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PURPOSE. The purpose of this study is to evaluate effects of vitrectomy (PPV) and lens
extraction with intraocular lens implantation (PE/IOL) on molecular oxygen (pO2)
distribution, aqueous humor antioxidant–oxidant balance, aqueous humor dynamics, and
histopathologic changes in the trabecular meshwork (TM) in the older macaque monkey.

METHODS. Six rhesus monkeys underwent PPV followed by PE/IOL. pO2, outflow facility, and
intraocular pressure (IOP) were measured. Aqueous and vitreous humor specimens were
analyzed for antioxidant status and 8-hydroxy-20-deoxyguanosine (8-OHdG), a marker of
oxidative damage. TM specimens were obtained for immunohistochemical and quantitative
PCR analysis.

RESULTS. pO2 at baseline revealed steep gradients in the anterior chamber and low levels in the
posterior chamber (PC) and around the lens. Following PPV and PE/IOL, pO2 significantly
increased in the PC, around the IOL, and angle. IOP increased following both surgical
interventions, with no change in outflow facility. Histopathologic analysis did not show
changes in TM cell quantification, but there was an increase in 8-OHdG. Quantitative PCR did
not reveal significant differences in glaucoma-related gene expression. Aqueous and vitreous
humor analysis revealed decreased ascorbate and total reactive antioxidant potential and
increased 8-OHdG in the aqueous humor only in the surgical eyes.

CONCLUSIONS. Oxygen distribution in the older rhesus monkey is similar to humans at baseline
and following surgical interventions. Our findings of histopathologic changes of TM oxidative
damage and alterations in the oxidant-antioxidant balance suggest a potential correlation of
increased oxygen exposure with oxidative stress/damage and the development of open angle
glaucoma.

Keywords: oxidative damage, trabecular meshwork, glaucoma

Modern pars plana vitrectomy procedures, first developed
by Machemer in 1969,1 are currently used for a variety of

vitreoretinal pathologies, including macular hole repair, rheg-
matogenous retinal detachment repair, vitreous hemorrhage
removal, epiretinal membrane removal, and, most recently,
removal of bothersome vitreous floaters.2 The increased
utilization of these procedures reflects the safety profile of
modern techniques and the successful outcomes in these
potentially disabling conditions.3,4 In these cases, the occur-
rence of postvitrectomy nuclear sclerotic cataract formation is
increased.5–10 Few prospective studies have been performed to
evaluate this finding, frequently requiring cataract extraction
within 24 months in 37% to 95% of individuals. This rapid
development of nuclear sclerosis is associated with increased
oxygen levels in the vitreous cavity and surrounding the lens,
which normally exists in a relatively hypoxic environment.11

These findings led to our group’s proposal that this increased
exposure to oxygen leads to oxidative lens damage and
subsequent nuclear cataract formation. Notably, gauge size of
the vitrector did not affect the development of cataract,12 but

older age, myopia, and increased vitreous liquefaction13 do
increase this risk.

Additionally, several studies have demonstrated increased
risk of ocular hypertension and/or open angle glaucoma
development following these consecutive procedures,14–18

and we are investigating Chang’s hypothesis that increased
oxygen in the anterior segment may contribute to oxidative
damage to the trabecular meshwork.19 Other retrospective
studies have not supported these findings within limited follow-
up periods,20–22 and a prospective trial23 is underway to
provide further information on this risk factor for the most
common cause of irreversible blindness. The trabecular
meshwork (TM) tissue provides the pathway, and resistance,
for the conventional outflow of aqueous humor from the
anterior chamber (AC). Alterations in this outflow pathway may
lead to elevation of intraocular pressure (IOP) and the
development of glaucoma. Our previous studies demonstrated
changes in the tightly controlled intraocular oxygen gradients
in human subjects undergoing pars plana vitrectomy (PPV) and
subsequent cataract extraction.24
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In this study, the older rhesus macaque monkey provides an
opportunity to study specific effects of increased oxygen levels
in the anterior and posterior segments of the eye following
vitrectomy and subsequent lens extraction, on IOP, aqueous
humor outflow facility, TM histopathology, and markers of
oxidative damage and antioxidant status in the ocular fluids.

METHODS

Study Design

The University of Wisconsin Animal Care and Use Committee
approved the protocol, adhering to the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research. This
prospective, cross-sectional study was designed to evaluate the
effects of PPV followed by phacoemulsification lens extraction
and posterior chamber intraocular lens implantation (PE/IOL)
on intraocular oxygen levels, as well as functional and
histologic alterations of the TM.

Animals

Six rhesus monkeys (Macaca mulatta), age 20 to 25 years,
weighing at least 6 kg with bilateral normal ocular examina-
tions by biomicroscopy and tonometry, were screened and
trained for the study. The monkeys were housed in the
Wisconsin National Primate Research Center at the Wisconsin
Institutes for Medical Research complex, and all experiments
were done in accordance with the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research. After the
monkeys were acclimated to the facility and trained to receive
topical treatments consciously, the experiments were initiated
as described below. Monkeys were anesthetized with intra-
muscular (IM) ketamine (10 to 20 mg/kg initial), followed by
intravenous pentobarbital anesthesia (8 to 15 mg/kg initial; 5 to
10 mg/kg supplemental) for the perfusion outflow facility
studies and endotracheal inhalation isofluorane anesthesia for
the surgical interventions. For the pneumatography studies,
0.2 mg/kg IM midazolam plus 0.04 mg/kg IM atropine was
administered. During surgery, animals received systemic
monitoring including heart rate, respiration rate and/or end-
tidal CO2, SpO2, temperature, and blood pressure. During our
measurements of intraocular oxygen, special efforts were made
to decrease FiO2 to approach 21% (room air levels), with
maintenance of peripheral blood saturation (SaO2) to baseline
levels of 93% to 97%. Following each ocular surgery, the eye
received subconjunctival injections of gentamycin and methyl-
prednisolone acetate, followed by administration of polymixin/
neomycin/bacitracin antibiotic ointment into the conjunctival
sac. In cases of persistent inflammation, 1% atropine ointment
was also applied to the eye. Postprocedure analgesia with
buprenorphine (0.005 to 0.02 mg/kg IM at 6- to 12-hour
intervals) or carprofen in multimodal analgesia where animals
received buprenorphine (0.005 to 0.02 mg/kg IM at intervals of
not more than 20 hours) and carprofen (2 to 4 mg/kg orally,
intravenous, subcutaneous, or IM), butorphanol (0.05 to 0.2
mg/kg IM at 2- to 4-hour intervals), meloxicam (0.1 to 0.2 mg/
kg orally), and/or flunixin meglumine (1 to 2 mg/kg, 1 to 2
times daily IM) was administered for up to 3 days following all
surgical procedures, and/or at any other time deemed
necessary by the principal investigator, the collaborators at
the UW, or attending veterinary staff. The analgesia dosing was
chosen depending on the animal’s signs of pain (e.g., squinting,
swollen eyelids, rubbing of the eyes, or tearing). The surgical
and sham-operated eyes were observed by the research staff
during daily treatment (including topical 1% tropicamide and
10% phenylephrine) for 2 weeks to monitor surgical recovery.

Baseline Measurements

Slit-lamp biomicroscopy (SLE), corneal pachymetry (Pachmate;
DGH Technology, Exton, PA, USA; average of three readings),
fundus photography, and outflow facility measurements by
pneumatonography were performed at least 6 weeks prior to
each surgical intervention and euthanasia. Baseline IOP was
measured by ‘‘minified’’ Goldmann applanation tonometry25

using a Zeiss slit lamp (Carl Zeiss Meditec, Jena, Germany;
average of three readings, 5 minutes apart, for all subsequent
IOP measurements): SLE, tonometry, and perfusion measure-
ment 5 weeks before surgical intervention; SLE weekly until no
evidence of AC inflammation, usually within 4 to 5 weeks
following measurements of outflow facility by perfusion
method; SLE, tonometry, and corneal pachymetry 1 to 3 days
prior to surgical intervention; and SLE, tonometry, and
perfusion measurements 5 weeks prior to euthanasia.

Outflow Facility

Two methods were used in this study to measure outflow
facility, perfusion (invasive) and pneumatonography (noninva-
sive).

Perfusion Technique. Outflow facility was determined by
two-level constant pressure perfusion of the anterior chamber
as previously described.26 The ACs of both eyes were
cannulated with one branched (placed superior-temporally)
and one nonbranched (placed inferior-temporally) 26-gauge
needle. One end of the branched needle was attached to an
elevated reservoir containing Barany’s solution26 and the other
to a pressure transducer. Tubing to the nonbranched needle
was clamped. Baseline outflow facility was measured for 35 to
40 minutes. The tubing from the nonbranched needle was then
attached to a variable speed infusion pump with the inflow line
of the branched needle detached from the reservoir and open
to air. Due to its invasive nature, perfusion measurements were
performed at baseline and at the completion of recovery of all
surgical interventions at the end of the experiment. A
minimum 6-week recovery period following the measurements
was required prior to the next surgical intervention.

Pneumatonography Technique. A pneumatonometer
probe (Modular One tonometer; BioRad, Hercules, CA, USA)
with the addition of a 10-g weight was placed and held
perpendicular to the surface of the cornea. Prior to each
measurement, the instruments were calibrated according to
the manufacturer’s instructions. Baseline IOP was calculated
with the mean level of the recorded pulse wave. Two-minute
tracings were obtained, and outflow facility was determined
with the best linear fit from the tracings using pneumatonog-
raphy tables and the standard formula for outflow facility
calculation.27 Mean values 6 SD from four to five measure-
ments performed over 1 week were obtained for the analysis.
All test procedures were performed at baseline, at completion
of recovery after each of the two surgical interventions, and at
the end of the experiment.

PPV

As per standard surgical protocol, the animal was placed in
supine position, and general anesthesia was induced. The
animal’s eyes were prepped and draped with care to
completely separate the surgical field from the oxygen delivery
with an adhesive surgical drape. Following placement of a lid
speculum, a 30-gauge needle was used for entry into the AC,
and the Oxylab O2 optical oxygen sensor (optode; Oxford
Optronix, Oxford, United Kingdom) was carefully introduced
into the AC without leakage of aqueous humor (Fig. 1).
Instrument calibration was performed prior to each experi-
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ment by measuring established levels of pO2 (0%, 2.5%, 5%, and
20%). Inaccurate or delayed measurements indicated probe
failure. The tip of the flexible fiberoptic probe was positioned
for three measurements by the surgeon (CJS; Fig. 1): (1) near
the central corneal endothelium, (2) in the mid-AC, and (3) in
the AC angle in both the surgical and the sham control eyes.

Following placement of the pars plana ports with the 23-
gauge trocar device by the vitreoretinal surgeon (MN), and
prior to initiating saline infusion, measurements were also
obtained in the posterior chamber, in the pars plana region,
midvitreous, and near the retina. Aqueous and vitreous humor
specimens were obtained. PPV and sham PPV were then
performed in opposite eyes of each monkey. Following the
procedure, intraocular pO2 measurements were repeated in
the vitreous cavity. A subconjunctival injection of dexameth-
asone (0.2 mg) was performed. Postoperative examinations of
biomicroscopy and tonometry were monitored for 3 to 5
months as indicated. Additional injections of dexamethasone
were given postoperatively to manage inflammation, but no
animal required more than three total injections or any beyond
6 weeks postoperatively.

PE/IOL

The preoperative measurements, assessments, and preparation
for the surgical procedures were performed as described above
for the PPV. Repeat pO2 measurements were obtained as above
excluding the vitreous cavity, and additional measurements
were taken at the lens surface and in the posterior chamber
(PC) in the surgery eye only. Aqueous humor samples were
obtained. Lens extraction by phacoemulsification plus poste-
rior chamber intraocular lens implantation (SN60 posterior
chamber lens; Alcon, Inc., Fort Worth, TX, USA) and sham
procedures were performed in the operated and control eyes

of each monkey by the anterior segment surgeon (GH),
respectively, followed by a minimum 6-month observation
period (Fig. 2).

Pre-Euthanasia Protocol

The preoperative measurements, assessments, and preparation
for the final procedures were performed as described above.
Prior to euthanasia, oxygen measurements were taken in the
AC and at two locations in the vitreous chamber: at the
vitreous periphery and center (Fig. 1). Aqueous and vitreous
humor specimens were collected. Following anesthesia with
IM ketamine (3 to 25 mg/kg), euthanasia was conducted with
intravenous pentobarbital overdose (~50 mg/kg). Enucleation
was performed, and the globes of the animals were sectioned.
Optic nerve sections were fixed with 10% buffered formalin for
H&E staining and optic nerve axon cell counts. Anterior
segment sections were immediately dissected into two parts:
half were embedded with optimal cutting temperature (OCT;
Sakura Finetek, Torrance, CA, USA) medium and frozen on dry
ice for TM laser micro-dissection, and half were fixed with 10%
buffered formalin for histologic and immunochemistry analysis.

Aqueous and Vitreous Humor Analyses

All specimens were immediately transferred to receptacles in
dry ice in the operating room and then transferred to a liquid
nitrogen tank until analysis.

Ascorbic acid (AsA) concentrations in the aqueous humor
and vitreous were measured as in our previous reports.28

Briefly, a colorimetric assay was used to determine the AsA
concentrations based on its reduction from Fe3þ to Fe2þ on
reacting with 2,20-dipyridyl. Assay modifications enabled the
analysis of 10-lL samples, and a standard curve was used for all
measurements. As a control for AsA specificity, two units of
ascorbate oxidase (AO; A 0157; Sigma Chemical, St. Louis, MO,
USA) was added to additional 10-lL samples, mixed well at
room temperature, and then followed by AsA measurement in
triplicate.

Total reactive antioxidant potential (TRAP) measurements
were done. The TRAP assay is applied to determine the
capacity of aqueous humor or vitreous to destroy free radicals
in its solution as previously described.29 Briefly, 2,20-azobis(2-
amidinopropane) (ABAP; Sigma Aldrich) and 40 lM luminol (3-
aminophthalhydrazide; Sigma Aldrich) were added to a sample.
ABAP combines with oxygen to produce alkyl peroxyl radicals
at a constant rate. If antioxidant is absent, these radicals react
with luminol to produce light, measured in a scintillation
counter. However, if antioxidants are present, luminescence

FIGURE 1. Diagram of oxygen measurement locations in monkey eye.
Measurements were obtained at all locations at baseline and pre-
euthanasia. AC, angle, and PC measurements were obtained at interim
surgical interventions. Red dot, single fiberoptic element oxygen
sensor used for the AC locations; red/green dot, dual fiberoptic
element oxygen sensor plus temperature sensor used for vitreous
chamber measurements; arrows, entry site for each sensor type.

FIGURE 2. Experimental time course and monkey age progression
during the study.
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will be quenched by peroxyl radical reactions. Because ABAP
produces radicals at a constant rate, antioxidant activity is
measured by the length of time that the test substance takes to
quench luminescence. The assay is standardized using Trolox,
a water-soluble vitamin E analog. Antioxidant potential is
reported as ‘‘Trolox units,’’ with one unit equal to amount of
time that luminescence is quenched by a sample containing 1
lM Trolox. Replication of measurements were not performed
due to limited sample volumes. Reproducible assays were
completed in triplicate with human specimens (n¼ 203; Shui
et al., unpublished data, 2014).

8-Hydroxy-2 0-deoxyguanosine (8-OHdG) is a ubiquitous
marker for oxidative damage. We used the OxiSelect Oxidative
RNA Damage ELISA Kit (Cell Biolabs, Inc., San Diego, CA, USA)
to detect 8-OHdG levels in the aqueous humor and vitreous
samples. Fifty microliters of undiluted sample was used for the
ELISA analysis following the product instruction manual.
Duplicate measurements were not performed due to limited
sample volumes in this study. ELISA techniques were pre-
viously validated in human samples in duplicate with
confirmed reproducibility (n ¼ 3; Shui et al., unpublished
data, 2016).

Immunochemistry Staining

Formalin-fixed, paraffin-embedded monkey TM sections were
used for immunochemistry staining. After deparaffinizing and
antigen retrieval, two antibodies were applied to the same
specimen. A mouse monoclonal antibody of 8-OHdG, (sc-
393871; Santa Cruz Biotechnology, Dallas, TX, USA) was used
at 1:500 dilution, and a rabbit polyclonal antibody of
fibronectin (ab23751; Abcam, Cambridge, MA, USA) was used
at 1:500 dilution at 48C overnight, respectively. Alexa-Fluor 488
donkey anti-mouse IgG and Alexa-Fluor 555 donkey anti-rabbit
IgG (1/1000; Abcam) were used as secondary antibodies to
detect 8-OHdG and fibronectin separately. 40,6-Diamidino-2-
Phenylindole (DAPI) was used for nuclear staining. ImageJ
(http://imagej.nih.gov/ij/; provided in the public domain by
the National Institutes of Health, Bethesda, MD, USA) was used
for fluorescence intensity analysis.

Histologic Staining for TM Cell and Optic Nerve
Axon Counts

Formalin-fixed TM and optic nerve specimens were stained
with hematoxylin and eosin. Light microscopic morphologic
examinations and TM cell and axon cell counts were
performed (ImageJ; Supplementary Fig. S1).

TM Laser Micro-Dissection and quantitative PCR
Analysis

Fresh monkey anterior eye segments were embedded in OCT
and immediately frozen on dry ice prior to storage at �808C.
Twelve-micrometer-thick frozen sections were transferred to
glass polyethylene naphthalate foil slides (#11505189; Leica
Microsystems, Wetzlar, Germany) as we previously described30

and stained with Eosin Y. TM was dissected using a laser micro-
dissection system (LMD 6000 and CTR 6500, Leica Micro-
systems) (Fig. 3). Some areas of uveal meshwork were included
to obtain adequate RNA quantities. RNA extraction was
performed using the RNeasy Micro Kit (Qiagen, Hilden,
Germany) and amplification with Ovation Pico WTA System
V2 (NuGEN Technologies, San Carlos, CA, USA). The quanti-
tative PCR (qPCR) analysis was performed using LightCycler
480 Software according to manufacturer protocols. Quantified
values for each gene of interest were normalized against the
input determined by the housekeeping gene glyceraldehyde 3-

phosphate dehydrogenase (GAPDH; Actb, NM_007393). We
custom designed the primers for the monkey species to detect
fibronectin, type IV collagen, and NF-jB (Supplementary Table
S1). Each assay was performed in triplicate utilizing mean
values for statistical analysis.

Statistical Analysis

Results are expressed as mean values 6 SD. Statistical analyses
were performed using GraphPad Prism (version 6.0; GraphPad,
San Diego, CA, USA) and SPSS software Version 24.0 (SPSS,
Chicago, IL, USA). A repeated-measures mixed model ANOVA
was used to compare changes in outflow facility. Paired-
samples t-tests were performed for comparisons of all other
measurable parameters. Probability values less than 0.05 were
considered statistically significant.

RESULTS

Oxygen Measurements

Baseline pO2 measurements demonstrated levels very similar
to human patients in our previous studies24,31 with noted
steep oxygen gradients in the AC from 20.4 6 1.8 mm Hg at
the corneal endothelial surface decreasing to very low levels
of 1.5 6 0.8 mm Hg at the anterior lens surface (Fig. 4).
Following vitrectomy surgery, pO2 increased significantly in
the PC from baseline of 6.2 6 1.8 to 9.5 6 1.5 mm Hg (P <
0.05) and increased additionally following PE/IOL implanta-
tion to 14.3 6 2.0 mm Hg (P < 0.05). Following the second
surgical intervention of PE/IOL implantation, statistically
significant increases in pO2 were also measured at the lens
surface from baseline of 1.5 6 0.8 to 11.9 6 2.2 mm Hg (P <
0.01), in the AC angle from 11.3 6 1.7 to 20.5 6 2.4 mm Hg
(P < 0.01), and in the center of the vitreous from baseline of
6.4 6 1.5 to 12.7 6 2.5 mm Hg (P < 0.05; Fig. 5). One
monkey sustained a retinal detachment following the
vitrectomy procedure, and only baseline measurements were
included in the data analysis.

IOP

IOP measurements were compared between control and
surgical eyes at the three time points and at each time point
compared to baseline (Fig. 6). There was no difference in IOP
at baseline between the two groups. There was a statistically
significant increase in IOP in the surgical eyes from 19.1 6 2.9
mm Hg at baseline to 22.6 6 3.1 mm Hg after PPV/IOL
placement (P < 0.05) and between the surgical (22.6 6 3.1
mm Hg) and control eyes (17.4 6 3.7 mm Hg) at the final time
point (P < 0.05).

Outflow Facility Measurements

Measurements of outflow facility were performed by pneuma-
tonography at baseline, after recovery from PPV, and after PE/
IOL 6 weeks prior to euthanasia and by AC perfusion technique
at baseline and after both surgical interventions 12 weeks
before euthanasia. Neither technique revealed any significant
differences in comparison between surgical and sham control
and compared with baseline (Tables 1, 2). Repeated-measures
mixed-model ANOVA did not identify P < 0.05 in any ratio
comparisons.

Histologic Analysis

TM cell counts were performed from sections of the AC angle
by a masked individual. No significant differences were
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measured between control and surgical eyes (Supplementary
Fig. S1). No differences in optic nerve axon cell counts were
noted between the surgical group and controls (data not
shown).

TM Immunochemistry

AC angle specimens underwent immunochemistry staining for
fibronectin and 8-OHdG (Fig. 7). Although there appeared to
be an increase in fibronectin deposition in the surgical group,
further quantification by fluorescence density measurements
did not confirm this finding. Only 8-OHdG revealed a
statistically significant increase of fluorescence density follow-
ing the surgical interventions (16.6 6 4.5) compared with
controls (8.8 6 3.4, P ¼ 0.012). The diffuse distribution of 8-
OHdG throughout the extracellular matrix and the fibronectin
appeared to be more granular with deposition in the TM cell
cytoplasm. No differences were identified in immunochemistry
staining for type IV collagen and NF-jB in specimens from
control and surgical eyes (data not shown).

qPCR Analysis of TM

TM specimens underwent precise laser micro-dissection to
isolate the TM for qPCR analysis, using specific macaque

primers (Supplementary Table S1). Paired t-test analysis did not
show significant differences in fibronectin or NF-jB expression
in the TM of the control versus surgical eyes (Supplementary
Fig. S2).

Aqueous and Vitreous Humor Analysis

AsA levels significantly decreased in surgical eyes compared
with baseline in both aqueous (1.55 6 0.12 to 1.11 6 0.21
mM, P¼ 0.002) (Fig. 8) and vitreous humor specimens (2.03 6

0.35 to 1.29 6 0.2 mM, P¼ 0.02). TRAP was also decreased in
the aqueous (440 6 79 to 369 6 43 Trolox units, P¼0.01) and
vitreous (568 6 96 to 432 6 62 Trolox units, P < 0.03) in the
surgical group (Fig. 8). There were no differences in either AsA
or TRAP in baseline measurements of the control group
compared with the surgical group. 8-OHdG levels in aqueous
humor were increased after PPV compared with control (0.60
6 0.25 versus 0.36 6 0.29 ng/mL, P ¼ 0.03) and further
increased compared with control after PE/IOL (0.77 6 0.36
versus 0.51 6 0.3 ng/mL, P ¼ 0.02) (Fig. 9). There were no
significant differences in 8-OHdG levels measured in vitreous
humor specimens collected at the conclusion of the study
comparing the PPV/IOL group and controls (Fig. 9).

FIGURE 3. Laser dissection of fresh frozen TM tissues. (A) Baseline histologic image of AC angle region. (B) Laser pen delineation of TM (green). (C)
Laser dissection of TM along outline. (D) TM tissue excised without contamination by adjacent tissues. Green bar at lower right corner of images:
200 lm.
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DISCUSSION

Our precise techniques of intraocular pO2 measurements
have confirmed stable oxygen gradients in a variety of
species.24,31–33 This current study is the first to demonstrate
that PPV leads to a significant increase in pO2 in the AC angle
and PC of this nonhuman primate species. Unlike human
patients, however, we did not observe development of
nuclear sclerotic cataract following PPV, which may relate

to the limited mean time interval for observation and
assessment (9 6 3 months), as well as other yet unknown
factors. This phenomenon has not been described in any
other species to date. As in our human patients, the baseline
environment surrounding the lens is quite hypoxic, increas-
ing in the PC but not at the anterior surface of the lens after
vitrectomy surgery. Our human studies did not confirm
correlations of increased pO2 in any intraocular location
following any surgical intervention with glaucoma diagnosis

FIGURE 5. Intraocular oxygen measurements at baseline and after each surgical intervention at specific intraocular locations. All measurements are
from surgical eye except at the lens and PC (baseline*), which were obtained from the control eye before euthanasia. Data values: mean 6 SD.
Paired-samples t-test was used for statistical analysis. NA, no measurement performed.

FIGURE 4. Comparison of mean intraoperative baseline oxygen distribution in monkey, human, and rabbit eyes at noted locations (mm Hg). Both
eyes of six monkeys underwent baseline measurements in the AC, but only the surgical eye was included for pO2 measurements in the vitreous and
adjacent to the lens. The human study was comprised of reference group undergoing cataract extraction (anterior segment measurements)24 and
patients undergoing PPV (posterior segment measurements).33 Oxygen distribution in rabbit eyes32 is also displayed for comparison.
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(Siegfried et al., unpublished data, 2016). We hypothesized
that prolonged exposure to increased pO2 after PPV/IOL may
be a risk factor for the development of open angle glaucoma.
We previously reported inverse correlations of pO2 in the AC
angle with central corneal thickness,34 as well as increased
pO2 in all measured locations in African-American subjects
compared with Caucasians.35 Central corneal thickness36–38

and African racial descent39–43 have both been identified as
important independent risk factors for both development and
progression of open angle glaucoma.

‘‘Oxidative stress’’ is defined as an increase of intracellular
concentrations of reactive oxygen species (ROS), including
hydrogen peroxide, singlet oxygen, superoxide anion, and
hydroxyl and peroxyl radicals. Oxidative stress, and the
imbalance of ROS and antioxidants, may lead to oxidative
damage of cellular components including DNA, enzymatic and
structural proteins, and membrane lipids. Oxidative damage
has been identified as playing a role in several ocular diseases
including Fuchs’ corneal dystrophy,44 age-related cataract,45

macular degeneration,46 and diabetic retinopathy.47 The
contribution of oxidative damage to the pathogenesis of
glaucomatous optic neuropathy has been described in a
multitude of studies,48–51 but the source of these free radicals
and/or alterations of the oxidant–antioxidant balance have not
been confirmed in the eye. Sacca et al. demonstrated that
oxidative stress initially damages TM cells and subsequently
alters nitric oxide and endothelin homeostasis, resulting in the
final end point of glaucomatous loss of retinal ganglion cells.52

TM mitochondrial damage also plays a key role53 as these
organelles are an important endogenous source of ROS.54

Many studies provide evidence of oxidative damage and
reduced resistance to oxidative stress in the outflow pathway
and in retinal ganglion cell degeneration.51,55 Increased DNA

oxidative damage has been documented in TM cells of
glaucoma patients compared with controls,56 correlating with
IOP level and visual field loss.57 Increased levels of 8-hydroxy-
20-deoxyguanosine, a recognized biomarker of oxidative DNA
damage, have been observed in the serum and aqueous humor
of glaucoma patients,58 in addition to TM of patients with open
angle glaucoma as noted above. In our present study, the
limited observation time after surgical interventions may have
reduced our ability to detect significant changes in TM function
as measured by outflow facility, although statistically significant
increases in IOP were documented in surgical eyes versus
control. This IOP increase is consistent with several human
postvitrectomy studies with 12 to 57 months of follow-
up,14–17,20 including an ongoing prospective study.23 We
identified increased levels of 8-OHdG in aqueous humor
following PPV/IOL compared with control monkey eyes. This
finding was not confirmed in vitreous specimens, suggesting
this biomarker of oxidant damage specifically identified
indirect evidence of oxidative damage in the structures of the
anterior segment bathed by aqueous humor. 8-OHdG has been
identified in various body fluids and tissues including
cerebrospinal fluid, serum, and urine.59,60 The modified DNA
is excised and exported into extracellular fluids. Levels of 8-
OHdG in cerebrospinal fluid may reflect severity and duration
of neurodegenerative disease.61

Ocular exposure to visible and ultraviolet light irradiation is
greater than any other organ except skin; therefore, protective
antioxidant mechanisms are required to prevent cellular
oxidative damage caused by ROS. As ROS are defined by their
high reactivity and transient nature, these elements cannot be
measured in a direct assay.62 Research involving these
molecules requires indirect analysis via antioxidant assays.
Extremely high levels of AsA have been measured in aqueous
and vitreous humor,28,63 as well as corneal epithelium64 and
lens,65 compared with plasma in diurnal animals. Shui et al.28

showed in ex vivo experiments that molecular oxygen
metabolism in vitreous gel is AsA dependent and that AsA is
the principal regulator of intraocular oxygen. In vivo pO2

measurements in human subjects performed immediately (75.6
6 4.1 mm Hg) and months to years after vitrectomy surgery
(13.3 6 0.8 mm Hg) were significantly higher compared with
baseline prior to vitrectomy surgery (7.1 6 0.5 mm Hg; P <
0.0001 and P < 0.003, respectively).33 Other water-soluble
molecules and enzymes such as glutathione, superoxide
dismutase, catalase, and glutathione peroxidase also play a
role in aqueous humor antioxidant protection, but we
identified AsA as the most significant component (approxi-
mately 75%) of human aqueous humor TRAP, a ‘‘global’’
measure of antioxidant status (Siegfried et al., unpublished
data, 2016). Our current findings of significantly decreased
levels of AsA and TRAP in aqueous and vitreous humor
specimens after PPV/IOL suggest antioxidant depletion in the
presence of increased oxidative stress. Increased pO2 in the
anterior and posterior segments after vitrectomy and lens
extraction may be a source of these ROS, which cannot be
accurately quantified as noted above. In contrast, PE/IOL
without vitrectomy does not result in statistically significant

TABLE 1. Monkey Outflow Facility Measured by Pneumatonography Technique

lL/mim/mm Hg

Surg/Cont Surg/BL Cont/BL

Surg

(% of BL)

Cont

(% of BL)

(Surg/BL)/

(Cont/BL)Control Surgical

Baseline 0.534 6 0.20 0.516 6 0.18 1.028 6 0.13 – – – – –

Post-PPV 0.444 6 0.15 0.403 6 0.11 0.929 6 0.08 0.878 6 0.16 0.907 6 0.14 87.8 6 16.13 90.7 6 13.96 0.954 6 0.13

Post-PPV/IOL 0.399 6 0.18 0.315 6 0.17 0.783 6 0.10 0.704 6 0.20 0.888 6 0.28 70.4 6 19.52 88.8 6 27.63 0.835 6 0.17

n¼ 5 at all time points. Data values: mean 6 SD. Ratios are unitless. BL, baseline; Cont, sham control eye; Surg, surgical eye.

FIGURE 6. IOP at baseline and after each surgical intervention. Data
values: mean 6 SD, n ¼ 5.
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increased pO2 in the AC angle.24 In these cases, postoperative
IOP is reduced and has been theorized to be due to anatomic/
biometric parameter changes,66 posterior movement of the
lens diaphragm dilating Schlemm’s canal, and increasing
aqueous outflow,67 as well as possible induction of inflamma-
tory cytokines by ultrasonic phacoemulsification energy,

which may stimulate metalloproteinase production and re-
modeling of the trabecular meshwork.68

A recently published systematic review and meta-analysis of
oxidant–antioxidant stress markers in serum and aqueous
humor69 also demonstrated a decreased total antioxidant status
in both fluids in glaucoma patients compared with controls

FIGURE 7. Immunohistochemical staining of trabecular meshwork from monkeys after surgical interventions. Fluorescence density measurements
of fibronectin (red) and 8-OHdG (green) and merged with DAPI (nuclear staining). High-magnification images show differing distributions of
fibronectin (red), 8-OHdG (green) in the trabecular meshwork, and merged image with DAPI. Data values¼mean 6 SD, n¼5. Scale bars denote 20
and 100 lm. (A) Quantitative fluorescence densities for 8-OHdG and (B) fibronectin.

TABLE 2. Monkey Outflow Facility Measured by AC Perfusion Technique

lL/mim/mm Hg

Surg/Cont Cont/BL Surg/BL

Cont

(% of BL)

Surg

(% of BL)

(Surg/BL)/

(Cont/BL)Control Surgical

Baseline 0.307 6 0.04 0.379 6 0.07 1.245 6 0.10 – – – – –

Post-PPV/IOL 0.268 6 0.03 0.352 6 0.04 1.330 6 0.12 0.888 6 0.07 0.940 6 0.05 88.8 6 6.86 93.984 6 4.53 1.083 6 0.09

n¼ 5 at all time points. Data values: mean 6 SD. Ratios are unitless.
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(patients undergoing cataract surgery). The antioxidant de-
crease was greatest in serum specimens and most closely
correlated with the biomarker malonydialdehyde. TRAP is
decreased in glaucoma patients and animal models,29,70,71 but
AsA has shown both increased63 and decreased levels in
primary open and pseudoexfoliative glaucoma patients com-
pared with a control cataract group.29 In our study of glaucoma
patients, we did not identify changes in AsA levels but did find
a compensatory increase in non–AsA-dependent TRAP levels
(Siegfried et al., unpublished data, 2016). This complex
balance of oxidant–antioxidant status within the eye requires
further study of correlations and compensatory mechanisms.

In our TM analysis, we did not identify loss of cellularity or
other morphologic changes characteristic of primary open
angle glaucoma. Oxidative stress may affect TM cells by
activation of the NF-jB pathway,72,73 as well as alter the
extracellular matrix composition including deposition of
fibronectin.74 qPCR analyses for NF-jB and fibronectin,
potential markers of glaucomatous pathology, did not reach
statistical significance. However, a biomarker of oxidative
damage, 8-OHdG, was notably increased in TM tissue, perhaps
an early finding prior to functional damage associated with

decreased outflow facility. TM tissue is more sensitive to
oxidative damage than other ocular tissues, as assessed by
hydrogen peroxide exposure.75 Oxidative damage to DNA is
also greater specifically in the TM of glaucoma patients
compared with controls56 and correlates with visual field loss
and IOP.57

Our selection of this older primate in middle age
(equivalent to 50 to 55 human years) has limitations due to
the restricted subject number and short period of postsurgical
follow-up for a disease of oxidative damage that may take
several years to alter TM structure and function. These factors
may explain the lack of significant changes in our measured
parameters. The qPCR analysis may not have been directed at
appropriate genes for study, and perhaps future studies
including broad analysis with differential gene expression will
be more productive.

Oxidative damage to the TM, an important factor in the
development of open angle glaucoma, is not well understood
in terms of initiating factors other than as an ‘‘age-related’’
phenomenon. We hypothesize that specific factors, such as
increased oxygen levels, may affect the local environment of
the AC angle. This may alter this region’s oxidant–antioxidant

FIGURE 9. (A) 8-OHdG levels in aqueous humor at surgical interventions. (B) Vitreous humor obtained before euthanasia (post-PPV/IOL). Data
values¼mean 6 SD, n¼ 5. Paired-samples t-test used for data analysis.

FIGURE 8. (A) AsA levels in aqueous and vitreous humor. (B) TRAP assay of aqueous and vitreous at baseline and after surgical interventions. n¼ 5.
Paired-samples t-test used for statistical analysis.
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status, resulting in increased exposure to ROS. Our current
analysis of aqueous humor specimens in this animal model
suggests that antioxidant potential, reflected in decreased AsA
and TRAP levels, is depleted in the presence of increased free
radicals. Increased IOP and biomarker evidence of oxidative
damage in both the TM and aqueous humor may provide
insight into how oxygen homeostasis alters one’s risk of open
angle glaucoma after vitrectomy and potentially lead to future
targeted therapies for this blinding condition.
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