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Figure 5. Distribution of ATH in the sclera and choroid of control and recovering chick eyes. Monoclonal antibodies specific for ATH were
used together with AlexaFluor 488-conjugated rabbit anti-mouse immunoglobulin to localize ATH in sclera and choroid of control and
recovering eyes. A: Intense ATH immunolabeling is detected in the fibrous sclera (FS) and in perivascular and extravascular regions of the
choroid. ATH was absent in the cartilaginous scleral layer (CS). B: IgG control section of the sclera and choroid of a control eye, where
nonimmune mouse IgG was used in the first incubation, followed by incubation in AlexaFluor 488-conjugated rabbit anti-mouse
immunoglobulin. C: ATH immunolabelling in the sclera of a recovering chick eye is shown in a region artifactually separated from the choroid.
ATH can be seen localized in the outer fibrous sclera (FS) as well as in the thin inner fibrous sclera on the choroidal side of the sclera. D:
ATH immunolabeling in the choroid of a recovering chick eye is shown. ATH can be seen throughout the stroma of the markedly expanded
choroid and on the choroidal side of Bruch’s membrane (arrow), but is absent in the RPE. Nuclei were stained with DAPI (blue).
Choriocapillaris is abbreviated CC. Scale bar (A-D) represents 50 pm.

sample size used (n=3), important treatment differences in
other groups may have gone undetected (Figure 7B). No
significant differences were detected in ATH concentration in
treated eyes as compared with controls in retina—RPE (Figure
7A), sclera (Figure 7C), or suprachoroidal fluid (Figure 7D)
of normal eyes, form deprived eyes, or recovering eyes.
Choroidal expression of ATH was re-evaluated by western
blot analyses in six additional birds following four days of
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recovery as compared with contralateral controls to verify
increased expression in treated eyes as compared with
controls (p<0.05; Wilcoxon signed-rank test) (Figure 7E).

DISCUSSION

In an attempt to elucidate the retina-to-sclera chemical
cascade involved in emmetropization, we examined changes
in retina—choroid—RPE gene expression in eyes in which the
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Figure 6. Specificity of anti-ATH on sections of chick ocular tissues. Fixed cryostat sections of chick sclera and choroid were incubated with
A) monoclonal anti-ATH antibody (ATH positive), with B) anti-ATH antibody that was preincubated with 2 uM recombinant chick ATH
(ATH protein block), or with C) nonimmune mouse IgG (IgG control) followed by incubation in anti-mouse IgG conjugated to AlexaFluor
568 (red). No specific immunoreactivity is observed in fibrous sclera (FS) and choroid when antibodies were preincubated with ATH, indicating
the specificity of the anti-ATH antibodies for ATH in chick ocular tissues, cartilaginous sclera is abbreviated as CS.
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rate of ocular growth was dramatically slowed due to imposed ~ possibility exists for false negatives due to opposite, mutually
myopic defocus as a result of prior form deprivation (recovery canceling effects of gene expression in two or more cell types
from form deprivation myopia). Analysis of a 4,000 gene contained in these ocular tissues. Moreover, the use of the
microarray identified the expression of one gene, ATH, to be contralateral untreated eye as the control eye may result in
upregulated in the retina-RPE—choroid following one day of =~ additional false negatives in our analyses, as some aspects of
recovery as compared with contralateral control eyes. The the ocular response to imposed plus defocus are also observed
elevation of ATH gene expression following one day of  in the contralateral untreated eyes [32-35].

recovery suggests that this hormone is involved in immediate Due to the uniquely increased gene expression of ATH in
retinal-choroidal signaling events initiated by restoration of  {he retina_RPE—choroid of eyes following one day of
unrestricted vision. Following four days of recovery, one recovery as detected by microarray analysis, the present study
gene, ovotransferrin, was significantly upregulated in the (55 aimed at evaluating the protein expression of ATH in
retina—RPE—choroid of recovering eyes as compared with chick ocular tissues of normal eyes, form-deprived eyes,
contralateral control eyes. This finding is consistent with our recovering eyes, and contralateral eyes. ATH was originally
previous finding that ovotransferrin protein synthesis is  jdentified as a thymus-specific antigen [32] that is synthesized
significantly increased in isolated choroids during the  ,ng secreted by epithelial cells in the thymic cortex [30,36].
recovery from induced myopia [9]. The consistency of these Based on its protein and gene sequences [37,38], ATH is
two independent findings supports the validity of these  gegcribed as a parvalbumin having a molecular weight of
microarray results. No genes were downregulated following 11.7 kDa and three helix—loop—helix (EF-hand) motifs, two
one day of recovery. However, following four days of  of which are functional for binding calcium [39,40]. On the
recovery, 10 genes were downregulated by > 2.5 fold. The  ggig of their metal ion-binding properties, parvalbumins are
finding that several housekeeping genes including GAPDH,  generally considered cytosolic Ca?* buffers and transporters,
heat shock cognate 70, and ribosomal protein large PO were and play a role in skeletal muscle contraction [41] and
downregulated by > 2.5 fold at multiple loci on the microarray  eyronal de-excitation [42]. ATH has also been shown to
suggests that a general downregulation of gene expression  fynction in T-cell maturation and differentiation in the thymus
may occur in the retina—RPE as well as choroid after four days in a paracrine manner [43,44]. ATH has been shown to induce
of recovery from induced myopia. It should be noted that the 6 expression of T cell surface markers in bone marrow
chick gene microarray used in the present study represented  precursor cells [45] and enhance the graft-versus-host reaction
4,000 genes with an emphasis on genes expressed in the in chick embryos treated with peripheral blood mononuclear

chicken immune system and therefore does not provide a  cells previously incubated with ATH, possibly due to
comprehensive list of all changes in gene expression that  4ctivation of y8 T lymphocytes [31].

might be occurring in the retina, RPE, or choroid during the
recovery from induced myopia. Additionally, since
microarray analyses were performed on RNA pooled from
three complex tissues (retina, RPE, and choroid), the

Steady-state mRNA concentrations of ATH relative to
that of the housekeepjng gene GAPDH, were compared in
chick ocular tissues using quantitative real time reverse
transcription PCR. ATH mRNA levels were lowest in the
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Figure 7. ATH protein accumulation in
posterior chick ocular tissues from eyes
in various growth states. Retina—RPE,
choroid, sclera, and suprachoroidal fluid
were harvested from the posterior poles
of 10-day-old untreated, normal eyes
(N), following 10 days of form
deprivation (FD), and following 1, 4,
and 7 days of unrestricted vision with
prior form deprivation for 10 days (1
day, 4 day, and 7 day recovery,
respectively) together with tissues from
contralateral control eyes. Total protein
(8 pg) from each tissue extract was
separated by SDS-PAGE, and ATH
protein expression was detected by
western blot analysis. The 11.5 kDa
band from each sample was quantified
by densitometry using NIH Image v.
1.63. Bars represent the integrated
optical density (I0D) of ATH bands on
western blots from treated eyes minus
IOD of contralateral controls (mean
+SEM). A: ATH protein expression was
measured in the posterior retina/RPE. B:
ATH protein expression was measured
in the posterior choroid. A large increase
in ATH was detected in choroids
following 4 days of recovery as
compared with ATH levels in choroids
of contralateral controls. C: ATH
protein expression was measured in the
posterior sclera. D: ATH protein
accumulation was measured in aliquots
of suprachoroidal fluid isolated from the
posterior poles of enucleated eyes. E:
ATH protein expression was measured
in choroids following 4 days of recovery
and in contralateral control eyes (n=6
additional pairs of control and treated
eyes). F: Representative western blots
are shown of ATH protein in retina/RPE
(Ret), choroid (Chor), sclera (Scl), and
suprachoroidal fluid (Supra) in treated
(R) and control (C) eyes following 4
days of recovery. Data represent the
mean+SEM for n=3 birds (3 pairs of
control and treated eyes for figures A-D
and n=6 pairs for figure E) in each group
*p<0.05. Comparisons between
recovering and contralateral control
eyes were made using the Wilcoxon
signed-rank test for paired data.

retina—RPE and approximately tenfold higher in the choroid.
ATH expression was orders of magnitude higher in the sclera
(roughly 390 fold) and extraocular muscle (roughly 900 fold)
as compared with that in the retina—RPE.

Following confirmation of 4 TH gene expression in chick
ocular tissues, we evaluated ATH protein expression using a
specific monoclonal antibody generated against chick ATH

[30]. ATH was detected in the retina, choroid, suprachoroidal
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fluid, sclera, and extraocular muscle, but little to no ATH was
detected in serum or brain. Confocal microscopy enabled the
detection of abundant levels of ATH throughout the choroidal
stroma, choriocapillaris, and in the choroidal side of Bruch’s
membrane. Interestingly, the fibrous layer of the chick sclera
was intensely positive for ATH, while the cartilaginous layer
of the sclera was negative. It has been suggested that the
fibrous layer of the chick sclera is comparable to the
mammalian sclera, while the cartilaginous sclera is lost
through evolution [46—48]. The finding of ATH exclusively
in the fibrous sclera allows for speculation that ATH (or the
mammalian ortholog) may play a role in the growth and
remodeling of the mammalian sclera. Specific
immunolabeling for ATH was also detected in the cell bodies
and synaptic processes of a subset of neurons largely located
on the inner 1/3 to 1/2 of the INL with processes extending
into several sublaminae of the IPL. The retinal distribution of
ATH is similar to that previously described for parvalbumin
in the chick retina [49], where parvalbumin-immunoreactive
amacrine cells located in the inner margin of the INL could
be seen branching to multiple lamina of the IPL. The
distribution of ATH in the chick retina is also similar to that
of bistratified rod amacrine cells (AIl) amacrine cells recently
described in the bat retina [50], although it is unlikely that
ATH-positive neurons are All amacrine cells, as All amacrine
cells have not been previously described in the chicken. The
size and location of the ATH-immunoreactive cells are also
similar to that described for enkephalin-, neurotensin- and
somatostatin-like immunoreactive (ENSLI) amacrine cells in
the chicken retina [51,52]. Interestingly, ENSLI cells have
been demonstrated to have a light-dependent pattern of
activity [53] which has been shown by one laboratory to be
suppressed by visual form deprivation [54], but was not
confirmed by others [55]. Comparison of ATH levels in ocular
tissues and suprachoroidal fluid of treated and control eyes
indicated that ATH protein levels were significantly elevated
in the choroids of chick eyes following four days of recovery
as compared with contralateral control eyes. These results
suggest that the increased ATH mRNA levels detected by
microarray analyses of retina-RPE—choroid of chick eyes
following one day of recovery likely represent changes in ATH
gene expression exclusively in the choroid. Interestingly,
ATH levels returned to levels similar to controls by seven days
of recovery, suggesting a turnover of ATH from the choroidal
stroma. The finding of ATH in the suprachoroidal fluid also
suggests that ATH is circulated between the choroidal stroma
and the choroidal lymphatic channels in chick eyes during all
ocular growth states; however, it is also possible that cellular
contaminants obtained during the collection of suprachoroidal
fluid may have contributed to the ATH protein levels observed
in the suprachoroidal fluid. The peak of ATH accumulation
in the choroid following four days of recovery corresponds to
the significant increase in choroidal permeability [8,10] and
choroidal thickness [7,9] previously observed. It is unlikely
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that the increase choroidal levels of ATH is a reflection of
increased permeability of serum derived ATH, as
immunolabeling for ATH in the choroidal stroma was intense
even when chicks were perfused in vivo with PBS to clear
tissues of serum. Moreover, levels of ATH in chick serum
were barely detectible by western blot analysis in this study.

The increased expression of choroidal ATH does
correlate with the rapid decrease in scleral proteoglycan
synthesis observed during the deceleration of ocular
elongation that occurs during the recovery from myopia [9,
22]. It is therefore tempting to speculate that secreted ATH
from the choroid may regulate scleral extracellular matrix
changes that occur during the recovery from myopia.
However, preliminary experiments testing the direct effect of
ATH on scleral proteoglycan synthesis in vitro suggest that
ATH has no effect on scleral proteoglycan synthesis (data not
shown).

Oncomodulin, a mammalian protein homologous to ATH
(54% identity) [56], has been suggested to be synthesized and
secreted by macrophages. Oncomodulin has been suggested
to act as a potent growth and regeneration factor for retinal
ganglion cells and peripheral sensory neurons [57], although
a more recent study indicates that this is not the case [58]. It
is therefore possible, that circulating macrophages may
accumulate in extravascular locations in the choroid during
periods of increased permeability and secrete ATH
throughout the choroidal stroma.

In summary, the results of the present study show that
ATH is expressed in the chick retina, choroid, sclera, and
extraocular muscle, with highest mRNA and protein
expression levels in the sclera and extraocular muscle.
Microarray and western blot results suggest that 47TH mRNA
and protein expression are increased by choroidal cells early
during recovery from induced myopia, when ocular growth
rates are rapidly decelerating. Although the function of ATH
in the chick choroid is unknown, based on its high affinity for
Ca?* and its role as an endogenous Ca?" buffer [59] it is
possible that ATH may participate in the contraction/
relaxation of extravascular smooth muscle located in the
choroidal stroma or be involved in modulation of synaptic
transmission within the network of intrinsic choroidal
neurons. We speculate that regulation of these functions may
play arole in modulating choroidal thickness and permeability
during the recovery from induced myopia [60,61]. Although
ATH protein levels were similar in the retina—RPEs of normal,
myopic, recovering, and contralateral eyes, the distinct
immunolabeling pattern of relatively few neurons in the inner
portion of the INL may provide a useful marker for this
population of cells in future immunocytochemical studies of
chick retinas in a variety of ocular growth states.
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Appendix 1. Summary of microarray analysis of retina—RPE—choroids
during recovery from myopia.

To access the table, click or select the words “Appendix

1.” This will initiate the download of a pdf that contains the
table.
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