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Abstract

Axonal degeneration causes morbidity in many neurological conditions, including stroke,
neurotrauma and multiple sclerosis. Given the limited ability of CNS neurons to regenerate,
combined with the observation that axonal damage causes clinical disability, has spurred efforts to
investigate the mechanisms of axonal degeneration. Ca influx from outside the axon is a key mediator
of injury. More recently substantial pools of intra-axonal Ca sequestered in “axoplasmic reticulum”
have been reported. These Ca stores are under control of multimolecular “nanocomplexes” located
along the internode under the myelin. Overactivation of these complexes during disease may lead to
lethal release of Ca from intra-axonal stores. Rich receptor pharmacology offers tantalizing
therapeutic options targeting these nanocomplexes in the many diseases where axonal degeneration
is prominent.
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Introduction

Myelinated axons, critical for reliable transmission of signal within the central and peripheral
nervous systems, exhibit remarkably distincitve specialized regions. At the nodes of Ranvier,
high densities of sodium (Na) channels conduct inward depolarizing currents, whereas
internodal/juxtaparanodal potassium (K) channels maintain electrical stability and
polarization. Myelin, produced and maintained by Schwann cells in the PNS (peripheral
nervous system) and oligodendrocytes in the central nervous system (CNS), insulates 99% of
the surface of axons, providing a low-capacitance, high-resistance protective covering.
Together, this unique and highly specialized structure supports rapid and efficient saltatory
impulse propagation [1]. However, the need for a continuous energy supply to maintain
appropriate ion concentrations to support uninterrupted action potential generation places
central fibers in a potentially vulnerable state. Thus, when energy demand exceeds supply,
ionic dysregulation within the axon occurs causing an influx in Na and Ca and an efflux of K.
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Under injury conditions, such as anoxia/ischemia or trauma, conduction failure ensues as ion
gradients cannot be re-established for proper action potential generation. Given the key
importance of axons in the nervous system, it is not surprising that damage to myelinated fibers
results in clinical disability, which is often severe. This article will review current knowledge
of the molecular mechanisms of axonal degeneration, with specific emphasis on the axon
cylinder per se, and the recently discovered internodal nanocomplexes containing glutamate
receptors and other signalling molecules whose arrangement resembles the post-synaptic
membrane of conventional synapses. While much of the insight was gained using anoxic and
ischemic models, given the mechanistic overlap in other injury paradigms [2], the basic
signaling pathways culminating in axonal damage are likely relevant to other disease
mechanisms such as trauma and inflammatory/immune attack. The reader is also referred to
additional complementary reviews [3-8].

Anoxia/ischemia causes conduction failure in CNS white matter

The normal function of CNS white matter depends on a continuous supply of oxygen and
glucose because CNS energy reserves are extremely limited. Not surprisingly, disruptions of
energy supply due to anoxia/ischemia cause loss of ionic homeostasis, depolarization and
rapid conduction failure of central fibers. Ex vivo preparations of live central myelinated fibers
(e.g., optic nerve and spinal dorsal columns) continue to be useful models to study axo-glial
injury caused by a variety of insults. As shown in Figure 1A-D, conduction along a central
white matter tract is inhibited within minutes of anoxia, in parallel with a strong depolarization
of resting membrane potential [9-11]. Similarly, chemical ischemia (e.g., using the glycolytic
inhibitor iodoacetate) also causes a marked depolarization and failure of electrogenesis [12,
13]. Collectively, these examples emphasize the absolute reliance of white matter on oxygen
and glucose for continued function.

In the absence of an adequate energy supply, axoplasmic K falls while Na and Ca rise (Figure
1E-K), the latter from a nominal baseline of ~100 nM of free ion to tens of micromolar [15].
Although extracellular Ca accumulation in axons via reversal of the Na-Ca exchanger has been
implicated in irreversible axonal damage [16], ischemic axons also suffer a rise in intra-axonal
free [Ca] even in Ca-free perfusate (see below). In addition, some white matter tracts contain
enough intracellular Ca to severely damage axons without any influx of this ion from the
extracellular space [17]. Once intra-axonal Ca rises to toxic levels, irreversible axon damage
occurs likely mediated by Ca-dependent proteases (e.g., calpains), activation of Ca-dependent
phospholipases, disruption of mitochondrial oxidative phosphorylation (either by a potential
mitochondrial Ca deficit induced by high cytosolic Na and export of free Ca from the matrix
by mitochondrial Na-Ca exchange, or by mitochondrial Ca overload which occurs especially
during the ‘reperfusion’” phase, with Ca excessively driven into the matrix via the Ca
uniporter), and formation of free radicals [13, 18]. Furthermore, an increase in axoplasmic Ca
has also been demonstrated in a wide range of experimental nerve injury models that produce
acute or chronic axon degeneration, suggesting that intra-axonal Ca loading is an important
pathologic event in many models of axon damage, for review see [19].

Taken together, an initial mechanism of central axon injury was proposed involving loss of
ionic homeostasis through Na-K ATPase failure, Na entry through persistent Na channels
[20,21] and K efflux, causing reversal of the Na-Ca exchanger and the resultant accumulation
of intra-axonal Ca. Importantly, the removal of Ca or Na, or applying antagonists of voltage-
gated Na channels or Na-Ca exchange inhibitors, protected both rat optic nerve and spinal
white matter tracts, and improved functional recovery [16,22-26]. However, more severe
insults such as ischemia (as opposed to anoxia alone) seem to recruit additional Ca-dependent
injury mechanisms. Therefore, deciphering all the routes of intra-axonal Ca loading is of
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fundamental importance as it is likely to initiate irreversible damage to axon structure and
function.

Carelease from intra-axonal stores

Previous work has shown that the levels of axoplasmic Ca increase in response to in vitro
ischemia in myelinated axons of both rat optic nerve and spinal dorsal columns in the absence
of extracellular Ca, suggesting that intracellular Ca stores might play an important role in
axonal degeneration (Figure 1H) [15, 17]. Potentially substantial sources of intra-axonal Ca
include mitochondria [27, 28], endoplasmic reticulum (ER) [29-31] [which can release Ca
through ryanodine receptors, Ins(1,4,5,)P3 receptors, nicotinic acid adenine dinucleotide
phosphate (NAADP)-sensitive receptors and sphingolipid Ca release-mediating protein of the
ER (SCaMPERY)], and cytosolic Ca-binding proteins [32]. As discussed in more detail below,
recent work supports the notion that many of the above sources of intracellular Ca come into
play in more severe injuries. Specifically, in addition to influx of extracellular Ca across the
axolemma, intra-axonal calcium overload occurs through ryanodine-receptor-mediated release
from ER in ischemic dorsal column axons [17], release via Ins(1,4,5,)P3 receptors in response
to Ins(1,4,5,)P3 generation by phospholipase C [15, 33], and release from mitochondria [15].
Importantly, these studies unveil the complexity of axonal injury mechanisms and offer
additional therapeutic targets to preserve axon structure and function following an insult.

‘Excitation-contraction coupling’-like Ca release: role of L-type Ca channels and ryanodine

receptors

In skeletal muscle, depolarization sensed by L-type Ca channels is used to activate ryanodine
receptors to release Ca from the sarcoplasmic reticulum, in turn promoting contraction.
Interestingly, the application of the L-type Ca channel blocker nimodipine to ischemic dorsal
columns maintained in zero Ca perfusate (the latter by itself failing to protect the tissue from
injury) showed remarkable functional recovery [17]. Intriguingly, a similar ‘excitation-
contraction coupling” mechanism found in muscle cells might also operate in ischemic spinal
axons, given that the protective action of nimodipine could not occur through inhibition of Ca
influx through the channel, as all Ca was already removed from the extracellular space. It is
important to note that dihydropyridines such as nimodipine block Ca channels by interfering
with the voltage sensor of the channel [34], not by blocking its pore. Moreover, blocking
ryanodine receptors directly using ryanodine or depleting ER Ca stores by pre-application of
the ER Ca-ATPase inhibitor, thapsigargin, were also very protective in the same paradigm.
Taken together, these data suggest that the pathological intra-axonal Ca rise following more
severe insults occurs in part through axonal ER release, triggered by L-type Ca channel
activation of ryanodine receptors.

To further substantiate these findings, changes in axoplasmic Ca levels were measured using
fluorescent dyes and confocal microscopy (Figure 1E-K). These studies revealed that free
axoplasmic Ca rises substantially during ischemia even in zero Ca perfusate, and this Ca
increase can be greatly reduced by ryanodine [15, 17] or nimodipine [35]. Ultrastructural
studies demonstrate the existence of subaxolemmal cisternae [17, 36] and triple-label
immunofluorescence and co-immunoprecipitation confirm a spatial and physical association
between voltage-gated Ca channels and ryanodine receptors near the axolemma of central
myelinated axons [17]. Interestingly, the release of Ca from intra-axonal stores was highly
dependent on Na influx, similar to the dependence of extracellular Ca entry on Na and reversal
of Na/Ca exchange [15]. However, as extracellular Ca was removed in these studies, the
axolemmal Na/Ca exchanger is an unlikely mediator of intra-axonal Ca accumulation; instead,
these observations suggest a potentially direct, yet unknown, role for Na in mediating ER Ca
release. Notably, functional recovery, while greatly improved by interference with this
‘excitation-contraction coupling’-like Ca release mechanism, is still incomplete in dorsal
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column axons following ischemia[on+1], suggesting that other Ca sources may play a role, or
perhaps indicating that not all injury pathways depend solely on Ca overload.

In addition to L-type Ca channels, additional voltage-gated Ca channels also play a role in CNS
white matter injury. For example, Fern and colleagues showed that blockers of N-type Ca
channels are protective against in vitro anoxia [37]. More recently, P/Q-type Ca channels were
shown to be present on immature pre-myelinated axons [38]; whether these persist into
adulthood and contribute to axonal injury is plausible, but currently unproven. xx[o+12]

In summary, the role of voltage-gated Ca channels in axonal injury is supported by several
studies that have shown remarkable protection using pharmacological inhibition. In addition
to adirect protective effect of blocking voltage-gated Ca channel mediated Ca entry, interfering
with the L-type Ca channel voltage sensor may prevent coupling to axonal ryanodine receptors
and subsequent damaging Ca release from axonal Ca stores.

Ins(1,4,5,)P3 receptors as a source of intra-axonal Ca

The inositol trisphosphate Ins(1,4,5,)P3) receptor also mobilizes Ca from ER stores when
bound by its ligand Ins(1,4,5,)P3 and contributes to intraaxonal Ca release in ischemic axons
[15,33]. To disrupt Ins(1,4,5,)P3 signaling, three reagents were used to probe mechanisms:
U73122, an irreversible antagonist of phospholipase C (PLC), an enzyme that liberates Ins
(1,4,5,)P3 from the plasma membrane phospholipid, PtdIns(4,5)P, [39]; heomycin, which
complexes phosphatidylinositol lipids to render them unavailable as phospholipase C
substrates; and heparin, which inhibits Ins(1,4,5,)Ps-induced Ca release by binding to Ins
(1,4,5,)P3-binding sites. Each of the three antagonists significantly reduced the peak axonal
Ca response compared with antagonist-free controls, suggesting that a substantial component
of ischemia-induced intra-axonal Carelease is mediated by the Ins(1,4,5,)P3 signaling pathway
[15].

To further investigate the mechanism of Ins(1,4,5,)P3-mediated intra-axonal calcium release,
the Group | metabotropic glutamate receptor (mGIuR-1) antagonist 1-aminoindan-1,5-
dicarboxylic acid (AIDA) was added to zero-Ca-treated dorsal column slices, thus interfering
with putative G-protein-coupled metabotropic receptor activation of PLC, which should in turn
reduce Ins(1,4,5,)P3 generation [40]. Indeed, AIDA treatment alone was protective against a
severe one hour ischemic insult [33]. Based on these studies, it is probable that mGIuR-I
receptors activate PLC, leading to Ins(1,4,5,)P3 production and Ca release, which then
contributes significantly to central myelinated fiber injury.

Mitochondria as a source of intra-axonal Ca

Mitochondria also store and release intracellular Ca [41]. Under normal physiological
conditions, Ca efflux from mitochondria is mediated primarily by the mitochondrial Na/Ca
exchanger [42]. Furthermore, under certain conditions, both the Ca uniporter and the
permeability transition pore (MPTP) can also release Ca [43]. To investigate the role of
mitochondria in mediating Ca release during ischemia of optic nerves in vitro, the nerves were
treated with three inhibitors of mitochondrial Ca release; CGP37157, a blocker of
mitochondrial Na/Ca exchange; Ru360, an inhibitor of the mitochondrial Ca uniporter; and
cyclosporin A, a MPTP blocker [15]. Treatment with CGP37157 reduced intra-axonal Ca levels
greatly, but neither Ru360 nor cyclosporin A had this effect, suggesting that the majority of
mitochondrial Ca release during ischemia is mediated by the mitochondrial Na/Ca exchanger
[15], likely driven to export Ca from the mitochondrial matrix by substantial intra-axonal Na
accumulation.
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Based on the above studies, and because several sources of intra-axonal Ca release contribute
to overall axonal Ca load, combinational treatments were applied to target both Ins(1,4,5,)P3
receptors and mitochondrial Na/Ca-exchanger-mediated Ca release. These combination
strategies reduced the intra-axonal Ca rise much more effectively than any single treatment
alone, suggesting that these pathways work independently and are major contributors to
intracellular Ca release during ischemia. Furthermore, the greatly restrained Ca rise was
paralleled by an improved electrophysiological recovery, underscoring a direct relationship
between axonal Ca accumulation and functional injury [15].

Collectively, these results indicate that, in some central white matter tracts, as the severity of
injury increases, additional Ca-dependent injury mechanisms are recruited, involving release
from intracellular pools. These experiments raise the strong possibility that controlling only
the extracellular Ca influx is necessary but not sufficient to protect this tissue against more
severe insults, with additional control of Ca release from intracellular stores being required for
optimal protection. A summary diagram of intracellular Ca stores contributing to axonal
damage is shown in Figure 2A.

Glutamate receptors and axonal injury

Glutamate excitotoxicity has been well described as an important contributor to grey matter
and, more recently, white matter degeneration. Indeed, with regards to the latter, antagonists
of ionotropic glutamate receptors (i.e. AMPA/Kkainate receptors and, more recently, NMDA
receptors) are protective in several models of white matter injury [33,44-47]. By contrast,
applying agonists of AMPA/kainate receptors or increasing extracellular glutamate levels by
blocking glutamate transport promotes axonal injury [48-51]. Although the precise
mechanisms of glutamate-mediated white matter injury are still being elucidated, excitotoxic
glial injury is supported by the observations that these cells express Ca-permeable glutamate
receptors, and antagonists of these receptors prevent glial cell death (for review, see [52]). In
addition to glia and myelin [53] as targets of glutamate and purinergic receptor [8,14]
excitotoxicity, more recent work (discussed in more detail below) reveals that functional
AMPA/kainate receptors are present on central axons in discrete signaling ‘nanocomplexes’
that exert additional control over the intra-axonal Ca stores described above [54,55].

To see whether myelinated axons express functional glutamate receptors that are capable of
mediating intra-axonal Ca release, rat dorsal column axons were loaded with a Ca-sensitive
indicator, then exposed to glutamate receptor agonists, and intra-axonal Ca changes were
measured using confocal microscopy. Specifically, GluR5-containing kainate receptors were
activated using the selective agonist (RS)-2-amino-3-(3-hydroxy-5-tert-butylisoxazol-4-yl)
propanoic acid (ATPA), and AMPA receptors were activated using AMPA. Following agonist
application, robust increases in axoplasmic Ca were detected and could be blocked using the
combined AMPA/Kkainate receptor antagonist 2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzoquinoxaline-2,3-dione (NBQX). Curiously, the AMPA-mediated Ca flux was greatly
reduced both in conditions of zero extracellular Ca (without additional antagonists) or
following ryanodine inhibition of ryanodine receptors (in 2 mM bath Ca), suggesting that
AMPA-induced Ca loading in axons is mainly mediated by ryanodine-sensitive Ca stores rather
than influx across the axolemma. The extracellular Ca dependence further indicates that a
cardiac-type Ca-induced Ca release mechanism is triggered by small amounts of Ca admitted
through AMPA receptors. By contrast, the GIuR5-mediated intra-axonal Ca response was
reduced but not abolished in zero external Ca conditions, suggesting that the GIuRS5 effect was
mediated in part by Ca release from intracellular stores, largely independently of extracellular
Ca influx [55].

To further investigate the source of intra-axonal Ca mediated by GIuRS5 activation, dorsal
columns were treated with pertussis toxin to block any putative kainate-receptor-coupled G
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protein signaling [56], or treated with inhibitors of phospholipase C or blockers of Ins(1,4,5,)
P3 receptors to disrupt Ins(1,4,5,)P3-mediated Ca release. Blocking this pathway prevented the
majority of intra-axonal Ca increases, revealing an important link between GluR5-containing
kainate receptors, noncanonical signaling through G-proteins, activation of phospholipase C
and release of Ca from axoplasmic Ins(1,4,5,)P3-dependent Ca stores. However, inhibition of
L-type Ca channel activation did not prevent the axoplasmic Ca increases, signifying that L-
type Ca channels do not play a significant role in AMPA/GIuR5-mediated axoplasmic Ca
accumulation [55], in stark contrast to the effect of GIURG activation (see below).

In addition to the GIuRS5 studies, parallel sets of experiments were designed to examine the
role of GIuR6-containing kainate receptors in causing axoplasmic Ca deregulation. Activation
of kainate receptors using kainate or SYM2081 (a GIuR6 kainate receptor agonist) at
concentrations that significantly reduce compound action potentials, cause an increase in intra-
axonal Ca. Importantly, application of 3-(hydroxyamino)-6-nitro-6,7,8,9-tetrahydrobenzo[g]
indol-2-one (NS-102), an antagonist of GIuR6-containing kainate receptors, strongly reduced
the Ca response induced by kainate, whereas AMPA receptor antagonists did not [54]. Because
removal of extracellular Ca did not completely prevent intra-axonal Ca rise, axonal Ca stores
were targeted to tease out the mechanism of GluR6-mediated intra-axonal Ca accumulation.
In agreement with previous studies that showed that ischemia-induced depolarization of dorsal
column axons releases Ca from ryanodine-dependent axonal stores [17], the GluR6-mediated
axonal Carise was derived from ryanodine-sensitive Ca stores [54]. In addition, and in contrast
to GIuR5 kainate and AMPA receptor activation, inhibiting L-type Ca channels by nimodipine
or nifedipine strongly inhibited the intra-axonal Ca increase mediated by GIuR6 kainate
receptors, and improved functional recovery [54]. Furthermore, replacing Na with the
impermeable cation NMDG, but not the kainate receptor-permeable Li ion, almost completely
blocked the GluR6-mediated Ca rise, supporting the notion that ryanodine-sensitive release of
intra-axonal Ca is also depolarization dependent [54].

Taken together, the results from these glutamate receptor agonist studies suggest that, although
GIuR5 kainate-receptor-mediated intra-axonal Ca responses show some dependence on
extracellular Ca, the majority of GluR5-dependent axonal Ca increase occurs via G proteins,
activation of PLC, and release of Ca from intra-axonal ins(1,4,5)P3P3-dependent Ca stores. By
contrast, GIUR6 receptor-mediated intra-axonal Ca responses involve depolarization-
dependent Ca release from ryanodine-sensitive Ca stores, involving L-type voltage-gated Ca
channels that function as voltage sensors, rather than Ca-permeable pores. Figure 2B illustrates
the mechanisms of glutamate receptor-mediated axonal Ca deregulation, and the intimate
relationship between these receptors and intra-axonal Ca stores.

Signaling ‘nanocomplexes’ on myelinated axons: potential effectors of direct axonal injury

Although the above experiments clearly show that AMPA/kainate receptors are involved in
the mobilization of intra-axonal Ca, they do not provide direct evidence that these receptors
are axonal. Indeed, previous reports suggested that the protective effects of AMPA/kainate
antagonists in white matter injury are due to protection of oligodendrocytes, with subsequent
indirect effects on axonal sparing [47,57]. To address whether functional glutamate receptors
are expressed on the axolemma, experiments were designed to selectively load axons with
various reagents to disrupt the proposed axonal GluR6-containing receptor signalling
mechanism. Towards this end, axons were loaded with nitric oxide (NO) scavengers, and intra-
axonal Ca rises were measured following kainate application. In contrast to bath-applied NO
scavengers, axonal loading of the NO scavenger myoglobin or hydroxocobalamin potently
reduced GluR6-containing glutamate receptor-mediated axonal Ca release [54]. In addition,
inhibiting intra-axonal NO synthase (NOS) was also highly effective [54]. This role of NO in
mobilizing intra-axonal Ca may reflect the known deleterious effects of this messenger on
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axonal function. Smith and colleagues [71] have conducted detailed studies on the actions of
this gas on myelinated axonal function, and have found that concentrations that are thought to
be present in inflammatory lesions for instance, induce significant irreversible conduction
failure, that is dependent on the ongoing level of electrical activity in the fibers.

The above results suggest a close association of glutamate receptors on the axolemma and
coupling with discrete signaling complexes that might provide a mechanistic link between
axonal glutamate receptor activation and Ca release from intra-axonal Ca stores, with NO as
an important positive modulator of this coupling. Such a role for NO is potentially very
important in the context of neuroinflammation, where substantial amounts of this gas are
generated by inflammatory cells. To tease out the presumed arrangement of these axonal
‘nanocomplexes’, immunohistochemistry, immunoelectron microscopy and
immunoprecipitation assays were performed to show a spatial and physical interaction of these
molecules within axons. As shown in Figure 3, punctate staining for GIuR6/7, neuronal NOS
(nNOS) and L-type Ca channels is localized to the periphery of neurofilament-positive axons.
In addition,immunoelectron microscopy localized GIuR6/7 to the axolemma and to clusters
beneath the axolemma, within the axon itself [54]. Furthermore, immunoprecipitation
confirmed a physical association between GIluR6/7 and nNOS. Finally, a small peptide
designed to disrupt GIuR6 adaptor protein interactions mediated by PDZ domains was
selectively loaded into axons (confirmed by a fluorescent tag linked to the peptide).
Importantly, when axons were loaded with this peptide, GluR6-mediated intra-axonal Ca rises
were blocked, indicating that the PDZ-binding motif on the C-terminus of GIuR6 might
position/cluster these receptors in close association with nNOS and other axonal signaling
molecules that lead to intra-axonal Ca release [54]. Perhaps not surprisingly, very similar
arrangements of receptors, adaptor proteins and effector molecules are found at interneuronal
synapses [58-60]. Figure 3 illustrates that AMPA and GIuR5 kainate receptors also appear in
distinct internodal nanocomplexes, colocalized with relevant signalling proteins.

Interestingly, these studies and others [51], suggest that glutamate might directly activate
internodal axonal glutamate receptors, promoting the release of substantial amounts of Ca from
axoplasmic Ca stores. This proposed feed-forward mechanism [54] would involve activation
of GIuR6-containing kainate receptors (presumably through glutamate release from glia and
inflammatory cells and/or reversal of axonal glutamate transporters under injurious
conditions), subsequent depolarization of the internodal axolemma and a small localized rise
inintracellular Cathrough Ca-permeable kainate receptors. In turn, this local Ca response could
promote NO synthesis by nNOS and modulation of L-type Ca-channel-mediated opening of
ryanodine receptors on the subaxolemmal ER and the subsequent release of Ca. In parallel,
activation of GIUR5 receptors would lead to a mainly G-protein-coupled, phospholipase-C-
dependent production of Ins(1,4,5,)P3 which would activate Ins(1,4,5,)P3 receptors on
subaxolemmal ER and release Ca. Therefore, two divergent pathways are potentially activated
through glutamate release to cause irreversible Ca-mediated axonal damage. Even worse, given
the strong Ca dependence of many of the signalling molecules (nNOS, phospholipase C as
well as the ryanodine and Ins(1,4,5,)P3 channels themselves), there is the potential for a
catastrophic ‘runaway’ Ca release from internal pools (Figure 4). Importantly, as more is
learned about these proposed axonal signaling nanocomplexes in normal axonal physiology
and disease (Box 1), additional targets for therapeutic strategies should become available for
the prevention of axonal degeneration (Box 2).

Box 1. Outstanding questions

Important questions that remain unanswered are (1) are intra-axonal Ca release mechanisms
important in axonal degeneration in in vivo models. (2) If so what pathways will be more
effective to target when several converge. (3) What are the normal physiological roles of
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these signalling nanocomplexes within the internodal region of the axon, an area thought
to be of little functional importance. (4) During disease progression such as following
demyelination, do axons become more vulnerable due to exposed nanocomplexes harboring
glutamate and likely other transmitter receptors

Most of the work to date has been completed using in vitro models of excised spinal and
nerve tissue. Although these models are useful to study the mechanisms of axonal
degeneration by allowing the internal and external axon environment to be manipulated,
they are limited to acute studies due to tissue viability. As axon degeneration is likely to
occur over days to months, in vivo models in combination with advanced optical imaging
techniques will allow these dynamic events to be followed as they are occurring over time.
In addition, such techniques will likely provide valuable information regarding what Ca
release pathways are activated following axonal degeneration in vivo with the goal to
uncover specific targets for therapeutic intervention. Indeed, whether intraaxonal Ca release
and/or extracellular Ca contribute to axon degeneration in vivo is currently unknown, though
both sources are strongly suspected based on detailed in vitro studies from a number of labs.

Box 2. Therapeutic implications

Axonal degeneration and subsequent axonal loss are well characterized following stroke,
spinal cord injury, and traumatic brain injury. Of particular importance will be to prevent
secondary degeneration of axons that have survived the initial insult but later succumb to
excitotoxic or inflammatory attack, in order to prevent further neurological decline. It is
anticipated that many of the Ca deregulation pathways described previously play a role
following trauma and potential therapeutic targets include glutamate receptors on axons and
preventing extracellular and intracellular Ca store-mediated pathological intra-axonal Ca
accumulation. Based on detailed studies, the most attractive potential targets may include
voltage-gated Na and Ca channels, ionotropic and metabotropic glutamate receptors,
plasmalemmal and mitochondrial Na-Ca exchangers, and even intracellular Ca release
channels such as ryanodine and Ins(1,4,5,)P3 receptors (see Figure 2).

Although the majority of studies described in this manuscript use models of hypoxia/
ischemia to investigate the mechanisms of axonal degeneration, similar mechanisms may
contribute to secondary loss of axons following spinal cord injury and traumatic brain injury.
Less intuitive is the notion that may contribute to axonal loss in such divergent diseases
such as Alzheimer’s Disease (AD) and multiple sclerosis. With regards to the former, careful
microscopic analyses of postmortem AD brains show significant white matter atrophy that
precedes cortical atrophy (see Table 1). The implications from these studies in AD is that
axon loss may precede somatic degeneration and highlight preventing axonal degeneration
as an important therapeutic goal. Axon loss in multiple sclerosis is a prominent feature and
may underlie the irreversible neurological decline associated with this disease. In particular,
demyelination associated with the disease may unveil glutamate (and likely other) receptors
on the axolemma and thereby making axons vulnerable to excitotoxic/inflammatory attack.

Concluding remarks

Studies of white matter injury mechanisms over the past two decades have provided insight
into how anoxia/ischemia leads to axonal conduction failure. Importantly, antagonists of
voltage-gated Na channels or Na-Ca exchanger inhibitors strongly protect central white matter
tracts. However, more severe insults such as ischemia (as opposed to anoxia alone) seem to
recruit additional Ca-dependent injury mechanisms, including the release of Ca from intra-
axonal stores, that appear resistant to the above therapeutic strategies. This suggests that, to
protect axons completely from Ca-mediated injury, blocking multiple routes of intracellular
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Caaccumulation will be necessary. Axonal mitochondria and the axoplasmic reticulum emerge
as key intra-axonal Ca sources and unveil additional potential therapeutic targets (e.g.
ryanodine and Ins(1,4,5)P3 receptors, and the mitochondrial Na-Ca exchanger)..

Glutamate-dependent excitotoxicity not only plays an important role in grey matter injury but
is also likely to play a key role in white matter degeneration as well. With this in mind,
pioneering studies investigating white matter injury mechanisms have revealed that different
domains of the oligodendrocyte (i.e., soma, processes and myelin sheath) [53,65,66] express
functional glutamate receptors that, when activated, allow pathological Ca accumulation [47,
53,67]. Now adding to the list of glutamate-vulnerable white matter elements is the axon itself.
[onn3]Axonal AMPA, kainate and likely metabotropic glutamate receptors couple with discrete
signaling nanocomplexes within the axon that, when over-stimulated, can promote
pathological intra-axonal Ca accumulation. While glutamatergic signaling has been the focus,
it appears likely that other transmitter systems may also be present and functional along the
internode of mature myelinated fibers [14,68,69]. Although further studies will be necessary
to determine a physiological role for these nanocomplexes located within the internodal region
of the axon that was thought to be relatively passive, it is tempting to speculate that these
networks provide a signalling conduit between the parent myelinating cell, myelin sheath and
axon. Importantly, overstimulation of these signaling nanocomplexes could lead to focal Ca
release, induce focal swellings from local cytoarchitectural failure, and eventual axonal
transection as described previously (see discussion) [54]. Interestingly, multiple sclerosis and
other diseases of CNS white matter induce very focal axonal swellings, which then proceed to
complete transection [63]. One could speculate that these focal swellings are due to focal Ca
release and structural damage to the fiber, mediated by the aforementioned nanocomplexes.

The past decade has seen major advances in our understanding of the makeup of various
signalling molecules and complexes expressed on axons, myelinating cells and the myelin
sheath they produce. Consequently, it is now clear that, to maximize white matter sparing and
functional outcome, therapeutic strategies will need to be directed at preserving the
oligodendrocyte—myelin—axon unit as a whole, as targeting any single component will likely
be insufficient to optimally preserve function. xx[ow+4] Therefore, the next steps in preserving
axon function will likely necessitate a thorough investigation into these fascinating axonal
signalling complexes to determine the role of receptor activation in normal axon physiology
and following disease.
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Glossary
Anoxia absence of oxygen supply to an organ or tissue
Chemical the use of a chemical to mimic the effects of ischemia
ischemia
Hypoxia low oxygen supply to an organ or tissue
Ischemia Inadequate blood supply (circulation) to an organ or tissue
PDZ-domain a protein-protein interaction domain
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PDZ-binding the sequence of amino acids that allow PDZ-containing proteins to bind.
motif For example, glutamate receptor COOH-terminus residues provide a
direct binding site for PDZ domain-containing proteins
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Figure 1.

Effect of anoxia or glycolytic block on optic nerve propagated compound action potentials
(CAP) or resting membrane potentials (Vm). A: representative tracings show a rapid loss of
the compound action potential recorded from rat optic nerve in vitro. Traces are displayed at
1 min intervals with anoxia beginning at time zero. Inset shows rate of decline of the area under
the CAP. B: graph of rat optic nerve compound Vm recorded in a grease gap chamber. Chemical
anoxia (2 mM NaCN) induces a rapid membrane depolarization that coincides with the loss of
excitability as shown in panel A. After 10-15 min of anoxia there is an abrupt change in the
rate of depolarization (arrow), which is never seen with ouabain application alone. This might
reflect intrinsic mechanisms designed to limit a potentially deleterious membrane
depolarization. Subsequent inhibition of Na*-K*-ATPase with ouabain after 90 min of anoxia
induces an additional small depolarization indicating a minor contribution of glycolysis to
Na* and K* pumping. C: in contrast to anoxia, the effects of glycolytic inhibition (1 mM
iodoacetate) are delayed 10-20 min. CAP tracings are shown at intervals of 2 min. The initial
manifestation is a rise in the CAP area that can exceed control area by 50% or more, as shown
in the inset. A delay in peak latencies also occurs (compare tracings from time zero and 28
min); taken together, these features are characteristic of a transient initial hyperpolarization
(see panel D). Excitability then fails very abruptly. D: Vm during glycolytic inhibition
illustrates the delayed effects, with the initial change being a transient hyperpolarization
(arrow) which closely coincides with the increase in CAP area illustrated in panel C. This is
then followed by a rapid and massive depolarization corresponding to the sudden loss of
excitability (panel C). Application of ouabain after 90 min of glycolytic block has no effect,
indicating complete Na*-K*-ATPase failure under these conditions (compare with panel B).
In parallel with electrophysiological failure, there is accumulation of abnormal levels of Ca
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(E-H) and Na (I-K) ion in ischemic axons, outlined by a red reference dye in E and I (the
asterisk denotes a dye-filled capillary). The Ca and Na fluorescent indicators are shown in
pseudocolor (F, J). Axonal Ca increases even in the absence of extracellular Ca (H). The Na
rise is significantly, but incompletely, inhibited by blocking voltage-gated Na channels with
tetrodotoxin (TTX) (K). Modified from refs [15,17] with permission.
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Figure 2.

Sources of intra-axonal Ca release. A. Central myelinated axons possess formidable
intracellular stores of Ca containing sufficient quantities to cause significant damage to the
fiber. The Ca pools are stored in the axoplasmic reticulum (AR), the axonal analog of the
endoplasmic reticulum (ER) in other cells, and mitochondria. The main intracellular Carelease
channels are ryanodine receptors [1] (normally activated by Ca or by depolarization sensed by
axolemmal voltage-sensitive Ca channels) and channels stimulated by inositol trisphosphate
Ins(1,4,5)P3 [2]. Na loading of the axon through nodal Na, 1.6 promotes Ca release from
mitochondria by reverse mitochondrial Na-Ca exchange [3]. B. Proposed relationship between
axonal glutamate receptors and intra-axonal Ca stores. The intracellular Ca release channels
are under complex control of neurotransmitter receptors (mainly glutamate), expressed in
clusters, together with related signaling molecules, along the internodal axolemma under the
myelin sheath. GluR4 AMPA receptors permeate small amounts of Ca that, in turn, release Ca
from the AR via ‘cardiac-type’ Ca-induced Ca release [1]. By contrast, axonal Ca increases
from activation of GIuRS5 kainate receptors occur mainly via a G-protein-coupled,
phospholipase C (‘PLC’)-dependent synthesis of IP3, which in turn activates Ins(1,4,5)P3
receptors on the AR [2]; this latter mechanism is partially dependent on NO, which is
synthesized by neuronal nNOS, itself activated by small amounts of Ca entry via the GIuR5
receptor; the locally produced NO may then further upregulate Ins(1,4,5)P3 receptor activity.
Group | metabotropic glutamate receptors also activate Ins(1,4,5)P3-dependent Ca stores via
PLC [3]. Stimulation of GIuR®6 kainate receptors induces a local depolarization and a small
amount of Ca entry. The depolarization activates L-type Ca channels (Ca,), whereas the
kainate-receptor-mediated Ca2* influx stimulates nNOS, which is scaffolded in the vicinity of
the receptor. A PDZ-containing adaptor protein likely plays a role in organizing at least some
of the signaling molecules into a functional ‘nanocomplex’ [4]. As with GIURS5 receptors,
locally generated NO might upregulate the activity of ryanodine receptors, which are activated
by the depolarization-induced conformational change of the Ca channel, leading to release of
Ca from the AR. The physiological roles of these nanocomplexes are unknown. However,
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overactivation of these signaling molecules by pathological levels of glutamate, NO and

depolarization could be a major determinant of axonal degeneration in a variety of disorders.
Mitochondria are omitted from panel B for clarity. XX[o5]
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Figure 3.

The internodal axolemma of myelinated CNS fibers expresses a rich variety of glutamate
receptors and related signaling molecules. (A-C) Triple-immunolabeled spinal axons exhibit
punctate regions of co-localized GIuR6/7 and nNOS clusters (arrowheads) at the surface of
neurofilament-stained axon cylinders. Inset: transverse view of a surface cluster in another
fiber. (D-F) GIuR6/7 clusters also co-localize with Cay1.2 L-type Ca?* channels. AMPA
receptor subunits are also expressed on myelinated axons: (G) GIuR1 staining was patchy but
is seen mainly in the myelin sheath. (H-J) By contrast, GIuR2/3 (mainly GIuR3 given the
absence of GIuR2 in myelinated axons) and GluR4 staining was punctate, and was localized
at the surface of neurofilament-positive axonal profiles. (K-M) Likewise, GIuR5 kainate
receptor subunits were also expressed on the surfaces of axons in punctate areas, co-localized
with nNOS. Scale bars: A-F, K-M, 2 um; G-J 5 um. Modified from refs. [54,55] with
permission. XX[ow+6]
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Potential positive feedback of internal Carelease leading to a runaway emptying of intra-axonal
stores. Under normal conditions, Ca homeostatic mechanisms (membrane Na-Ca exchanger
[NCX], axoplasmic reticulum Ca-ATPase, Ca-binding proteins, mitochondria) maintain tight
control over cellular Ca fluctuations. During pathological states, however, failure of Ca
homeostasis (large Xs depict failure of the major Ca homeostatic systems) not only leads to
excessive accumulation of released Ca, but this released Ca may in turn promote accelerated
and unrestrained additional release of this ion by virtue of the Ca-dependence of nNOS,
phospholipase C, and intracellular ryanodine and IP3 Ca channels. This may ultimately cause
an irreversible and catastrophic accumulation of axonal Ca levels, causing structural and
functional demise of the axon.
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Examples of neurological disorders with significant primary axon damage

Table 1

Disease

Comments

references

Alzheimer’s disease

White matter changes included partial loss of
axons. Preclinical white matter atrophy precedes
cortical atrophy, suggesting that axonal damage
may be an independent factor in disease
progression/disability.

[61,62]

Multiple sclerosis

Substantial axon loss early in the progression of
disease. Transected axons underlie irreversible
neurological decline.

[3,63,64]

Spinal cord injury

Axon dysfunction/loss is the main cause of
morbidity.

[7.23,25,
46)

Traumatic brain injury

Diffuse axonal injury (“DAI”) is thought to be the
main pathological substrate, occurring mainly in a
delayed manner secondary to biochemical
disturbances rather than primary mechanical
axotomy.

[2.6]

Stroke

The commonest disabling neurological disorder;
almost all strokes affect gray matter and
connecting myelinated fibers in the brain.

[45,47,
60]

Inherited leukodystrophies

A large variety of inborn errors of metabolism
result in dysmyelination and axonal degeneration
at any age.

[51]

Periventricular white matter
injury

A common disorder of premature infants resulting
in subcortical white matter damage, and cerebral
palsy clinically. The immature oligodendrocyte is
thought to be a major target.

[70]
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