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a b s t r a c t
Glaucomatous optic neuropathy, an important neurodegenerative condition and the commonest optic neuropathy in humans, is the leading cause of irreversible blindness worldwide. Its prevalence and incidence increase exponentially with ageing and raised intraocular pressure (IOP). Using glaucomatous optic neuropathy as an
exemplar for neurodegeneration, this study investigates putative factors imparting resistance to neurodegeneration. Systemic mitochondrial function, oxidative stress and vascular parameters were compared from isolated
lymphocytes, whole blood and urine samples between 30 patients who have not developed the neuropathy despite being exposed for many years to very high IOP (‘resistant’), 30 fast deteriorating glaucoma patients despite
having low IOP (‘susceptible’), and 30 age-similar controls. We found that ‘resistant’ individuals showed signiﬁcantly higher rates of ADP phosphorylation by mitochondrial respiratory complexes I, II and IV, hyperpolarised
mitochondrial membrane potential, higher levels of mitochondrial DNA, and enhanced capacity to deal with cytosolic calcium overload and exogenous oxidative stress, as compared to both controls and glaucoma patients.
While it has been known for some years that mitochondrial dysfunction is implicated in neurodegeneration,
this study provides a fresh perspective to the ﬁeld of neurodegeneration by providing, for the ﬁrst time, evidence
that systemic mitochondrial efﬁciency above normal healthy levels is associated with an enhanced ability to
withstand optic nerve injury. These results demonstrate the importance of cellular bioenergetics in glaucomatous
disease progression, with potential relevance for other neurodegenerative disorders, and raise the possibility for
new therapeutic targets in the ﬁeld of neurodegeneration.
© 2015 Elsevier Inc. All rights reserved.

Introduction
The commonest optic neuropathy in humans is glaucomatous optic
neuropathy. This is an irreversible progressive neurodegenerative condition in which retinal ganglion cell axons are damaged and degenerate,
giving rise to a characteristic appearance of the optic nerve head and
pattern of visual ﬁeld (VF) loss (Weinreb and Khaw, 2004). Worldwide,
glaucomatous optic neuropathy is responsible for more blindness than
any other eye condition, except cataract, with 1 in 40 adults older
than 40 years, and 1 in 20 older than 80 years, suffering from the disease. This equates to 60 million affected people worldwide and 8.4 million being bilaterally blind, with this number estimated to rise to 11.1
million by 2020 as the population ages (Quigley, 2011).
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The major risk factors for progressive optic nerve damage are raised
intraocular pressure (IOP), lower blood pressure and greater age (Leske
et al., 2007). Raised IOP is the major causative risk factor for the neuropathy and several long-term clinical trials provide evidence that lowering
IOP slows progression (Heijl et al., 2002; Collaborative Normal-Tension
Glaucoma Study Group, 1998). Nevertheless, patients with glaucoma
deteriorate at all levels of IOP and despite IOP-lowering (Coleman,
1999), suggesting that other factors confer susceptibility.
Vascular factors and decreased optic nerve perfusion have been implicated in the pathogenesis of glaucoma; (Hayreh, 2001) large prospective clinical trials and epidemiological studies link low systolic and
diastolic blood pressure with disease prevalence (Memarzadeh et al.,
2010) and progression (Leske et al., 2007). Also, several non-ocular conditions consistent with vasospasm (including Raynaud's phenomenon)
reportedly occur at higher frequency in glaucoma patients (Gasser et al.,
1990).
Greater age is an independent risk factor for the development and
progression of glaucomatous optic neuropathy, consistently identiﬁed
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in large prospective clinical trials (Leske et al., 2007; Nouri-Mahdavi
et al., 2004) and epidemiological studies (Mitchell et al., 1996). The
mechanism by which greater age confers additional susceptibility is unknown and candidate pathways include mitochondrial function, cardiovascular disease and changes to the biomechanical properties of ocular
tissues. Chronological age is a surrogate for the biological age of tissues
and systemic mitochondrial function is a good marker of biological ageing. Mitochondrial dysfunction has been implicated causally in various
age-related neurodegenerative diseases, including Alzheimer's disease
(Lin and Beal, 2006) and Parkinson's disease, as described previously
by our group (Schapira et al., 1989; Schapira and Tolosa, 2010). Mitochondrial abnormalities are associated with several optic neuropathies,
including Leber's hereditary optic neuropathy (Wallace et al., 1988),
autosomal dominant optic atrophy and non-arteritic ischaemic optic
neuropathy (Bosley et al., 2004), and there is emerging evidence of mitochondrial involvement in glaucomatous optic neuropathy (Lascaratos
et al., 2012; Kong et al., 2009; McElnea et al., 2011). Speciﬁcally, a decrease in the mean mitochondrial respiratory activity (Abu-Amero
et al., 2006) and impaired complex-I-linked respiration and ADP phosphorylation have been reported in glaucoma patient lymphoblasts
(Lee et al., 2012), as well as pathogenic mitochondrial DNA mutations
(Abu-Amero et al., 2006; Sundaresan et al., 2015). However, previous
studies in human glaucoma have been cross-sectional and, therefore,
unable to identify the severity (rate of progressive deterioration) of
the neuropathy in relation to risk factors.
To date, it is not clear to what extent systemic mitochondrial function contributes to, or protects from, the development of glaucomatous
optic neuropathy in humans. This is clinically relevant, since mitochondria are increasingly considered potential targets for therapeutic interventions (Wallace et al., 2010; Schapira, 2012).
Importantly, unlike other optic neuropathies, glaucoma is clearly
causally linked to a non-mitochondrial risk factor, raised IOP. This provides an opportunity to study patients at the extremes of IOP to identify
factors conferring susceptibility or resistance to the neuropathy. This
study presents the ﬁrst attempt in humans to quantify the role of systemic mitochondrial function and oxidative stress in carefully selected
groups of individuals: ‘resistant’ (raised IOP over many years, but no
glaucomatous optic neuropathy), ‘susceptible’ (fast progressing glaucoma, despite low IOP) and ocularly-healthy volunteers, while at the same
time accounting for another known susceptibility factor, blood pressure.
Systemic mitochondrial function was measured in peripheral blood
lymphocytes, unlike previous studies that have employed lymphoblasts
(Lee et al., 2012), with the aim to minimise any potential effect of viral
transformation on the measurements of mitochondrial activity. By
using, for the ﬁrst time, a human model of optic neuropathy resistance,
we present ‘proof of principle’ that mitochondrial efﬁciency protects ocular hypertensive (OHT) individuals exposed for many years to the
strongest risk factor for glaucomatous optic neuropathy, high IOP.
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measure parameters relating to mitochondrial function, mitochondrial
content, oxidative stress and antioxidant defence (Fig. 1).
No patients in our cohort suffered from active haematological malignancy or infection at the time of the blood sampling or had undergone
recent chemotherapy, factors which, if present, might have impacted directly on lymphocytic function. Also, no patients were on systemic medications at the time of blood collection known to affect lymphocytic
mitochondria, such as amiodarone, tetracyclines, chloramphenicol
and antiretroviral drugs. A more detailed account of the participants'
past medical and drug history can be found in Tables S1 and S2
(supplement).

Ethical approval
Consent was obtained from all participants and Research Ethics
Committee approval (REC Ref: 11/H0715/10) granted. This study adhered to the tenets of the Declaration of Helsinki.

Statistical analysis and sample size
With multiple variables being tested, a Bayesian network (Fig. 2),
carried out by K2 algorithms, was used to infer the probabilistic conditional dependence among variables, without making any assumption
about how variables are linked in biological pathways (see Supplement). Principal component analysis (PCA) was employed to reduce
data dimensionality. One thousand 10-fold cross validations were performed using a Naïve Bayes classiﬁer to evaluate whether and to what
extent mitochondrial, oxidative stress and vascular factors could discriminate between OHT and NTG patients. The Kruskal–Wallis test
was used for comparisons between groups.

Materials and methods
Three cohorts of 30 subjects each were recruited prospectively from
Moorﬁelds Eye Hospital between January 2011 and November 2012:
two patient groups with ≥8 VFs over ≥5 years of follow-up and a control
group of age-similar subjects with normal IOP (range 10 to 21 mm Hg),
healthy optic discs and no family history of glaucoma. The patient
groups comprised normal tension glaucoma (NTG) subjects with rapidly progressing VF loss (Mean Deviation change N −1.0 dB/year) and low
mean IOP (b 16 mm Hg), or OHT subjects without VF progression and
high mean IOP (N24 mm Hg).
Clinical phenotyping of all 90 participants is discussed in the Supplement. Approximately 30 ml of peripheral blood was collected from each
participant and isolated lymphocytes processed as described in the Supplement (Fig. S1). A ﬁrst morning mid-stream urine sample was collected from each participant. A series of laboratory experiments (see
Supplement) was performed on live unstimulated lymphocytes to

Fig. 1. Schematic representation of the experimental techniques used. ATP: adenosine
triphosphate; mTOR: mammalian target of rapamycin; DHE: dihydroethidium; 8OHdG:
8-hydroxy-deoxy-guanosine; SOD2: mitochondrial superoxide dismutase; TOM20:
Translocase of the Outer Membrane 20.

80

G. Lascaratos et al. / Neurobiology of Disease 82 (2015) 78–85

Fig. 2. The average Bayesian network encoding the analytical correlation among variables. The green boxes represent ‘mitochondrial function’ and include ATP Complex I, ATP Complex II,
ATP Complex IV, mTOR, ΔΨm, calcium buffering capacity (Δrhod2/Δﬂuo3) and TOM20; the red boxes represent ‘oxidative stress and antioxidant defence’ and include DHE, DHE rot,
aconitase, SOD2, urate and 8OHdG; and the purple boxes represent ‘vascular factors’ and include DBPD, SBPD, BMI, and Raynaud's-vasospasm. Black connecting lines indicate positive correlation, while red connecting lines show negative correlation. The proximity of the nodes to each other is determined by minimising the energy in a dynamic spring system in which edges
act as springs connecting nodes. The learned Bayesian network presents the probabilistic conditional dependence amongst these factors (see Supplement) and remarkably conﬁrms the
expected close relationship between mitochondrial dysfunction and oxidative stress, and also the well-known link between vascular compromise and cellular stress. mTOR: mammalian
target of rapamycin; DHE: dihydroethidium; 8OHdG: 8-hydroxy-deoxy-guanosine; SOD2: mitochondrial superoxide dismutase; SBPD: systolic blood pressure during the day; DBPD:
diastolic blood pressure during the day; TMRM: tetramethylrhodamine methyl ester (ΔΨm — mitochondrial membrane potential); TOM20: Translocase of the Outer Membrane 20;
rot: rotenone; BMI: body mass index; IOP: intraocular pressure; CCT: central corneal thickness.

Results
Table 1 presents the subject characteristics. There was minimal VF
progression amongst the OHT patients (median rate −0.11 dB/year),
despite a very high IOP (mean 25.0 mm Hg) over 8.5 years of followup. On the other hand, the NTG patients had clinically signiﬁcant VF progression with a median rate of −1.14 dB/year over 6 years of follow-up
and a low IOP (mean 13.2 mm Hg). The mean cup-to-disc ratio, a measure of the severity of optic nerve damage, in OHT was very similar to
the controls, while the NTG group showed advanced optic neuropathy.

Table 1
Demographic and other baseline clinical data for control, NTG and OHT subjects.
Variable

Control
(n = 30)

NTG
(n = 30)

OHT
(n = 30)

Mean age (SD)
Ethnicity (white)
Females
Right eyes
Median (IQR) VF progression rate

67.8 (8.2)
28
15
18
n/a

Median number of VFs (IQR)
Median years of follow-up (IQR)
Mean GAT IOP during follow-up
Mean cup-to-disc ratio

n/a
n/a
n/a
0.40

73.9 (11.7)
24
24
16
−1.14 (−1.05
to −1.49)
9.5 (8.75 to 11)
6.0 (5.0 to 6.5)
13.2
0.88

67.8 (8.9)
27
15
18
−0.11 (0.03
to −0.23)
10.5 (8 to 11)
8.5 (7.0 to 10.15)
25.0
0.49

NTG: normal tension glaucoma; OHT: ocular hypertension; SD: standard deviation; IQR:
interquartile range; GAT: Goldmann applanation tonometry; IOP: intraocular pressure;
VF: visual ﬁeld; n/a: not applicable. IOP is measured in mm Hg and VF progression is
expressed in decibels (dB) per year.

There was no signiﬁcant difference in the lymphocytes between the
three groups (Table 2, Fig. 3) in porin levels, an established marker of
mitochondrial content and the most abundant protein in the mitochondrial outer membrane (Linden et al., 1984). Citrate synthase (CS) is
localised in the mitochondrial matrix and measurement of its enzymatic
activity is a popular and more sensitive way to quantify mitochondrial
content, as compared to porin. CS enzymatic activity in the lymphocytes
was almost identical between control, NTG and OHT subjects. A supplementary assessment of mitochondrial content was made by direct mitochondrial counts by a masked observer from electron microscopy
images taken from two participants per group. This did not identify
any signiﬁcant difference in the number of mitochondria between the
three groups (Fig. 4).
The rate of ADP phosphorylation by mitochondrial respiratory Complex I (Supplement Fig. S2) and Complex II was signiﬁcantly higher in
the lymphocytes of OHT patients, as compared to the control and NTG
groups (Table 2). In the case of Complex IV, the rate of ADP phosphorylation was signiﬁcantly higher in OHT, compared to NTG subjects. When
the rate of ADP phosphorylation by all complexes was adjusted for mitochondrial content (porin), the signiﬁcant differences between OHT
and the other two groups were maintained (data not shown). Additionally, in the case of Complex IV, upon correction for porin levels, the NTG
group showed a lower rate of ADP phosphorylation, compared to the
controls. There was a positive association of ADP phosphorylation by
Complexes I and IV with Complex II across all subjects in the Bayesian
network (Fig. 2). The positive correlation (r = 0.90) between ADP phosphorylation by Complex I and ADP phosphorylation by Complex II
across all subjects is presented in Fig. 5a.
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Table 2
Systemic (lymphocytic) mitochondrial function and mitochondrial content. Results are presented as median (95% conﬁdence interval). Data from 30 participants from each group are included in the analysis, with the exception of calcium, mTOR and EM, with n = 26, 23, and 2 per group, respectively. ΔΨm, TOM20 and Porin levels are presented as a percentage of a standard reference (immortalised human B-lymphocyte cell line-Raji).
Control

NTG

OHT

P value

ATP Complex I (pmol/min/mg)

4646 (3672–6982)

6063 (2195–9809)

8632 (4140–11271)

ATP Complex II (pmol/min/mg)

3267 (2185–6371)

4663 (2240–7923)

7709 (5489–10502)

ATP Complex IV (pmol/min/mg)

1166 (652–2151)

605 (287–1225)

1876 (939–2773)

ΔΨm (TMRM as % of reference)

166 (150–185)

170 (145–188)

184 (159–202)

Ca2+ buffering (Δrhod2/Δﬂuo3)

0.55 (0.45–0.75)

0.60 (0.38–0.83)

0.39 (0.28–0.57)

mTOR activity (phospho-/total ratio)

0.31 (0.22–0.40)

0.24 (0.20–0.33)

0.31 (0.19–0.38)

8.1 (6.0–9.8)

7.7 (5.3–8.6)

11.3 (9.1–12.5)

Porin (protein levels as % of reference)

28.5 (24.6–30.8)

29.5 (24.7–34.0)

29.0 (26.7–31.1)

CS activity (μmol/min/mg)

0.19 (0.15–0.22)

0.19 (0.15–0.22)

0.19 (0.14–0.22)

EM mitochondrial count (mean, SD)

5.95 (4.50)

6.20 (4.48)

6.69 (3.99)

P b 0.0001 C–O
P = 0.001 N–O
P = 0.804 C–N
P b 0.0001 C–O
P = 0.005 N–O
P = 0.509 C–N
P = 0.382 C–O
P = 0.008 N–O
P = 0.102 C–N
P = 0.03 C–O
P = 0.003 N–O
P = 0.716 C–N
P = 0.015 C–O
P = 0.024 N–O
P = 0.696 C–N
P = 0.263 C–O
P = 0.200 N–O
P = 0.322 C–N
P = 0.024 C–O
P = 0.013 N–O
P = 0.381 C–N
P = 0.517 C–O
P = 0.682 N–O
P = 0.649 C–N
P = 0.465 C–O
P = 0.689 N–O
P = 0.689 C–N
P = 0.204 C–O
P = 0.415 N–O
P = 0.661 C–N
P = 0.039 C–O
P = 0.010 N–O
P = 0.587 C–N

TOM20 (protein levels as % of reference)

Mitochondrial DNA level

197.1 (100.0–264.6)

191.3 (128.9–213.8)

250.8 (165.4–476.2)

C: control; N: normal tension glaucoma (NTG); O: ocular hypertension (OHT); ΔΨm: mitochondrial membrane potential; Ca2+: calcium; mTOR: mammalian target of rapamycin; TOM20:
Translocase of the Outer Membrane 20; CS: citrate synthase; EM: electron microscopy; SD: standard deviation.

Signiﬁcant hyperpolarisation of mitochondrial membrane potential
(ΔΨm), a key indicator of mitochondrial function (Chen, 1988), was
found in the lymphocytes of OHT, compared to NTG and control, subjects (Table 2). The level of mitochondrial DNA was also signiﬁcantly

Fig. 3. Representative western blot bands for TOM20, porin and SOD2, as well as for the
loading control (b-actin).

higher in the OHT group, as compared to the other two groups. The
hyperpolarised ΔΨm was associated with the higher rate of ADP phosphorylation by Complex I across all subjects in the Bayesian network
(Fig. 2). The positive correlation (r = 0.48) between ΔΨm and ADP
phosphorylation by Complex I across all subjects is presented in Fig. 5b.
The rate of change in rhod2 ﬂuorescence divided by the rate of
change in ﬂuo3 ﬂuorescence (Δrhod2/Δﬂuo3) upon calcium (Ca2 +)
mobilisation with the Ca2 + ionophore ionomycin was signiﬁcantly
lower in the lymphocytes of OHT patients, as compared to NTG subjects
and controls (Table 2). This suggests a lower free mitochondrial Ca2+ to
free cytosolic Ca2+ ratio, in OHT compared to NTG patients, during calcium mobilisation. This better capacity of the mitochondria to deal with
cytosolic Ca2+ overload is in line with the higher ADP phosphorylation
and hyperpolarised ΔΨm in OHT subjects. Consistent with this view is
that calcium kinetics (Δrhod2/Δﬂuo3) were positively associated with
the rate of ADP phosphorylation by Complex I across all subjects in
the Bayesian network (Fig. 2).
TOM20, an outer mitochondrial membrane protein, is involved in
the recognition and translocation of cytosolically synthesised mitochondrial pre-proteins. Apart from being a well-established measure of
mitochondrial content, TOM20 clustering is associated with higher mitochondrial activity and hyperpolarised ΔΨm (Wurm et al., 2011).
TOM20 levels were signiﬁcantly higher in OHT, compared to the other
two groups (Table 2, Fig. 3), in line with the higher ADP phosphorylation
and hyperpolarised ΔΨm, and the Ca2+ kinetics in OHT subjects, but the
association was not sufﬁciently strong to be identiﬁed in the Bayesian
network. There was no statistically signiﬁcant difference in the mTOR
activity, a key regulator of mitochondrial biogenesis, between the
three groups (Table 2).

82

G. Lascaratos et al. / Neurobiology of Disease 82 (2015) 78–85

Fig. 4. Representative electron microscopy images of lymphocytes from the study participants (NTG left, OHT right). Lymphocytes were agranular cells with round or oval nuclei and little
cytoplasm. Selection criteria for the mitochondria included double membrane organelles with visible cristae (black arrows).
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Fig. 5. Scatter plots showing a positive correlation between ATP Complexes I and II (Fig. 5a,
r = 0.90) and between ATP Complex I and mitochondrial membrane potential (ΔΨm)
(Fig. 5b, r = 0.48).

The baseline DHE levels in the lymphocytes were similar between
the three groups (Table 3), suggesting no signiﬁcant difference in free
radical levels and cytosolic oxidative stress in peripheral lymphocytes
at baseline between ‘resistant’ and ‘susceptible’ patients and agesimilar controls. There was no direct link in the Bayesian network between baseline DHE staining and measures of mitochondrial function.
This result is also supported by the ﬁnding of similar levels of urinary
8OHdG, an indicator of systemic oxidative DNA damage (Patel et al.,
2007), between the three groups.
Exposure of lymphocytes to rotenone (0.5 μm for 24 h) enables assessment of their susceptibility to exogenous oxidative stress. Although
a statistically signiﬁcant increase in DHE staining was noted upon rotenone treatment in all three groups, this increase was signiﬁcantly less in
OHT, compared to the other two groups (Table 3). Lower DHE staining
on rotenone exposure was associated with hyperpolarised ΔΨm across
all subjects in the Bayesian network. This ﬁnding suggests that the
greater capacity to deal with exogenous oxidative stress in OHT patients
was associated with better mitochondrial function.
Urate, the end product of purine metabolism in humans, serves as a
primary antioxidant, known to remove singlet oxygen and radicals
(Wayner et al., 1987). Urate contributes up to two-thirds of the total antioxidant capacity of human blood (Maxwell et al., 1997). In this study,
urate levels in the blood of the ‘resistant’ OHT patients were signiﬁcantly higher compared to the NTG and control subjects (Table 3), thus further supporting the possibility of increased antioxidant capacity in OHT.
Urate levels, however, were not associated with mitochondrial function
or markers of oxidative stress in the Bayesian network.
Aconitase is an enzyme sensitive to oxidation and thus a reduction in
its activity serves as an indicator of increased cellular oxidative damage.
The aconitase activity in NTG was signiﬁcantly lower compared to the
control and OHT groups, although a contrary ﬁnding was a negative association between aconitase activity and ADP phosphorylation by Complex II in the Bayesian network. The levels of SOD2, a mitochondrial
matrix protein that transforms toxic superoxide into hydrogen peroxide
and diatomic oxygen, and is considered one of the main cellular components of antioxidant defence, were measured and corrected for
mitochondrial content. SOD2 levels showed a borderline increase in
NTG patients, compared to OHT (Fig. 3), possibly representing upregulation of antioxidant defence mechanisms. Consistent with this
view is that higher SOD2 activity was negatively associated with
hyperpolarised ΔΨm across all subjects in the Bayesian network.
The mean systolic blood pressure during the day was higher in OHT,
compared to the other two groups, while the mean diastolic blood pressure during the day was lower in the NTG group. Extreme dippers were
equally distributed between the three groups (Supplement Table S1).
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Table 3
Estimates of systemic oxidative stress and antioxidant defence. Results are presented as median (95% conﬁdence interval). Data from 30 participants from each group are included in the
analysis. All the above measurements were performed in peripheral blood, with the exception of 8OHdG which was measured in urine. DHE and SOD2 levels are presented as a percentage
of a standard reference (immortalised human B-lymphocyte cell line-Raji).
Control

NTG

OHT

P value

DHE (staining as % of reference)

52.4 (44.0–74.7)

48.6 (41.8–69.4)

55.4 (43.3–69.1)

8OHdG (ng/g creatinine)

0.09 (0.07–0.20)

0.11 (0.09–0.16)

0.14 (0.11–0.17)

DHE + rot (% increase from baseline DHE)

25.6 (20.8–50.2)

38.0 (33.6–54.0)

15.9 (9.3–33.0)

Aconitase (nmol/min/mg)

1.85 (1.37–2.42)

1.39 (1.10–1.93)

1.78 (1.49–2.33)

SOD2 (protein levels as % of reference)

3.65 (2.98–4.44)

3.53 (3.17–3.81)

3.28 (2.79–3.86)

Urate (μmol/lt)

305 (252–333)

277 (226–338)

359 (306–392)

P = 0.596 C–O
P = 0.767 N–O
P = 0.439 C–N
P = 0.559 C–O
P = 0.588 N–O
P = 0.399 C–N
P = 0.001 C–O
P b 0.001 N–O
P = 0.076 C–N
P = 0.027 N–O
P = 0.015 C–N
P = 0.943 C–O
P = 0.163 C–O
P = 0.046 N–O
P = 0.585 C–N
P = 0.045 C–O
P = 0.012 N–O
P = 0.632 C–N

C: control; N: normal tension glaucoma (NTG); O: ocular hypertension (OHT); DHE: dihydroethidium; 8OHdG: 8-hydroxy-deoxy-guanosine; SOD2: mitochondrial superoxide dismutase;
Reference: Raji cell line.

The mean body mass index (BMI) was relatively higher in OHT subjects
and was associated with higher systolic BP in the Bayesian network.
Symptoms of Raynaud's, migraine and vasospasm were signiﬁcantly
more frequent in NTG. Vasospastic symptoms were negatively associated with diastolic BP in the Bayesian network.
‘Mitochondrial function’, ‘oxidative stress and antioxidant defence’
and ‘vascular factors’ were capable of discriminating between resistant
and susceptible patients with an accuracy [mean (SD)] of 74.6 (1.9)%,
71.4 (2.1)% and 64.7 (0.7)%, respectively. When combined, prediction
accuracy improved to 80.2 (2.3)%.
Discussion
For the ﬁrst time, evidence is presented, consistent across a number
of different assays, to suggest that patients ‘resistant’ to the major risk
factor (raised IOP) for the most common neurodegenerative optic neuropathy have more efﬁcient mitochondria, measured in lymphocytes,
when compared to age-similar controls and fast progressing glaucoma
patients. Using glaucomatous optic neuropathy as an exemplar for neurodegeneration, in which the major causative factor (IOP) can easily be
measured, thereby facilitating the identiﬁcation of patients at the
extremes of susceptibility to this causative factor, this study shows
that individuals with ‘above normal’ systemic mitochondrial function
are less likely to develop glaucomatous optic neuropathy. This raises
the possibility for new therapeutic targets in the ﬁeld of neurodegeneration, and provides the evidence base to support studies evaluating
the role of mitochondria-enhancing agents in the management of
glaucomatous optic neuropathy and other neurodegenerative diseases.
The mechanism resulting in the association between ‘above normal’
systemic mitochondrial function and resistance to glaucomatous neurodegeneration deserves consideration. Most biologically plausible
(Yu-Wai-Man et al., 2011; Chrysostomou et al., 2010; Tezel, 2009;
Osborne, 2008), and supported by experimental interventions to
promote mitochondrial function, such as diet restriction and exercise
(Kong et al., 2012; Chrysostomou et al., 2014), is that betterfunctioning mitochondria make the highly energy dependent retinal
ganglion cells less vulnerable to the insult of raised intraocular pressure.
Alternatively, raised intraocular pressure may boost systemic lymphocyte mitochondrial function, but there is no known plausible mechanism by which this effect could be mediated. A possible explanation is
that treatments for raised intraocular pressure may affect systemic lymphocyte mitochondrial function, but treatments in the NTG and OHT

group were similar (see supplementary material). Alternatively, some
systemic inﬂuence, such as medication or lifestyle factor, may result in
both ‘above normal’ systemic mitochondrial function and resistance to
raised intraocular pressure (mediated through either mitochondrial
function or by another, unknown, mechanism); this is discussed further
in the supplementary material, however, no systemic inﬂuence could be
identiﬁed that explained the differences seen between groups.
The utility of lymphoblasts to investigate mitochondrial dysfunction
in optic neuropathies has been demonstrated previously in studies that
determined oxidative phosphorylation (OXPHOS) defects in Leber's hereditary optic neuropathy, autosomal dominant optic atrophy (ADOA)
and primary open angle glaucoma (Lee et al., 2012). An advantage of
the approach in this study was the use of unstimulated lymphocytes,
which minimises any potential effect of viral transformation on measurements of mitochondrial function. Also, the longitudinal design of
this study made possible the measurement of progressive deterioration
and comparison of patients at the extremes of IOP susceptibility.
The novel and important ﬁndings in this study were the higher levels
of ADP phosphorylation by mitochondrial Complexes I, II and IV, the
hyperpolarised ΔΨm, the higher levels of mitochondrial DNA and
TOM20, and the enhanced capacity to deal with cytosolic Ca2+ overload
in the patients resistant to glaucomatous neuropathy. The similar mitochondrial content between the three groups suggests the ﬁndings relate
to better-functioning mitochondria. Although studying patients only at
the extremes of IOP susceptibility may limit the generalisability of our
ﬁndings, glaucoma is a multifactorial neuropathy and our study was designed to identify whether mitochondrial dysfunction and oxidative
stress contribute to susceptibility, in addition to the known risk factors
of raised IOP and vascular factors. Patients were selected on the basis
of IOP, so that the separate effects of mitochondrial function and vascular factors could be assessed. In some patients, vascular (or other)
factors may predominate and in others, mitochondrial factors may predominate and this may explain the lack of signiﬁcant differences
between groups for some parameters. The clinical relevance of the ﬁndings is underlined by the remarkably good discrimination (80%) between OHT and NTG subjects by the parameters measured.
The higher SOD2 level and the lower aconitase activity in ‘susceptible’ glaucoma patients, compared to ‘resistant’ OHT patients, suggest a
higher level of oxidative damage in NTG mitochondria. In OHT, the
lower level of oxidative damage is present despite a higher rate of
ADP phosphorylation and hyperpolarised ΔΨm, and supports the idea
of higher electron transfer chain ‘efﬁciency’ in OHT, with a lesser
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propensity to generate free radicals. Furthermore, under conditions of
stress (rotenone treatment), the OHT lymphocytes showed superior antioxidant capacity to the NTG and control lymphocytes. The higher urate
levels in OHT further support the ﬁndings of enhanced systemic antioxidant capacity in these ‘resistant’ individuals and may provide an alternative explanation for the enhanced capacity to deal with exogenous
oxidative stress.
Retinal ganglion cells, all sharing the deﬁning property of having a
long axon that extends into the brain, are highly energy-dependent and
their axons within the retina are unmyelinated, thus requiring more energy for the transmission of action potentials (Raichle and Gusnard,
2002). Ganglion cells are particularly vulnerable to OXPHOS impairment,
especially in the presence of external stressors, such as raised IOP (Kong
et al., 2011). Experimentally increased IOP results in reduction in ATP
levels both in transformed ganglion cells and animal glaucoma models
(Baltan et al., 2010). These ﬁndings suggest that OXPHOS impairment
limits the optic nerve's ability to withstand injury, while the results
from this study reveal for the ﬁrst time that higher mitochondrial efﬁciency is associated with enhanced ability to withstand optic nerve injury,
especially under conditions of bioenergetic crisis caused by multiple cellular stressors, including high IOP and low BP. Higher ATP levels would
provide at-risk individuals with a functional advantage, manifested possibly as increased axonal conduction and axoplasmic ﬂow (including mitochondrial transmission), and reduced death of small calibre axons that
require high quantities of ATP, thus contributing to the reduced susceptibility to glaucomatous optic neuropathy development and progression. In
line with these ﬁndings, efﬁcient mitochondrial biogenesis has recently
been reported to drive incomplete penetrance in Leber's hereditary
optic neuropathy carriers (Giordano et al., 2014), while increased
OXPHOS activity has been linked with vision preservation in ADOA patients (Van Bergen et al., 2011). Moreover, the ﬁnding of enhanced systemic mitochondrial function in resistant OHT patients provides a fresh
insight into how better systemic mitochondrial function may serve as a
useful biological marker for an optic nerve mitochondrial advantage.
Funding
Supported by the NIHR Biomedical Research Centre at Moorﬁelds
Eye Hospital and the UCL Institute of Ophthalmology, Fight for Sight
and Allergan Europe. The funding sources had no role in the study design, data collection, data analysis, data interpretation, or writing of
the report. Profs Schapira and Garway-Heath are NIHR Senior Investigators. The views expressed are those of the authors and not necessarily
those of the NHS, the National Institute for Health Research, or the Department of Health. Professor Garway-Heath's chair at UCL is supported
by funding from the International Glaucoma Association.
Conﬂicts of interest
All authors declare that they have no conﬂicts of interest.
Author contributions
All authors contributed to the study design and data interpretation.
GL, KYC and RK performed the experiments, and performed the analysis
and validation of the data. HZ was responsible for the statistical analysis.
GL drafted the initial report and all authors contributed to the ﬁnal draft.
The corresponding author had full access to all of the data in the study
and takes responsibility for the integrity of the data and the accuracy
of the data analysis.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nbd.2015.05.012.

References
Abu-Amero, K.K., Morales, J., Bosley, T.M., 2006. Mitochondrial abnormalities in patients
with primary open-angle glaucoma. Invest. Ophthalmol. Vis. Sci. 47, 2533–2541.
Baltan, S., Inman, D.M., Danilov, C.A., Morrison, R.S., Calkins, D.J., Horner, P.J., 2010. Metabolic vulnerability disposes retinal ganglion cell axons to dysfunction in a model of
glaucomatous degeneration. J. Neurosci. 30, 5644–5652.
Bosley, T.M., Abu-Amero, K.K., Ozand, P.T., 2004. Mitochondrial DNA nucleotide changes
in non-arteritic ischemic optic neuropathy. Neurology 63, 1305–1308.
Chen, L.B., 1988. Mitochondrial membrane potential in living cells. Annu. Rev. Cell Biol. 4,
155–181.
Chrysostomou, V., Trounce, I.A., Crowston, J.G., 2010. Mechanisms of retinal ganglion cell
injury in aging and glaucoma. Ophthalmic Res. 44, 173–178.
Chrysostomou, V., Kezic, J.M., Trounce, I.A., et al., 2014. Forced exercise protects the aged
optic nerve against intraocular pressure injury. Neurobiol. Aging 35 (7), 1722–1725.
Coleman, A.L., 1999. Glaucoma. Lancet 354, 1803–1810.
Collaborative Normal-Tension Glaucoma Study Group, 1998. Comparison of glaucomatous
progression between untreated patients with normal-tension glaucoma and
patients with therapeutically reduced intraocular pressures. Am J. Ophthalmol. 126,
487–497.
Gasser, P., Flammer, J., Guthauser, U., et al., 1990. Do vasospasms provoke ocular diseases?
Angiology 41, 213–220.
Giordano, C., Iommarini, L., Giordano, L., et al., 2014. Efﬁcient mitochondrial biogenesis
drives incomplete penetrance in Leber's hereditary optic neuropathy. Brain 137
(335-5).
Hayreh, S.S., 2001. The blood supply of the optic nerve head and the evaluation of it —
myth and reality. Prog. Retin. Eye Res. 20, 563–593.
Heijl, A., Leske, M.C., Bengtsson, B., et al., 2002. Early Manifest Glaucoma Trial Group. Reduction of intraocular pressure and glaucoma progression: results from the Early
Manifest Glaucoma Trial. Arch. Ophthalmol. 120, 1268–1279.
Kong, G.Y., Van Bergen, N.J., Trounce, I.A., et al., 2009. Mitochondrial dysfunction and glaucoma. J. Glaucoma 18, 93–100.
Kong, Y.X.G., Van Bergen, N., Trounce, I.A., et al., 2011. Increase in mitochondrial DNA mutations impairs retinal function and renders the retina vulnerable to injury. Aging Cell
10, 572–583.
Kong, Y.X., van Bergen, N., Bui, B.V., et al., 2012. Impact of aging and diet restriction on retinal function during and after acute intraocular pressure injury. Neurobiol. Aging 33
(1126), e15–e25.
Lascaratos, G., Garway-Heath, D.F., Willoughby, C., et al., 2012. Mitochondrial dysfunction
in glaucoma: understanding genetic inﬂuences. Mitochondrion 12, 202–212.
Lee, S., Sheck, L., Crowston, J.G., et al., 2012. Impaired complex-I-linked respiration and
ATP synthesis in primary open-angle glaucoma patient lymphoblasts. Invest.
Ophthalmol. Vis. Sci. 53, 2431–2437.
Leske, M.C., Heijl, A., Hyman, L., et al., 2007. Predictors of long-term progression in the
early manifest glaucoma trial. Ophthalmology 114, 1965–1972.
Lin, M.T., Beal, M.F., 2006. Mitochondrial dysfunction and oxidative stress in neurodegenerative diseases. Nature 443, 787–795.
Linden, M., Andersson, G., Gellerfors, P., et al., 1984. Subcellular distribution of rat liver
porin. Biochim. Biophys. Acta 770, 93–96.
Maxwell, S.R., Thomason, H., Sandler, D., et al., 1997. Antioxidant status in patients with
uncomplicated insulin-dependent and non-insulin-dependent diabetes mellitus.
Eur. J. Clin. Investig. 27, 484–490.
McElnea, E.M., Quill, B., Docherty, N.G., et al., 2011. Oxidative stress, mitochondrial dysfunction and calcium overload in human lamina cribrosa cells from glaucoma donors.
Mol. Vis. 17, 1182–1191.
Memarzadeh, F., Ying-Lai, M., Chung, J., et al., 2010. Blood pressure, perfusion pressure,
and open-angle glaucoma: The Los Angeles Latino Eye Study. Invest. Ophthalmol.
Vis. Sci. 51, 2872–2877.
Mitchell, P., Smith, W., Attebo, K., et al., 1996. Prevalence of open-angle glaucoma in
Australia. The Blue Mountains Eye Study. Ophthalmology 103, 1661–1669.
Nouri-Mahdavi, K., Hoffman, D., Coleman, A.L., et al., 2004. Predictive factors for
glaucomatous visual ﬁeld progression in the Advanced Glaucoma Intervention
Study. Ophthalmology 111, 1627–1635.
Osborne, N.N., 2008. Pathogenesis of ganglion “cell death” in glaucoma and neuroprotection: focus on ganglion cell axonal mitochondria. Prog. Brain Res. 173,
339–352.
Patel, P.R., Bevan, R.J., Mistry, N., et al., 2007. Evidence of oligonucleotides containing 8hydroxy-2′-deoxyguanosine in human urine. Free Radic. Biol. Med. 42, 552–558.
Quigley, H.A., 2011. Glaucoma. Lancet 377, 1367–1377.
Raichle, M.E., Gusnard, D.A., 2002. Appraising the brain's energy budget. Proc. Natl. Acad.
Sci. U. S. A. 99, 10237–10239.
Schapira, A.H., 2012. Mitochondrial diseases. Lancet 379, 1825–1834.
Schapira, A.H., Tolosa, E., 2010. Molecular and clinical prodrome of Parkinson disease: implications for treatment. Nat. Rev. Neurol. 6, 309–317.
Schapira, A.H., Cooper, J.M., Dexter, D., Jenner, P., Clark, J.B., Marsden, C.D., 1989. Mitochondrial complex I deﬁciency in Parkinson's disease. Lancet 1, 1269.
Sundaresan, P., Simpson, D.A., Sambare, C., et al., 2015. Whole-mitochondrial genome sequencing in primary open-angle glaucoma using massively parallel sequencing identiﬁes novel and known pathogenic variants. Genet. Med. 17, 279–284.
Tezel, G., 2009. The role of glia, mitochondria, and the immune system in glaucoma. Invest. Ophthalmol. Vis. Sci. 50, 1001–1012.
Van Bergen, N.J., Crowston, J.G., Kearns, L.S., et al., 2011. Mitochondrial oxidative phosphorylation compensation may preserve vision in patients with OPA1-linked autosomal dominant optic atrophy. PLoS One 6 (6), e21347.
Wallace, D.C., Singh, G., Lott, M.T., et al., 1988. Mitochondrial DNA mutation associated
with Leber's hereditary optic neuropathy. Science 242 (4884), 1427–1430.

G. Lascaratos et al. / Neurobiology of Disease 82 (2015) 78–85
Wallace, D.C., Fan, W., Procaccio, V., 2010. Mitochondrial energetics and therapeutics.
Annu. Rev. Pathol. 5, 297–348.
Wayner, D.D., Burton, G.W., Ingold, K.U., et al., 1987. The relative contributions of vitamin
E, urate, ascorbate and proteins to the total peroxyl radical-trapping antioxidant activity of human blood plasma. Biochim. Biophys. Acta 22, 408–419.
Weinreb, R.N., Khaw, P.T., 2004. Primary open-angle glaucoma. Lancet 363, 1711–1720.

85

Wurm, C.A., Neumann, D., Lauterbach, M.A., et al., 2011. Nanoscale distribution of mitochondrial import receptor Tom20 is adjusted to cellular conditions and exhibits an
inner-cellular gradient. Proc. Natl. Acad. Sci. U. S. A. 108, 13546–13551.
Yu-Wai-Man, P., Grifﬁths, P.G., Chinnery, P.F., 2011. Mitochondrial optic neuropathies —
disease mechanisms and therapeutic strategies. Prog. Retin. Eye Res. 30, 81–114.

