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Abstract

Secondary degeneration occurs commonly in the central nervous system after traumatic injuries
and following acute and chronic diseases, including glaucoma. A constellation of mechanisms
have been shown to be associated with secondary degeneration including apoptosis, necrosis,
autophagy, oxidative stress, excitotoxicity, derangements in ionic homeostasis and calcium
influx. Glial cells, such as microglia, astrocytes and oligodendrocytes, have also been demon-
strated to take part in the process of secondary injury. Partial optic nerve transection is a useful
model which was established about 13 years ago. The merit of this model compared with other
optic nerve injury models used for glaucoma study, including complete optic nerve transection
model and optic nerve crush model, is the possibility to separate primary degeneration from
secondary degeneration in location. Therefore, it provides a good tool for the study of secondary
degeneration. This review will focus on the research progress of the mechanisms of secondary
degeneration using partial optic nerve transection model.
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Introduction

A number of drugs have been screened in worldwide labo-
ratories for neuroprotective effects (Leaver et al., 2006; Fu
et al., 2009; Baltmr et al., 2010; Vasudevan et al., 2011; Mi et
al., 2012a; Mi et al., 2012b; Ren et al., 2012; Deng et al., 2013;
Mi et al., 2013). These drugs were also studied in various eye
models, including complete optic nerve transection (CONT),
optic nerve (ON) crush, acute and chronic ocular hyper-
tension models and ischemia/reperfusion model (Schwartz,
2004; Yu et al., 2006; Ho et al., 2007, 2009, 2010; Yu et al.,
2007; Fu et al., 2009, 2010; Weber et al., 2010; Danesh-Mey-
er, 2011; Li et al., 2011, 2013; Mi et al., 2012a, 2012b, 2013;
Sullivan et al., 2012; Zhang et al., 2012, 2013; Vigneswara et
al., 2013; Zhu et al.,, 2013; Zuo et al., 2013). The aim of these
studies was to search for the medicine which could delay
secondary degeneration of retinal ganglion cells (RGCs),
especially in glaucoma because RGCs in glaucoma patients
continued to die even after the intraocular hypertension had
been restored to normal by surgery. Secondary degeneration
meant the degeneration of neurons and glial cells caused by
the noxious factors released from the neurons or glial cells

which were damaged by the primary direct events. Actually,
“second phase of injury” was defined as “any consequence
of the primary insult” because “there is no absolute time
when primary damage evolves into delayed effects” after
traumatic brain injury and spinal cord injury (LaPlaca et
al., 2007). Therefore, it was hard to differentiate secondary
degeneration from primary degeneration based on the time-
points after injury although the temporal sequence has
been used to define secondary degeneration after ON crush
(Yoles and Schwartz, 1998). The degeneration of some RGCs
would take longer time than others for a variety of causes.
In order to clarify this phenomenon, Levkovitch-Verbin
and his colleagues established the partial optic nerve tran-
section (PONT) model using monkeys in 2001 and Wistar
rats in 2003. Because only the dorsal part of the ON was
transected in this model, secondary degeneration occurring
in the ventral ON could be separated from primary damage
clearly. Damages to RGC axons often led to the retrograde
degeneration of the cell bodies in the retinas (Quigley et al.,
1977), therefore, PONT model also allowed the separation
of secondary degeneration of the cell bodies in the retinas by
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dye-tracing the cell bodies whose axons were transected af-
ter PONT (Fitzgerald et al., 2009a; Li et al., 2013). Although
many mechanisms about secondary degeneration have been
reviewed after traumatic brain injury and spinal cord injury,
and they provide some useful hints for the understanding of
secondary degeneration in glaucoma (Farkas and Povlishock,
2007; Oyinbo, 2011), the PONT model was performed in the
visual system and more correlated with glaucoma. Therefore,
this review will summarily discuss the mechanisms of sec-
ondary degeneration after PONT.

Secondary degeneration

The concept of secondary degeneration in the central
nervous system (CNS)

The death of neurons and glial cells as an early consequence
of the primary pathological events is called primary de-
generation. In addition to the primary degeneration, the
neurons and glial cells which are not or only partially af-
fected by the primary damage will also die. This kind of
degeneration is called secondary degeneration. Secondary
degeneration occurs commonly in the CNS after traumatic
injuries, acute diseases and chronic neurodegenerative dis-
eases. For example, secondary degeneration emerged after
brain trauma (Stoica and Faden, 2010), spinal cord injury
(Hausmann, 2003; Oyinbo, 2011), stroke (Guimaraes et al.,
2009) and also in chronic neurodegenerative diseases, such
as Alzheimer’s disease, Parkinson’s disease and amyotrophic
lateral sclerosis (Stewart and Appel, 1988). Except for the de-
generation of cell bodies in the gray matter, there is also the
degeneration of axons in the white matter in neural tissues
(Guimaraes et al., 2009). Secondary degeneration is initiat-
ed by the pathological factors released by tissues which are
damaged by the primary events. The noxious factors such
as calcium dysregulation, excessive free radicals, activation
of proteases, overexpression of pro-apoptotic proteins, hy-
drolytic enzymes and high-level glutamate were involved
(Farkas and Povlishock, 2007). Both apoptosis and necrosis
were involved in this process (Hausmann, 2003; Farkas and
Povlishock, 2007; Guimaraes et al., 2009; Stoica and Faden,
2010; Oyinbo, 2011). In addition, glial cells, such as astro-
cytes, also take part in secondary degeneration and the dys-
function of astrocytes can lead to glutamate excitotoxicity
(Floyd and Lyeth, 2007; Oyinbo, 2011).

Glaucoma is another chronic neurodegenerative disease
of CNS and progressive neuropathology persists for a long
period of time. Ocular hypertension (OH) is one clear cause
for glaucoma and decreasing the OH with surgery has been
shown to be the only confirmed effective therapy for glau-
coma. But the situation of some patients will further dete-
riorate even after the OH has been controlled. Therefore,
secondary degeneration of RGCs is also believed to occur
in glaucoma (Tezel, 2006; Nickells, 2007; Tezel, 2008). The
mechanisms of RGC death involved in glaucoma include
neurotrophic factor deprivation, axonal transport failure,
apoptosis, excitotoxicity, oxidative stress, dysfunction of
glial cells and loss of synaptic connectivity, although which
mechanisms are specifically related with primary degenera-
tion or secondary degeneration are not known. This part has
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been well summarized by Almasieh et al. (2012) and will not
be included in this review. In addition to RGCs, amacrine
cells and photoreceptors will also be affected in glaucoma
by trans-synaptic secondary degeneration (Calkins, 2012).
Innovative therapy of secondary degeneration presents a
new direction for the treatment of glaucoma and other optic
neuropathies.

The pathogenesis of secondary degeneration in these
pathologic processes of CNS is summarized in Figure 1.

Secondary degeneration in ON injury models

As discussed above, the prevention of secondary degenera-
tion was a promising direction for the therapy of glaucoma.
It was believed that the axonal degeneration was precedent
to the death of RGC bodies in glaucoma (Calkins, 2012),
therefore, ON injury models were widely used in the study
of glaucoma. There are three kinds of ON injury models
which have been used for the study of the mechanisms of
RGC degeneration and the possible therapy for the loss of
RGCs, including CONT model, ON crush model and PONT
model. A lot of evidence shows the existence of secondary
degeneration in these ON injury models. After CONT, the
cell body loss percentages of RGCs were between 14-64% by
1 week after injury although the individual differences exist
with regard to the various strains and the distances of cut
site from the optic disc (Peinado-Ramon et al., 1996; Koe-
berle and Ball, 1998; Isenmann et al., 1999; Nakazawa et al.,
2002; Ota et al., 2002; Krueger-Naug et al., 2003; Hou et al.,
2004; van Adel et al., 2005; Franklin et al., 2006; Kretz et al.,
2006; Nakazawa et al., 2006; Fu et al., 2008; Lebrun-Julien et
al., 2009). However, in all these studies, most RGCs (more
than 80% or 90%) died by 2 weeks (Berkelaar et al., 1994;
Peinado-Ramon et al., 1996; Clarke et al., 1998; Koeberle
and Ball, 1998; Isenmann et al., 1999; Weise et al., 2000;
Nakazawa et al., 2002; Krueger-Naug et al., 2003; Hou et
al., 2004; van Adel et al., 2005; Kretz et al., 2006; Nakazawa
et al., 2006; Lebrun-Julien et al., 2009) after the injury and
nearly all RGCs lost (more than 98%) by 4 weeks (Clarke et
al., 1998; Krueger-Naug et al., 2003) after CONT. Although
it seems that some RGCs will take a longer time period to
die than others after CONT, the occurrence of secondary
degeneration after CONT is uncertain because all the axons
are transected and the degeneration of axons can lead to the
degeneration of RGC bodies. In another model, partial ON
crush in Sprague-Dawley (SD) rats, some bodies of RGCs
were also shown to die over a protracted period after dam-
age (Yoles and Schwartz, 1998). However, the number of
influenced axons after partial crush was uncertain and the
intact and damaged axons were mingled together, therefore,
it was nearly impossible to distinguish the cells that needed
a longer time for degeneration from others in location. In
order to clarify this issue, a PONT model has been estab-
lished using monkeys in 2001 by Levkovitch-Verbin et al.
In this model, only the dorsal part of ON was damaged,
but cell body degeneration of RGCs whose axons were kept
intact after injury occurred in the inferior retinas (Levko-
vitch-Verbin et al., 2001). The expense of using monkeys
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Primary insults induce the primary damages of neurons and glial cells in acute neurotrauma, stroke and chronic neurodegenerative diseases; then
the noxious factors released by the degenerating cells will cause secondary degeneration.

for experiments was huge and use of monkeys was limited.
Therefore, the Wistar rats were used to repeat this model
by the same group and a similar result was obtained in rat
PONT model (Levkovitch-Verbin et al., 2003). Convincing
information suggested that some of the neighboring RGCs
would die from the influence of biochemical events that
derived from the original damage in a PONT model. In ad-
dition, these RGC bodies that would die from secondary de-
generation could be discerned in the location in this model,
which was the inferior half retina in Wistar rats. Therefore,
a PONT model was believed to provide a good tool for the
study of secondary degeneration. This model has been used
extensively for studying the mechanisms of secondary de-
generation and the possible neuroprotective agents since its
establishment (Yoles and Schwartz, 1998; Levkovitch-Verbin
et al,, 2003, 2010, 2011; Fitzgerald et al., 2009a, 2009b, 20104,
2010b; Selt et al., 2010; Payne et al., 2011, 2012; Wells et al.,
2012; Chu et al., 2013; Cummins et al., 2013; Fitzgerald et al.,
2013; Li et al., 2013; Payne et al., 2013; Savigni et al., 2013;
Szymanski et al., 2013).

Secondary degeneration after PONT

Location of secondary degeneration of RGCs after PONT

Now the PONT model is performed in three strains of rats,
including Wistar rats (Levkovitch-Verbin et al., 2003), PVG
hooded rats (Fitzgerald et al., 2009b) and SD rats (Li et al.,

2013). The merit of this model is the ability to separate pri-
mary degeneration from secondary degeneration accurately
in location both in the ON and the retinas. That is, after par-
tial cut in the dorsal ON (about one quarter in Wistar rats
and SD rats or one third in PVG hooded rats), the axons in
the central and ventral ON would be vulnerable to secondary
degeneration (Figure 2) (Levkovitch-Verbin et al., 2003; Fitz-
gerald et al., 2009a; Fitzgerald et al., 2010b; Li et al., 2013).
In the retinas, the localization of primary and secondary
degeneration of the cell bodies of RGCs should be based on
the topography of the transected axons in the above-men-
tioned three different strains of rats (Levkovitch-Verbin et
al., 2003; Fitzgerald et al., 2009a; Li et al., 2013). If the whole
retinas were divided into dorsal (or superior) and ventral (or
inferior) halves in PVG hooded rats and SD rats, both pri-
mary and secondary degeneration occurred in both halves,
however, more cell deaths in the ventral retinas should be at-
tributed to secondary degeneration based on topography of
axons demonstrated by the fluorescent lipophilic cationic in-
docarbocyanine dye Dil tracing (Fitzgerald et al., 2009a; Li
etal,, 2013). For example, in SD rats used in our group, most
degenerating cell bodies (about 3/4) of the RGCs whose ax-
ons transected after PONT located in the dorsal retina and
a small part of cell bodies (about 1/4) located in the ventral
retina and they would die from primary degeneration; oth-
er cell bodies of the RGCs whose axons were intact after
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Figure 2 Schematic diagram showing the surgery of partial optic
nerve transection (PONT) and the location of primary and second-
ary degeneration in the optic nerve (ON).

The partial incision in the ON is achieved using a pair of scissors or a
diamond knife (indicated by the arrowhead). The axons in the direct
damaged sites (dorsal cut site of the ON in the transverse section, red
color) will undergo primary degeneration and the axons in the indirect
damaged sites (central and ventral areas of the ON in the transverse
section, no color) will undergo secondary degeneration.

PONT would die from secondary degeneration (Figure 3).
The result indicated that both primary and secondary de-
generation occurred in the dorsal and ventral retina, but
more secondary degeneration occurred in the ventral retina
compared with the dorsal retina. On the other hand, if the
retinas of the PVG hooded rats were divided into four quar-
ters in addition to the central area, the primary degeneration
was almost limited to central, dorsal and temporal areas and
all the loss of the cell bodies in the ventral and nasal zones
could be attributed to secondary degeneration (Figure 4)
(Fitzgerald et al., 2009a). In SD rats, we only divided the
retinas into dorsal and ventral halves; more detailed study
of the distribution might be useful in future. In Wistar rats,
primary degeneration of the cell bodies of RGCs would be
only limited to the dorsal half retinas and all loss of the cell
bodies of RGCs in the ventral retinas was attributed to sec-
ondary degeneration (Levkovitch-Verbin et al., 2003). In ad-
dition, the topography might be influenced by the distance
of the cut site from the optic disc (Simon and O’Leary, 1991;
Chan and Guillery, 1994).

In summary, there are both primary and secondary de-
generation after PONT; axons in the ON and cell bodies of
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Figure 4 The schematic diagram of the whole-mounted retinas of
PVG hooded rats showing the location of the retinal ganglion cell
(RGC) bodies whose axons were transected after partial optic nerve
transection (PONT).

The retinas were divided into dorsal, ventral, nasal and temporal quar-
ters in addition to the central area. The RGC bodies whose axons were
transected after PONT located in the dorsal, temporal and central areas
(indicated by blue color), but not in the nasal and ventral areas.

RGCs in the retina degenerate in rats. Although more accu-
rate information about axonal topography should be collect-
ed for a PONT model, it is still a better model for the study
of secondary degeneration than other ON injury models in
the visual system, for example, CONT and ON crush. Al-
though some tiny differences exist in the retinotopic graph
among these three strains of rats, the ventral retinas and the
ventral ON will be indicated as the areas vulnerable to sec-
ondary degeneration after PONT in this review.

Mechanisms of secondary degeneration of RGCs after PONT
In some papers reviewed here, the mechanisms underlying
primary and secondary degeneration after PONT were stud-
ied simultaneously. But the scope of this part will be mainly
limited to the mechanisms of secondary degeneration after
PONT. However, the mechanisms of secondary degeneration
versus primary degeneration after PONT will be summa-
rized and compared at the end of this part.

Apoptosis, necrosis and autophagy: In the retinas, both
apoptosis and necrosis contributed to secondary degen-
eration of the RGC bodies after PONT. Apoptosis of the
RGC bodies was confirmed by Hoechst staining (Levkov-
itch-Verbin et al., 2010) and immunohistochemical staining
of caspase-3 (Fitzgerald et al., 2009a). After Hoechst staining,
the cells undergoing apoptosis exhibited nuclear condensa-
tion and deoxyribonucleic acid (DNA) fragmentation, and
therefore could be recognized under fluorescence micros-
copy. In addition, the involvement of apoptosis was also
confirmed by the increasing in the expression of pro-apop-
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Figure 3 The schematic diagram of the localization of both primary and secondary degeneration of the retinal ganglion cell (RGC) bodies in

the retinas in Sprague-Dawley (SD) rats.

The lines indicate the axons in the optic nerve (ON) and the circles indicate the cell bodies of RGCs: the purple structures locate in the dorsal ret-
ina and dorsal ON and the blue structures locate in ventral retina and ventral ON. Red line indicates the axons transected after partial optic nerve

transection (PONT) in the dorsal part of the ON.

totic genes Bad and Bax (Levkovitch-Verbin et al., 2010). In
addition, necrosis was also shown to contribute to secondary
degeneration. The necrosis was demonstrated with mor-
phology (nucleic acid staining: Sytox Green) and activation
of poly(ADP-ribose) polymerase (PARP) in PVG hooded
rats (Fitzgerald et al., 2009a). PARP has been observed to
be involved in necrotic RGC death (Kolodziejczyk et al.,
2010). In our study using SD rats, terminal-deoxynucleotid-
yltransferase mediated nick end labeling (TUNEL) positive

staining cells increased from 1 week after PONT in inferior
retinas. TUNEL staining was believed to detect apoptosis in
many studies (Aktas et al., 2013; Deng et al., 2013; Chinskey
et al., 2014; Kowluru et al., 2014), but some also argued that
it could also detect necrosis and other types of cell death
(Grasl-Kraupp et al., 1995). Therefore, both apoptosis and
necrosis may be involved in secondary degeneration of RGC
bodies after PONT.

In the ON, mitochondrial autophagic profiles were ob-
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served in the areas vulnerable to secondary degeneration
(Cummins et al., 2013). Therefore, autophagy may be in-
volved in the secondary degeneration of axons in the ON.
Whether it is involved in the secondary degeneration of RGC
bodies needs further investigation.

Oxidative stress: Oxidative stress, indicated by increased ex-
pression of manganese superoxide dismutase (MnSOD) and
decreased catalase activity, occurred 5 minutes after PONT
in the ventral ON and the immunoreactivity of advanced
glycation end product carboxymethyl lysine increased sig-
nificantly 24 hours after PONT in the ventral ON (Fitzgerald
et al., 2010a; Wells et al., 2012). It was hypothesized that ac-
tivation, accumulation, or redistribution of MnSOD, rather
than new protein synthesis, occurred after PONT in the ON
because the increase in MnSOD was so fast (5 minutes) after
PONT. Western blot analysis of ON vulnerable to secondary
degeneration (the ventral ON) may help clarify this issue
(Fitzgerald et al., 2010a). In the retinas, the oxidative stress
indicated by increasing expression of MnSOD began at 24
hours after PONT in secondary degeneration both in PVG
hooded rats and SD rats (Fitzgerald et al., 2010a; Li et al,,
2013). Therefore, oxidative stress was involved in the second-
ary degeneration of both axons and RGC bodies after PONT.
The polysaccharides extracted from Lycium barbarum (LBP),
lomerizine and 670 nm light treatment could reduce oxida-
tive stress and secondary degeneration of RGCs (Fitzgerald
et al., 2009a; Fitzgerald et al., 2009b; Fitzgerald et al., 2010b;
Lietal., 2013).

Calcium overload: Nanoscale secondary ion mass spectros-
copy showed that the mean intensities of specific areas hav-
ing the elevated “’Ca/"’C in the normal ON in vivo decreased
but a punctuate distribution increased at 5 minutes after
PONT (Wells et al., 2012). The result might indicate a redis-
tribution of calcium from internal stores to the cytosol. It is
known that calcium accumulation can lead to the over pro-
duction of reactive oxygen species (ROS) in mitochondria
(Lewen et al., 2000; Begemann et al., 2010). In addition, the
immunoreactivity of glutamate receptor subunit GluR1, a
subunit of functional a-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid (AMPA) receptors, was increased rapidly
in the ON vulnerable to secondary degeneration. Increased
plasma membrane expression of GluR1 in astrocytes, re-
sulting in increased calcium flux into and across the linked
astrocytic network, was thought to lead to the early spread
of oxidative stress in neurons (Fitzgerald et al., 2009b).

Mitochondrial change: Although the numbers of mitochon-
dria in the ON vulnerable to secondary degeneration had
not changed after PONT, there was alteration in the mito-
chondrial ultrastructure. Higher accumulation of smaller
mitochondrial profiles at day 1 and glial mitochondrial
profiles with a more elliptical shape at both days 1 and 7
following injury were observed (Cummins et al., 2013). In
addition, the activity of enzymes of the citric acid cycle was
dynamically altered during secondary degeneration in the
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ON (Cummins et al., 2013). As mentioned above, mitochon-
dria are the source of ROS (Lewen et al., 2000). Therefore,
changes in mitochondrial morphology and function might
be related to the excessive production of ROS.

C-jun: C-jun was shown to be involved in secondary de-
generation after PONT in all three strains of rats used for
PONT. Western blotting showed that the expression of phos-
pho-c-jun (p-c-jun) increased from 1 day after PONT in
the inferior retinas of SD rats (Li et al., 2013). Immunohis-
tochemical staining showed that the number of p-c-jun or
c-jun positive cells increased significantly from 3 days after
PONT in secondary degeneration in Wistar rats and PVG
hooded rats, respectively (Fitzgerald et al., 2010a; Vander
and Levkovitch-Verbin, 2012). It seemed that the time-
point of increasing c-jun expression was different in SD rats
compared with the other two strains. The possible reason
was that Western blotting was more sensitive than immu-
nohistochemical staining in the detection of trace increase
in the expression of proteins. C-jun was shown to have both
pro-apoptotic and anti-apoptotic roles (Levkovitch-Verbin
et al,, 2006) for RGCs. It was assumed to play an anti-apop-
totic role after PONT in Wistar rats (Fitzgerald et al., 2010a)
because incidence of apoptotic death was low in this strain
(Fitzgerald et al., 2009a). This may be why apoptosis con-
tributed less to the secondary degeneration of RGCs after
PONT than necrosis in this strain of rats. But in our study
in SD rats, the phosphorylation of c-jun was thought to be
pro-apoptotic because the LBP was able to decrease second-
ary degeneration and phosphorylation of c-jun simultane-
ously. So it seems that the role of p-c-jun is controversial
in vivo in the secondary degeneration, and an in vitro study
may be helpful to answer this issue.

Water channel change: Aquaporin 4 (AQP-4) immunointen-
sity in glial fibrillary acidic protein-positive astrocytes in-
creased following PONT (Wells et al., 2012). AQP-4 is the
main water channel of the mammalian nervous system and
is indicated to co-localize with the inward potassium (K)
channel Kir 4.1, as a water-potassium transport complex. Al-
though no change in Kir 4.1 immunoreactivity or K ions was
observed, it is possible that the change in the flux of ions in
response to AQP-4-mediated astrocytic swelling/hypertrophy
results in the spread of altered ionic balances through the as-
trocytic syncytium and increased secondary degeneration.

Microglia and macrophages: Three days after PONT, the
numbers of ionized calcium binding adaptor molecule-1
(Iba-1)- or cluster differentiation 68 (ED-1)-immunoreactive
microglia/macrophages increased significantly in the ventral
ON but not in the ventral retinas (Fitzgerald et al., 2010a). It
seemed that in the ON, the activation of microglia and the
infiltration of macrophages were precedent to the secondary
loss of axons because the obvious loss of axons began 4 days
after PONT (Levkovitch-Verbin et al., 2003). Secondary de-
generation occurred in the ventral retinas later than 7 days
in PVG hooded rats (Fitzgerald et al., 2009b) after PONT.
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Therefore, the time points longer than 3 days should be
studied in ventral retinas to elucidate whether the activation
of microglia/macrophages is precedent to the death of RGC
bodies.

The possible roles of microglia and macrophages after
injury in CNS are controversial. They can : (1) be a source
of oxidative stress; (2) both contribute to and protect
against glutamate excitotoxicity, depending on the timing
and pathological conditions of infiltration; (3) have pro-in-
flammatory or anti-inflammatory roles; (4) phagocytize
myelin debris to contribute to turnover of myelin; and (5)
secret brain-derived neurotrophic factor and glial-derived
neurotrophic factor (Benarroch, 2013). In our study, the
expression of an oxidative stress marker, anti-hydroxygua-
nosine 8, increased after PONT in the activated microglia/
macrophages in the ON (unpublished data). This result sup-
ports that activated microglia/macrophages are the source
of ROS after injury. Tumor necrosis factor alpha (TNF-a)
was known to be a major molecule involved in inflammation
and could be secreted by activated microglia/macrophages.
In our study, the expression of TNF-a did not increase in the
inferior retinas until 1 week after PONT (Li et al., 2013) and
this result showed that inflammation might not contribute
to secondary degeneration in the cell bodies of RGCs in the
retinas, but whether it is involved in secondary degeneration
of axons in the ON needs further study. Other roles of acti-
vated microglia/macrophages need further investigation in
future.

Astrocytes and oligodendrocytes: Astrocytes became hyper-
trophic after PONT and the immunoreactivity of oxidative
stress markers (MnSOD and advanced glycation end prod-
uct carboxymethyl lysine) increased in the astrocytes of the
ventral ON 5 minutes and 24 hours after PONT, respectively
(Fitzgerald et al., 2010a; Wells et al., 2012). Calcium overload
is known to contribute to increased oxidative stress. As men-
tioned above, the ion channel AMPA receptor subunit GluR1
immunointensity and water channel AQP4 immunointensity
in astrocytes were significantly increased in the ventral ON 3
hours and 24 hours following PONT, respectively. Change in
AQP4 immunoreactivity may indicate its involvement in al-
tered water balance and flux of ions following PONT. These
results indicated astrocytes in the spread of calcium and
oxidative stress during secondary degeneration (Fitzgerald et
al., 2010a; Wells et al., 2012).

Swelling in myelinated axons, but not in unmyelinated
axons, was detected after PONT in PVG hooded rats. It im-
plied that the dysfunction of oligodendroglia contributed
to axon swelling and damaged axonal transport (Payne et
al., 2011). It is known that oligodendrocytes are vulnerable
to glutamate excitotoxicity which may be released from the
neural tissue after primary injury. But the occurrence of
excitotoxicity after PONT has not been investigated yet and
the number of oligodendrocytes remains stable after PONT.
Therefore, to understand the role of oligodendrocytes in sec-
ondary degeneration, the study about excitotoxity should be
conducted.

Comparison of the mechanisms between primary and sec-
ondary degeneration of RGCs after PONT: In several papers,
the comparison of primary and secondary degeneration af-
ter PONT was conducted. Levkovitch-Verbin et al found that
both primary and secondary degeneration led to caspase 3,
growth arrest and DNA damage inducible gene 45a (GAD-
D45a), cyclin-dependent kinase 2(CDK2) and etoposide-in-
duced protein 2.4 homolog (ei24) activation in the retinas,
but the activation was longer and more intense in the for-
mer. Similarly, both primary and secondary degeneration
significantly down-regulated the pro-survival genes Bcl-2
and Bcl-x-L and up-regulated the pro-apoptotic genes Bax,
Bad and inhibitor of apoptosis protein-1 (IAP-1), though a
delay of the up-regulation of Bax and Bad was seen in sec-
ondary degeneration (Levkovitch-Verbin et al., 2010; Levko-
vitch-Verbin et al., 2011). These results indicated that both
primary and secondary degeneration shared some common
final mechanisms. However, they also reported that phos-
pho-stress-activated protein kinase/c-jun N-terminal kinase
(p-SAPK/JNK) was only activated in primary degeneration
but not in secondary degeneration; whereas p-Akt was
only activated in secondary areas rather than primary areas
(Vander and Levkovitch-Verbin, 2012). The data suggested
a difference between primary and secondary degeneration.
In addition, they also showed that primary and secondary
degeneration was different in their reaction to minocycline
(Levkovitch-Verbin et al., 2011). Why minocycline prevents
secondary degeneration rather than primary degeneration
is unclear, but the reason may be related to specific signaling
pathways that take part in secondary degeneration and that
can be intervened by minocycline but not or only to a lesser
extent in primary degeneration. In addition, the fact that
Lycium barbarum (wolfberry) could delay secondary de-
generation rather than primary degeneration also indicated
the difference in the mechanisms between the two (Li et al.,
2013). But which specific signaling pathways play a role in
secondary degeneration rather than primary degeneration
need further study.

Secondary degeneration of other retinal layers after PONT

In the above paragraphs, the secondary degeneration of
RGCs limited to ganglion cell layer has been discussed. What
should be noticed is that other retinal layers are also affected
after PONT. This point is discussed here as supplementary
information. In multifocal electroretinogram (ERG), the P1
component was shown to originate from the outer retinas
and maybe ON-bipolar cells in porcine and rhesus monkey
(Hood et al., 2002; Ng et al., 2008). In our group, P1 compo-
nent of SD rats was also shown to originate from the outer
retina because it was not affected after inhibiting the inner
retinal activity. The amplitude of P1 decreased after PONT
in our study indicated that outer retina was affected and sec-
ondary degeneration could adversely affect retinal layers be-
yond retinal ganglion cell level (Chu et al., 2013). This kind
of trans-synaptic degeneration has been shown in glaucoma
patients. For example, in human glaucomatous patients and
monkey models, it showed the decrease of cone opsin mes-
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sage RNA (mRNA)(Pelzel et al., 2006), swelling and patchy
loss of cone photoreceptors in the macular region (Nork et
al., 2000; Calkins, 2012). In DBA mice, detection with retinal
histology showed the attenuation of scotopic a- and b-wave
amplitude concurrent with thinning of the inner plexiform
layer and of the outer retina layer, respectively (Bayer et al.,
2001). In C57 mice, GABAergic types of amacrine cells were
reduced by about the same percentages to RGCs (Moon et
al., 2005). These data reported the possible degeneration of
photoreceptors and amacrine cells in glaucoma. Although
the underlying mechanisms of this trans-synaptic degener-
ation were not clear, the degeneration of other retinal layers
than the ganglion cell layer should be assessed when it comes
to a neuroprotective agent.

Summary

In neurotrauma and neurodegenerative diseases of the CNS,
secondary degeneration of neurons and glial cells occurs.
The protection of neurons and glial cells against secondary
degeneration is a promising direction for therapy of these
diseases. PONT model is a useful tool for studying the mech-
anisms of secondary degeneration and screening for the
neuroprotective drugs in combat against secondary degener-
ation because it can separate primary degeneration from sec-
ondary degeneration in location. Up to now, evidence shows
that the mechanisms of secondary degeneration after PONT
include apoptosis, necrosis and autophagy. Oxidative stress,
calcium overload, mitochondrial dysfunction, c-jun, change
of water channel, microglia and macrophages, astrocytes and
oligodendrocytes are involved in the secondary degeneration
after PONT. The comprehensive understanding of the mech-
anisms underlying the secondary degeneration of RGCs will
provide valuable guidance for the treatment of neurotrauma
and CNS neurodegenerative diseases. In addition, it should
be noticed that outer retinas will also be affected in glau-
coma and after PONT and it should be considered when
screening effective drugs for glaucoma.
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