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Abstract

While the death of retinal ganglion cells in glaucoma is frequently associated with an elevation of
intraocular pressure (IOP), the mechanisms connecting the two processes remain unclear.
Extracellular ATP is released throughout the body in response to mechanical deformations. We
have previously shown that patients with an acute rise in IOP have an elevated concentration of
ATP in the anterior chamber. In the present study we ask whether ATP levels remain increased in
patients with chronic elevations of IOP. The concentration of ATP in samples of aqueous humor
obtained from patients with primary chronic angle-closure glaucoma (PCACG) was compared
with that from control cataract patients whose IOP was normal. The mean ATP concentration in
aqueous humor was 14-fold higher for PCACG samples than for control. ATP levels were
correlated with IOP and the cup-to-disk ratio (C/D ratio). Brief treatment of Timolol, Alphagan,
Pilocarpine and/or Azopt did not affect the rise in ATP concentration. In conclusion, sustained
elevations in extracellular ATP levels accompany the chronic elevation of IOP in chronic
glaucoma. As numerous ocular tissues express purinergic receptors, an increased extracellular
ATP may have diverse physiological and pathophysiological effects.
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1. Introduction

Extracellular ATP acts as a transmitter throughout the body, stimulating both ionotropic
P2X and metabotropic P2Y receptors (North 2002, Jacobson and Boeynaems 2010). While
ATP is released from both neural and non-neural tissues in response to a range of stimuli
(Schwiebert 2001; Corriden and Insel 2010), mechanical perturbation is one of the most
effective triggers (Burnstock 1999; Burnstock 2009). Tissue distention (Knight et al. 2002),
increased sheer stress (Burnstock 1999) and cell swelling (Mitchell et al. 1998, Li et al.
2011) all trigger ATP release from varied cell types.

Glaucoma is a complex multifactorial disease associated with the death of retinal ganglion
cells, and elevated intraocular pressure (I0OP) is its most common risk factor (AGIS 2000).
The degree of mechanical strain on ocular tissues is a key risk factor for the death or retinal
ganglion cells (Norman et al. 2010), although the mechanical effects of strains on posterior
structures are better understood than on anterior structures. Mechanosensitive release of
ATP has been proposed to contribute to the pathophysiology in glaucoma (Mitchell and Lu
2008; Mitchell et al. 2009). Several observations support a link between acute elevations in
IOP and the release of ATP. Elevation of hydrostatic pressure in the bovine eyecup triggers
an ATP release associated with pannexin hemichannels that is not linked to cell lysis
(Reigada et al., 2008). Much of the damage to retinal ganglion cells in a rat model of acute
IOP elevation is mediated by released ATP (Resta et al. 2007). In human patients with
primary acute angle-closure glaucoma (PAACG) the ATP levels in aqueous humor are nine-
fold higher than in controls (Zhang et al. 2007).

While ATP release is clearly triggered by acute increases in 10P, the vast majority of
glaucoma patients experience chronic IOP elevation. We thus asked whether ATP
concentrations in the aqueous humor in primary chronic angle-closure glaucoma (PCACG)
are similarly elevated and examine key factors in this relationship.

2. Methods

2.1. Patient recruitment and aqueous humor collection

Agueous humor was collected from 55 patients (56 eyes) at Zhongshan Ophthalmic Center,
Sun Yat-sen University, Guangzhou, P.R. China. For one patient, samples were taken from
both eyes. All patients were first-time visitors with no previous ocular medication
experience. Thirty-five were PCACG patients, and twenty were cataract patients undergoing
routine cataract surgeries (phaco-emulsification plus intraocular lens implantation). All were
members of the Han Chinese ethnic group. The PCACG group comprised 18 males and 17
females; while the control group had 13 males and 7 females. All procedures were
performed with informed consent and with the approval of the Sun Yat-sen University
Institutional Review Board, and followed the Declaration of Helsinki. The Instutional
Review Board of the University of Pennsylvania granted Exempt Status to allow data
analysis to be performed remotely.

PCACG patients were diagnosed under standard guidelines (Foster et al., 2002); (1)
anatomical abnormality confirmed by slit-lamp biomicroscopy and gonioscopy, namely a
partially or totally closed anterior chamber angle [Numerical grade = 0 by Shaffer’s grading
system (Van Herick et al., 1969)], peripheral anterior synechiae (PAS) > % circumference,
and a shallow anterior chamber determined by Smith’s method (Smith, 1979); (2) IOP > 21
mmHg measured by Goldman applanation tonometry; (3) some degree of glaucomatous
optic atrophy, including cup to disc ratio (C/D) = 0.5, and a visual field defect as determined
by Humphrey computerized automated perimetry (Carl Zeiss Meditec). Upon admittance,
patients were screened to rule out any disease which would preclude suitability for ocular
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surgery .and were free of additional ophthalmic complications. The “History” of the disorder
was self reported based upon glaucomatous symptoms perceived by the patients (e.g. a
feeling of fullness in the eye, blurred vision, eye pain), and is related to the magnitude of
elevated 0P, the tolerance of individual patients, the severity of symptoms, as well as the
accessibility to medication, and the economic status of patients. Furthermore, due to the
latency of chronic angle closure glaucoma as well as atypical symptoms in the early stage, it
is not feasible to get a completely accurate record of duration of PCACG. Although these
qualifications make the parameter of limited value, this “History” is perhaps the only
currently available way to estimate the duration of PCACG in one-time visitors.

The first goal of treatment was to administer drugs to lower 10P. If the IOP levels did not
fall to below 21 mm Hg within 72 hrs, surgery was performed to reduce IOP. Patients had
IOP measured when initially examined (Tg) and after drug treatment was completed (T).
Only patients with both Tg and T greater than 21 mmHg were schedules for surgery and
sample acquisition. As a group, IOP did not respond to treatment(s) in these patients, with a
mean decrease of 1.0 = 1.2 mm Hg.

Agueous humor samples were collected by a procedure described previously (Zhang et al.
2007). An anterior chamber paracentesis was performed in order to relieve the IOP before
trabeculectomy surgery as this procedure has previously been found effective (Carnahan and
Platt 2002; Lam et al. 2002). A 50-100 L sample of aqueous humor was removed before
trabeculectomy surgery. Samples were frozen at —80°C for later analysis. Using the same
method, samples of aqueous humor were also obtained from the anterior chamber of 20
routine cataract patients by the same ophthalmic surgeon (Dr. Zhang). The 10P of control
cataract patients was within the normal range and patients were free of other ocular or
systemic disease. Since cataract patients were not treated with antiglaucomatous drugs, their
IOP was measured only once, and T was thereby regarded to be commensurate with Tg. In
all patients, recorded IOP was the mean of three measurements using Goldmann applanation
tonometry. The cup-to-disk ratio (C/D) was determined by a glaucoma specialist (Dr.
Zhang) using indirect ophthalmoscopy.

2.2 ATP measurements

Sample ATP concentration was determined by the chemiluminescent luciferin-luciferase
reaction based on a previously-published method with some modification (Reigada and
Mitchell, 2005; Reigada et al., 2006; Zhang et al., 2007). In brief, 5 ml of distilled water was
added to a vial of ATP Assay Mix (Sigma-Aldrich Co., St Louis, MO). Measurements were
made by combining 50 pL diluted assay mix with 50 uL sample per well of a white 96-well
microplate, and the luminescence intensity read by a microplate luminometer (Orion Il
Luminometer, Berthold Detection Systems, TN) was then converted into ATP concentration
using a standard curve constructed daily. This modified method provided adequate
sensitivity to detect ATP in aqueous humor. All samples were obtained under sterile
conditions, stored at —80°C and thawed on ice just before measurement to minimize ATP
degradation.

2.3. Data analysis

All data are shown as means + SEM, and 7 is the number of eyes studied. Statistical
analyses were performed using SPSS software (SPSS Inc., Chicago, IL). Wilcoxon test and
Mann-Whitney U test were utilized to compare two sets of paired or unpaired data,
respectively; Kruskal Wallis test was applied in comparing three or more sets of data. The
relationship between parameters was determined using Spearman’s Rank Order Correlation
(SROC). All data at p< 0.05 are defined as significant.
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3. Results

3.1. Basic characteristics of PCACG and Control Groups

The clinical manifestations for PCACG and control patients are listed in Table 1. PCACG
patients had a mean age of 54.3+1.6 years. The initial IOP levels measured upon admission,
To, ranged from 22 to 56 mmHg with a mean pressure of 35.1+1.6 mmHg (n=36). After
being hospitalized, they were treated with multiple drugs for 1-3 days. Surgery and sample
collection was performed only on patients who did not significantly respond to IOP-
lowering drugs; the IOP of glaucoma patients shortly before surgery, T, was 34.5+1.3
mmHg (Fig. 1A). The average anterior chamber depth in these PCACG patients was
1.75+0.06 mm, largely similar to previous reports (Delmarcelle et al., 1969; Lowe, 1970).
All patients had a self-reported history of ocular discomfort and/or decrease in vision lasting
an average of 23.5+5.1 months before presentation at the clinic.

Control patients had a greater average age of (67.7+1.4 years, n=20, p< 0.001 vs. PCACG
group). The mean I0OP of control patients was 14.6+£0.6 mmHg (Fig. 1A).

3.2. ATP concentration rises with I0P

In control eyes, the concentration of ATP in aqueous humor ranged from 9 to 44 pM with a
mean of 23+£3 pM (n=20). This is consistent with values reported previously (Zhang et al.,
2007). In contrast, ATP concentration in PCACG patients varied broadly from 12 to 1510
pM, with a mean of 342+64 pM (n=36). On average, these values were 14-fold higher than
in control (p<0.001, Fig. 1B).

The connection between IOP and extracellular ATP concentration was further probed by
correlating the two parameters. ATP levels rose as a function of IOP, with a Spearman Rank
Order Correlation (SROC) coefficient of 0.668 (p<0.001; Fig. 1C). The cup to disk ratio (C/
D) was also significantly higher in PCACG patients than control, with a mean value of
0.82+0.03 in glaucomatous patients and only 0.33+0.02 in control (p< 0.001, Fig. 2A). The
C/D levels were correlated both with IOP measurements (SROC= 0.738, p<0.001; Fig. 2B)
and extracellular ATP levels (SROC =0.762, p<0.001; Fig. 2C).

Collecting aqueous humor samples by anterior chamber paracentesis transiently reduced the
volume of the intraocular fluid and decreased the 10P, which potentially induced a
mechanical perturbation. To exclude the possibility that the increased ATP concentrations of
PCACG were due to collecting distinct amounts of aqueous humor, all of the samples were
obtained by the same ophthalmic surgeon observing a fixed procedure, and carefully
quantified before storage. The average volume of aqueous humor collected from PCACG
patients was 72.7 + 2.6 uL (n=36), which was not significantly different from that obtained
from Control (77.2 £ 3.4 pL, n=20, p=0.221). Moreover, the ATP level was not correlated
with the collected liquid amount (SROC=-0.220, p=0.103). This suggests that ATP levels
were not influenced by sampling.

3.3 ATP levels did not change with duration of symptom history, age or drug treatment

The elevation of ATP in the aqueous humor of patients suffering from a chronic increase in
IOP implies that the release of ATP is a sustained event. However, the release of
transmitters can also be phasic, with release greatest during the initial manifestation of
disease. As such, the relationship between ATP concentration and the history of symptoms
was examined (Table 2). There was no correlation between duration of symptoms and ATP
levels (SROC = - 0.05, p=0.75; Fig. 3A). Further, although PCACG patients were
significantly younger than control patients, there was no correlation between age and ATP
levels (Table 2).
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All PCACG patients were given one or more drugs to lower their IOP between their initial
examination upon admittance to hospital and surgery 2—3 days later. Although the patients
in this study were selected for surgery because the drugs failed to bring about a substantial
reduction of IOP, it is possible that treatment might have affected ATP levels in the aqueous
humor. It is particularly important to determine if treatments affected ATP levels as control
patients did not receive any of the administered drugs. Four topical anti-glaucomatous drugs
[Timolol, Alphagan (Brimonidine), Pilocarpine and Azopt (Brinzolamide)] with disparate
mechanisms of action to lower IOP were applied. As most patients received multiple drugs,
their effect on ATP levels was determined by comparing levels in the presence and absence
of an individual drug. ATP concentrations in the eyes receiving a specific a particular drug
treatment (+) were not statistically different from those not receiving that specific drug (=)
(7>0.05, Table 3; Fig. 3B). Moreover, ATP concentration of an experimental group with a
designated drug treatment did not differ from other three groups treated with different drugs.
(p=0.644, Table 3). Of the drugs used, Timolol, Alphagan, and Azopt act as aqueous humor
suppressants, while pilocarpine does not. However, Table 3 indicates that there is no
significant effect on ATP concentration between eyes treated with pilocarpine, suggesting
changes in ATP level are not due to alterations in aqueous dynamics. Of note, no drug
interfered with the luciferase assay used to measure ATP levels. Therefore, the increased
ATP levels detected in the aqueous humor of PCACG patients is unlikely to have been
influenced by drug treatment.

4. Discussion

This study demonstrates that ATP levels in the aqueous humor of patients with primary
chronic angle closure glaucoma are elevated. Our prior data from patients with primary
acute angle closure glaucoma demonstrated a strong association between high 10P and
extracellular ATP concentration in the aqueous humor (Zhang et al., 2007). The current
observation that extracellular ATP is raised in patients with chronic elevation of IOP
suggests that excess levels of extracellular ATP may be a common occurrence in glaucoma
patients.

Several observations strengthen the relationship between elevated IOP and increased ATP
levels. The patients identified as suffering from PCACG had a 14-fold increase in ATP
concentration in their aqueous humor as compared with Controls (Fig 1B). ATP levels were
significantly correlated with both IOP (Fig 1C) and the cup to disc ratio (Fig 2C). ATP
levels were not influenced either by the duration of the symptoms (Fig. 3A) or the short term
treatment with anti-glaucoma drugs (Fig. 3B). Together, these observations imply that
extracellular ATP levels are likely increased in human patients with a chronic elevation of
IOP.

The lack of a correlation between ATP levels and the length of symptom history suggests
that extracellular ATP levels are elevated regardless of the length of IOP elevation. In other
words, elevation in ATP levels appears to be sustained. The history information obtained by
a self report is somewhat unreliable, although given the variable onset of chronic angle-
closure glaucoma can be the only estimate of the onset of the disorder. However, the
complete lack of correlation between this “History” and ATP levels suggests the parameters
are unlikely to be linked with more accurate estimates of the disease onset. Regardless, the
close correlations between the cup to disk ratio and IOP, and the cup to disk ratio and ATP
levels suggest that I0P levels were raised for a sufficiently long time period to produce a
substantial loss of ganglion cell axons. The cup to disc ratio is commonly accepted in the
clinic as an indicator of both the magnitude of IOP elevation and its duration (Tanito et al.
2003), and is closely related to the severity of visual field loss in PCACG patients (Gazzard
et al. 2003). On this basis it is reasonable to conclude that the 0P in these patients was
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elevated for some time, and given their 14-fold ATP increase in levels, conclude that the rise
in ATP can be sustained in chronic glaucoma.

From a mechanistic standpoint, it is unclear whether sustained increase or oscillations in
IOP are responsible for the release in ATP. An in vitro model indicated that modest
elevations in pressure gave only transient release of ATP, while larger pressures triggered a
more sustained release (Reigada et al. 2008). The normal circadian variation in IOP, with
highest levels in the morning, may be exaggerated in PCACG patients. The fluctuation in
IOP is larger in eyes with elevated 10P in general (Bengtsson and Heijl 2005) and
specifically in PCACG patients (Baskaran et al. 2009). Some, but not all, studies suggest
this fluctuation may itself be a risk factor for chronic glaucoma progression (David et al.
1992, Gazzard et al. 2003; Sihota et al. 2005; Caprioli 2007; Hong et al. 2007). It is thus
possible likely that the cyclical deformation that results from these fluctuations in IOP
contributes to the increased concentration of ATP in the aqueous humor of PCACG patients.

The elevated cup to disc ratio and self reported history suggests that the patients in this study
went for a considerable time without pharmacological treatment, and patients were only
given drugs for a brief time as part of this study. As such, the confounding effects of drug
treatment were relatively easy to rule out. Neither the presence nor the absence of treatment
with Timolol, Alphagan, Pilocarpine and/or Azopt altered ATP levels (Fig. 3B).

Physiological source and implications of elevated ATP

ATP is rapidly degraded by ubiquitous nucleotidases and thus the turnover is high (Joseph et
al., 2003; Robson et al., 2006). As such, the sustained elevation in extracellular ATP levels
implies that ATP is released continually. The precise origin of the ATP measured in the
anterior chamber is unknown. The ciliary epithelium is the most likely source given its role
in secreting aqueous humor, and its ability to release ATP upon swelling (Mitchell et al.
1998, Li et al. 2010). However, mechanical perturbations are known to release ATP from a
variety of ocular cells including the corneal endothelium (Gomes et al. 2005a), lens (Eldred
et al. 2003, Shahidullah et al. 2011), trabecular meshwork (Fleischhauer et al. 2003, Leung
et al. 2009, Luna et al. 2009), retinal pigmented epithelium (Mitchell 2001), and whole
retina (Reigada et al. 2008). Preliminary data also suggest release from retinal ganglion cells
(Xia et al. 2010) and retinal astrocytes (Beckel et al. 2011). It is thus likely that the elevated
ATP in aqueous humor observed in the present study reflects release primarily from the
ciliary epithelium with additional contributions possible from numerous other cell types. Of
note, the pressure-dependent release of ATP from the retina was not accompanied by an
elevation in lactose dehydrogenase, implying the release can be a physiological response to
stretch and not necessarily a result of cell lysis (Reigada et al. 2008). It is of course possible
that the increased levels of ATP result from a decreased activity of ecto-ATPases, although
preliminary data suggest an increase in ecto-ATPase levels in the glaucomatous eye (Lu et
al., 2009)

An elevated concentration of ATP may have a variety of actions in the anterior eye. The
ATP could stimulate purinergic receptors directly or indirectly via its metabolites ADP and
adenosine. In the anterior eye, ATP could stimulate multiple P2Y receptors on trabecular
meshwork cells (Crosson et al. 2004) or corneal endothelial cells (Gomes et al. 2005b). As
stimulation of P2 receptors has been linked to pain signaling (Burnstock 2006, Donnelly-
Roberts and Jarvis 2007), it is possible that an increased level of ATP could explain the
severe ocular pain experienced during acute elevations in 10P. Further, following ATP
dephosphorylation, adenosine could act at receptors in the trabecular meshwork to modulate
outflow facility (Fleischhauer et al., 2003; Crosson et al. 2005), or stimulate A3z receptors on
the non-pigmented ciliary epithelial cells to decrease inflow (Mitchell et al. 1999). It is not
clear whether ATP in the anterior eye targets only anterior receptors or whether it can also
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stimulate receptors in the retina. In this regard, the ability of P2X7 receptor stimulation to
kill retinal ganglion cells in vitro (Zhang et al. 2005) and in vivo (Hu et al. 2010), and of the
pressure-induced ATP release to impede the transmission of the visual signal to the brain
(Resta et al. 2007), is of particular relevance as these cells are on the front edge of the retina.
Regardless of the source of ATP activating the receptors in the posterior and anterior eye, it
should be emphasized that although the absolute concentrations of ATP measured in this
study were low, released ATP can be orders of magnitude higher near cell membranes than
that sampled in the bath solution (Beigi et al., 1999). As such, ATP may well be able to act
on purinergic receptors. Whether such action is ultimately protective or detrimental to ocular
health remains to be determined given the complexities of purinergic signaling in the eye.

Conclusions

This study demonstrates that the concentration of extracellular ATP in the aqueous humor of
patients with PCACG is elevated 14 fold over controls. This implies that purinergic signals
can potentially contribute to the pathologies in chronic glaucoma.
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Figure 1. ATP Concentrations in the Aqueous Humor Link to IOP

A. IOP levels from all Control and PCACG patients. The mean level of IOP from PCACG
patients (n=36) measured shortly before surgery was significantly higher than that from
Control patients (n=20). Whiskers represent 90t and 10t percentile with upper and lower
dots representing all outliers. * p<0.001 vs. control by Mann-Whitney test.

B. The mean level of ATP from PCACG patients (n=36) was 14-fold higher than that from
Control patients (n=20). Whiskers represent 90t and 10t percentile with upper and lower
dots representing all outliers. * p<0.001 vs. Control by Mann-Whitney U test.
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C. The concentration of ATP in aqueous humor was correlated to 0P, with a Spearman’s

Rank Order Correlation coefficient of 0.668 (p<0.001). Circles represent data from
individual PACCG patients and triangles are from Control.
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Figure 2. The Cup to Disc Ratio

A. The cup to disc ratio (C/D) was significantly higher in PCACG patients (n=36) than
Control (n=20; p<0.001; plot definitions as in Fig. 1).

B. The C/D levels changed in proportion to IOP Spearman’s Rank Order Correlation
coefficient of 0.738 (p<0.001).

C. The C/D levels also rose with the concentration of ATP; Spearman’s Rank Order
Correlation coefficients = 0.762, p<0.001. Circles represent data from individual PCACG
patients and triangles are from Control patients.
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Figure 3. Effect of Duration of Symptom History and Drug Treatment

A. The ATP concentration in aqueous humor did not change with length of symptom
history. Data are fit with a first-order regression (line). The data are not significantly
correlated with a Spearmans Rank Order of Correlation of — 0.05, p=0.75.

B. As more than one drug was typically given in the 2-3 days between admittance and
surgery, ATP levels were grouped by the presence (left) or absence (right) of a drug. Drugs
given were Timolol — T, Alphagan — A, Pilocarpine — P, Azopt- Z. “n” values are detailed in
Table 3; numbers total more than 36 because of the use of multiple drugs on a single patient.
For each drug, ATP levels with vs. without drug were not significantly different (£>0.05). In
addition, none of the groups were significantly different from one another.
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Spearman Rank Order Correlation Analysis between ATP Levels and Key Variables

PCACG Control
Key Variable SROC p SROC p
Age 0.259 0.128 0.176 0.459
History -0.055 0.751 0.219 0.354
To 0.339 0.043 -0.304 0.193
Duration -0.004 0.981 nfa
Numbers -0.162 0.345 nla

Page 16

Notes: SROC: Spearman rank order correlation coefficient. Age: Y, years; History: M, months between onset of symptom to hospitalization; TQ:

10P measured at hospitalization showed the mean of three measurements; Duration: D, days between start of drug treatment and sample collection;
Numbers: numbers of drugs applied before operation.
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