throughout the choroid was evaluated by
immunohistochemistry.

RESULTS. RALDH2 was expressed predominately in the chick choroid (P < 0.001) and
increased after 24 hours and 4 days of recovery (76%, 74%, and 165%, respectively; P < 0.05).
Activity of RALDH was detected solely in the choroid and was elevated at 3 and 7 days of
recovery compared to controls (70% and 48%, respectively; P < 0.05). The number of
RALDH2 immunopositive cells in recovering choroids was increased at 24 hours and 4 to 15
days of recovery (P < 0.05) and were concentrated toward the RPE side compared to
controls.

CONCLUSIONS. The results of this study suggest that RALDH2 is the major RALDH isoform in the
chick choroid and is responsible for the increased RALDH activity seen during recovery.
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Clinical and experimental evidence has indicated that
postnatal ocular growth is regulated by a vision-dependent

emmetropization process that coordinates growth of the ocular
tissues, resulting in clear, uncorrected vision.1,2 In humans,
pathologic or environmental disturbances to the natural
emmetropization process lead to abnormal elongation of the
posterior portion of the eye and result in the development of
myopia or nearsightedness.1–4 Interruption of emmetropization
in animal models, such as the chick, primate, and guinea pig,
through the application of translucent occluders (form
deprivation) causes a distortion in visual quality, which results
in ocular growth and myopia through changes in the regulation
of scleral extracellular matrix (ECM) remodeling.5–9 Interest-
ingly, form deprivation–induced myopia is reversible; removal
of the occluder and subsequent detection of myopic defocus
results in a rapid cessation of axial growth and the eventual
reestablishment of emmetropia (recovery).10

While it generally is understood that visually guided ocular
growth is regulated locally via a retinal to scleral signaling
cascade,11–15 few molecules that have a direct effect on the
regulation of scleral ECM remodeling and ocular growth have
been identified. Recent studies in animal models implicate all-
trans-retinoic acid (atRA) as a key signaling molecule in the
regulation of postnatal ocular growth.16–20 In the chick,

choroidal atRA synthesis increases during recovery from
deprivation-induced myopia and decreases during myopia
development.16,17 Moreover, atRA has been demonstrated to
directly inhibit proteoglycan synthesis in the chick and primate
sclera.16–18 Therefore, atRA may represent a visually regulated
chemical signal that can directly regulate ocular growth and
refraction.

Synthesis of atRA occurs by two oxidation reactions: first,
the oxidation of retinol to retinaldehyde by the retinol
dehydrogenase (RDH) enzymes, RDH1, DHRS9, and RDH10,21

and second, the oxidation of retinaldehyde to atRA by one of
three retinaldehyde dehydrogenase (RALDH) enzymes:
RALDH1, RALDH2, or RALDH3 (also known as ALDH1a1,
ALDH1a2, and ALDH1a3). In a study examining transcriptional
changes in response to imposed defocus, Simon et al.22

determined that changes in choroidal RALDH2 transcript is
rapid and specific for the sign of defocus. In addition, we
previously identified RALDH2 as the key RALDH isoform
regulating atRA synthesis during recovery from visually-induced
ocular growth in chicks.17 Significant increases in choroidal
RALDH2 transcript were observed following 12 hours of
recovery with transcript levels returning to control by 15 days.
No changes were observed in RALDH3 expression, and
transcript levels of choroidal RALDH1 were undetectable.
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These results suggest that, in response to myopic defocus, the
levels of choroidal RALDH2 increase which, in turn, increase
the production of atRA. We speculate that choroidally
generated atRA is transported to the sclera, where it decreases
scleral proteoglycan synthesis, causing a deceleration in ocular
growth rate. Therefore, the current investigation was done to
extend our previous studies by examining RALDH2 protein
expression and RALDH enzymatic activity in chick eyes in
various growth states, and examining the changes in distribu-
tion of RALDH2-synthesizing cells in the choroid in response to
myopic defocus.

MATERIALS AND METHODS

Animals

White Leghorn male chicks (Gallus gallus) were obtained as 2-
day-old hatchlings from Ideal Breeding Poultry Farms (Camer-
on, TX, USA). Chicks were housed in temperature-controlled
brooders with a 12-hour light/dark cycle, and were given food
and water ad libitum. Form deprivation myopia (FDM) was
induced in 3-day-old chicks by applying translucent plastic
goggles to one eye, as described previously.9 The contralateral
eyes (left eyes) of all chicks were never goggled and used as
controls. Chicks were checked daily for the condition of the
goggles. Goggles remained in place for 10 days, after which
time the chicks were either euthanized for isolation of ocular
tissues from control and form-deprived eyes (¼ time 0), or the
goggles were removed and chicks were allowed to experience
unrestricted vision (recover) for up to 15 days.

Chicks were managed in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research, with the Animal Welfare Act, and with the National
Institutes of Health (NIH; Bethesda, MD, USA) Guidelines. All
procedures were approved by the Institutional Animal Care
and Use Committee of the University of Oklahoma Health
Sciences Center.

Tissue Isolation and Preparation

To prepare ocular tissues for analysis, chicks were euthanized
by an overdose of isoflurane inhalant anesthetic (IsoThesia;
Vetus Animal Health, Rockville Center, NY, USA) at various
time points during recovery, and eyes were enucleated. Eyes
were cut along the equator to separate the anterior segment
and posterior eye cup. Anterior tissues were discarded, and the
vitreous body was removed from the posterior eye cups. An 8-
mm punch was taken from the posterior pole of the chick eye
using a dermal biopsy punch (Miltex, Inc., York, PA, USA).
Punches were located nasal to the exit of the optic nerve, with
care to exclude the optic nerve and pecten. In younger birds
(ages 13–14 days), this punch represented approximately 85%
of the posterior hemisphere, due to small eye size. Western
blots and atRA synthesis assays were normalized to punch size
as it is known that there is an increased vascular permeability
and extravasation of serum proteins into the choroidal stroma
during recovery.23 With the aid of a dissecting microscope, the
neural retina and RPE were isolated from the underlying
choroid and sclera with a drop of PBS (3 mM dibasic sodium
phosphate, 1.5 mM monobasic sodium phosphate, 150 mM
NaCl, pH 7.2) and gentle brushing. Retina and RPE were
pooled for each punch, placed in microfuge tubes, and stored
on ice. Following removal of RPE, choroids were gently
dissected from the sclera by placing a small, rounded spatula
between the two tissue layers and carefully lifting the choroid
off the sclera. Choroids and sclera then were placed into

microfuge tubes on ice. Retina/RPEs, choroids, and sclera were
stored at �208C until time of use.

To prepare tissue homogenates, retina/RPEs and choroids
were separately homogenized in RALDH homogenization
buffer (20 mM triethanolamine-HCl pH 7.4, 1 mM dithiothre-
itol, 0.1 mM EDTA) using a VirTis rotor-stator homogenizer (SP
Industries, Gardiner, NY, USA). Sclera were snap-frozen in
liquid nitrogen, added to a dounce homogenizer (Micro-Metric
Instruments, Tampa, FL, USA) containing 500 lL RALDH
homogenization buffer and ground until most tissue was
solubilized. Following a 500 lL rinse with homogenization
buffer, sclera homogenates were homogenized further using a
VirTis rotor-stator homogenizer (SP Industries). After homog-
enization, a maximum of 1.0 mL of each homogenate was
placed in 1.5 mL tubes and centrifuged (12,000g for 20
seconds; Eppendorf Microfuge 5148, Hamburg, Germany) at
48C to remove debris from the whole tissue homogenate.
Homogenate was transferred to thick-walled microfuge tubes
(polyallomer tubes; Beckman Coulter, Brea, CA, USA) and
ultracentrifuged (100,000g for 1 hour; Optimum MAX Ultra-
centrifuge, Beckman Coulter) at 48C to isolate microsomal
fraction (pellet) and cytosol fraction (supernatant). Fractions
were isolated and stored at �208C. In some cases, protein
concentrations of ocular tissue samples were determined by a
Bradford assay (BioRad, Hercules, CA, USA).

Generation of Chick RALDH1, 2, and 3 Plasmids

Generation of the RALDH1, 2, and 3 plasmids was achieved as
described previously for rat RALDH2.24 However, differences
in the chicken RALDH sequences necessitated the following
modifications. Chick retina/RPE and choroid cDNA were
generated from total RNA using random hexamers and reverse
transcriptase, as described previously.17 Chick retina/RPE
cDNA was used as the template to amplify the full length
coding sequence of RALDH1, whereas choroid cDNA was used
to amplify the full length coding sequence of RALDH 2 and
RALDH3 using gene specific primers designed with NdeI and
XhoI restriction sites to flank the 50 and 30 ends of each RALDH
construct, respectively (Table 1). Genes were amplified using
1X Phusion HF buffer (New England Biolabs, Ipswich, MA,
USA), 200 lM each dNTP, 0.5 lM each primer, <250 ng
template cDNA, 3% dimethyl sulfoxide (DMSO), and 1 unit of
Phusion DNA polymerase (New England Biolabs) in a DNA
thermal cycler (PerkinElmer, Waltham, MA, USA) using the
following PCR conditions: 2 minutes at 958C, 35 cycles of 1
minute at 958C, 1 minute at 608C, and 7 minutes at 728C after
the final cycle. Products of PCR were run on a 1.0% agarose
gel, and the 1.5 kb products were gel purified using a QIAquick
gel extraction kit (Qiagen, Limburg, Netherlands), according to
manufacturer’s protocol.

RALDH1, 2, and 3 cDNA was subcloned into the pJet 1.2/
blunt Cloning Vector (Thermo Fisher Scientific, Waltham, MA,
USA), according to the manufacturer’s blunt-end cloning
protocol. The plasmids were transformed into MAX Efficiency
DH5a Competent Cells (Invitrogen, Grand Island, NY, USA),
according to manufacturer’s protocol with the following
modifications: (1) only 50 lL of competent cells were used
and (2) 1 to 3 lL of the ligation reaction was added to the
competent cells. Following the incubation on ice and heat
shock, 900 lL of S.O.C. medium was added to the cells, and
cells were shaken at 13g and 378C for 1 hour; 50 to 200 lL of
the cells were plated on Luria Broth (LB), agarose plates with
carbenicillin (100 lg/mL; Sigma-Aldrich Corp., St. Louis, MO,
USA) selectivity, and plates were placed in a 378C incubator
overnight. Colonies were screened for the correct plasmid by
colony PCR with PCR cycle conditions identical to those
described above. Products of PCR then were run on a 1.0%
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agarose gel to identify colonies positive for the RALDH
plasmids. Positive colonies were removed gently from the
plates, added to polypropylene round-bottomed tubes contain-
ing 3 mL LB and 100 lg/mL carbenicillin, and placed in a 378C
incubator shaker at 16g for 8 hours. 1.0 mL of each bacterial
culture then was added to 1 L flasks containing 250 mL LB
broth and 100 lg/mL carbenicillin, and flasks were placed in a
378C incubator shaker at 16g overnight. RALDH1, 2, and 3
plasmids were purified using a Qiagen Plasmid Maxi kit
according to manufacturer’s protocol.

To isolate the RALDH1, 2, and 3 inserts from the pJet
cloning vector, purified plasmids were double digested with
NdeI and XhoI using 1 to 3 lg of RALDH/pJet plasmid. Plasmid,
60 units of NdeI, 60 units of XhoI, and 13 CutSmart buffer
(New England Biolabs) in a 60 lL total reaction volume were
incubated at 378C overnight. The digests were run on a 1.0%
agarose gel, and the approximately 1.5 kb inserts were gel
purified using a QIAquick gel extraction kit (Qiagen),
according to the manufacturer’s protocol. In tandem, pET-
15b vector (EMD/Millipore, Darmstadt, Germany) also was
digested with NdeI and XhoI, as described above. The digest
was run on a 1.0% agarose gel, and the linearized vector (5.7
kb) was gel purified. To prevent recircularization of the pET-
15b vector, 2 to 3 lg of vector was dephosphorylated with 5
units of Antarctic Phosphatase (20 lL total reaction volume;
New England Biolabs), according to the manufacturer’s
protocol. RALDH1, 2, and 3 inserts then were ligated into
the dephosphorylated pET-15b vector in a 3:1 (insert to vector)
ratio. Appropriate volumes of the respective insert and vector
were added to a microfuge tube containing 400 units T4 DNA
ligase (New England Biolabs) and 1X T4 DNA ligase reaction
buffer (20 lL total reaction volume). Ligation reactions were
incubated for 30 minutes at RT and then placed in a 658C water
bath for 10 minutes. One to 3 lL of each ligation reaction was
used to transform MAX Efficiency DH5a Competent Cells
(Invitrogen), as described above and plated on LB agarose
plates with Carbenicillin selectivity (100 lg/mL; Sigma-Aldrich
Corp.). Colony PCR, growth of bacterial cultures, and maxi
preps were performed as described above. Nucleotide
sequences of cloned RALDH constructs and plasmids was
confirmed by DNA sequencing at each step of the cloning
process (Oklahoma Medical Research Foundation DNA Se-
quencing Facility).

Expression and Purification of Chick RALDH1, 2,
and 3 Protein

Expression and purification of the RALDH1, 2, and 3 proteins
was achieved as previously described for rat RALDH2.24,25

However, as stated above, differences in the chicken RALDH
sequences necessitated the following modifications. RALDH1,
2, and 3/pET15b plasmids were transformed into BL21 (DE3)
Escherichiacoli (New England Biolabs), according to the
manufacturer’s protocol and plated on LB agarose plates with
carbenicillin selectivity (100 lg/mL; Sigma-Aldrich Corp.).
Plates were placed in a 378C incubator overnight. Bacterial
colonies were gently removed from the plates and added to

polypropylene round-bottomed tubes containing 5 mL LB and
100 lg/mL carbenicillin. Cultures were placed in a 378C
incubator shaker at 16g overnight. Then, 500 lL of the small
cultures were added to 1 L flasks containing 250 mL LB broth
and 100 lg/mL carbenicillin. Flasks then were placed in a 378C
incubator shaker at 16g, and the OD600 was checked hourly
with a DU 800 spectrophotometer (Beckman Coulter) until the
bacteria reached an OD600 of approximately 0.6 to 0.8. The
temperature in the incubator shaker then was reduced to 168C,
and the bacteria were induced with 500 lM isopropyl-d-
thiogalactopyranoside (IPTG; Sigma-Aldrich Corp.) for 24
hours. After 24 hours, bacteria were pelleted by centrifugation
at 6,000g for 15 minutes at 48C. Pellets were stored at �208C
until time of use.

To prepare purified protein from bacterial lysates, lysis
buffer (50 mM Na2HPO4, 0.3 M NaCl, 5 mM imidazole, pH 8.0)
containing 2 mM phenylmethylsulfonyl fluoride (PMSF; stock
solution of 100 mM in isopropanol), 20 lg leupeptin (0.67 lg/
mL), and 20 lg pepstatin (0.67 lg/mL) was added to the
thawed pellets (30 mL per 1 L pellet). Pellets were
resuspended in the buffer by vortexing vigorously. Cells were
lysed using an Emulsiflex cell disruptor (Avestin, Inc.). Lysate
was run through the disruptor twice and followed by a small
volume of lysis buffer to ensure complete disruption and
collection of lysates. After disruption, approximately 30 mg of
deoxyribonuclease I (from bovine pancreas; Sigma-Aldrich
Corp.) was added to the lysates and shook gently at RT for 45
minutes. Lysates then were centrifuged at 22,000g for 30
minutes at 48C to pellet cellular debris, and the supernatant
was collected.

Cobalt agarose beads used for purification were prepared
by stripping nickel agarose beads and recharging with cobalt,
as described below. Nickel agarose beads (Invitrogen) were
loaded onto Poly-Prep chromotography columns (Bio-Rad) and
10 column volumes (CV) of 50 mM EDTA were loaded onto the
column and allowed to flow through using a peristaltic pump
(Pharmacia P-I Pump; GE Healthcare, Little Chalfont, United
Kingdom) at a flow rate of 1.7 mL/minutes. Following EDTA
stripping, 10 CVs of each of the following solutions were
passed through the column: (1) 0.5 M NaOH, (2) dH2O, (3)
lysis buffer, (4) cobalt (II) chloride hexahydrate (5 mg/mL in
dH2O; Sigma-Aldrich), (5) lysis buffer.

Approximately 15 mL supernatant was loaded onto Poly-Prep
chromotography columns (Bio-Rad) containing 2 mL cobalt
agarose beads equilibrated in lysis buffer and allowed to flow
through the column using a peristaltic pump (Pharmacia P-I
Pump; GE Healthcare) at a flow rate of 1.7 mL/minutes. The
column was washed with 5 CVs of lysis buffer, followed by 5
CVs of wash buffer (50 mM Na2HPO4, 0.3 M NaCl, 20 mM
imidazole, pH 8.0). The RALDH proteins were eluted using a
step gradient (50 mM Na2HPO4, 0.3 M NaCl, 50–1000 mM
imidazole, pH 8.0; imidazole steps: 50, 100, 250, 500, 1000
mM). Elution of RALDH proteins was determined by SDS-PAGE
using a 10% Bis-Tris Gel NuPAGE SDS-PAGE gel (Life Technol-
ogies, Grand Island, NY, USA) and standard protocols for the
NuPAGE gel system, as described below. Gels were stained with
SimplyBlue Safe Stain (Invitrogen) according to the manufactur-

TABLE 1. Gene Primers*

Gene Forward Primer Reverse Primer

RALDH1 50 -CACACACATATGAAGAAGCAAGGCTCACCCAGC-30 50-CACACACTCGAGTTATGAGTTCTTCTGTGGGAT-30

RALDH2 50 -CACACACATATGGCATCTCTGCATCTGCTGCCT-30 50-CACACACTCGAGTTAGGAATTCTTCTGAGGGAT-30

RALDH3 50 -CACACACATATGGCCGCGGTCAACGGTGCTGTG-30 50-CCACACACTCGAGTCATGGACTCTTCTGGGACAG-30

* NdeI restriction sites indicated with single underline. XhoI restriction sites indicated with double underline. Six base pairs added on 50 end of
each primer to assist digestion.
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er’s instructions. Fractions containing the purified RALDH
proteins were pooled and dialyzed against PBS.

Antibody Production

Polyclonal antibodies specific for chick RALDH2 and RALDH3
were generated in rabbits (Cocalico Biologicals, Inc., Reams-
town, PA, USA). Peptides unique to each RALDH protein were
synthesized (Table 2) and conjugated to keyhole limpet
hemocyanin (KLH) protein. Intial inoculation and boosts were
done according to the Cocalico’s standard protocol (available
in the public domain; http://www.cocalicobiologicals.com/
antibodies.html). Antibodies were tested for specificity and
relative titer during the course of production by Western blot
analyses using purified, recombinant RALDH2 and 3. After
significant immune responses were developed, rabbits were
exsanguinated, and the whole serum was collected.

SDS-PAGE and Western Blot

To determine RALDH2 protein expression in chick ocular
tissues, 10 lL of tissue homogenate or cytosol was prepared for
SDS-PAGE and Western blot analysis, as described below.
NuPAGE LDS Sample Buffer and NuPAGE Sample Reducing
Agent were added to 10 lL of each sample so that the sample
buffer and reducing agent came to a final concentration of 13
(Life Technologies). Samples then were placed in a 708C water
bath for 10 minutes and electrophoresed under reducing
conditions on 10% Bis-Tris Gel NuPAGE SDS-PAGE gels (Life
Technologies), according to standard protocols for the NuPAGE
gel system. For Western blots, gels were electroblotted onto a
nitrocellulose membrane (BioRad) using an electrotransfer unit
(XCELL Sureback Electrophoresis Cell; Invitrogen) according to
manufacturer’s instructions. Blots were incubated in blocking
buffer (0.2% I-Block; Tropix, Bedford, MA, USA and 0.1% Tween-
20 in PBS) overnight at 48C with gentle rocking. Blots then were
incubated with rabbit anti-chick RALDH2 (1:500 in blocking
buffer), rabbit anti-chick RALDH3 (1:500 in blocking buffer), or
mouse anti-a-smooth muscle actin (1:500 in blocking buffer;
Sigma-Aldrich) overnight at 48C. Immunoblots were washed
three times with PBS containing 0.05% Tween-20 followed by
three washes with PBS. Immunoblots then were incubated with
goat anti-rabbit IgG conjugated to alkaline phosphatase as a
secondary labeling antibody (1:1,000 in PBS; BioRad). After
incubation with the secondary antibody, blots were washed (as
above), incubated in CDP-Star Ready-to-Use with Nitro-BlockII
(Tropix) for 5 minutes, and images were captured with a
Chemigenius imager (Syngene, Frederick, MD, USA).

Quantification of band intensity was performed using the
Manual Band Quantification feature of the Syngene GeneTools
(Syngene) program. The faintest band on each image was
assigned a value of 1 and all other bands were automatically
assigned relative values to the faintest band. Automatic
background correction was applied.

Retinoic Acid Synthesis Assay

Retinaldehyde dehydrogenase activity was determined by
measuring the production of atRA in vitro as described

previously with minor modifications.26 All procedures with
all-trans-retinaldehyde or atRA were performed in dim red light.
In duplicate, 200 lL of synthesis buffer (2.5% DMSO, 4 mM
NAD, 32 mM tetrasodium pyrophosphate pH 8.2, 0.1 mM
pyrazole, 5 mM glutathione, 1 mM EDTA) was added to 200 lL
of cytosol from homogenized ocular tissues (in homogeniza-
tion buffer). The reaction was initiated by the addition of 50 lL
of 250 lM all-trans-retinaldehyde to the reaction mixture (25
lM final concentration). Negative controls included: (1) 200 lL
of RALDH homogenization buffer in place of cytosol, (2)
homogenization buffer in place of all-trans-retinaldehyde, and
(3) absence of NAD. The reactions were mixed and placed in a
water bath at 378C for 0 to 60 minutes, after which time, the
reactions were stopped by immersion in ice water and addition
of 3/2 volumes (675 lL) of methanol. The samples were
processed by HPLC, as described previously.27

Immunohistochemistry

An 8-mm punch was taken from the posterior ocular wall of
control and recovering eyes, as descirbed above (see Tissue
Isolation and Preparation). The retina and majority of RPE was
removed, and choroids with sclera still attached, were placed
into a 48-well flat bottom plate (Corning, Inc., Corning, NY,
USA). A small amount of RPE was left on the choroids to
discriminate between the RPE and scleral side of the tissue.
Additionally, the scleral side of the choroid can be identified
during imaging by the presence of large blood vessels and
lymphatic lacunae located in the choroidal stroma. The tissues
then were fixed with 4% paraformaldehyde (stock solution
freshly prepared) in PBS overnight at 48C. After fixation,
choroids were gently removed from the scleral tissue, as
described above, and placed into a new 48-well flat bottom
plate (Corning Inc.). Choroids were washed in PBS for 10
minutes (63) on a shaking device at RT. Choroids then were
blocked in BSA-PBS (2% BSA, 0.2% Triton X-100, 0.004%
sodium azide in PBS, pH 7.4) for 1 hour at RT with rocking and
subsequently incubated in BSA-PBS containing rabbit anti-chick
RALDH2 (1:50) for 5 days at 48C. Choroids then were washed
in PBS for 10 minutes (63) at RT with rocking, incubated with
goat anti-rabbit IgG conjugated to AlexaFluor 488 (1:1000 in
PBS; Life Technologies) for 1 day at 48C, and washed with PBS
for 10 minutes (63). Following the washes, choroids were
coverslipped using a fluorescence mounting media (20 mM
Tris, pH 8.0; 0.5% N-propyl gallate [Sigma-Aldrich]; 90%
glycerol). Slides were stored at 48C until imaging.

Choroids were viewed using a Fluoview 1000MPE multi-
photon microscope (Olympus America, Inc., Center Valley, PA,
USA), and z-stack images were collected through the entire
thickness of the choroid (30–300 lm) with each slice
representing 3 lm. Wallman et al.28 have shown that the
chick choroid expands considerably in response to myopic
defocus to increase the speed of the recovery process
(‘‘choroidal accommodation’’). Thus, the variation we observe
in choroidal thickness is expected. Two 512 3 512 pixel areas
(corresponding to 510 3 510 lm) were imaged for each of two
choroids from control and recovering eyes at each time point.
RALDH2-positive cells were counted manually in two repre-
sentative regions of each pixel area in each slice to determine
the number and distribution of positive cells per choroid.

Statistics

Analyses between groups were made using a 1-way ANOVA
followed by a Bonferroni correction for multiple comparisons;
analyses between pairs within a group were made using a
paired or unpaired t-test (GraphPad Prism 5, La Jolla, CA, USA).

TABLE 2. Immunogenic Peptides*

Protein Peptide

RALDH2 ASLHLLPSPTLNLE-Cys

RALDH3 AAVNGAVENGPPDKKGPP-Cys

* Terminal cysteine (Cys) added to peptides to allow peptide
conjugation to carrier protein.
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RESULTS

RALDH Protein Expression in Chick Ocular Tissues

Antibodies specific for chick RALDH2 and RALDH3 were
developed and tested on recombinant chick RALDH1 (R1),
RALDH2 (R2), and RALDH3 (R3). Anti-RALDH1 antibodies
were not developed as we have shown previously that
RALDH1 mRNA cannot be detected in chick choroids.17

Western blots of RALDH1, 2, and 3 probed with anti-chick
RALDH2 and anti-chick RALDH3 confirmed antibody specific-
ity to RALDH2 and RALDH3, respectively (Figs. 1A, 1B). Chick
anti-RALDH2 detected a single band at approximately 55 kDa
in only the lane containing RALDH2, while chick anti-RALDH3
detected a single band at approximately 57 kDa in only the lane
containing RALDH3. Western blotting of RALDH1, 2, and 3
with an anti-6x-His antibody confirmed the proteins being
detected were recombinantly expressed RALDH1, RALDH2,
and RALDH3 containing the N-terminal 6-Histidine tag (Fig.
1C). All recombinant RALDH isoforms were greater than 90%
pure as indicated by SDS-PAGE (Fig. 1D).

To further characterize the RALDH2 enzyme in chick
choroids, Western blots were performed on subcellular
fractions of control and day 4 recovering choroidal tissue to

determine in which fraction RALDH2 was located (Fig. 2).
Punches of 8 mm were taken from posterior eye cups, and
choroids were isolated, as described above. Following a brief
centrifugation of tissue homogenates at 12,000g for 20 sec to
pellet cellular debris, whole tissue homogenate was spun at
100,000g to separate the microsomal fraction (pellet) from the
soluble cytosol fraction. An SDS-PAGE gel of all fractions in
control and recovering choroids indicated that recovering
choroids contain approximately 6 to 8 times more protein
compared to controls (508.3 6 244.5 vs. 89.57 6 35.31 ng/lL;
Fig. 2A), which is due to increased vascular permeability and
extravasation of serum proteins into the choroidal stroma of
recovering samples.29 Presence of the RALDH enzymes in the
whole tissue homogenates (W), microsomal fractions (M), and
cytosol fractions (C) then was determined by Western blot
with the newly developed anti-chick RALDH2 antibody (Fig.
2B). Following Western blotting and detection, the approxi-
mately 55 kDa RALDH2 enzymes could be strongly detected in
whole tissue homogenates and cytosol fractions, with negligi-
ble amounts detected in the microsomal fraction. An identical
gel also was probed with anti-a-smooth muscle actin (aSMA),
which served as a marker for cytosolic proteins (Fig. 2C). Based
on the above results, the cytosolic fraction of tissue lysates was
used in all subsequent experiments. In addition, Western blot
analyses using anti-a-smooth muscle actin on choroid homog-
enates from control and recovering eyes indicated that the
concentration of aSMA and, hence, choroid tissue volume, was
very similar in 8 mm punches from control and recovering
samples, indicating that normalizing to punch size is appro-
priate for our experiments.

Using the chick specific anti-RALDH2 and anti-RALDH3
antibodies, Western blot analysis was performed on cytosol
fractions of retina/RPE, choroid, and sclera to determine the
presence of these isoforms in chick ocular tissues (n ¼ 3; Fig.
3). RALDH2 was detected strongly in the choroid (C) as a single

FIGURE 1. Western blot and SDS-PAGE analysis of recombinant chick
RALDH1, 2, and 3. (A–C) Recombinant RALDH1, 2, and 3 (500 ng)
were immunoblotted with anti-chick RALDH2 (A), anti-chick RALDH3
(B), or anti-6His (C). (D) 500 ng of purified, recombinant RALDH1
(R1), RALDH2 (R2), and RALDH3 (R3) were run on a 1.0 mm 10% Bis/
Tris gel. RALDH1, 2, and 3 (~55–57 kDa) were greater than 90% pure,
as determined by Coomassie Blue staining.

FIGURE 2. SDS-PAGE gel and Western blot analysis of choroidal
RALDH2 and a-smooth muscle actin (aSMA) in various cellular
fractions. (A) Whole tissue homogenates (W), microsomal fractions
(M), and cytosol fractions (C) of control and 4-day recovering choroids
were run on a 1.0 mm 10% Bis/Tris gel. (B, C) Identical gels were
immunoblotted with anti-chick RALDH2 or anti-aSMA. RALDH2
immunopositive bands (~55–57 kDa) were detected strongly in the
whole tissue homogenates and cytosol fractions of chick choroidal
tissue, with faint detection in the microsomal fractions, while a-smooth
muscle actin was detected solely in the whole tissue homogenates and
cytosol fractions. A 10 lL amount of each sample was loaded per gel.
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band at approximately 55 kDa. RALDH2 was barely detectible
in the retina/RPE (R) and sclera (S; Fig. 3A, top). RALDH3 was
not detected in any of the ocular tissues (Fig. 3A, bottom).
Quantification of the RALDH2 bands demonstrated that relative
abundance of RALDH2 protein expression was highest in the
choroid (4.81 6 0.33 RALDH2 Integrated Optical Density
[IOD]/lg protein], with low abundance in the sclera (0.97 6
0.07 RALDH2 IOD/lg protein) and retina/RPE (0.47 6 0.22
RALDH2 IOD/lg protein). Significant differences between the
choroid and retina/RPE (P < 0.001, 1-way ANOVA with
Bonferroni’s multiple comparison test) and choroid and sclera
(P < 0.001, 1-way ANOVA with Bonferroni’s multiple
comparison test) were observed. These results indicate that
RALDH2 is expressed predominately in the chick choroid, with
negligible amounts in the retina/RPE and sclera (Fig. 3B).

RALDH2 Protein Expression During Recovery
From Induced Myopia

Previous studies have shown that the steady state mRNA levels
of RALDH2 are significantly increased during recovery from
induced myopia.17 In the present study, RALDH2 protein
expression was compared in 4-day control (C) and recovering
(R) eyes by Western blot with chick specific anti-RALDH2
antibodies (Fig. 4A). The 4-day time point was used since
RALDH2 mRNA levels were shown previously to be signifi-
cantly increased at this time point.17 Quantification of the band
intensities demonstrated that RALDH2 protein levels were
significantly increased in 4-day recovering choroids (3.65 6
0.45 RALDH2 IOD/8-mm punch) compared to controls (1.62
6 0.31 RALDH2 IOD/8-mm punch; P < 0.05, paired t-test; n

¼ 4) (Figs. 4A, 4B). RALDH2 protein expression in 8-mm

posterior choroidal punches was examined subsequently at
several time points throughout the recovery process (0 hours
to 15 days; Fig. 5). RALDH2 was detected in control and
recovering choroids at all time points examined as an
approximately 55 kDa band (Fig. 5A). Additionally, an immuno-
positive, closely spaced doublet migrating at 53 to 55 kDa was
observed and became more apparent in control and recovering
choroidal lysates from older chicks (following 10 days of form
deprivation and 1–15 days of recovery). We suspect that this
lower molecular weight band represents a partially degraded
or alternatively spliced product of chick RALDH2, as we do not
see this variant when chick RALDH2 is overexpressed in
mammalian cell lines (data not shown) or in choroidal lysates
of younger chick eyes. Quantification of the immunopositive
bands indicated that RALDH2 protein expression was signifi-
cantly increased in recovering choroids 24 hours (73.61 6
15.04%; P < 0.05, Wilcoxon matched-pairs signed rank test)
and 4 days (165.2 6 65.9%; P < 0.05, Wilcoxon matched-pairs
signed rank test) of recovery compared to control choroids (n
¼ 3; Fig. 5B). No statistically significant differences were
detected in RALDH2 protein expression between control and
recovering choroids following 7 and 15 days of recovery (P >
0.05). In addition, during the course of recovery an age-
dependent increase in RALDH2 protein expression in the
contralateral, control eyes also was observed. To determine if
this increase was due to a yoking effect between the control
and experimental eyes or was the result of normal choroidal
growth during the 28-day treatment period, an independent
experiment using normal, untreated chicks (did not undergo
form deprivation) was performed. As this study was performed
on normal eyes, assessment of total choroidal protein was not
complicated by changes in vascular permeability and extrav-
asation of serum protein into the choroidal stroma that we

FIGURE 3. Western blot analysis and quantification of RALDH2 and
RALDH3 in chick ocular tissues. (A) Cytosol fractions from chick ocular
tissues were immunoblotted with anti-chick RALDH2 or anti-chick
RALDH3. Top: RALDH2 immunopositive bands (~55 kDa) were
present in choroid (C) of chick eyes and barely detectible in the
retina/RPE (R) and sclera (S). Bottom: RALDH3 was not detected in any
of the ocular tissues. Three lg total protein/lane was loaded for each
blot. (B) Average abundance of RALDH2 (6 SEM) in chick ocular
tissues was measured as the integrated optical density (IOD) per lg
protein of RALDH2-immunopositive bands (n¼ 3). ***P < 0.001 (1-way
ANOVA followed by Bonferroni’s multiple comparison test).

FIGURE 4. Western blot analysis and quantification of RALDH2 in
control and 4-day recovering choroids. (A) Cytosol fractions from
control (C) and day 4 recovering (R) choroids were immunoblotted
with anti-chick RALDH2. RALDH2 immunopositive bands (~55 kDa)
were present in control and recovering choroids. (B) Average RALDH2
abundance (6 SEM) in control and day 4 recovering choroids was
measured as the IOD per 8-mm biopsy punch (n¼4). *P < 0.05 (paired
t-test).
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observe during recovery. Thus, results were normalized to total
protein in this particular experiment. RALDH2 protein was
observed to increase significantly in normal choroids over a 15-
day time period; however, after normalization to total choroidal
protein (increased from 150 6 46.7 ng/lL in choroids from 10-
day-old chicks to 431.7 6 61.6 ng/lL in choroids from 28-day-
old chicks), no change in RALDH2 protein expression was
observed in these choroids (data not shown).

RALDH Activity During Recovery From Induced
Myopia

To determine if the increase observed in RALDH2 protein
expression in recovering choroids results in an increase in atRA
synthesis, RALDH activity was examined in the ocular tissue
cytosol fractions using an atRA synthesis assay (Fig. 6). To
examine the kinetics of the assay, cytosol fractions from
untreated choroids were incubated at 378C with all-trans-
retinaldehyde (25 lM) for 0 to 60 minutes, and atRA was
measured at various points (Fig. 6A). atRA synthesis was linear
from 0 to 60 minutes of incubation; thus, all subsequent assays
were conducted for 30 minutes. Since the stoichiometry of the
reaction is 1:1, the amount of all-trans-retinaldehyde converted
to atRA during the reaction (20–200 pmoles) is at least 5 orders
of magnitude less than the concentration of all-trans-retinalde-
hyde present in the reaction (25 lM), ensuring that the
substrate concentration is not rate-limiting. RALDH activity was
measured in retina/RPE, choroid, and sclera of control and day
4 recovering eyes and was only detectible in the choroids (n¼
9; Fig. 6B). RALDH activity was significantly higher in
recovering choroids (138.80 6 13.03 pmol/h/8-mm punch)
compared to controls (58.62 6 6.94 pmol/h/8-mm punch) (P
< 0.001, paired t-test). RALDH activity also was examined in
choroidal cytosol fractions of control and recovering eyes at

FIGURE 5. Western blot analysis and quantification of RALDH2 in
choroids over a 15-day recovery period. (A) Cytosol fractions from
control (C) and recovering (R) choroids were immunoblotted with anti-
chick RALDH2 at various time points during the course of recovery.
RALDH2 immunopositive bands (~55 kDa) were present in control
and recovering choroids at all time points examined. Blot shown is
representative of 3 independent blots. (B) Average RALDH2 abundance
(6 SEM) in control and recovering choroids was measured as the IOD
per 8 mm biopsy punch (n ¼ 3 for each time point). *P < 0.05
(Wilcoxon matched-pairs signed rank test).

FIGURE 6. RALDH enzymatic activity in control and recovering chick
ocular tissues using a HPLC/spectrophotometric assay for NAD-
dependent atRA synthesis. (A) atRA synthesis is linear in untreated
choroidal lysates from 0 to 60 minutes. All subsequent synthesis assays
were conducted for 30 minutes. (B) Average RALDH enzymatic activity
(6 SEM) in chick ocular tissues in control and day 4 recovering eyes (n
¼ 9). Activity was not detectible (N.D.) in the retina/RPE or sclera. (C)
Average RALDH enzymatic activity (6 SEM) in control and recovering
choroids at various time points during the course of recovery (n ¼ 6
measurements for each time point). Each activity measurement
represents the average of two duplicate samples. *P < 0.05, **P <
0.01, ***P < 0.001 (paired t-test).
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different time points during recovery (Fig. 6C). Synthesis of
atRA was similar in control and recovering choroids at 0 hours
and 1 day of recovery (P > 0.05). Synthesis significantly
increased in recovering choroids at 3 (70.13 6 13.25%; P <
0.01, paired t-test) and 7 days (48.47 6 14.75%; P < 0.05,
paired t-test) of recovery with atRA levels returning to control
levels by 15 days of recovery (n¼ 6).

Distribution of RALDH2 Cells in Chick Choroidal

Tissue

The distribution of RALDH2 immunopositive cells in the chick
choroid was evaluated by multiphoton microscopy (Fig. 7).

RALDH2 immunopositive cells (green) were present at all time
points examined and were characterized by round or spindle-
shaped cell bodies with some exhibiting long, thin projections/
processes (Figs. 7A–C, arrowhead). RALDH2 immunopositive
cells have an average cell size of 62.94 6 2.89 lm2, with an
average nuclear size of 28.40 6 1.17 lm2. A subpopulation of
RALDH2 immunopositive cells contained 1 to 2 processes,
extending from opposite poles of the cell body, with the
average length of the processes measuring 20.45 6 1.98 lm.
No labeling was seen when choroids were incubated in
preimmune rabbit serum in place of primary antibody (Fig.
7D). RALDH2 immunolabeling was detected in cells through-
out the choroidal stroma with some extravascular stromal cells
in close association with blood vessels (Figs. 7A–C, arrow).
Following 10 days of form deprivation (0 hours recovery), the
total number of RALDH2 immunopositive cells present
throughout the entire thickness of choroids was higher in
control eyes (1.44 6 0.28 RALDH2-positive cells/cross-section-
al region of interest [ROI]) compared to recovering eyes (0.26
6 0.08 RALDH2-positive cells/ROI) at 0 hours of recovery,
although this increase was not statistically significant (P ¼
0.0538; n¼4–8; Fig. 7E). The number of RALDH2-positive cells
was similar between control and recovering choroids following
6 hours of recovery but increased significantly in recovering
choroids at 24 hours (1.84 6 0.31 RALDH2-positive cells/ROI
in recovering eyes compared to 0.21 6 0.04 RALDH2-positive
cells/ROI in controls; P < 0.01, paired t-test), 4 days (1.20 6
0.15 RALDH2-positive cells/ROI in recovering eyes compared
to 0.33 6 0.17 RALDH2-positive cells/ROI in controls; P <
0.01, paired t-test), 7 days (3.87 6 0.74 RALDH2-positive cells/
ROI in recovering eyes compared to 0.69 6 0.15 RALDH2-
positive cells/ROI in controls; P < 0.01, paired t-test), and 15
days (3.95 6 0.64 RALDH2-positive cells/ROI in recovering
eyes compared to 0.48 6 0.16 RALDH2-positive cells/ROI in
controls; P < 0.01, paired t-test) compared to control choroids.

To determine the distribution of RALDH2 immunopositive
cells throughout the thickness of the choroid, the percentage
of RALDH2 cells located in each 3 lm2 slice was compared
from Bruch’s membrane (0 lm) to the scleral side of the
choroid (Fig. 8). Note that data in Figure 8 represent the
percentage of total RALDH2-positive cells located in each slice
regardless of their absolute number. As indicated in Figure 7E,
there are significant differences in the number of RALDH2 cells
in the chick choroids of control and recovering eyes. In control
choroids at all time points examined, RALDH2-positive cells
were distributed relatively evenly throughout the choroid.
Similarly, RALDH2 cells in recovering choroids at 6 and 24
hours were distributed throughout the thickness of the
choroid (Figs. 8B, 8C). Interestingly, RALDH2 cells in form-
deprived choroids immediately before recovery (0 hours) were
located on the scleral and RPE sides of the choroid with
relatively few in the center (Figs. 8D–G). In contrast, following
4 to 15 days of recovery, RALDH2-positive cells were
concentrated toward the RPE side of the choroid, with
relatively few cells on the scleral side.

DISCUSSION

Retinoic acid has been implicated in the signaling cascade that
modulates eye growth between the retina and the sclera.11,16,29

The chick choroid has been shown to synthesize relatively high
levels of atRA, compared to the retina or liver, and the rate of
atRA synthesis is dramatically affected by the refractive state of
the eye. Choroidal synthesis of atRA is increased in chick eyes
during recovery from induced myopia and during compensa-
tion for imposed myopic defocus (using plus lenses), and atRA
was shown to be decreased in eyes undergoing form

FIGURE 7. Multiphoton images and quantification of RALDH2 express-
ing cells (green) in control and recovering choroids after immunolab-
eling with the anti-chick RALDH2 antibody. (A–C) Images of
representative RALDH2 immunopositive cells in choroids throughout
recovery. RALDH2 labeling was detected in round or spindle-shaped
cell bodies with some cells exhibiting long, thin projections
(arrowhead). Some choroidal stromal cells were located in close
association with blood vessels (arrow). BV, blood vessel; 6hr-C, 6-hour
control; 7da-R, 7-day recovery; 15da-R; 15-day recovery. (D) Negative
control choroid (incubation in preimmune rabbit serum instead of
primary antibody) demonstrating absence of labeling in the tissue.
Scale bars: 100 lm in (A–D). (E) Average total RALDH2 cell number (6
SEM) in control and recovering choroids (30–300 lm thick z-stacks) at
various time points throughout recovery. Results were normalized to
cross-sectional area for each ROI selected to perform the counting (n¼
4–8). **P < 0.01 (paired t-test).
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deprivation myopia and compensation for hyperopic defocus
(using minus lenses). Interestingly, the time course of the
increase in choroidal atRA synthesis16 was remarkably similar
to that of the decrease in rate of scleral proteoglycan synthesis
observed in the early phase of recovery from induced
myopia,29 suggesting a causal relationship between choroidal
atRA synthesis and scleral proteoglycan synthesis.30 Moreover,
the endogenous concentrations of atRA generated by choroids
in vitro were within the range to produce significant inhibition
of scleral proteoglycan synthesis.17 Taken together, these
studies suggested that choroidal synthesis of atRA in response
to visual stimuli may modulate scleral proteoglycan synthesis.

Changes in choroidal atRA synthesis in response to visual
stimuli also have been described in mammals. In guinea pigs

and primates, atRA synthesis is increased in the choroid/
sclera20 and RPE/choroid,18 respectively, during the develop-
ment of myopia, a condition that is associated with decreased
scleral proteoglycan synthesis. However, in contrast to chicks,
decreased proteoglycan synthesis in the mammalian sclera is
associated with increased axial elongation.5,8,31 Similar to
chicks, atRA has been demonstrated to inhibit proteoglycan
synthesis in the primate sclera.18 Therefore, in chicks and
primates, the visually-induced changes in choroidal atRA
synthesis and concentration are consistent with the known
changes in scleral proteoglycan synthesis that occur during
visually-guided ocular growth and may represent an evolution-
arily conserved mechanism for visually-guided ocular growth
regulation.

Previous work has suggested that choroidal atRA synthesis
may be regulated by changes in the atRA synthesizing enzyme,
RALDH2, as RALDH2 transcript levels are elevated in the chick
choroid during recovery from form deprivation–induced
myopia, while no changes were identified in transcript levels
of other retinoic acid synthesizing or catabolizing enzymes
(RDH 10, RALDH3, Cyp1B1, Cyp26).16,17 Therefore, the
objective of the current investigation was to determine if
changes in RALDH2 transcript levels result in changes in
RALDH2 protein expression and RALDH enzyme activity in
chick ocular tissues during recovery from induced myopia.

RALDH Protein Expression During Recovery From
Induced Myopia

Western blot analyses of chick ocular tissue lysates indicated
that RALDH2 was the sole RALDH isoform present in chick
ocular tissues and was predominately expressed in the choroid
(Fig. 3). Protein expression of RALDH2 agrees with the data of
Rada et al.17 data, which found that RALDH2 transcript was
expressed in low amounts in the retina and in comparatively
high amounts in the choroid. However, despite Rada et al.17

observing very low levels of RALDH3 transcript in the chick
retina and choroid, we did not detect RALDH3 protein in any
of the chick ocular tissues using the anti-chick RALDH3
antibody. It is possible that the levels of RALDH3 present in the
chick ocular tissues are too low to detect or that the mRNA is
not translated. Thus, our results suggested that RALDH2 is the
only RALDH enzyme present in the choroid and, as such, is
responsible for choroidal generation of atRA.

Interestingly, RALDH2 migrates as a closely-spaced doublet
with a major immunopositive band present at approximately
55 kDa and a minor band present between 53 and 55 kDa. The
presence of this minor band became more apparent in control
and recovering choroidal lysates of older chicks. In postnatal
human eyes, aged 16 to 46 years, RALDH2 also migrates as a
doublet with a major immunopositive band migrating at
approximately 55 kDa and a minor band migrating at
approximately 59 kDa.32 As human RALDH2 has four known
splice variants, the doublet present in human ocular tissues is
attributed to various splice variants of the RALDH2 protein.
However, as there currently are no known splice variants for
chicken RALDH2, we suspect that the lower molecular weight
immunopositive band in chick choroids may be due to aging-
associated degradation of RALDH2. As the postnatal expression
of RALDH2 is limited to few tissues, including the testis, lung,
and liver,33–35 it is possible that similar processing of RALDH2
occurs in other chicken tissues and organs. Moreover, this
processing does not seem to affect RALDH enzymatic activity,
as the rate of retinoic acid synthesis was similar in choroids of
all control eyes over the 15-day recovery period.

During recovery from induced myopia, RALDH2 protein
expression is significantly increased at 24 hours and 4 days of
recovery, with levels returning to control levels by 7 days.

FIGURE 8. Distribution of RALDH2 immunopositive cells throughout
the thickness of control and recovering choroids. (A–F) Percentage of
RALDH2 cells located in each 3 lm2 slice of z-stack images obtained in
Figure 7 in control (black) and recovering (red) choroids at various
time points throughout recovery (n ¼ 2–8 regions per cross sectional
area). The side of the choroid closest to Bruch’s membrane was
designated at 0 lm. Dashed vertical bars on x-axis represent total
thickness of control choroids (which were substantially thinner than
recovering choroids following 24 hours of recovery). *(F) Data from 15-
day recovering choroids is plotted on an expanded y-axis to
demonstrate relative RALDH2 distribution across choroid. (G) 3D
reconstruction of a z-stack obtained by multiphoton from a 4-day
recovering choroid. RALDH2 immunopositive cells (green) are found
closer to the RPE side of the choroid (0 lm) than to the scleral side of
the choroid (160 lm). Single images represent single slices taken
throughout the thickness of the choroid. Micrometers under all images
indicate distance from the scleral side of the choroid.
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These results closely followed the increase observed in
RALDH2 transcript levels,17 thus providing further evidence
for the idea that RALDH2 expression is modulated during
recovery to effect change on scleral extracellular matrix
remodeling. We also observed an increase in RALDH2
expression in control eyes over the course of recovery, though
this increase was not as prominent as that observed over the
15-day recovery period. However, additional experiments on
normal aged-match chicks indicated that increases in RALDH2
protein expression paralleled increases in total protein
expression in normal choroids of birds aged 10 to 28 days
old (data not shown). Therefore, we attribute increases in
RALDH2 protein expression observed in control eyes over the
15-day treatment period to undergo an age-dependent increase
as a consequence of normal choroidal tissue growth and
maturation. It is interesting to consider that increases in
RALDH2 protein expression in the choroids of normal birds
may have a role in the normal slowing of eye elongation during
aging, as atRA has a role in scleral extracellular matrix
remodeling.16–18 In recovering eyes, this growth-related
increase in RALDH2 is most likely present, but further
surpassed by additional recovery-induced increases in RALDH2
protein expression. Alternatively, age-related increases in
RALDH2 protein expression may reflect sampling from
RALDH2-enriched regions of the choroid that become more
regionalized with age in larger eyes. As mentioned previously,
normalizing recovering choroids to total protein is problemat-
ic, as recovery is associated with increased vascular perme-
ability.23 Interestingly, the increase in RALDH2 protein
observed from 6 hours to 7 days in control eyes was not
reflected in an increase of RALDH activity (Fig. 6), suggesting
the presence of endogenous choroidal proteins that may act to
modulate RALDH2 activity.

RALDH Activity During Recovery From Induced
Myopia

It has been suggested that atRA, through its action on scleral
proteoglycan synthesis, is responsible for changes in ocular
growth rates and refraction.16–18 Therefore, it is of great
interest to identify the ocular tissues and cells responsible for
atRA synthesis during postnatal ocular growth. Comparisons of
RALDH activity in the retina/RPE, choroid, and sclera indicated
that the choroid is the only ocular tissue in the chick that
synthesizes atRA. No RALDH activity could be detected in the
chick retina/RPE or sclera. Our findings agreed with those
presented by Mertz and Wallman,16 who found that the
choroid is able to produce approximately 20 times more atRA
compared to the retina, while no atRA could be detected in the
sclera. As RALDH2 was the only RALDH isoform detected in
the chick ocular tissues and was in highest concentration in
the choroid compared to other ocular tissues, this suggested
that the vast majority of the ocular synthesis of atRA is due to
choroidal expression of RALDH2.

During the course of recovery, choroidal RALDH activity
was significantly increased at 3 and 7 days of recovery and
returned to control levels by 15 days. Interestingly, the
increase in RALDH activity lagged somewhat behind the
increase in RALDH2 protein expression, which began to
increase at 24 hours of recovery, peaked at 4 days, and
returned to control levels by 7 days of recovery. As our
measurements of RALDH activity were performed on choroi-
dal tissue lysates using an in vitro assay in the presence of
excess all-trans-retinaldehyde, we suspect that other factors
must be at work to suppress RALDH2 activity in vivo even in
the presence of increased RALDH2 enzyme concentrations.
For example, it is well established that, in vivo, the RDH
enzymes may modulate atRA biosynthesis by regulating the

availability of RALDH substrate, as they are known to be the
rate limiting step in atRA biosynthesis.21,36 However, in a
previous publication, we did evaluate the expression of RDH
10 during recovery and found no changes in gene expression
between control and recovering choroids over the 15-day
recovery period.17 Additionally, in vivo, retinoids are bound
to high-affinity, high-specificity binding proteins that facilitate
their metabolism and thereby modulate steady-state concen-
trations of atRA.37 Specifically, the rate of atRA synthesis by
RALDH2 is increased approximately 2-fold when retinalde-
hyde is complexed to cellular retinol binding protein (CRBP)
compared to free retinaldehyde.24 By inference, the absence
of binding proteins in our in vitro RALDH2 activity assays may
result in an underestimation of in vivo RALDH2 activity in
control and recovering choroids. Further, the presence of
potential cytosolic inhibitors (unknown at this time) would
be present in our choroidal cytosol fractions and likely inhibit
RALDH2 activity in vitro, even in the presence of increased
RALDH2 protein levels.

Distribution of RALDH2 Cells in Chick Choroidal
Tissue

Two previous studies suggest that atRA is produced at the
posterior margin of the choroid in close proximity to the
sclera, where it could be transported efficiently to target cells
in the sclera with minimal diffusional loss.16,38 Since results of
the present study show that RALDH2 is the only atRA-
synthesizing enzyme in the chick choroid, the distribution of
RALDH2 expressing cells is likely to reflect the sites of atRA
synthesis in the choroid. Therefore, to identify areas of atRA
synthesis in the choroid, choroids were immunolabeled with
anti-chick RALDH2, and the distribution of RALDH2 immuno-
positive cells was quantified in control and recovering eyes
over a 15-day time period.

In the choroid, RALDH2 immunopositive cell bodies were
round or spindle shaped, in agreement with previous
findings.17 We have shown previously that some of the
RALDH2 expressing cells also express a-smooth muscle
actin.17 However, these cells do not express CD-45 (Harper
AR, et al. IOVS 2015;56:ARVO E-abstract 5845) or neuron
specific b-III tubulin (Jody Summers, personal communication,
2015), indicating that these cells are not of hematopoietic or
neuronal origin, respectively. Currently, we speculate that the
RALDH2-positive cells may be a subpopulation of smooth
muscle cells or possibly a type of extrahepatic stellate cell,39,40

as hepatic stellate cells are known to contain RALDH enzymes
and to produce atRA.41,42 Work currently is ongoing in our lab
to further characterize this cell population, as it may represent
a unique population of cells in the choroid.

The absolute number of RALDH2 immunopositive cells in
a 510 3 510 lm region of choroid from the posterior pole
increased significantly following 24 hours, and 4, 7, and 15
days of recovery compared to control eyes in the same
region. These results agreed with the Western blot and
RALDH activity data and also correlated very well with our
previous findings measuring the absolute amount of atRA in
recovering choroids.17 However, some discrepancies do
exist, particularly at the 7- and 15-day time points. In the
Western blot and activity data, protein and activity levels
eventually returned to control levels, while by immunostain-
ing, these levels remained highly elevated at these later time
points. Differences observed among the Western blot,
immunostaining, and RALDH activity may be due to
differences in the sensitivities of the techniques, as discussed
above. Moreover, it has been shown that antibodies may
exhibit different sensitivities between Western blot and
immunostaining.43,44 It is unlikely that antigen accessibility
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or antibody penetration during choroid tissue immunolabel-
ing was responsible for the observed differences, as relatively
long incubation periods with anti-chick RALDH2 antibody (5
days) were used routinely. Further, in our immunohistochem-
istry experiments, cells were counted based on the presence
or absence of RALDH2; the intensity of immunostaining was
not assessed. Therefore, while the absolute number of cells
expressing RALDH2 may be higher at 7 and 15 days of
recovery compared to controls, the relative abundance of
RALDH2 present in these cells may be lower than at earlier
time points, more similar to controls. Interestingly, our
results indicated that the number of RALDH2-positive cells
was lower following 10 days of form deprivation (0 hours) in
treated eyes compared to controls, although this decrease
was not statistically significant (P ¼ 0.0538). While we did
not observe a decrease in RALDH2 protein expression by
Western blot or a decrease in RALDH activity in form
deprived eyes, Mertz and Wallman16 demonstrated that
choroidal [3H]-atRA synthesis decreased in response to form
deprivation, when using [3H]-retinol as a substrate. Taken
together, these results suggested that atRA synthesis may be
bidirectionally regulated in the choroid either through
RALDH2 protein expression and/or regulation of RALDH
activity, as well as by the number and distribution of RALDH2
expressing cells in the choroid.

Interestingly, in addition to an increased number of
RALDH2-positive cells, the distribution of RALDH2 immuno-
positive cells throughout the choroid shifted during the
recovery from myopia. Following 4 to 15 days of recovery, a
greater percentage of RALDH2 immunopositive cells were
found closer to Bruch’s membrane and the RPE than to the
sclera. Mertz and Wallman16 had previously suggested that
atRA synthesis may be located closer to the sclera so that
atRA could quickly mediate its effects on the sclera. In
contrast, we showed that RALDH2 cells are located on the
inner side of the choroid close to the RPE. In this position,
the RALDH2 expressing cells would be poised to receive a
signal(s) directly from the retina and/or RPE in response to
myopic defocus. In response to this signal, we speculated
that choroidal cells would then increase levels of RALDH2
which would, in turn, increase the production of atRA. We
further speculated that atRA generation close to the RPE
would necessitate the presence of transport proteins to carry
atRA to the sclera to modulate scleral proteoglycan synthesis
and initiate recovery. In addition, atRA also may be involved
in lymphatic changes observed in the choroid during
recovery given that the lymphatics lie in between the RPE
and sclera, and seem to change dramatically during recov-
ery.45,46 Retinoic acid is required for the differentiation of
precursor lymphatic endothelial cells (LEC) into mature LECs
during murine development,47 and 9 cis-RA promotes
lymphangiogenesis and enhances lymphatic vessel regenera-
tion in models of lymphedema.48 Thus, it is possible that
atRA also may have a role in the increase in lymphatic vessel
volume observed during recovery.

In summary, the results of the present study demonstrated
that choroidal RALDH2 protein expression and RALDH
enzymatic activity are increased in the chick eye during
recovery from form deprivation myopia. Furthermore,
RALDH2 is expressed by a population of choroidal cells that
become concentrated at the inner side of the choroid,
adjacent to the RPE. Recently, RALDH1 and RALDH2 have
been identified in the postnatal human eye as well, suggesting
that RALDH2 and atRA may have a role in postnatal ocular
growth of humans.33 As such, RALDH2 may represent a
potential therapeutic target to modulate postnatal ocular
growth.
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