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Abstract
Purpose—To study the effects of intravitreous triamcinolone acetonide (TA) on neovascularization
(NV), capillary density, and retinal endothelial cell (REC) viability in a model of oxygen-induced
retinopathy (OIR).

Methods—Newborn rats exposed to OIR underwent intravitreous injections (right eye) at day 14
to achieve intravitreous concentrations of: dexamethasone (DEX) (0.3 mg/mL), triamcinolone (TA;
0.4–4 mg/mL), or PBS. Animals were removed to room air and at day 18, retinal flatmounts were
assayed for clock hours of NV, percent peripheral avascular retina, capillary density, apoptosis, and
VEGF protein. At day 15, retinas were assayed for insulin-like growth factor (IGF)-1 receptor
phosphorylation (IGF-1Rphos). Human RECs exposed to TA were assayed for trypan blue exclusion
or activated caspase-3.

Results—TA but not DEX or PBS reduced NV (ANOVA, P < 0.001), capillary density (ANOVA,
P < 0.001), and systemic weight gain (ANOVA, P = 0.002). VEGF protein was not different between
TA- and PBS-injected or noninjected groups. Apoptosis was not increased in vivo or in vitro between
groups, but there was a dose-dependent toxic effect of TA on cultured RECs (P < 0.001). At day 15,
retinas from the 4 mg/mL TA-injected OIR group had a trend toward reduced IGF-1Rphos compared
with room air–raised PBS- or non-injected OIR groups.

Conclusions—TA caused dose-dependent reductions in NV, retinal vascularization, and systemic
weight gain associated with a reduction in IGF-1Rphos. Long-term studies are needed to assess TA
toxicity in vivo. TA doses should be carefully considered before administering the drug in diseases
with ongoing retinal vascular development, such as retinopathy of prematurity.

Increasing evidence links inflammation to retinovascular diseases. Several studies have shown
that ocular fluid from diabetics have measurable inflammatory cytokines,1,2 and in an animal
model of retinal neovascularization (NV), IL-6, and TNF-αwere temporally associated with
subsequent release of angiogenic growth factors and the development of intravitreous NV.3
Inflammatory cells, such as leukocytes, have been implicated in the creation of avascular retinal
areas in animal models of diabetes through endothelial cell apoptosis.4,5 These avascular
retinal regions have been postulated to be the stimulus for NV6 through the overexpression of
angiogenic growth factors,7 including vascular endothelial growth factor (VEGF). Conversely,
an isoform of VEGF has been shown to increase leukocyte adherence to endothelial cells (ECs)
leading to apoptosis and retinal avascularity.8 Thus, inflammation has been shown to cause
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NV through release of inflammatory cytokines and through the creation of avascularity, both
linked to the increased expression of angiogenic factors.

Anti-inflammatory therapy has been used to reduce NV in clinical inflammatory diseases such
as posterior uveitis.9 Corticosteroids have been shown to downregulate induced VEGF in
cultured Müller cells and in an RPE cell line.10,11 In addition, in a mouse model of oxygen-
induced vaso-obliteration,12 the corticosteroid triamcinolone (TA) reduced capillary
proliferation into the vitreous. Based on these findings, local delivery of corticosteroids into
the eye has been considered to treat several retinovascular diseases.13–15 Clinical trials are
under way to test intravitreous TA (1 mg/mL in vitreous) for macular edema in diabetic
retinopathy and retinal vein occlusion.13 In addition, some investigators have tested the effects
of TA in persistent NV after laser treatment in retinopathy of prematurity (ROP; Tawansy KA,
et al. IOVS 2005;46:ARVO E-Abstract 3493). Besides the known clinical risks of cataract
formation and increased intraocular pressure, recent studies have shown a toxic effect of TA
on several retinal cell lines.16 To understand further the effect of TA in vivo, we used a well-
accepted animal model of oxygen-induced retinopathy (OIR)17 that uses oxygen extremes
similar to that of a preterm infant at risk for severe ROP,18 to study the effect of intravitreous
injection of TA on NV, capillary density, and EC viability.

In our short-term study, we found a dose-related decrease in NV and capillary density of the
vascularized retina that appeared to be related to a delay in vascularization and the signaling
pathway of insulin-like growth factor (IGF)-1. We also found a significant dose-dependent
decrease in systemic weight gain of pups given intravitreous TA. Our findings may be relevant
to the use of intravitreous TA in the management of retinovascular diseases, particularly those
with ongoing intraretinal vascular development, such as ROP.

Methods
All animals were cared for in accordance with the University of North Carolina’s Institute for
Laboratory Animal Research (Guide for the Care and Use of Laboratory Animals) and the
ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.

Drug Preparations
The doses of dexamethasone (DEX; American Pharmaceutical Partners, Inc., Los Angeles,
CA) and TA acetonide (TA; Bristol Myers Squibb, New York, NY) were chosen based on
comparable doses used clinically in human eyes for macular edema19 or inflammation.20 The
vitreous concentrations reported for adult human diseases are 0.1 mg/mL DEX and between
1.0 and 6.25 mg/mL TA.12,19,20 Based on an estimated vitreous volume of 15 μL in a postnatal
day (P)14 rat,21 the effective vitreous concentrations used in this study were: DEX, 0.3 mg/
mL; and TA, 0.4, 1, 2, and 4 mg/mL. A greater concentration of DEX than is recommended
in human disease was chosen, to be commensurate with glucocorticoid inhibitory effects of
the doses of TA most often used, given that DEX is approximately five times more potent than
TA. The concentration of the preservative, benzalkonium chloride, used in commercially
available TA has been reported as nontoxic to ocular tissue in some studies (Kube T, et al.
IOVS 2005; 46:ARVO E-Abstract 485), whereas in another study, only three times the
concentration of the preservative, benzyl alcohol, was shown to be toxic in rabbit retinas.22
Therefore, the suspensions of TA doses were purified by centrifugation for 5 minutes, to reduce
the potential toxicities of the benzyl alcohol and benzalkonium chloride vehicles. The
supernatant was discarded, and the drug was reconstituted at the desired concentration in sterile
1 M phosphate-buffered saline (PBS). Centrifugation was chosen as the desired purification
technique, because it has been reported to remove the solvent agent effectively without
significantly lowering the dose of TA.23
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In Vitro Studies of TA on Retinal Microvascular EC Survival
Doses chosen for in vitro experiments were based on those used in previous studies.11,12,
16,24 Survival was assessed by either lack of staining with activated caspase-3 or exclusion
of trypan blue after exposure to TA for 24 hours. Primary human retinal microvascular ECs
(RECs; Cell Systems, Kirkland, WA) were plated (3 × 104 cells/cm2) in DMEM-low glucose
containing 10% fetal bovine serum (FBS), EC growth supplement (120 μg/mL, Sigma-Aldrich,
St. Louis, MO), and heparin (100 μg/mL; Sigma-Aldrich) and allowed to adhere overnight on
pre-coated coverslips (Attachment Factor; Cell Systems). After attachment overnight, the
media were changed to 5% FBS with the growth factors and 0, 20, 200, or 2000 μg/mL TA
and incubated for 24 hours. The positive control for apoptosis was staurosporine (1 μg/mL,
Sigma-Aldrich) added 6 hours before assay. The cells were fixed in 2% paraformaldehyde
(PFA; Sigma-Aldrich), rinsed, and incubated in PBS+0.5% Triton X-100 (Sigma-Aldrich) for
30 minutes. After the reaction was preblocked with PBS+3% BSA (Sigma-Aldrich) for 30
minutes at room temperature, the coverslips were incubated overnight in FITC-conjugated
cleaved caspase-3 antibody (Cell Signaling Technology, Beverly, MA) diluted 1:100 in PBS
+3% BSA at 4°C. The samples were washed three times in PBS for 10 minutes and incubated
in Hoechst 33342 (1:5000; Invitrogen-Molecular Probes, Eugene, OR) for 30 minutes. After
three more washes in PBS, the coverslips were mounted on slides in PBS+glycerol (2:1,
Vectashield; Vector Laboratories, Burlingame, CA) and viewed with a scanning confocal
microscope at the Michael-Hooker Microscopy Facility, University of North Carolina at
Chapel Hill; SP2; Leica, Deerfield, IL).

To measure cell death, treated RECs were incubated in 0.25% trypsin (Invitrogen, Carlsbad,
CA) for 5 minutes at 37°C. After quenching by adding DMEM with 10% FBS, 0.4% trypan
blue solution (1:5, ICN Biomedicals, Aurora, OH) was added, and the cells were counted with
a hemocytometer. Cell viability was calculated as the number of live cells (those that excluded
trypan blue) expressed as a percentage of total cells.

Model of OIR
A bioactive gas controller (Oxycycler; BioSpherix, New York, NY), which regulates the
atmosphere inside an incubator by injecting either nitrogen or oxygen, was used to induce OIR
in newborn Sprague-Dawley rats (Charles River, Wilmington, MA) as reported.17 Within a
few hours of birth, pups designated postnatal age (P)0 and their mothers were placed into the
incubator. Oxygen was cycled between 50% and 10% every 24 hours for 14 days, and then
pups were returned to room air for four additional days (50/10 OIR model).17 These oxygen
extremes were similar to transcutaneous oxygen measurements in a premature infant with
severe ROP.18 As the rat blood oxygen level (Pa O2) is directly correlated with inspired
oxygen, this model is an excellent mimic of the oxygen insult that premature infants experience.
25 Litters of 12 to 13 pups were used in all experiments. Carbon dioxide in the cage was
monitored and flushed from the system by maintaining sufficient gas flow.

Intravitreous Injection of Corticosteroids
On removal from the gas controller (Oxycycler; BioSpherix), P14 rat pups were anesthetized
with an intraperitoneal (IP) injection of a mixture of ketamine (20 mg/kg) and xylazine (6 mg/
kg). Fused eyelids were carefully opened with forceps, and 0.5% tetracaine hydrochloride was
administered to the exposed eye. With the eye gently proptosed, a 30-gauge needle was inserted
just behind the limbus to avoid damaging the lens. One microliter of PBS, DEX, or TA was
injected into the vitreous humor of one eye. The fellow eyes were noninjected and used as a
control group, similar to published13 and current clinical trials. Delivery of TA was visually
confirmed through the microscope by the presence of drug crystals in the vitreous. Topical
antibiotic ointment (0.5% erythromycin) was then applied to the eye. After 4 days in room air,
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when NV was at its maximum,25 rats were killed, and the eyes were enucleated for subsequent
analyses.

Dissecting Retinal Tissue for Flatmounting
Pups were anesthetized by IP injection of ketamine (20 mg/kg) and xylazine (6 mg/kg). PFA
(0.7–1.0 mL, 0.5%) was directly perfused into the left ventricle before euthanatization by
intracardiac injection of pentobarbital (80 mg/kg). Both eyes were enucleated and fixed in 2%
PFA for 2 hours. In a modification of the method of Chan-Ling,26 the anterior segments were
removed, and the retinas with the ora serrata intact were carefully dissected and placed into
PBS, with care to remove the hyaloid vessels and any remaining vitreous. Each retina was then
placed on a microscope slide and flattened by making four incisions, each 90° apart, beginning
at the ora serrata and extending centrally from the equator, stopping short of the optic nerve
opening.

Tissue Staining
The flattened retinas were permeabilized in ice-cold 70% (vol/vol) ethanol for 20 minutes and
then in PBS/1% Triton X-100 for 30 minutes. The retinas were incubated with Alexa Fluor
586–conjugated Griffonia simplicifolia (Bandeiraea) isolectin B4 (5 μg/mL; Invitrogen-
Molecular Probes) in PBS overnight at 4°C for staining of the vasculature. Some retinas were
then incubated in cleaved caspase-3 (Asp175) antibody (5 μg/mL; Cell Signaling Technology)
overnight at 4°C. The retinas were rinsed three times in PBS and mounted in PBS-glycerol
(2:1, VectaShield; Vector Laboratories), and the coverslip was sealed with nail polish. Images
of the superficial blood vessel layer were captured with an inverted microscope (TE2000U,
Nikon, Tokyo Japan; Michael-Hooker Microscopy Facility, University of North Carolina,
Chapel Hill) and digitally stored for analysis. Image sections were stitched with commercial
image-management software (PhotoFit Premium ver. 1.44; Tekmate, Tokyo, Japan).

Counting Clock Hours of NV
Retinal images were randomized and divided into 12 clock hours of approximately equal area
by using image-analysis software (Photoshop; Adobe Systems, Mountain View, CA). Each
clock hour was then assessed by two masked examiners for the presence of NV, using an
assessment technique adapted from those used in clinical trials27 and animal model
determination,28 to assess vessel tufts. Each retina received a score of 0 to 12, based on the
number of clock hours exhibiting any NV. This assessment was made on the superficial layer
only and correlates well with counting preretinal tufts appearing above the inner limiting
membrane of the rat retina.

Analysis of Peripheral Avascular Areas
Digitized images of the total retinal area and peripheral avascular areas were measured using
the freeware ImageTool ver. 3 (University of Texas, Austin, TX). The peripheral avascular
area was expressed as a percentage of the total retinal area.

Quantification of Capillary Density
Central capillary density was quantified by summing capillary junctions within four equal
areas, each 0.16 mm2, in each of the four quadrants of the vascularized retina and was expressed
as the number of junctions per 0.64 mm2, determined by ImageTool.

Fresh Tissue Preparation
Animals were euthanatized with an overdose of pentobarbital (80 mg/kg IP). Both eyes were
enucleated, and the retinas were isolated under a dissecting microscope in a similar fashion as
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used for flat-mounting, except that the ora serrata was carefully removed. The tissue was placed
in RIPA buffer (20 mM Tris base, 120 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS, 10% glycerol) for Western blot or M-Per for ELISA and frozen at −20°C until
analysis.

Protein Extraction, Immunoprecipitation, and Western Blot Analysis
Freshly dissected unfixed retinal tissue immersed in RIPA buffer was placed on ice for 10
minutes. Tissue was homogenized, and lysates were centrifuged at maximum speed for 10
minutes at 4°C. For IGF-1R phosphorylation, the supernatant fractions from homogenized
retinas were incubated with protein A Sepharose beads for preclearing at 4°C for 10 minutes,
then removed by centrifugation. The Bradford assay (Bio-Rad, Hercules, CA) was performed
to determine the protein concentration of the cell lysate. Cell lysates were incubated with
IGF-1R antibody (cat no. sc-713; Santa Cruz Biotechnology Inc., Santa Cruz, CA) overnight.
The immune complexes were captured by protein A Sepharose beads (GE Healthcare, Uppsala,
Sweden) at 4°C for 2 hours, and the collected beads were washed three times by centrifugation.
The bound proteins were eluted with sample buffer. Phosphorylated IGF-1R was detected by
Western blot analysis, with anti-phosphotyrosine (cat. no. 9411; Cell Signaling Technology)
and a goat anti-mouse HRP conjugated secondary (cat. no. AP130P; Chemicon, Temecula,
CA). Visualization was performed with enhanced chemiluminescence (cat. no. 32109; Pierce,
Rockford, IL). The signal intensity was quantitated with analysis software (UN-SCAN-IT, ver.
6.1; Silk Scientific, Orem, UT).

ELISA
Tissue samples were thawed and subjected to centrifugation at 16,000g for 10 minutes at 4°C.
The M-Per supernatant was removed and lysis buffer (0.15 M NaCl, 0.02 M Tris-HCl [pH 8.0],
1% NP40, 1% sodium deoxycholate, 0.1% SDS, 0.01% proteinase inhibitor cocktail [Sigma-
Aldrich]) added to the sample. Samples were homogenized and centrifuged at 16,000g for 10
minutes at 4°C.

Total protein was quantified with a protein assay kit (Bio-Rad, Hercules, CA), which is a
modification of the Lowry assay.29 Supernatants were then assayed without dilution, in
duplicate, with a commercially available ELISA kit for VEGF (R&D Systems, Minneapolis,
MN).

Statistical Analysis and Sample Sizes
Samples were compared using ANOVA with Bonferroni post hoc analysis (SPSS ver.14; SPSS,
Chicago, IL). Three litters were used in each experimental group and within each litter, at least
three animals were injected with each dose of corticosteroid or vehicle.

Results
Steroid Effect on Clock Hours of NV

DEX (intravitreous concentration of 0.3 mg/mL) compared to PBS-injected or noninjected
eyes had no effect on the clock hours of NV (mean clock hours ± SD: 7.3 ± 2 vs. 8.6 ± 2.4 vs.
8.6 ± 2.0, respectively). There was no difference in clock hours of NV between TA (TA)-
injected eyes, with or without vehicle at the 0.4 mg/mL intravitreous concentration (data not
shown). Therefore, there did not appear to be an effect of vehicle on NV. However, based on
other reports16,22 (Kube T, et al. IOVS 2005;46:ARVO E-Abstract 485), we performed all
subsequent experiments using washed preparations as described in the Methods section.

TA caused a dose-dependent reduction in clock hours of NV compared with PBS-injected or
noninjected eyes (overall ANOVA P < 0.001; Fig. 1). Since DEX did not reduce clock hours
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of NV at a dose higher than that used clinically, we performed further experimentation using
only doses of TA.

Because there was no difference between the noninjected eyes from any of the TA doses, we
pooled the data into one group labeled noninjected.

Steroid Effect on Peripheral Avascular Retinal Area and Capillary Density
There was no difference in measured peripheral avascular/total retinal area between
noninjected or PBS-injected eyes and either DEX-injected or TA-injected eyes (data not
shown). However, in the TA-injected eyes, there was a dose-dependent reduction in capillary
density within the vascularized region of retina at P18 (ANOVA, P < 0.001; Figs. 2, 3). There
was no difference in capillary densities in retinas of noninjected eyes at P14 compared with
the those from TA-injected eyes at P18, suggesting a delay in further vascularization within
the vascularized retina that naturally occurs in the 50/10 OIR model on rat pup return to room
air (Fig. 2).

Steroid Effect on Weight
We found a dose-dependent decrease in body weight gain at P18 in rat pups that had their eyes
injected with TA at P14 compared with those injected with PBS or that had no injection
(ANOVA, P = 0.002; Fig. 4).

Steroid Effect on IGF-1 Signaling
Because corticosteroids have been shown to reduce weight gain in premature infants30 and
rats31 and to be associated with suppression of the growth hormone/insulin-like growth
hormone signaling pathway,32–34 we wanted to see whether the IGF-1 pathway was being
affected by TA-injection. We therefore measured the expression and phosphorylation of the
IGF-1 receptor in the retinas of P15 OIR rats that were TA-injected, PBS-injected, or
noninjected at P14, and in retinas of P15 control room air–raised rats. We found a trend toward
reduced IGF1-R phosphorylation in retinas from TA-injected eyes (4 mg/mL intravitreous
concentration) compared with those from PBS- and noninjected eyes of rats in the OIR model
or in room air at P15 (Fig. 5).

Steroid Effect on Retinal VEGF Expression
Corticosteroids have been shown to reduce VEGF expression through several mechanisms.
10,11,35 Therefore, we measured the VEGF expression in rat retinas from PBS-injected,
noninjected, and TA-injected eyes at P18 when NV is at its maximum and VEGF has been
shown to be upregulated.36 There was no difference in total VEGF protein between groups as
measured by ELISA (Fig. 6).

Effect of TA on Retinal Apoptosis
Because TA has been reported to be toxic to retinal cells in vitro16,37 and because
glucocorticoids have been shown to induce apoptosis in a variety of cells,37 we double-stained
retinal flatmounts from TA-injected, PBS-injected, and noninjected eyes with lectin and
activated caspase-3 to measure apoptosis. Activated caspase-3 cells were found. However,
based on location outside the lectin-stained vasculature, we believe these to be inflammatory
cells and not ECs. There also was no difference in the number of apoptotic cells found within
the plane of the inner capillary plexus in TA-injected at 1, 2, or 4 mg/mL compared with PBS-
injected or noninjected groups (data not shown).

We tested the effect of different doses of TA on human retinal microvascular ECs in culture.
After exposure to washed TA for 24 hours, we found a dose-dependent increase in EC death
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(Fig. 7; overall ANOVA P < 0.001), and virtually all ECs died at the 2000-μg/mL dose. When
we stained for activated caspase-3 in TA-exposed cells we could not demonstrate apoptosis
(data not shown); however, staurosporine induced apoptosis in these cells (data not shown).
These results suggest toxicity of TA at higher doses, though not by induction of apoptosis.

Discussion
There is increasing evidence that inflammation plays an important role in the pathogenesis of
retinovascular diseases.4,5,38 Clinical trials are under way to test the effect of preservative-
free formulations of TA on macular edema associated with diabetes and retinal vein
occlusions13 and smaller studies have assessed the effects on NV in ROP (Tawansy KA, et al.
IOVS 2005;46:ARVO E-Abstract 3493). Yet, the mechanisms of action of intravitreous
steroids are incompletely understood, and concerns have been raised about retinal toxicity
because of recent in vitro studies.16,22 Our study was designed to test intravitreous steroid
preparations on clock hours of NV in a well-accepted animal model with features most like
that of human ROP. We found that TA reduced NV in a dose-dependent manner starting at 1
mg/mL vitreous concentration, whereas DEX did not reduce NV. This was despite the fact that
the DEX dose was chosen to achieve the glucocorticoid inhibitory effect of 1.43 mg/mL TA.
Other investigators have reported reduced NV from intravitreous TA in a mouse model of
oxygen induced vaso-obliteration and NV12 However, the mouse model does not mimic
human ROP. In contrast, the rat model achieves a pathology that relates more closely to ROP,
with delayed retinal vascularization, peripheral avascular zones adjacent to vascularized retina,
and NV at the junction.17 In addition, it does this by exposing rat pups to oxygen extremes
similar to as those experienced by a premature infant who developed severe ROP under today’s
neonatal intensive care unit (NICU) standards.18

Besides the benefit of reduced NV, we also found reduced capillary density within the
vascularized retina of TA-injected compared with PBS- or noninjected eyes. This appeared to
be secondary to a delay in vascularization that would occur naturally in the 50/10 OIR model
when the rat pups are removed from oxygen cycling and placed in room air.

To determine a reason for the reduced NV and capillary density in TA-injected eyes, we studied
the effects of TA on the expression of VEGF, an important angiogenic factor in OIR
models36 and in retinal vascular disease.39 TA has been reported to reduce the effects of VEGF
through destabilization of its mRNA11 and by reducing IL-β-induced expression.35 However,
we did not find a difference in VEGF protein by ELISA. We measured this at P18, a time point
when VEGF protein is reported to be upregulated.36 However, it may have been that
upregulation of VEGF protein within small regions of the retina had been diluted in measuring
VEGF from retinal whole-mounts.

Because we found a dose-dependent decrease in weight gain in rat pups from TA injection, we
wanted to determine whether the IGF-1 pathway was being suppressed by the corticosteroid.
Corticosteroids have been shown to reduce systemic weight gain in premature infants30 and
to reduce systemic IGF-1 levels.32–34 IGF-1 is important in infant growth and retinal vascular
development, and its importance in normal retinal vascular development in preterm infants and
the subsequent risk of severe ROP has been studied.40,41 We found that signaling through
IGF-1 was reduced in the TA-injected group as seen by a trend toward reduction in IGF-1R
phosphorylation in the TA-injected group (4 mg/mL) compared with PBS- or noninjected
groups in the OIR model and to a room air control group. Our data provide support that IGF-1
signaling is likely reduced by TA. Further study is needed to determine what role IGF-1 plays
in the regulation of retinal vascularization and pathologic NV in this OIR model.
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Recently, Narayanan et al.16 found reduced viability of two different retinal cell lines in vitro
after exposure to 200 μg/mL of TA, which is one fifth the concentration in the vitreous after
an intravitreous injection of 4 mg TA, currently being tested for diabetic macular edema or
edema associated with retinal vein occlusion.13 Glucocorticoids have also been shown to
induce apoptosis in a variety of cells, including lymphocytes, skeletal muscle, chondrocytes,
epithelial cells, and corneal epithe-lium.37 We found that TA was toxic to human RECs in
vitro in a dose-dependent manner and observed near-total cell death when using concentrations
similar to that used clinically. However, this was not through inducing REC apoptosis. In vivo,
we found apoptotic cells within retinal wholemounts of all groups. However the apoptotic cells
did not stain with lectin and were not associated with vessels, providing evidence that they
were not ECs. Nor was there a difference quantitatively in the number of apoptotic cells
between TA-injected and PBS-injected, or noninjected eyes. We have previously described
apoptosis in rat retinal flatmounts during normal development and with intravitreous injections.
42 In addition, apoptosis has been described in other rat OIR models in which animals were
exposed to much higher levels of inspired oxygen.43 That we did not find apoptosis of ECs
may be, among many reasons, because the vitreous sequestered TA particles from retinal cells.
Because TA can have activity within the vitreous for more than a month,44–46 long-term study
should be considered. Similar to the study of Narayanan et al.,16 we found that TA’s effect
was independent of the vehicle in vivo.

We found a statistically significant reduction in systemic weight gain from intravitreous
injections of TA. Another group assayed the serum of adults who received approximately 5 to
6.25 mg/mL intravitreous concentrations of TA, higher concentrations than those in our study.
By high-performance liquid chromatography, this group found negligible TA in the serum of
20 patients, most samples having undetectable levels and the highest being 0.8 μg/L.47 In
neonates, 0.5 mg/kg of dexamethasone (equivalent to 40 μg/mL TA in a 2.5-kg premature
infant) administered intravenously for 3 days followed by a tapering dose for 12 days was
associated with early initial weight loss.30 This systemic dose would be greater than that
expected in a 2.5-kg premature infant with a 1-mg/mL intravitreous concentration of TA after
taking into account the approximate 30-fold difference in blood volumes between premature
infants and adults. If we assumed a choroidal concentration equivalent to that of the vitreous,
48 the systemic concentration of TA in a 16-g rat pup with a 1-mg/mL intravitreous
concentration of TA would be approximately 15 μg/mL lower than the systemic concentration
in the pediatric study,30 but still higher than the extrapolated dose in a 2.5-kg premature infant.
Although a direct comparison between the premature human infant and a rat pup cannot be
made, our data suggest that further study be made before considering TA doses in premature
infants, particularly because TA can remain within the vitreous for extended periods.44–46

Our study shows that TA reduces NV and intraretinal vascularization in a model of OIR with
the new finding that this appears to be associated with reduced phosphorylation of the IGF-1
receptor. We did not find reduced VEGF expression or apoptosis of EC as a mechanism in
vivo, but recognize that further studies would be needed to exclude these possibilities. Although
there is a possibility of a crossover effect in the fellow non-injected eye, we did not find this.
Furthermore, we saw no difference in PBS versus non-injected eyes. Our data support those
of previous investigators that further study of the mechanisms and safety of TA injected into
the vitreous be performed particularly before considering TA as a treatment for diseases where
nascent intraretinal vascularization is ongoing, such as ROP. It also serves as a reminder that
consideration be given to the differences in blood volumes between the adult human and
premature infant when choosing intravitreous doses of drugs.
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Figure 1.
Effect of DEX or increasing doses of TA on clock hours of NV in rat eyes of a 50/10 OIR
model (x-axis: final intravitreous concentrations). As noninjected eyes from all groups were
not significantly different from each other, these data were pooled into one group termed “non-
injected.” Overall ANOVA significance was set at P < 0.001. *P < 0.017, **P < 0.001
compared with noninjected, PBS, DEX and 0.4 mg/mL TA-injected. Numbers inside each bar
represent the number of retinas analyzed per group.
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Figure 2.
The effect of TA doses on capillary density (final intravitreous concentrations of TA: 1, 2, or
4 mg). All animals were cycled for the 50/10 OIR model. Some were killed at P14 without any
intravitreous injections, and capillary density counts were made. Others were injected with TA
at different doses, or vehicle (PBS), or were noninjected and returned to room air for 4 days
before they were killed at P18. Overall ANOVA significance was at P < 0.001. There was a
significant increase in capillary density from P14 noninjected to both P18 noninjected and
PBS-injected (P < 0.001). This increase was not seen in the TA-injected eyes. Both 2 and 4
mg/mL of intravitreous TA resulted in significantly reduced capillary density *P < 0.001
compared with non- and PBS-injected. Numbers inside each bar represent the number of retinas
analyzed per group.
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Figure 3.
Lectin-stained flatmounted retinas from the 50/10 OIR model after intravitreous injection of
TA (doses represent final intravitreous concentrations). ( A) PBS-injected eye; (B) 2 mg/mL
TA-injected eye; (C) 4 mg/mL TA-injected eye; (D) higher power image of part of (A); (E)
higher-power image of part of (B); (F) higher-power image of part of (C). Retinas in (A),
(B), and (C) have the ora serrata attached (marked by ✱). Scale bar: (A–C) 1 mm; (D–F) 0.25
mm. Note the increased NV in (A) compared with (B) and (C) and the lower capillary density
in (E) and (F) compared to (D).
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Figure 4.
Weight in grams of pups at P14 (before injection [pre]) and at P18 (after injection [post]). Final
intravitreous concentrations of TA: 1, 2, and 4 mg. P14 pups were not significantly different
from each other, and all gained weight from P14 to P18. However, those animals injected with
2 and 4 mg/mL TA gained significantly less weight than those injected with PBS (overall
ANOVA P = 0.002).
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Figure 5.
Western blot results. (A) Blots of total IGF-1 receptor, phosphorylated IGF-1 receptor, and β-
actin are representative of five retinas from two litters. (B) Bars represent the ratio of
phosphorylated IGF-1 receptor to total IGF-1 receptor from TA-injected or non-injected, PBS-
injected or non-injected, or control P15 room air–raised rat retinas.
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Figure 6.
VEGF protein measured by ELISA in retinas from 50/10 OIR model after injections with TA
(final intravitreous concentrations, 1, 2, and 4 mg), or PBS, or no injection. There was no
significant difference between retinal VEGF levels after injection with TA. Numbers inside
each bar represent number of retinas analyzed per group.
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Figure 7.
Retinal microvascular cell viability after treatment with increasing doses of TA. Cell viability
decreased with increasing TA; at 2000 μg/mL there were no cells counted. Overall ANOVA
P < 0.001; *P < 0.001 compared to control. At 200 μg/mL dose (one fifth the intra-vitreous
dose of human adult), the cell count was below plating density (data not shown). n = 9 for each
group.
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