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Abstract

Purpose—The purpose of this study was to examine the possibility that all-trans-retinoic acid (RA)
in the eye is a signal related to changes in scleral extracellular matrix in a primate model of postnatal
eye growth.

Methods—Juvenile marmosets (Callithrix jacchus) were divided into two experimental groups
based on their response to monocular deprivation with diffusers: group 1, treated eyes becoming
longer than fellow control eyes (n = 8), and group 2, treated eyes becoming shorter than control eyes
(n = 7). Eyes were enucleated, dissected, and assayed for changes in the rates of scleral
glycosaminoglycan (GAG) synthesis and ocular RA synthesis. The rate of incorporation of 35S0,
into CPC-precipitable GAG in scleras was taken as a measure of the rate of synthesis of
proteoglycans. In the same eyes the rate of RA synthesis in vivo was measured separately in the
retina and the choroid/RPE (choroid with RPE attached) by HPLC. The effect of RA on the rate of
scleral GAG synthesis was also examined in tissue-cultured pieces of sclera from additional
marmosets.

Results—Induced changes in vitreous chamber length in diffuser-treated eyes correlated inversely
with the rate of scleral GAG synthesis (P < 0.05) and directly correlated with the rate of RA synthesis
measured separately in the retina (P < 0.05) and the choroid/RPE (P < 0.05). In group 1, the rate of
scleral GAG synthesis was significantly lower (P < 0.01) in the treated eyes relative to control eyes,
and the rate of RA synthesis in both the retina and the choroid/RPE was significantly higher (P <
0.01). In group 2, the rates of scleral GAG synthesis and RA synthesis in either the retina or choroid/
RPE were not found to change significantly in the treated eyes compared with the control eyes. RA
partially reduces the rate of scleral GAG synthesis in tissue-cultured primate sclera in a dose-
dependent manner after several days.

Conclusions—RA may play a role in the visual control of postnatal eye growth in primates,
possibly by inducing changes in scleral extracellular matrix associated with increasing eye size.
Decreasing growth rate below control levels may involve other mechanisms.

Research involving animal models has established that visual feedback is involved in the
control of postnatal eye growth and the development of the refractive state in several species,

Corresponding author: David Troilo, The New England College of Optometry, 424 Beacon Street, Boston, MA 02115; troilod@neco.edu.
Supported by National Eye Institute Grants EY011228 (DT) and EY09391 (JSR).
Disclosure: D. Troilo, None; D.L. Nickla, None; J.R. Mertz, None; J.A. Summers Rada, None

The publication costs of this article were defrayed in part by page charge payment. This article must therefore be marked
“advertisement” in accordance with 18 U.S.C. §1734 solely to indicate this fact.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Troilo et al.

Page 2

including nonhuman primates (e.g., Refs. 1-6 and, for a recent review, see Ref. 7). Several
studies support the hypothesis that the growth response to visual input is largely local to the
eye.8-10 Consequently, the visual control of eye size and refractive state probably involves a
cascade of biochemical signals that arise from the processing of visual input by the retina.
Through an unknown number of steps, these signals must pass through the retinal pigmented
epithelium (RPE) and choroid and into the sclera, ultimately altering eye size and refractive
state.11

There is accumulating evidence from studies in mammals (tree shrews and marmosets) that an
increase in the turnover of scleral extracellular matrix occurs during increasing eye size and
induced myopia (for a review, see Ref. 11). The sclera in these larger eyes is thinner relative
to control eyes (Norton TT, et al. IOVS 1996;37:ARVO Abstract S324),12,13 whereas DNA
synthesis is unchanged,13,14 synthesis of extracellular matrix proteins are reduced,13-16 and
protease activity is increased.18 These changes are most likely related to altered biomechanical
properties reported in tree shrew sclera.12,18 Whether any of these scleral changes are the
cause or effect of changing eye size is still to be determined, but taken together the evidence
suggests that the mechanism underlying induced myopia in mammals (and possibly the visual
regulation of eye size) may involve modulating the sclera’s ability to respond to other forces
that may drive changes in eye size. Such forces include intraocular pressure,19-26 the effects
of accommodation,20,21,27,28 or extraocular muscle activity.21,29,30

Defining the biochemical pathways underlying the control of eye growth is complicated by
species differences in the way eyes compensate for imposed defocus produced by positive or
negative lenses. In mammals, there is scleral thinning, whereas in chicks, the sclera actively
grows. This difference is presumably based in anatomic differences between the scleras of
mammals and chicks. Typical mammalian sclera is composed of a single fibrous layer of dense
regular connective tissue. In chick, the sclera is composed of an inner cartilaginous and an
outer fibrous layer, and experimentally induced increases in eye size and myopia are associated
with growth in the cartilaginous layer (measured as increased tissue mass, increased protein
synthesis, and increased synthesis of proteoglycans).31-34 The outer fibrous layer has been
reported to decrease in thickness and reduce the rate of proteoglycan synthesis,35 similar to
the mammalian sclera.

Many substances may be involved in the signal cascade controlling eye size. During the
development of induced myopia, several biochemical changes have been reported in the retina,
36-42 the RPE and choroid,43-45 and the sclera.11,14,35,46-48 How these changes are related
to induced myopia and whether any are actually part of the mechanism underlying the
associated change in eye size is uncertain. In both mammals (marmosets and guinea pigs) and
chicks, evidence suggests that all-trans-retinoic acid (RA), a potent inhibitor of scleral
glycosaminoglycan (GAG) synthesis, is involved in the regulation of eye size. Like the scleral
changes observed in experimental myopia, there are species-specific differences in how
changes in RA synthesis are related to induced changes in eye size and refraction (see Fig. 1).
In the original study of chicks,43 the rate of RA synthesis in the choroid with RPE attached
(choroid/RPE) decreased in eyes growing faster than normal and becoming myopic, and
increased in eyes growing slower than normal and becoming hyperopic. In a recent study of
guinea pigs49 induced axial myopia was associated with an increase in RA concentration in
undissociated choroid/RPE, exactly opposite to that in chicks. In a preliminary study in
marmosets (Mertz JR, et al. IOVS 2001;42: ARVO Abstract 56) the rate of RA synthesis in
choroid/RPE was found to increase in eyes with induced axial myopia relative to untreated
control eyes. This species difference between chicks and mammals in RA synthesis with
induced changes in eye size is consistent with the differences in scleral GAG changes associated
with increased vitreous chamber depth, given the inhibitory effect of RA on GAG synthesis
rates in vitro.43 A decrease in the rate of RA synthesis in chick eyes with induced myopia
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could increase the rate of scleral GAG synthesis associated with those eyes, whereas an increase
in the rate of RA synthesis in the eyes of mammals with induced myopia could be responsible
for the observed decrease in scleral GAG synthesis rates observed in those eyes.

In this study, we examined the relationship between the rates of synthesis of RA and scleral
GAGs in marmoset eyes undergoing different rates of growth in response to form deprivation.
The marmoset is a New World primate with eyes that possess all the morphologic
characteristics of human eyes50 and are susceptible to visual manipulations of eye size and
refractive state.6,51-56 We also examine the effect of RA on marmoset sclera in vitro. Some
of the data presented herein have been published in abstract form (Mertz JR, et al. IOVS
2001;42:ARVO Abstract 56; Troilo D, et al. IOVS 2004;45: ARVO E-Abstract 1235).57,58

MATERIALS AND METHODS

Animals and Experimental Manipulations

GAG Assay

A total of 25 common marmosets were used in the study. All animals were bred and housed
in groups in our animal facility (for details, see Ref. 54). The care and use of the animals in
this study conformed to USDA standards and the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

Eye size was altered in one eye of 15 marmosets by monocular form deprivation with
translucent diffusers mounted using a system similar to that described by Graham and Judge.
56 Deprivation began at 52 + 21 (mean + SD) days of age and lasted for 62 + 36 days. Earlier
studies showed that form deprivation by lid suture produced myopia that persisted well after
the end of the visual manipulation,51,53 but when a diffuser paradigm was used on juvenile
marmosets, the responses were variable, and after removal of the diffuser, various degrees of
recovery from myopia were observed.54 We took advantage of this variability to examine
different growth responses, increased growth shifting the eyes toward myopia, and decreased
growth shifting them toward hyperopia. Refractive states and the vitreous chamber depths of
the eyes were monitored at 2- to 3-week intervals until changes between the treated and control
eyes were detected (for details of optometric procedures, see Ref. 54). The animals were
divided into two groups based on the interocular difference in vitreous chamber depth: group
1, treated eyes longer than fellow control eyes (n = 8), and group 2, treated eyes shorter than
control eyes (n = 7; Table 1). After a change in vitreous chamber depth was first detected, the
animals were raised for another 2 to 4 weeks, at which time they were measured again and then
euthanatized by an overdose of pentobarbital. In some animals, the diffusers became loose,
and the deprivation had to be discontinued early. These animals were monitored for several
weeks more and euthanatized when changes in axial length were detected. After euthanasia,
the eyes were enucleated immediately for processing. The retina, choroid/RPE, and sclera were
dissected, and the rates of synthesis of RA (retina and choroid/RPE) and GAGs (sclera) were
measured.

The rate of GAG synthesis was determined by measuring the amount of 35S0, incorporated
into the sclera during tissue culture. Immediately after enucleation and dissection, whole scleras
were incubated for 6 hours at 37°C in Dulbecco’s modified Eagle’s medium (DMEM)
containing 500 pCi/mL 35S0,. After incubation, tissue was stored at -80°C until processing.
Two punches, 3 mm in diameter, were taken from the sclera near the optic nerve head (posterior
sclera), and two punches 3 mm in diameter were taken near the limbus (anterior sclera). The
punches were digested with proteinase K, and the GAGs precipitated with 0.5%
cetylpyridinium chloride (CPC) in the presence of carrier chondroitin sulfate. The CPC
technique has been shown to be a reliable and accurate technique for the measurement of GAG
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synthesis.59 Radiolabeled GAG precipitate was collected on filters (Whatman GF/A; Eastman
Kodak, Rochester, NY) and measured by scintillation counting. The rates of GAG synthesis
were determined from the average counts in the two punches sampled at each location in each
eye. All data are presented as differences in counts per minute (cpm) between the corresponding
samples from the treated and control eyes from each subject (to convert to

femtomoles 3°SO4/hr per punch, cpm was multiplied by 9.257 x 10-4). Although punch
thickness was not specifically controlled for in these analyses, DNA concentrations were
measured in a subset of animals with a fluorometer (Picofluor; Turner Designs, Sunnyvale,
CA) using a double-stranded DNA binding reagent (Pico Green; Invitrogen, Carlshad, CA),
together with a standard curve of salmon sperm DNA (1-1000 ng/mL), according to the
standard protocol (Picofluor; Turner Designs). The results indicated that the number of scleral
cells did not differ between punches from treated and control eyes (see Results). Therefore,
the raw counts represent the rates of GAG synthesis by an approximately equal number of
cells.

The retina and choroid/RPE were separated and incubated at 37°C for 1.5 hours in 0.5 mL
DMEM plus 15% fetal bovine serum containing 1 pCi/mL of tritiated all-trans-retinol (Dupont
NEN, Boston, MA). After incubation, tissue was stored at -80°C until processing. Tissues were
homogenized in 0.5 mL PBS, and 100 ng of unlabeled RA was added as a carrier. Total RA
levels were determined by normal-phase HPLC. Each retinoid peak was collected manually,
and the amount of radioactivity was determined by scintillation counting. For detailed methods
see Mertz and Wallman.43 In that study, normal-phase and reversed-phase HPLC were used,
and normal-phase was determined to be the better method for measuring RA synthesis. All
data are given as counts per minute (to convert to picomoles/h per sample, cpm is multiplied
by 1.23 x 10°3). The rate of RA synthesis was determined for all animals except monkeys L5,
M5, N5, and Sh, which were excluded because the samples were lost during preparation.

Effect of RA on Sclerain Culture

To determine the effect of RA on the rate of GAG synthesis in cultured marmoset sclera, two
to four punches of sclera 2-mm in diameter were obtained from near the optic nerve head from
both eyes of 10 untreated animals. All punches were incubated in 0.5 mL DMEM containing
15% fetal bovine serum. Medium was refreshed every 24 hours for 72 hours. For the final 6
hours in culture, the medium was replaced by medium containing 500 uCi/mL 35S0, and
processed as described earlier. Two different experiments were performed: one to test the effect
of RA on GAG synthesis rate as a function of time in culture, the other to determine the RA
dose-response curve. For the effect of RA with time, two to three pairs of punches from two
marmosets were examined after 24, 48, and 72 hours in culture with 5 x 10> MRA (with
ethanol as a vehicle). Pairs of punches were taken from the same eye for processing; one punch
was cultured with RA+ethanol, and the other was cultured with ethanol alone as a control. The
concentration of ethanol in the medium was maintained at 1%. Pilot experiments indicated that
up to a 5% ethanol concentration does not affect the rate GAG synthesis compared with
synthesis rate in DMEM alone. Labeled GAGs were detected by scintillation counting and the
ratio of the RA-treated to ethanol-control punch was determined. Punches from eyes of eight
other marmosets were used to generate a dose-response curve using seven concentrations of
RA ranging from 10" Mto5 x104 M. As in the time course assay, the effect of RA
concentration was determined as counts per minute relative to a paired control punch from the
same eye incubated under identical conditions with vehicle alone.
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Statistics and Data Analyses

All statistical analyses were performed on computer (Statview; SAS, Cary, NC). ANOVA and
post hoc t-tests were used to examine interocular differences (treated - control) or data from
the same eye measured at different times or at different locations. Unpaired t-tests were used
to examine differences between data sets from different animals. All probabilities from
multiple comparisons were adjusted using the Bonferroni correction. The significance of
correlations was tested with the Fisher z transform. Dose-response data were fitted with a
sigmoidal function by an iterative process using data analysis and graphing software
(KaleidaGraph; Synergy Software, Reading, PA).

RESULTS

In an earlier study, we reported that the direction and magnitude of diffuser-induced changes
in vitreous chamber depth and refractive error are variable in juvenile marmosets.54 The
animals used in this study, some of which were included in the earlier study,54 also showed a
range of responses to form deprivation that included increased growth rates and myopia in
some eyes and reduced growth rates and hyperopia in others. The animals were divided into
two groups based on the type of the growth response measured as the change relative to the
control eye (treated-control; Table 1, Fig. 2). Group 1 comprised animals with eyes that when
treated became relatively longer and, on average, myopic compared to the contralateral control
eye. The mean (£SD) interocular differences in refractive state (-2.6 £ 2.5 D) and vitreous
chamber depth (0.17 £ 0.12 mm) for group 1 were statistically significant (one-sample t-tests,
P < 0.01). Group 2 comprises animals with eyes that when treated became relatively shorter
and, on average, more hyperopic than the control. The mean interocular differences in refractive
state (2.6 £ 3.0 D) and vitreous chamber depth (-0.16 + 0.16 mm) for group 2 were statistically
significant (one-sample t-tests, P < 0.01). The changes in refractive state and vitreous chamber
depth were significantly different between the two groups (unpaired t-test, P < 0.01) and there
was a significant linear correlation between the final measurement of interocular differences
in refractive error and vitreous chamber depth (Fig. 2; R = 0.898, P < 0.01). Figure 3 shows
the rate of change in vitreous chamber depth of the treated eyes between the penultimate and
final ultrasound measures plotted with the vitreous chamber depths of untreated eyes for
comparison. The treated eyes of two animals in group 2 (G6 and Sb) actually showed decreasing
vitreous chamber depths, and the rest of the animals in both groups exhibited various rates of
increasing vitreous chamber depths. The mean rate of change in vitreous chamber depth
between the penultimate and final measures (Fig. 3, inset) was significantly different between
the groups (mean + SE millimeters per day: group 1, 0.010 £ 0.002 vs. group, 2 0.003 + 0.002,
unpaired t-test, P < 0.05).

DNA Content of Scleral Punches

To determine whether scleral cell density changed in the treated eyes, because of changes in
either tissue thickness or cell proliferation, the DNA concentrations in punches from the scleras
of treated and control eyes were measured in seven animals (three from group 1: O6, N6, and
H6; four from group 2: R6, S6, G6, and A6) representing different responses to deprivation.
Table 2 gives the DNA concentration in both eyes of each animal sampled in anterior and
posterior sclera. There was no statistically significant difference in DNA concentration in either
anterior or posterior sclera between the treated and control eyes in either group. Correlations
of the interocular difference in DNA concentration per punch with the interocular difference
in vitreous chamber depth were not significant (anterior sclera, R = 0.098, P = 0.83; posterior
sclera, R =-0.180, P = 0.70).
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Rate of Scleral GAG Synthesis

Analysis of both eyes in all animals in both groups showed that the rate of GAG synthesis in
the posterior sclera was significantly greater than in the anterior sclera (n = 30, mean = SE
cpm, posterior sclera 10,313 + 1,551 vs. anterior sclera 4,195 + 730, paired t-test, P < 0.01;
see Fig. 4A for a breakdown by group and treated or control eye). The difference in GAG
synthesis rate in the treated and control eyes (treated-control) was examined in both
experimental groups at both locations in the sclera (Fig. 4B). Only the posterior scleras of the
treated eyes in group 1 showed a significant difference in the rate of GAG synthesis relative
to their controls (mean = SE cpm, treated-control, group 1 posterior sclera -3,994 + 1,068, one-
sample t-test, P < 0.01; group 1 anterior sclera -1,798 + 1,370, one-sample t-test, P = 0.230;
group 2 posterior sclera 4,166 + 2,348, one-sample t-test, P = 0.126; group2 anterior sclera,
918+ 769, one-sample t-test, P =0.278). The interocular difference in the rate of GAG synthesis
was significantly different between the groups in the posterior sclera (group 1 vs. group 2,
mean + SE cpm, -3,994 + 1,068 vs. 2,451 + 1,790, unpaired t-test, P < 0.01), but not in the
anterior sclera (mean = SE cpm, -1,798 £ 1,370 vs. 918 + 769, unpaired t-test, P = 0.12). There
was no significant difference in the rate of GAG synthesis in the posterior sclera of the control
eyes between the two groups (mean + SE cpm, group 1 vs. group 2, 1.44 x 104 + 0.39 x 10*
vs. 0.59 x 104 + 0.16 x 104, unpaired t-test, P = 0.08).

The rate of GAG synthesis in the posterior sclera of all treated eyes correlated inversely with
the rate of vitreous chamber elongation (Fig. 5, R = 0.538, P < 0.05). A similar trend for GAG
synthesis rate in the anterior sclera was observed but is not statistically significant (R = 0.472,
P =0.076). Both correlations should be viewed cautiously because of the variability in the
measures of GAG synthesis rate and the clustering of the data with relatively few data points
atthe high and low vitreous chamber elongation rates. More data are needed to confirm whether
these trends are indeed significant.

Rate of RA Synthesis

RA synthesis rate was altered in the more rapidly elongating treated eyes of group 1, but did
not change in the more slowly elongating treated eyes of group 2 (Fig. 6). In group 1, the rate
of RA synthesis in both the choroid/RPE and the retina was significantly greater in the treated
eyes relative to the contralateral controls (Fig. 6; mean = SE cpm, choroid/RPE, 695.1 + 119.7,
one-sample t-test, P < 0.01; retina, 568.0 + 69.0, one-sample t-test, P < 0.01). However, in
group 2, there was no significant difference in the rate of RA synthesis in either tissue in the
treated eyes compared with the fellow control eyes (Fig. 6). Analysis of all animals in both
groups showed that the percentage change in the rate of RA synthesis in the choroid/RPE and
retina of the treated eyes relative to the control eyes correlated positively with the percentage
change in vitreous chamber depth (Fig. 7; choroid/RPE, R = 0.835, P < 0.01; retina, R = 0.7086,
P <0.01).

Effect of RA on the Rate of GAG Synthesis In Vitro—RA inhibited the rate of scleral
GAG synthesis slowly and incompletely (Fig. 8A). RA (5 x 10> M) reduced the rate of scleral
GAG synthesis to approximately 50% of control levels after 72 hours (lesser inhibition and
slower than the approximately 98% inhibition observed for cartilaginous chick sclera at the
same dose after 6 to 8 hours43). This effect was dose dependent and the EC5q was 8.5 x 1077
M (Fig. 8C). The effect of RA on the rate of scleral GAG synthesis is shown in Figure 8 relative
to the rate of GAG synthesis in paired control punches cultured with 1% ethanol (RA vehicle).
Ethanol alone had no effect on the rate of GAG synthesis over 72 hours in culture (Fig. 8B).

Relationship of RA and GAG Changes In Vivo—RA synthesis rates in either retina or

choroid/RPE did not correlate significantly with the rate of GAG synthesis in either anterior
or posterior sclera in vivo. This was the case whether examined as absolute measures of
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synthesis rate in the treated eyes or as the interocular difference in the rate of synthesis relative
to the control eyes (Fig. 9).

DISCUSSION

Current understanding of the visual control of eye growth suggests that retinal processing of
visual stimuli related to image defocus results in a signal cascade from retina to sclera that
involves the RPE and choroid and ultimately effects changes in eye length by altering scleral
extracellular matrix (for recent reviews, see Refs. 7,11). In support of this hypothesis, changes
in the rate of scleral GAG synthesis13,14,32-34 and an increase in MMP activity,17,60-62
which degrades a variety of extracellular matrix components including GAGs and denatured
collagen, have been observed with form-deprivation myopia. The reorganization of scleral
extracellular matrix is associated with changes in the mechanical properties of the scleral2,
18 that, in turn, could alter the way the sclera responds to yet other forces, such as IOP, to alter
axial length and refractive state.

The overall growth of the eye may involve a different mechanism than that for the visual
regulation of axial eye length for emmetropization.20 We speculate that anabolic processes
control a baseline ocular growth rate that results in ocular enlargement that is proportional in
all dimensions. Superimposed on this rate are mechanisms that modulate the depth of the
vitreous chamber and consequently the eye’s refractive state, in response to visual signals. We
further speculate that different mechanisms may be responsible for increasing or decreasing
vitreous chamber depth. In support of this, we reported in an earlier study13 that scleral changes
in marmosets with persistent form-deprivation myopia were observed long after the end of the
deprivation, even after the ocular growth rate had returned to normal. In the present study we
looked at scleral changes in marmosets in which the eye size was actively increasing or
decreasing relative to control eyes. We found that the rate of GAG synthesis in the posterior
sclera is significantly decreased in eyes becoming longer than normal and may be inversely
proportional to the degree of ocular elongation. In contrast, in eyes that were shorter than
normal, the rate of GAG synthesis was not, on average, significantly increased. These results
are consistent with the hypothesis that the biochemical basis of increasing eye size in primates
involves remodeling of the sclera, which is achieved, at least in part, through a decrease in
synthesis of sclera extracellular matrix components. Because the rate of scleral GAG synthesis
was not significantly changed in the eyes growing slower than the control, it appears that
slowing the rate of elongation may involve a different mechanism. However, at present we
cannot say this with any certainty. A trend toward an increased rate of GAG synthesis was
observed in the posterior sclera of eyes that were growing slower than controls, which may be
statistically significant with a greater sample size. Moreover, in our data set there were only
two animals in group 2 whose treated eyes were actually decreasing in absolute size; the others
were growing to varying degrees (see Fig. 3). The effects on the rate of scleral GAG synthesis
in these two animals were contradictory; in one animal, scleral GAG synthesis rate in the treated
eye was lower than in the control eye, but in the other, the opposite was true. Additional data
are needed to resolve this issue.

Recent studies in animal models of myopia suggest that RA may be an important molecular
signal in the control of eye size38,40,43,45,49,63 and acts on scleral extracellular matrix.43,
49 RA is known to affect extracellular matrix metabolism in many other systems and has been
shown to be involved in the expression of hundreds of genes and transcription factors (for
reviews, see Refs. 64-66). RA has been shown to inhibit proteoglycan/GAG synthesis in chick
sclera43 in vitro, and in this study we have confirmed it in primates. Application of RA to
cultured marmoset sclera at physiological concentrations produced an inhibition of GAG
synthesis with an ECsq of approximately 8.5 x 10”7 M. This concentration is similar to that
reported for RA inhibition of GAG synthesis in chick sclera (10°7 M)43 as well as to the effect
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of RA on growth inhibition in transformed and untransformed mouse embryonic fibroblasts
(106 M)67 and on RA induction of apoptosis in a carcinoma cell line (10-7 M).68 In the present
study, we found that the in vivo rate of RA synthesis in both retina and choroid/RPE is
proportional to induced increases in vitreous chamber depth relative to the control. In eyes in
which the vitreous chamber depths were decreasing relative to the control, however, the rate
of RA synthesis did not differ from that in control eyes.

Despite the lack of statistically significant changes in the rate of either RA or GAG synthesis
in marmoset eyes with decreased rates of vitreous chamber elongation, the rate of RA synthesis,
and possibly the rate of GAG synthesis as well, correlated with increasing rates. More data are
needed to verify this trend, but such a trend would be expected if RA and GAG synthesis rates
were part of a mechanism that increased vitreous chamber depth and were at, or near, baseline
levels in eyes with stable or decreasing vitreous chamber depths. The lack of a statistically
significant reduction in the rate of RA synthesis in eyes with reduced rates of elongation and
the fact that experimentally induced changes in both GAG and RA synthesis rates persist in
older marmosets in which growth rate has stabilized after the end of form deprivation,13,57
further suggests that different mechanisms mediate increasing and decreasing vitreous chamber
depth in primates. It may be that these hypothetical mechanisms involve completely different
pathways, or perhaps the RA effects themselves are further modulated in the sclera. For
example, regulating the rate of RA metabolism modulates its effects on cellular differentiation
and growth.69 Similarly, controlling the rate of RA degradation may be important for
modulating its effects on the sclera and may play arole in reducing the rate of ocular elongation.
Increasing the rate of RA degradation could also explain the reduction in RA concentration in
guinea pigs eyes raised with positive lenses, causing a decrease in eye length relative to control
eyes,49 although we did not see a reduction in the rate of RA synthesis in similarly changing
marmaoset eyes in this study. It is also possible that modulation of the RA receptors in sclera
is involved. Retinoid receptor activation is complex and is known to involve many coregulators
(for reviews, see Refs 66,70-72). Although the number of possible RA coregulators is
enormous, TGF-B is a particularly interesting candidate, as it is a known RA coregulator and
has been shown to change in relationship to the progression of experimentally induced myopia.
63,73,74

Although we found a dose-dependent effect of RA on GAG synthesis in vitro, the effects were
relatively slow and incomplete. This result is consistent with earlier reports indicating that the
effects of RA on cartilage differentiation in chondrocyte cultures require 2 to 5 days for a
significant reduction in the rate of GAG synthesis,75-77 an increased rate of degradation of
cartilage proteoglycans,78 and an irreversible depletion of proteoglycans from the cartilage
matrix.79 Furthermore, the induced change in the rate of RA synthesis was not correlated with
the change in the rate of GAG synthesis observed in vivo. This may also be because of the
involvement of intervening steps in the effects of RA on sclera and is consistent with the view
that coregulators modulate the efficacy of RA. It has been proposed, for example, that RA
modulates extracellular matrix homeostasis through alterations in the expression of TIMP,80
MMPs,81 hyaluronic acid, TGF-,82 and IGF-1,83 and their subsequent effects on
proteoglycan core protein transcription,84 synthesis, and turnover in the extracellular matrix.
Based on these studies, we speculate that choroidal and/or retinal RA modulates GAG synthesis
and turnover through a complex series of interactions with endogenous growth factors,
transcription factors, and other matrix components within the scleral stroma. Finally, we cannot
rule out with certainty the possibility that the changes in RA and GAG synthesis rates are not
causally related to the changes in eye size at all, but rather are secondary to them13 and involve
a common regulatory mechanism.

The nature of the relationship between RA synthesis in the retina and the choroid/RPE is
unknown in both primates and chicks. We found that the rate of RA synthesis in the retina as
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1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Troilo et al.

Page 9

well as in the choroid/RPE was increased in eyes with increased rates of vitreous chamber
elongation. However, in chicks under the same conditions, the rate of RA synthesis is increased
in the retina but decreased in the choroid/RPE. This species difference presumably is related
to the opposite effects of induced axial elongation on GAG synthesis seen in the cartilaginous
sclera of chicks32-34 compared with the fibrous sclera of mammals13-16 and requires further
investigation.

In conclusion, the results of this and our other report on marmosets13 suggest that changes in
the rate of scleral GAG synthesis are related to changes in eye elongation and refractive state
in primate eyes, but we cannot say whether they are a cause of the growth change or an effect.
We speculate that changes in the rate of RA synthesis in the retina and the choroid/RPE may
mediate the decrease in scleral GAG synthesis rate that is associated with increasing the rate
of ocular elongation. The mechanism that reduces the rate of ocular elongation appears to
involve other, as yet undetermined, factors.
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FIGURE 1.

Mean (£SD) RA in the choroid/RPE of form-deprived eyes relative to the fellow untreated
control eyes are replotted from three earlier studies. Chick data are replotted from Mertz and
Wallman.43 Marmoset data are from Mertz et al. (IOVS 2001;42:ARVO Abstract 56). Guinea
pig data are replotted from McFadden et al.49 In all three studies, the RA in the form-deprived
eyes was significantly different from the controls and the effect in chick is opposite to that in
marmosets or guinea pigs. The rate of RA synthesis (converted to picomoles per hour) was
measured in the studies of chicks and marmosets. RA concentration (measured as micrograms
per gram wet weight) was measured in the study using guinea pigs.

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2007 June 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Troilo et al.

Page 15

y=0.109 - 15.4x R=0.898

-
o

o
rvrfrrJfrfrrflrrrrjrrrr

(9]

Interocular difference
in refractive error (D)

|
(€]

O 1
-06 -04 -02 0 0.2 04 0.6

Interocular difference in
vitreous chamber depth (mm)

FIGURE 2.

Diffuser-induced changes in refractive state and vitreous chamber depth (plotted as the
interocular difference between the treated and control eye, n = 15) correlate significantly (P <
0.01). The vertical line (x = 0) separates the experimental groups. Right of line: group 1, treated
eye longer and, on average, more myopic; left of line: group 2, treated eye shorter and, on
average, more hyperopic.
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FIGURE 3.

The rates of change of the vitreous chamber depth of the treated eyes are plotted as lines linking
the penultimate and final measurements of individual animals in this study. Solid lines: animals
from group 1, treated eyes longer than control eyes (n = 8); dashed lines: animals from group
2, treated eyes shorter than control eyes (n = 7). The range of vitreous chamber depths from

the eyes of untreated and pretreated marmoset eyes (data from our database and Ref. 53) are

shown as points of comparison. The mean (£SE) rate of change in the vitreous chamber depth
of the treated eyes is shown (inset) for groups 1 and 2 (group means were significantly different,
unpaired t-test, P < 0.05). The mean change in vitreous chamber depth for the control eyes for

both groups (n = 15) is shown for comparison.
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FIGURE 4.

(A) Bars show the rate of GAG synthesis (mean + SE) in treated eyes of both experimental
groups (group 1, n = 8; group 2, n = 7) measured in the posterior and anterior sclera of treated
eyes. Measures of posterior and anterior sclera from control eyes are shown for comparison.
The probabilities are calculated from paired t-tests comparing GAG synthesis rates in different
parts of the scleras of the same eyes. (B) Bars show the mean (+SE) difference in the rates of
GAG synthesis in the treated eyes and control eyes (treated-control) in both experimental
groups. The probabilities along the horizontal line (y = 0) indicate the results of one-sample
tests. The probabilities on the brackets show the results of unpaired tests comparing
experimental groups (NS, not significant).
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FIGURE 5.

Rate of GAG synthesis in the sclera of all treated eyes in both groups 1 and 2 plotted against
the rate of vitreous chamber elongation (n = 15). Linear regression equations and correlations
are shown. The rate of GAG synthesis in the posterior sclera correlates weakly, but
significantly, with vitreous chamber elongation (P < 0.05). The rate of GAG synthesis in the
anterior sclera does not correlate significantly with the rate of vitreous chamber elongation
(P =0.076). Given the variability of the GAG data and the clustering of the data points, more

data are required to verify these trends.
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FIGURE 6.

Mean (£SE) RA synthesis rates in choroid/RPE or retina from treated eyes relative to the
contralateral control eyes (treated-control) for group 1 (n = 6) and group 2 (n =5). The
probabilities along the horizontal line (y = 0) indicate the results of one-sample tests of the
difference between the experimental and control eyes (NS, not significant). No significant
differences were observed between the interocular differences in the rates of RA synthesis in
retina versus choroid/RPE in either group (brackets indicate unpaired t-tests).
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The percentage difference in the rate of RA synthesis in treated eyes (n = 11) relative to their
contralateral control eyes for choroid/RPE and retina plotted against the percentage difference
in the treated eye’s vitreous chamber depth relative to the control eye. Linear regression
equations and correlations are shown. The differences in rate of RA synthesis in both choroid/
RPE and retina correlate significantly with the differences in vitreous chamber depth (P <

0.01).
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FIGURE 8.

all-trans-Retinoic acid reduced the rate of scleral GAG synthesis in vitro. Data are plotted as
the ratio of GAG synthesis rate in scleral punches cultured with RA in the medium to the GAG
synthesis rate in control medium containing ethanol (the vehicle for RA) maintained at a 1%
concentration. (A) The effect of 5 x 10> M RA on the rate of GAG synthesis. Means and values
from each experimental/control pair of punches are shown after 24, 48, and 72 hours in culture.
The rate of GAG synthesis was reduced to approximately 50% after 72 hours. (B) The GAG
synthesis rate was unaffected in punches cultured with the ethanol vehicle as a control. (C)
Dose-response curve for RA effects on the rate of GAG synthesis in vitro after 72 hours in
culture. At the highest concentration of RA tested (5 x 104 M) the rate of GAG synthesis was
reduced to approximately 50% of that observed in the control (ethanol) punches. The ECs for
this function is approximately 8.5 x 1077 M.
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Experimentally induced change in the rate of RA synthesis in choroid/RPE (x-axis, plotted as
interocular difference; treated - control eyes) does not correlate significantly with the
interocular difference in the rate of scleral GAG synthesis (y-axis) for either posterior or
anterior sclera. Linear regression equations and correlations are shown.
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