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Abstract

Purpose of review—The axon plays a central role in both the injury and repair phases after
stroke. This review highlights emerging principles in the study of axonal injury in stroke and the
role of the axon in neural repair after stroke.

Recent findings—Ischemic stroke produces a rapid and significant loss of axons in the acute
phase. This early loss of axons results from a primary ischemic injury that triggers a wave of
calcium signaling, activating proteolytic mechanisms and downstream signaling cascades. A
second progressive phase of axonal injury occurs during the subacute period and damages axons
that survive the initial ischemic insult but go on to experience a delayed axonal degeneration
driven in part by changes in axoglial contact and axonal energy metabolism. Recovery from stroke
is dependent on axonal sprouting and reconnection that occurs during a third degenerative/
regenerative phase. Despite this central role played by the axon, comparatively little is understood
about the molecular pathways that contribute to early and subacute axonal degeneration after
stroke. Recent advances in axonal neurobiology and signaling suggest new targets that hold
promise as potential molecular therapeutics including axonal calcium signaling, axoglial energy
metabolism and cell adhesion as well as retrograde axonal mitogen-activated protein kinase
pathways. These novel pathways must be modeled appropriately as the type and severity of axonal
injury vary by stroke subtype.

Summary—Stroke-induced injury to axons occurs in three distinct phases each with a unique
molecular underpinning. A wealth of new data about the molecular organization and molecular
signaling within axons is available but not yet robustly applied to the study of axonal injury after
stroke. ldentifying the spatiotemporal patterning of molecular pathways within the axon that
contribute to injury and repair may offer new therapeutic strategies for the treatment of stroke.
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INTRODUCTION

It has been estimated that every minute an ischemic stroke goes untreated, resulting in the
loss of 7 miles of axons [1]. This staggering loss of the vital connections between neurons
highlights the pivotal role axons have in the injury response and repair after stroke. Ischemic
damage to axons is particularly important during the acute and subacute phases of injury
worsening clinical deficits, and yet the axon also plays a crucial role in neural repair
mediating recovery after stroke. This review will address recent advances in the study of
axonal damage during and after stroke and highlight the importance of axonal neurobiology
in repair after stroke.

NEW INSIGHTS ON THE DYNAMIC FUNCTION OF AXONS

In recent years, the dogma regarding axons as a static unidirectional wire conducting action
potentials between neurons has broken down. Cellular machinery for local protein
translation resides within the axon [2"], not only within the neuronal cell body. Studies of
the WIds mutant mouse show that disconnected axons can exist for weeks without the
trophic support of the neuronal cell body [3]. Axons have nonneuronal synaptic connections
with glial cells along their length [4,5]. Axonal glutamate release at these synapses drives
electrical activity in oligodendrocyte precursor cells that may provide a signal for
myelination [6,7%,8]. Similarly, dorsal column axons have been shown to express both
AMPA and kainate receptors [9] that modulate calcium signaling with axons by triggering
calcium release from axonal nanocomplexes [10]. Axons are also supported metabolically
via the oligodendrocyte monocarboxylate transporter-1 (MCT-1) that functions to transfer
lactate from the oligodendrocyte to the axon [11,12], obviating the need to transfer all
energy via axonal transport from the cell body. Thus, the axon is a highly dynamic
neurobiologic structure that harbors unique molecular pathways that are relevant to stroke-
related injury and neural repair after stroke.

In concert with this knowledge of the axon’s unique molecular makeup, recent years have
advanced our understanding of the molecular organization of myelinated axons. These axons
maintain highly specialized regions along their length, termed microdomains, that cluster
essential molecules needed for the different roles each segment of the axon mediates [13",
14]. Adjacent to the neuronal cell body, the axon initial segment clusters a long length of
voltage-gated sodium channels (Nay/) needed to initiate the action potential [15] as well axo-
axonic synaptic proteins that help to modulate its fidelity [16]. In a similar way, myelinated
axons have regional specializations along their length including the node, with a high
concentration of Nay, the adjacent paranode, which mediates cell-cell adhesion with
oligodendrocytes, and the juxtaparanode with similar but unique trophic and cell—cell
adhesion roles (Fig. 1). Thus, the axon is a dynamic neurobiologic structure that exists as a
central part of a complex multicellular system termed the axoglial unit (Fig. 2) [17].

This knowledge of the axon and its complex neurobiology is only recently being applied to
stroke. A multitude of prior studies have argued for evidence of axonal injury after stroke by
demonstrating beaded neurofilament staining or accumulation of amyloid precursor protein
(APP), a marker of axonal transport, near the site of injury [18-22]. These
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immunohistochemical hallmarks label end-stage degenerating axons. Beaded neurofilament
staining represents a failure of the highly regular distribution of axonal neurofilaments and
fundamental breakdown of the axonal cytoskeleton. Amyloid precursor protein is
hypothesized to be involved in axonal transport [23] and dense, focal increases in APP
immunostaining within axons are noted in multiple disorders including traumatic brain
injury [24,25], neurodegenerative disease [26—29], and stroke [30-32]. This staining pattern
indicates a failure of axonal transport mechanisms. Although these immunohistochemical
hallmarks indicate degenerating axons, they likely underestimate the degree of injury to
axons after stroke and can no longer serve as sufficient evidence of the extent of axonal
injury. Axons without an intact cytoskeleton or normal axonal transport mechanisms are
clearly damaged and are likely not amenable to axonal rescue or repair therapies. Extending
further away from the stroke core, these fundamental axonal systems may be preserved but
Nay lost at the node rendering the axons dysfunctional yet possibly amenable to recovery.
To demonstrate axonal rescue, one must demonstrate preservation of the functional
molecular organization of axons with normal axonal initial segment, nodal and paranodal
regions, intact axonal transport functions, intact axoglial synaptic activity, and/or a
functional axoglial relationship. Proving the normal molecular organization is maintained or
re-established after injury greatly strengthens the argument that candidate therapeutics will
have a lasting effect on functional recovery and increase the likelihood of successful
translation to patients. In the following sections, this review will frame axonal injury in the
context of typical clinical stroke syndromes and explore the emerging molecular principles
that underlie the intriguing back and forth of axonal injury and repair after stroke.

PHASES OF AXONAL DAMAGE IN ISCHEMIC STROKE AND ITS MAJOR
SUBTYPES

Ischemic stroke is common but its clinical presentation varies substantially, resulting in wide
variation in the degree of axonal injury. Large vessel occlusions often result in significant
areas of brain infarction affecting large regions of cortex including their intrahemispheric
and interhemispheric axonal fibers. Smaller cortical strokes, such as those caused by distal
emboli, largely produce only focal neuronal loss and injure local axonal projections.
Lacunar infarcts are often isolated within the subcortical white matter affecting only axons
and glia or occur within regions of white matter and deep gray structures, producing a mixed
neuronal and axonal injury. The study of axonal injury in stroke should be considered in the
context of these clinical variations and likely occurs in three spatially and temporally related
phases (Fig. 3).

A large hemispheric stroke affecting primary motor cortex serves as an excellent example to
consider these phases. The stroke results in immediate ischemic injury to large areas of
cortex and white matter supplied by the occluded vessel. The first phase of axonal injury is a
primary ischemic one involving both the lateral intracortical and descending axonal fibers
from the affected cortex that experience insufficient oxygen and metabolic support to
maintain cellular membranes. The catastrophic loss of energy in the infarct core initiates a
molecular cascade that reverses Na* and Ca* exchange across the axolemma, which in turn
triggers intra-axonal Ca* waves [33,34"] that mediate the secondary and tertiary phases
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described. Within the surrounding ischemic penumbra, an important second phase of
ischemic axonal injury ensues. This progressive phase is marked by partial ischemia that
may not result in complete cellular loss and necrosis. In this phase, the axon and its parent
neuronal cell body are both affected. This penumbral injury to axons renders them damaged
and dysfunctional. As a result, they are vulnerable to progressive axonal degeneration
[35,36"] as well as rescue with early and successful revascularization [37*]. In the third
phase of axonal injury after a large hemispheric stroke, important degenerative and
regenerative events occur in parallel. The far distal portions of the disconnected axons that
were not primarily damaged by ischemia may undergo anterograde Wallerian degeneration
[38], while simultaneously peri-infarct cortex experiences axonal sprouting that leads to new
functional connections and mediates recovery [39]. These three phases of axonal injury after
stroke have different spatiotemporal patterning and unique molecular cascades underlying
their progression and contribute differently to the ultimate outcome after stroke.

Now consider a focal lacunar stroke resulting from occlusion of a single penetrating
arteriole, producing a limited clinical syndrome and affecting the subcortical white matter.
This type of stroke accounts for 25% of all clinical presentations of stroke annually in the
United States [407] and occurs silently at a rate that is substantially higher [41]. In this
instance, the portion of axons experiencing the primary ischemic phase of axonal injury after
stroke is limited. Surrounding this small focal ischemic core is an adjacent region of white
matter penumbra experiencing partial ischemia [42",43-45]. This progressive injury phase
typically spares the parent neuronal cell body localized elsewhere away from the ischemic
injury, making this ischemic injury unique to the axon. The distal portion of the ischemic
axons will undergo Wallerian degeneration while important retrograde signals of axonal
injury are passed back to the parent neuronal cell body during the third degenerative/
regenerative phase.

Thus, the progressive phase of axonal injury after stroke will vary substantially dependent
on the clinical stroke subtype. In both types of stroke, the parent neuronal cell body receives
retrograde axonal injury signals but in a large hemispheric stroke, the neuron is battling its
own ischemic injury and that of its neighbors, whereas in a lacunar stroke, the retrograde
axonal injury signals are received by a nonischemic, undamaged parent neuronal cell body.
Important molecular distinctions can and should be made between these processes [347] as
each may represent a unique therapeutic target after stroke (Table 1). Targeted axonal rescue
therapies might have most relevance to lacunar strokes, although both axonal and
neuroprotective strategies would be needed for a larger hemispheric stroke [33,46].

THE BACK: PROGRESSIVE AXONAL DEGENERATION AFTER STROKE

In the minutes to hours after ischemic injury onset, the axon experiences energetic failure at
several adenosine triphosphate-dependent ionic channels that triggers massive calcium
release from intra-axonal calcium stores [47]. This ionic flux destabilizes the axolemma and
activates calcium-dependent proteases, such as calpain, that chew up neurofilament proteins
and other structural components [48]. Notably, neurofilament proteins can be detected in the
blood within hours after acute stroke [49,50]. This immediate early phase of axonal injury
has rarely been studied using animal models of stroke but rather using ex-vivo axonal and
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myelinated nerve preps or other models of axonal injury [51-54]. The kinetics of measuring
calcium flux and the need for high-resolution imaging make studying these aspects of axonal
injury using in-vivo stroke modeling technically challenging. Despite this challenge, future
translational studies can target these early molecular events using clinically relevant pre-
treatment strategies and continued identification of unique axonal molecular pathways.

Following the acute primary ischemic injury, surrounding axons undergo continued local
degeneration over days during an important and understudied second progressive phase of
axonal injury. Morphologically, this process involves axonal swelling and the formation of
retraction bulbs [55,56]. The molecular pathways that drive this degeneration after stroke are
unknown, although the glial metabolic support of axons may be particularly relevant.
Monocarboxylate transporters reside in the plasma membrane and transfer lactate and
pyruvate across the membrane [57]. Multiple isoforms of this class of transporters exist, but
in the brain, MCT-1 is predominantly expressed by oligodendrocytes [12] and is proposed as
a central molecule that allows axons to circumvent having to receive all their energy from
the neuronal cell body. In the absence of MCT-1, spinal motor neurons undergo a
degenerative process that mimics amyotrophic lateral sclerosis [11]. Translating this
paradigm to stroke-related axonal injury, as blood flow drops, oligodendrocytes and axons
will be increasingly dependent on glycolytic energy metabolism. The ability of
oligodendrocytes to efficiently transfer lactate to partially ischemic penumbral axons may be
crucial to preventing reversal of the Na*/CaZ* exchanger [33,34"], thereby reducing
progressive axonal degeneration and selective neuronal loss. The maintenance of cell—cell
adhesion and axoglial contact after stroke would be vital to maintaining this energy
dependence. These molecular pathways seem deserving of additional study in stroke-related
axonal injury.

In-vitro assays of axonal degeneration suggest that death receptor-6 (in the tumor necrosis
factor superfamily of molecules) binds with APP to trigger a caspase-6-dependent
degeneration [58]. While intriguing given the evidence of APP accumulation in injured
axons, whether this system is applicable to ischemic axonal injury remains unclear. Recent
work by Akpan et al. [59] demonstrated that caspase-9 activation occurs early after transient
middle cerebral artery occlusion (tMCAOQ) triggering activation of the caspase-6-dependent
axonal degeneration pathway in the ischemic penumbra. In a novel translational approach,
this group used intranasal caspase-9 inhibition to block axonal degeneration after stroke and
improve functional recovery. Additional data from lower organisms also support a role for
the caspases in axonal degeneration [60], although their relevance to stroke deserves further
study.

Few groups have demonstrated the effect of ischemia on the molecular organization of
axons. Schafer et al. [61] showed that the axon initial segment undergoes progressive
degeneration and loses its unique molecular markers in the hours after tMCAO. These
authors also demonstrated that systemic calpain inhibition before stroke partially reduces the
axon initial segment loss after stroke. The loss of the axon initial segment after stroke
observed in this study may be a feature of ischemia-induced neuronal apoptosis as the
authors focused their analysis on cells in the ischemic core, rather than the surviving
penumbra. Mild global reduction in cerebral blood flow by carotid artery coiling produces a
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rapid elongation of nodes and paranodes [62]. This elongation is hypothesized to slow
axonal conduction velocity by approximately 65% [63]. We have recently shown that axons
adjacent to human lacunar infarcts demonstrate profound disorganization of their nodal and
paranodal domains (including elongation) despite maintaining their fundamental
organization as measured by the presence of myelin and neurofilaments (J.D. Hinman, M.D.
Lee, S. Tung, H.V. Vintners and S.T. Carmichael, unpublished observation). Together these
studies demonstrate that the molecular organization of the axon at key points of axonal
function (the node and paranode) is vulnerable to ischemia and future studies on axonal
injury after stroke should include analysis of axonal microdomains and related molecular
systems.

BACK AND FORTH: CANDIDATE AXONAL MOLECULAR PATHWAYS IN

STROKE

As axonal injury and repair factors centrally in many neurologic disorders, considerable
advances have been made in understanding the molecular events that occur within axons to
indicate injury, degrade disconnected segments and initiate axonal repair. Delaying or
limiting anterograde axonal degeneration may be beneficial in limiting the degree of injury
in a partially ischemic penumbral field after stroke. Anterograde Wallerian degeneration of
disconnected axons is now a well described molecular process that appears to be mediated at
least in part by nicotinamide mononucleotide adenylyltransferase 1 (NMNAT1). Occurring
spontaneously in a breeding colony of C57/BI6 mice, an 85 kb tandem triplication on
chromosome 4 resulted in slow Wallerian degeneration after nerve injury [64]. This
mutation results in a gene encoding a fusion protein linking NMNAT1 with the
ubiquitination factor e4b (Ubedb). Wallerian degeneration is delayed by at least 3 weeks
after peripheral nerve injury [3]. This mutated fusion protein generates excess NMNAT1
protein that drives an increase in nicotinamide adenine dinucleotide (NAD™) synthesis
protecting the axon from energy deprivation once disconnected from the neuronal cell body
[65], although recent work indicates that the exact mechanism for delayed axonal
degeneration remains unclear [66]. Administration of one of the precursors of NAD™,
nicotinamide, at the time of or after peripheral nerve injury resulted in a decrease in
degenerating axons [65]. To date, no studies have examined the effect of delayed Wallerian
degeneration on limiting acute injury or enhancing repair after stroke. This pathway could
be considered as a viable molecular target for focal lacunar stroke administered as a rescue
therapy or provided prophylactically for patients with cumulative white matter
microvascular infarcts and ongoing axonal ischemic injury.

Stroke within the white matter causes a focal axonal injury that needs to be communicated
back to the neuronal cell body. Recent insights on the retrograde axonal injury signals come
from studies of the retina and axotomy in lower organisms, such as nematodes and
Drosophila, as well as in mammalian peripheral nerve. A series of studies from peripheral
nerve and the optic nerve indicate that the mitogen-activated protein (MAP) kinase system is
vital to retrograde signaling of axonal injury that is capable of shifting the neuron back to its
developmental programme initiating axonal outgrowth and reconnection [67%]. Briefly, dual
leucine zipper kinase (DLK) acts as a local injury signal that increases within the optic nerve
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after crush injury [68™]. DLK locally phosphorylates STAT3 within the axon and also
results in INK3 activation. Together this complex migrates back to the nucleus wherein
these molecules drive c-Jun expression [34%,69]. In the absence of phosphatase and tensin
homolog (PTEN) expression in the neuronal cell body, an axonal outgrowth programme is
initiated [68™]. If DLK is blocked, then axotomy does not trigger axonal outgrowth [70-72].
The role of these systems in axonal injury and repair after stroke has not been studied. If
DLK activation occurs after ischemic axonal injury in the brain as in the retina and
peripheral nerve, then shifting the stroke-injured neuronal cell body towards an axonal
outgrowth programme by modulating downstream MAP kinase pathways holds promise
from neural repair after certain types of stroke.

THE FORTH: THE AXON IN NEURAL REPAIR AFTER STROKE

Recovery and neural repair after stroke is ultimately mediated by the development of new
axonal connections between disconnected brain regions. Ischemic stroke results in limited
axonal sprouting in peri-infarct cortex that can be promoted by the inhibition of myelin-
associated growth inhibitors, ephrins, extracellular matrix proteins or an increase in activity-
induced plasticity [73"]. Although much of this axonal sprouting occurs in surrounding
cortex, some occurs as far away as the contralateral cortex and in the case of motor fibers,
also projects to the contralateral spinal cord [74™]. Most of these studies determined that
their progrowth axonal sprouting therapies improved behavioral outcomes after stroke
implying functional axons but not demonstrating functional organization of sprouted axons
with proper molecular organization of axon initial segments, nodes, paranodes and
myelination. To this end, within peri-infarct cortex wherein post-stroke axonal sprouting is
robust, the number of axon initial segments increases in upper cortical layers and
supernumerary axon initial segments within individual neurons can be demonstrated (Fig. 4)
[75™]. Increased numbers of axon initial segments in peri-infarct cortex suggest that post-
stroke sprouted axons eventually undergo maturation as axonal connections are
strengthened; an effect that could be promoted by behavioral or molecular therapy. The
finding of a secondary axon initial segment arising from a single cell (supernumerary axon
initial segment, Fig. 4) indicates that the stroke-injured neuron is capable of fundamentally
altering its cell biology and excitability profile to support recovery. These data show that
post-stroke axonal sprouting is not a black box and that its molecular correlates can be
demonstrated. Combining neuroanatomical tracing techniques with transgenic and lentiviral
cellular labeling techniques could be used to demonstrate the degree to which axonal
organization and myelination occur in post-stroke sprouted axons. With the knowledge that
multiple temporally spaced molecular and behavioral approaches can augment post-stroke
axonal sprouting, promoting myelination of sprouted axons after stroke may represent a
unique combinatorial translational approach to neural repair after stroke (Table 1).

CONCLUSION

Damage to axons occurs in several important phases after stroke that likely vary dependent
on the clinical subtype of stroke: a primary ischemic injury, a secondary progressive injury,
and third degenerative/regenerative phase. Each phase offers unique therapeutic

opportunities for axonal rescue that can be realized with an improved approach to the study
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of the axon during and after stroke. Recent advances in axonal neurobiology indicate an
elegant molecular organization of axons that dictates function and involves important
intercellular molecular pathways that should be the standard for evaluating axonal injury
after stroke. Work in other model systems suggests several important molecular systems that
may play important roles in axonal degeneration and regeneration and are deserving of study
in the appropriate stroke model.
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KEY POINTS

Recent years have greatly advanced our understanding of axonal neurobiology
and this necessitates advancing the study of axonal injury and repair in stroke
beyond the current level to incorporate the molecular organization of axons, the
axoglial relationship and axo—glia signaling mechanisms.

Axonal injury after stroke occurs in distinct phases that vary in relevance
depending on the type of clinical stroke.

Initially, a rapid primary phase involving calcium signaling and energy
deprivation leads to local proteolysis of key axonal cytoskeletal elements,
followed by a secondary phase of progressive axonal degeneration occurring
over hours to days that potentially worsens clinical deficits, with a third phase
involving a complex interplay of anterograde Wallerian degeneration, retrograde
signaling of axonal injury that triggers axonal sprouting and regeneration.

Progressive axonal degeneration occurs during and after stroke to worsen the
initial injury; emerging molecular pathways relevant to this progressive injury
should be studied in stroke.

Axonal regeneration is fundamental to stroke recovery and can be promoted by
behavioral and molecular therapies, although the effect of these treatments on
the molecular organization of axons remains poorly understood with the
potential to augment neural repair.
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FIGURE 1.
Examples of molecular organization of axons and their role in axonal injury after stroke.

Surviving layer 5 peri-infarct neuron (green) after photothrombotic stroke with labeling of
the axon initial segment (AIS) (red) and the first myelinated segment (1st paranode, cyan)
(a). Axo-axonic GABAR-a2 subunit-positive synapses (red) along the axon initial segment
(green) (b) are lost after stroke. Immunofluorescent labeling of nodal (red) and paranodal
(green) regions in normal appearing white matter (Nawm) (c). Axons adjacent to human
lacunar infarcts show paranodal elongation (d). Scale bars: a =5 um; b =1 um; ¢ and d =5
pm.
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FIGURE 2.

Schematic of the axoglial unit showing the unique microdomain organization of axons into
the axon initial segment (purple), the node of Ranvier (red), the paranode (yellow) and the
intramyelinic axon (green). Ischemic injury to the axon involves multicellular signaling that
impairs neurotransmission at the node, cell adhesion at the paranode, as well as anterograde
and retrograde molecular signals that modulate neural repair after stroke. (Reproduced with

permission from [17].)
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Schematic figure illustrating the three distinct phases of axonal injury and repair after stroke.

As an example, focal lacunar stroke within the centrum semiovale is represented. The
primary ischemic phase results from catastrophic failure of adenosine triphosphate

availability, leading to Na* retention, axonal swelling, and intra-axonal Ca2* release from
axoplasmic reticulum. These events trigger calcium-dependent proteolysis and potentially
activate the secondary progressive phase of injury. Multiple molecular targets participate in
this phase including caspase activation, loss of axoglial contact and/or failure of glial-to-
axon energy transfer. A third phase begins in the days to weeks after stroke and involves a
combination of anterograde Wallerian degeneration, retrograde axonal injury signaling and

activation of axonal sprouting or degenerative pathways.
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FIGURE 4.
Identification of supranumerary axon initial segments in peri-infarct cortex.

Immunofluorescent labeling of the axon initial segment (beta-1V spectrin, red) allows
identification of a typical axon initial segment projecting towards white matter (arrow).
Arising laterally and projecting intracortically is a thin, shorter axonal initial segment
(arrowhead). Labeling for contactin-associated protein (caspr, teal) shows the distal end of
the original axon initial segment is myelinated while the newly sprouted axonal initial
segment remains unmyelinated at its distal end.
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Table 1

Axonal molecular systems with therapeutic potential in stroke

Phase of axonal Therapeutic timing

Molecular system injury Relevant stroke type after stroke onset
Axonal Ca?* reversal Phase 1 Lacunar and hemispheric stroke ~ Hours
Ca?*-dependent proteolysis Phases 1 and 2 Lacunar and hemispheric stroke  Hours to days
Axonal caspase activation Phase 2 Lacunar stroke Hours to days
Glia—axon energy transfer via MCT-1 Phase 2 Lacunar stroke Days

Glia—axon cell adhesion and trophic support Phase 2 Lacunar and hemispheric stroke  Days

Delayed Wallerian degeneration via NMNAT1 Phase 2 and 3 Lacunar and hemispheric stroke  Days to weeks
Retrograde signaling via MAPK system Phase 3 Lacunar stroke Days to weeks
Maturtation and myelination of post-stroke axonal Phase 3 Lacunar and hemispheric stroke ~ Weeks

sprouting

MAPK, mitogen-activated protein kinase; MCT-1, monocarboxylate transporter-1; NMNATZ1, nicotinamide mononucleotide adenylyltransferase 1.
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