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Abstract
Members of the nuclear factor-kappa B (NF-xB)/Rel

family, which act as transcriptional regulators, play important
roles in neuronal cell death and survival. NF-kBp50 knockout
(p50-KO) mice exhibit many of the features of human Normal
Tension Glaucoma (NTG). The developmental mechanism of
human NTG remains unclear, and a radical curative treatment has
yet to be established. Therefore, the signal cascade that mediates
spontaneous optic neuropathy in p50-KO mice, as a model of
NTG, needs to be elucidated in more detail for the development
of clinical therapies. In order to obtain a deeper understanding of
NF-kB-mediated death signaling, the effects of chemical reagents
on spontaneous optic neuropathy have been examined
histopathologically. Constitutively active cleaved forms of
Calcineurin (CN), which have been reported to induce apoptosis,
were detected in the retinas of p50-KO mice. Spontaneous retinal
Ganglion Cell (RGC) death and degenerative changes to the optic
nerve in p50-KO mice were both significantly reduced by the
chronic administration of tacrolimus, a CN inhibitor. Experiments
with cultured RGC cells supported the results of histological
examinations on p50-KO mice, suggesting that CN activation
leads to the activation of NF-kB-induced Bax and caspase 3 and
mediates spontaneous optic neuropathy in p50-KO mice. Previous
studies demonstrated that the chronic administration of tacrolimus
significantly reduced spontaneous optic neuropathy in p50-KO
mice. A potential CN signal cascade spontaneously induces age-
dependent RGC death and degenerative optic nerve changes in
p50-KO mice. Novel research findings may provide new targets
for therapeutic interventions in human NTG.

*Corresponding Author: Takuma Hayashi, Department of
Immunology and Infectious Disease, Shinshu University
Graduate School of Medicine 3-1-1 Asahi, Matsumoto, Nagano
390-8621, Japan; Tel: +81-263-37-2611; E-mail:
yoyoyo224@hotmail.com

Keywords: NF-kB; p50; Calcineurin; Glaucoma; NTG

Introduction

Glaucoma, one of the most common causes of visual
impairment worldwide, is characterized by the apoptosis of
Retinal Ganglion Cells (RGCs) [1]. Although increased
Intraocular Pressure (IOP) has long been considered the primary
cause of cell death, evidence from studies on Normal Tension
Glaucoma (NTG) suggests that other factors are involved in the
apoptosis of RGCs, which is induced by the potential neurotoxic
role of glutamate, genetic background, and autoimmunity [2-4].
Although most anti-glaucomatous reagents are used to lower 10P,
in some cases, the patient’s condition deteriorates in spite of an
I0P within the normal range. Therefore, it is considered necessary
to identify factors that are independent of IOP to obtain a clearer
understand of the pathogenesis of glaucoma and guide efforts
toward improved therapeutics.

Nuclear factor-kappa B (NF-xB), which acts as a transcription
factor, plays a key role in cell survival or the death signaling
pathway, acute Central Nervous System (CNS) trauma, and
chronic neurodegenerative disorders [5, 6]. The NF-xB family,
which is mainly composed of p50/p65 (RelA) heterodimers, is
found in almost all animal cell types, and is involved in cellular
responses to stimuli such as stress and cytokines [7]. In
unstimulated cells, NF-xB is sequestered to the cytoplasm by a
family of inhibitors called IkBs. With the degradation of the IxB

inhibitor, NF-xB is then free to enter the nucleus, in which it can
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induce the expression of specific genes. Recent findings suggest
that the binding site of the heterodimer p50/p65 (RelA) can also
be occupied by the homodimer p50/p50, whereupon p50/p50 may
function as a repressor to regulate the role of p50/p65 (RelA) as a
transcription factor essential for neuronal responses [7]. The
impaired regulation of NF-xB has been linked to various diseases,
such as cancer, inflammatory disorders, and autoimmune
diseases, and has also been implicated in the processes of synaptic
plasticity and memory [8]. In the CNS, activated p65 (RelA) has
been suggested to participate in glutamate-induced neurotoxicity,
N-methyl-D-aspartate  (NMDA)-induced retinal neuronal cell
death, retinal ischemia, and reperfusion injury [9-12]. However,
the precise role of NF-xB in cell death within the CNS remains
controversial.

Excitotoxicity appears to be predominantly mediated in
many types of neurons by signaling pathways, including Ca?*
influx through the NMDA receptor, a subtype of the glutamate
receptor [13]. Therefore, NMDA antagonists, memantine,
dizocilpine (MK-801), and Ca?* channel blockers, such as
flunarizine, verapamil, nicardipine, and lomerizine, may prevent
retinal damage caused by NMDA [14-16]. Calcineurin (CN) is a
eukaryotic Ca®- and calmodulin- dependent serine/threonine
protein phosphatase that is highly expressed in the CNS and retina
[17, 18]. The activation of CN has been shown to induce
apoptosis in cultured neurons [19]. Tacrolimus, a CN inhibitor,
exhibits neuroprotective effects in a wide range of models of
acute apoptotic neuronal death in the CNS, such as trauma and
stroke [20, 21]. In the retina, tacrolimus has been shown to confer
neuroprotection on RGCs after optic nerve crush [22]. In addition,
an increased I0OP has been associated with the CN-mediated
mitochondrial apoptotic pathway [23]. Furthermore, tacrolimus
was found to inhibit glutamate-induced apoptosis in cultured
RGCs [24]. Although the neuroprotective effects of these
chemical reagents have been examined in transient studies

employing glaucoma models, it has yet to be demonstrated

whether the chronic administration of chemical reagents to NTG-
animal models has protective effects against neuropathy.

We previously reported that NF-xBp50 knockout (p50-
KO) mice exhibited the spontaneous loss of RGCs independent of
IOP, characteristic excavation of the optic nerve head, and
degenerative changes to the optic nerve, with many features
resembling human NTG [25]. However, the precise mechanism
involved remains unknown. In a recent study, we attempted to
identify the death signaling cascade in the initiation of
spontaneous optic neuropathy in p50-KO mice as a model of
NTG. Our findings demonstrated the neuroprotective effects of
several chemical reagents, especially tacrolimus, against
spontaneous RGC death in p50-KO mice. A defect in the p50/p50
homodimer, which functions as a repressor to regulate the role of
p50/p65 (RelA), resulted in optic neuropathy via a CN signal
cascade involving the impaired activation of NF-xB in p50-KO
mice. Research findings have provided a new insight into the role
of p50 in the pathophysiology of optic neuropathy, with recent
experiments involving p50-KO mice identifying CN signaling
molecules including NF-xB, suggesting targets for the
development of therapeutic reagents. Research findings may
provide new targets for therapeutic interventions in human NTG.
Age-dependent spontaneous RGC death due to apoptosis in
NF-xBp50-KO mice

NF-«B, which is expressed in RGCs as well as the CNS,
plays important roles in processes such as synaptic activity and
cell survival [6]. Morphometric evaluations indicated that, at 5
months, no significant difference existed in the thickness or
construction of each retinal layer, especially the Inner Nuclear
Layer (INL) and Outer Nuclear Layer (ONL). RGCs in p50-KO
mice at age 3 weeks, 2 months, 5 months, and 10 months were
counted using a retrograde labeling method, and their numbers at
5 months and 10 months of age (n=each 8~12 mice) were

markedly lower than those in wild-type littermates (Figure 1).
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Figure 1. Age-related retinal ganglion cell death in p50 knockout
(KO) mice. Age-related retinal ganglion cell (RGC) death in p50
Knockout (KO) mice. Retrograde-labeled cells from 10 fields of
identical size (230x150 um) in flat-mounted retinas were counted
under a fluorescence microscope. The fields were located at
approximately the same distance from the orra serata (500 pm).
Scale bar=100um. The average number of RGCs per field was

calculated for each retina and analyzed by a Bonferroni correction.

Data are the mean £ SEM (each 8~12) (*P<0.01).
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We examined p65 (RelA) expression at 2 months of age to
determine whether p50-KO affected the activation of p65 (RelA)
and RGC survival in the retina. p65 (RelA) was detected in the
cytoplasm of RGCs of wild-type mice. Immunohistochemistry
(IHC) studies clearly showed that p65 (RelA) spontaneously
localized in the nucleus of RGCs in p50-KO mice under normal
conditions; therefore, p50-KO in RGCs may induce the neuronal
toxicity of p65 (RelA). Western Blot (W.B.) analyses strongly
support IHC findings. Bax and Caspase 3, which play key roles in
the promotion of apoptosis, have been shown to mediate stress-
induced RGC death as well as glutamate-induced apoptosis in
cultured neuronal cells [26-28]. Furthermore, Bax is required for the
RGC death pathway in DBA/2J mice, which is an 10P-dependent
glaucoma model. W.B. results showed that the expression of Bax in
the retinas of p50-KO mice was slightly higher than that in wild-

type mice, and activated forms of caspase 3 were detected in the

retinas of p50-KO mice. The constitutively active cleaved form
of CN has been reported to induce apoptosis by elevating 0P
in experimental glaucoma [27]. W.B. results revealed the
presence of the full-length CN in all retinas examined, and that
cleaved CN only occurred in retinas from p50-deficient mice.
Neuroprotective effects of the chronic administration of
chemical reagents

In the present study, we investigated the age-related
survival of RGCs in p50-KO mice, and whether the chronic
administration of tacrolimus prevented the development of
spontaneous  optic  neuropathy. We examined the
neuroprotective effects of the chronic administration of
chemical reagents on the development of spontaneous optic
neuropathy. Tacrolimus, and additional reagents, memantine
and lomerizine, which reportedly have neuroprotective effects,
were intraperitoneally administered to p50-KO mice daily for 8
months, and the surviving RGCs were then counted using
retrograde labeling. Age-related declines in RGC numbers for
10 months were significantly greater in p50-KO mice treated
without the chronic administration than in wild-type mice:
(Figure 2). RGC counts in p50-KO mice treated with chemical
reagents were as follows: memantine: 69.1+23.8 (n=9),
lomerizine: 74.6+19.4 (n=5), and tacrolimus: 75.4+18.6 (n=5)
(Figure 2). A statistical analysis of the cell counts of dye-filled
RGCs in flat-mounted retinas revealed significant differences
between the treatments with and without the chemical reagents,
tacrolimus, memantine, and lomerizine (Figure 2). The
appearance of TUNEL-positive RGCs in p50-KO mice was
markedly decreased by the chronic administration of
tacrolimus. These in vivo experiments provided strong evidence
to support our hypothesis regarding the protective effects of the
chronic administration of chemical reagents, especially

tacrolimus, against age-dependent spontaneous RGC death.
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Figure 2. Neuroprotection by various chemical reagents in p50
knockout (KO) mice: Photographs show a high-power view of
retrograde-labeled retinal ganglion cells (RGCs) of flat mounts
derived from p50 knockout (KO) and wild-type (WT) mice at 8
months of age. Scale bar=100um. The bar graph shows RGC survival
in 8-month-old KO and WT mice. Values represent the mean + SD
(n=each 5~11). Live RGC counts of KO mice were significantly
decreased (**P<0.0001). However, the chronic administration of
lomerizine or tacrolimus to KO mice for 6 months resulted in an
increase in surviving RGC counts (**P<0.0001). The chronic
administration of memantine to KO mice for 6 months mildly
protected RGCs from neurotoxicity (*P=0.015). The number of
surviving RGCs was counted using retrograde labeling methods. Data

was analyzed by a Bonferroni correction.
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The clear excavation of the optic nerve head was previously
observed at 10 months of age in p50-KO mice [25]. Importantly, in the
case of chemical reagent-treated mice, histological abnormalities in the
optic nerve head were not detected in any mice examined (memantine:
n=9, lomerizine: n=5, tacrolimus: n=5). As shown in the azan staining
experiments, although an increase in collagenous fibers (blue staining)

caused by axonal loss was clearly detected in the optic nerve sections of

p50-KO mice, the chronic administration of tacrolimus markedly
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suppressed collagenous fibers. An electron microscopic
analysis of a cross-sectioned optic nerve revealed that
expansion of the area of each axon at 8 months of age was
greater in p50-KO mice than in age-matched wild-type mice,
and was associated with a decrease in the number of axons.
However, neither a decrease in the number of axons nor an
increase in the area of connective tissue surrounding the
axons was observed with the chronic administration of
tacrolimus. However, the number of axons was significantly
lower in p50-KO mice than in age-matched wild-type mice,
but did not decrease in mice treated with tacrolimus. The
chronic administration of chemical reagents, especially
tacrolimus, effectively protected not only RGCs but also the
optic nerve from spontaneous neuropathy. The amount of
Bax in the RGCs of p50-KO mice was markedly decreased
by the chronic administration of tacrolimus.

NTG shows chronic optic neuropathy and results in the
loss of the visual field independently of IOP. Several
population studies have suggested that NTG represents 20-
90% of all primary open angle glaucoma cases, with
percentages appearing to vary according to race [29]. Factors
independent of IOP may contribute to disease progression,
and recent studies showed that glaucoma was affected by
multiple genetic and environmental factors [30,31]. Many
NTG patients continue to have visual field loss in spite of a
sufficient reduction in 1OP. Therefore, it is important to
understand the pathogenesis of NTG and establish methods
of treatment.

Studies of postmortem brain tissues from patients with
neurodegenerative disorders such as Alzheimer’s or
Parkinson’s disease revealed increased NF-kB activity
closely associated with the neurodegenerative process. NF-
kB reportedly regulates apoptosis in response to stress in the
nervous system, in addition to regulating apoptosis in a large
variety of cells and tissues. Difficulties are associated with
performing analyses using human materials; therefore,
animal studies complement human studies and provide
important insights into human NTG. Although glutamate
transporter-deficient mice also exhibit spontaneous RGC
death and optic nerve degeneration without an increase in
I0P, they do not display the symptoms of chronic ailments
observed in human NTG [32]. On the other hand, p50-KO
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mice develop chronic spontaneous optic neuropathy, with many
features resembling those of human NTG [25]. Since NF-xB
plays such a crucial role in optic neuropathy as well as the
nervous system [33, 34], it is important to identify the signaling
pathways leading to its activation in neurons. In our study, the
constitutively active cleaved form of CN, which has been reported
to induce apoptosis, was detected in the retina of p50-KO mice,
and IHC experiments revealed that p65 (RelA) spontaneously
translocated into the nucleolus of RGCs in p50-KO mice. Bax
expression in the retina was higher in p50-KO mice than in wild-
type mice, and activated caspase 3 was observed in p50-deficient
mice. Examinations using the RGC cell line also demonstrated
that the expression of p50 contributed greatly to the prevention of
NMDA/glutamate-induced neurotoxicity and is required to
protect RGCs and the optic nerve from spontaneous optic
neuropathy (Figure 3). Therefore, p50 itself can form p50/p50

homodimers, which generally function as transcriptional
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repressors [26, 35]. Our recent findings suggested that p50-KO
activated CN-induced p65 (RelA), resulting in spontaneous RGC
death. Since the stimulation of glutamate receptors results in
membrane depolarization, which opens Ca®* channels, leading to
a rise in intracellular Ca%concentrations, Ca?* may play an
important role in NF-xB activity during optic neuropathy. The
activation of NF-xB by various stimuli has already been shown to
require Ca?* for proper signal transduction [36, 37]. However, the
exact process involved in transducing the Ca?* signal in optic
neuropathy has not yet been elucidated. To address this, we
analyzed the neuroprotective effects of a Ca?* blocker on RGCs in
p50-KO mice. The protective effects of chemical reagents, which
act on the Ca?*-signaling pathway, against spontaneous optic
nerve neuropathy was clearly demonstrated based on the chronic
administration of reagents to p50-deficient mice as well as in

transient experiments.

Figure 3. Putative biological function of NF-xB in spontaneous optic neuropathy in p50 Knockout (KO) mice. A calcineurin (CaN) signal

cascade involving the impaired activation of NF-xB induced spontaneous Retinal Ganglion Cell (RGC) death. Recombination activating

gene 1 (Ragl) reportedly plays a key role in spontaneous RGC death [40].
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Recent research reports demonstrate that it is possible that the binding site of the heterodimer p50/p65 could
also be occupied by the homodimer pS0fp50, whereupon p30/p50 may function as a repressor to regulate
p20/p65’s role as atranscription factor essential for neuronal response. In p50 knock out cells, heterodimer
¢cReliptb can markedly induce gene aclivation as transcription factor. Recent repornt demonstrated biological

significance of Ragl in optic neuropathy (ref.40)

CN, a critical component of several Ca?*-dependent signaling
pathways, controls transcriptional regulation, cell cycle
progression, and cell survival. A recent study demonstrated a

marked decrease in the level of NF-kB constitutive activity when

CN was specifically inhibited, at both nuclear translocation and
transactivation levels, suggesting the central importance of CN in
NF-kB activity in neurons [38]. Cleaved CN was detected in the

retina of p50-KO mice, and the protective effect of tacrolimus

Volume 2 ¢ Issue 1 * 110

www.aperito.org



Citation: Takuma Hayashi et al. (2015), Spontaneous Optic Neuropathy: Involvement of NF-xB Activation by the Calcineurin Signal

Cascade. Palliat Med Nurs Open Access 2:110

http://dx.doi.org/10.14437/2378-8909-2-110

Page 6 of 8

against optic neuropathy was then elucidated by transient
experiments as well as chronic administration to p50-KO mice
(Figure 3). Even though cultured RGCs were stimulated by
glutamate, the pre-treatment with tacrolimus reduced activated
caspase 3 and Bax expression in cultured RGCs. The amount of
Bax in the RGCs and TUNEL-positive RGCs of p50-KO mice
was markedly decreased by the chronic administration of
tacrolimus. These findings suggest that a CN signal cascade
involving the impaired activation of NF-xB induced spontaneous
RGC death (Figure 3).

Previous studies indicated the potential role of the
immune system, i.e., autoantibodies against ocular antigens, in the
pathogenesis of glaucoma [2]. p50-KO mice exhibited multiple
immune response defects [7]. Our previous findings demonstrated
the possible production of autoantibodies in the retinas of p50-KO
mice [25]. Tacrolimus is an immunosuppressive reagent that is
mainly used after allogenic organ transplant to reduce the activity
of the patient's immune system, and, thus, lower the risk of organ
rejection. Therefore, another possibility is that tacrolimus inhibits
the immune system, especially autoimmunity. Further studies are
needed to clarify the mechanism by which tacrolimus promotes
RGC survival.

One important issue that remains to be resolved in
neuronal physiology is how a signal that is released by
neurotransmitters binding to their receptors at the synapse, is
transduced into the nucleus to activate gene transcription. Despite
the importance of NF-kB to neuronal function and survival, little
is known about the signaling pathways leading to its activation. In
this study, we demonstrated that the expression of p50 was
required for optic nerve cell survival, suggesting a connection
between the loss of p50 expression and optic neuropathy. The
mechanism by which CN-dependent pathways activate NF-xB
currently remains unknown; we utilized p50-KO mice as well as
cultured RGCs to investigate the mechanisms by which the CN
signal cascade stimulates NF-xB-mediated neuronal cell death.
Factors that act on the CN-dependent pathway may become
targets in the clinical treatment of NTG. Clinical studies found a
correlation between NTG and Migraine with Aura (MA):
significant evidence of a link was found between the MA
phenotype and the marker D4S1647 on 4q24, in which the p50-

coding gene is located [39]. There is currently no evidence to
directly support a relationship between defective p50 expression
and NTG. In conclusion, tacrolimus protected RGCs from chronic
spontaneous optic neuropathy, and a CN signal cascade including
the activation of NF-kB induced chronic spontaneous optic
neuropathy. Our results provide a new framework for

understanding how cross-talk integrates various signals in a

physiological context for the initiation of chronic optic

neuropathy. These findings provide strong additional information
regarding therapeutic targets for NTG.
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