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Abstract Mitogen-activated protein kinases (MAPKs) are key regulators that have 
been linked to cell survival and death. Among the main classes of MAPKs, c-jun 
N-terminal kinase (JNK) has been shown to mediate cell stress responses associated 
with apoptosis.

In Vitro, hypoxia induced a significant increase in 661W cell death that paral-
leled increased activity of JNK and c-jun. 661W cells cultured in presence of the 
inhibitor of JNK (D-JNKi) were less sensitive to hypoxia-induced cell death.

In vivo, elevation in intraocular pressure (IOP) in the rat promoted cell death that 
correlated with modulation of JNK activation. In vivo inhibition of JNK activation 
with D-JNKi resulted in a significant and sustained decrease in apoptosis in the 
ganglion cell layer, the inner nuclear layer and the photoreceptor layer. These results 
highlight the protective effect of D-JNKi in ischemia/reperfusion induced cell death 
of the retina.
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90.1 Introduction

Neuronal cell death following excitotoxicity is a common feature of neurodegenera-
tive and ischemic diseases of the central nervous system and of a variety of ocular 
diseases, such as glaucoma. Glaucoma is characterized by a slowly progressive loss 
of retinal ganglion cells (RGC) and their axons and is often associated with elevated 
intraocular pressure (IOP). Retinal ischemia/reperfusion (I/R) induced by experi-
mental elevation of IOP leads to damage and cell death in the different layers of 
the retina.

Among the signaling events downstream of the excitotoxic cascade, the three 
main classes of mitogen-activated protein kinases (MAPKs), extracellular signal-
regulated kinase (ERK), p38 and the c-Jun N-terminal kinase (JNK) were reported 
to be increased after cerebral ischemia (Sugino et al. 2000; Wu et al. 2000) as well 
as in the retina (Peterson et al. 2000; Roth et al. 2003). The observation that JNK 
was activated in ischemic neurons highlighted its potential involvement in the apop-
totic process following cerebral ischemia (Borsello et al. 2003).MAPKs activation 
has also been investigated in retinas after ischemia. Zhang et al. first made the 
observation that both JNK and p38 activation could be attenuated by ischemic pre-
conditioning, suggesting that these two MAPKs were implicated in the deleterious 
effects induced by ischemia in the retina (Zhang et al. 2002).The use of D-JNKi pro-
vided a significant protection against neuronal loss after optic nerve crush in mice 
and in a model of retinopathy of prematurity (Tezel et al. 2004; Guma et al. 2009).

Here, we investigated the functional consequence of JNK activation in Vitro and 
In vivo and showed that JNK activity is a critical contributor to ischemic-induced 
retinal damages and that its inhibition resulted in the reduction of cell death.

90.2 Materials and Methods

90.2.1 Animal Handling and Surgery

All animal experiments were approved by the Veterinary Office of the State of Va-
lais. The procedure to induce transient ischemia followed by reperfusion has pre-
viously been described (Produit-Zengaffinen et al. 2009). Animals were divided 
into a control and an I/R group. In the control group, rats were sham-operated by 
inserting a needle into in the anterior chamber of the left eye without elevation of 
the IOP. In the I/R group, the needle was introduced in the left eye and the pressure 
was increased. Animals were divided into a control and an I/R group. In the control 
group, rats were sham-operated by inserting a needle into in the anterior chamber 
of the l after reperfusion, rats were euthanized as described previously (Produit-
Zengaffinen et al. 2009).
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90.2.2 Cell Culture

In order to evaluate the consequences of hypoxia on 661W survival, cells were cul-
tured in DMEM, 1 % FBS, 1 mM glucose and incubated for 48 h in normoxic (21 % 
O2) or hypoxic (3 % O2) incubators (Hypoxic Workstation Whitley H35).

90.2.3 ATPlite, LDH Assay, Western Blot Analysis

Cell survival, cell death and western blot analyses were performed as previously 
described. Anti-phospho JNK, anti-phospho cjun and anti-cjun were obtained from 
Cell Signaling Technology, anti-JNK was purchased from Santa Cruz Biotechnol-
ogy.

90.2.4 Immunohistology

Eyes were fixed as previously described. Detection of apoptosis was performed us-
ing an in situ cell death detection kit (Roche Diagnostics). TUNEL staining was per-
formed according to the manufacturer’s instructions and images were viewed under 
a fluorescence microscope equipped with a digital camera using appropriate filters.

90.2.5 Statistic

Results are presented as mean ± standard error of the mean (SEM) of the indicated 
number of independent experiments. Statistical analysis was performed using Stu-
dent’s t-test. Differences were considered significant at p values of 0.05 or less.

90.3 Results

90.3.1 Hypoxia Decreased 661W Viability in vitro

We first examined the effect of hypoxia on cell viability. 661W cells cultured in hy-
poxia for 48 h were compared to cells cultured in normoxic conditions for the same 
period of time. After 48 h, 661W cells cultured in hypoxia showed a 50 % decrease 
in cell viability as demonstrated by ATPlite measurements: 1 vs. 0.5 ± 0.04, p < 0.001. 
This reduced viability could be attributed to an elevation in cell death induced by 
hypoxia as shown by LDH release measurements: 1 vs. 4.94 ± 1.3, p <0.05.
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90.3.2  661 W Cultured in Hypoxia Showed Increased JNK 
Activation

The effect of hypoxia on JNK activation was measured at the protein level by west-
ern blot. 661W cells cultured in hypoxic conditions for 48 h underwent a 2.5 fold 
increase in JNK activity (1 ± 0.2 vs. 2.59 ± 0.32, p < 0.005). The efficiency of JNK 
activity could be further visualized on c-jun phosphorylation, where hypoxia in-
duced a similar increase in c-jun activity (1 vs. 1.8 ± 0.33, p < 0.05).

90.3.3 D-JNKi Prevented Hypoxia Induced Cell Death

We assessed the physiological relevance of JNK activation in the initiation of dam-
ages induced by the hypoxic stress. As ATPlite assay was not sensitive enough to 
measure D-JNKi effect on cell viability, we quantified hypoxia induced cell death 
in presence or absence of D-JNKi in living cells nuclei stained with propidium iodie 
(PI) and Hoechst. Cell death was increased about 8 folds after 48 h in hypoxia (1 
vs. 7.7 ± 1.7, p < 0.05). A significant protective effect against cell death was obtained 
when cells were incubated in the presence of D-JNKi, ( p < 0.05) (2.67 ± 0.73 vs. 
7.7 ± 1.7 cell death in non-treated cells).

90.3.4  Retinal Ischemia Enhanced Apoptosis 24 h after 
Reperfusion

To evaluate whether this in vitro action was also effective In vivo, we analyzed the 
effect of I/R on retinal cell survival. In order to exclude any variation induced by 
the experimental method, we compared each measure to values obtained from anes-
thetized sham-operated rats. Twenty-four hours after reperfusion, TUNEL staining 
revealed a robust increase in the number of apoptotic cells in the innermost retinal 
layers, mainly in GCL and INL, and to a lower level, in the outer nuclear layer 
(ONL) (Fig. 90.1). Cells from the INL were the most sensitive to I/R (14.7 % in 
apoptosis ± 1.3), whereas 3.8 % ± 0.4 of GCL and 3.7 % ± 1.3 of the cells within the 
ONL were in apoptosis. No TUNEL positive cells could be observed in the sham-
operated retina. Increased apoptosis was paralleled with increased JNK phosphory-
lation (2.39 ± 0.18 vs. 1 ± 0.16, p < 0.05). This was confirmed by an increase activity 
of cjun visible by immunohistochemistry on retinal sections.

90.3.5 D-JNKi Reduced JNK Activation in Vivo

As increased apoptotic cells correlated with elevated pJNK, we further examined 
the significance of JNK activity on cell death induced by I/R. We injected serial 
concentrations of D-JNKi in the vitreous cavity of the eye, immediately after the 
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1-h ischemic stress. D-JNKi was able to reduce JNK phosphorylation In vivo in a 
dose-dependent ability (1 ± 0.07 vs. 0.75 ± 0.18; 0.51 ± 0.15 and 0.52 ± 0.04 in non 
treated vs. D-JNKi 20 µdose-dependent ability (1 ± 0.07 vs. 0.75 ± 0.18; 0.51 ± 0.15 
andificant at 500 µ dose-dependent 20 μM, 100 μM and 500 μM, respectively).

90.3.6  D-JNKi Prevented Retinal Ischemia-Induced Apoptosis 
24 h after Reperfusion by Reducing the Activity of JNK

As shown in Fig. 90.2, the number of apoptotic cells within the INL was reduced 
by 33 % ( p < 0.05) independently of the concentration of D-JNKi used (14.7 ± 1.3 
vs. 7.9 ± 2.1; 10.1 ± 1.0 and 9.0 ± 1.1 in non treated eyes vs. D-JNKi 20 µ4.7 ± 1.3 
vs. 7.9 ± 2.1; 10.1). In GCL, the number of apoptotic cells was also reduced by al-
most 30 %, probably in a dose-dependent manner, but was only statistically signifi-
cant ( p <0.05) at the highest concentration of D-JNKi used (3.8 ± 0.4 vs. 2.3 ± 0.5; 
2.1 ± 0.7 and 1.3 ± 0.7 in non treated vs. D-JNKi 20 μM, 100 μM and 500 μM treated 
eyes, respectively).

Fig. 90.1   Cell death after retinal ischemia. Retinal ischemia enhanced apoptosis 24 h after I/R. a 
TUNEL staining from sham-operated retina on the left and from I/R retina on the right, showed a 
robust increase in apoptosis in the GCL and INL from ischemic retina. b Quantification of TUNEL 
positive cells in the different layers of the retina. Scale bar 100 µM
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90.4 Discussion

In the present study, D-JNKi, a specific inhibitor of JNK activation, was evaluated 
for its ability to reduce hypoxic cell death and neuronal degeneration induced by I/R 
in the retina. In these two models, induction of cell death was mediated through the 
activation of JNK. Our results indicated that treatment with D-JNKi significantly 
protected hypoxic 661W cells from apoptosis. This protection was also observed In 
vivo in rat retina when D-JNKi was injected intravitreoulsy at the end of a 1-h I/R 
stress.

We and others previously showed that cell death programs are induced after I/R 
(Buchi 1992; Zhang et al. 2002; Produit-Zengaffinen et al. 2009). Recent studies 
have shown that cell death induced by I/R in the retina occurs through apoptosis 
(Rosenbaum et al. 1998; Zheng et al. 2007), necrosis (Buchi 1992; Dvoriantchikova 
et al. 2010) and, more recently, through necroptosis, a caspase-independent form of 
apoptosis (Rosenbaum et al. 2010).

Our results showed that 661W cells cultured in hypoxia have a significantly re-
duced cell viability, that was, at least in part, the result of JNK activation. Inhibition 
of JNK activation with D-JNKi significantly improved cell viability in response to 
hypoxia in vitro. We also established that D-JNKi was effective in a model of retinal 

Fig. 90.2   D-JNKi effect on ischemia-induced cells death. The functional effect of D-JNKi was 
assessed by TUNEL staining on retinal section. Quantification of TUNEL positive cells vs. DAPI 
was performed in each retinal cell layer separately. Statistically significant neuroprotective effect 
of the inhibition of JNK activation was obtained in the INL ( p < 0.05) at each D-JNKi concentra-
tion tested and in the GCL ( p < 0.05) at 500 µM
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ischemia In vivo, decreasing apoptosis within GCL, INL. We also demonstrated 
that the mechanisms induced in vitro by hypoxia were similar to that observed In 
vivo, which bestow new perspectives to study the molecular mechanisms induced 
by retinal ischemia.
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