Chapter 2
White Matter Injury and Potential Treatment
in Ischemic Stroke

Mingke Song, Anna Woodbury, and Shan Ping Yu

2.1 Introduction

According to the latest census, stroke has now fallen to the fourth leading cause of
human death in the USA, yet remains a leading cause of long-term disability
(Towfighi and Saver 2011). Multiple factors have contributed to successfully saving
lives affected by stroke; meanwhile, there is real and urgent need for effective stroke
therapy to minimize and treat the damaging repercussions of brain injury.

Ischemic stroke, occurring when blood supply to a region of the brain is occluded
by blood clot, constitutes more than 80 % of stroke cases. The recombinant tissue
plasminogen activator (tPA) is effective in treating acute ischemic stroke through
dissolving the clot formed in blood vessels. Because of the narrow administration
window (3—4.5 h) for tPA and its side effects (Lansberg et al. 2009; Del Zoppo et al.
2009), most patients with ischemic stroke cannot receive tPA treatment. Aside from
tPA, a variety of neuroprotectants have been found effective in protecting gray
matter and preventing neuronal death in rodent stroke models. However, all these
drugs have failed to demonstrate beneficial outcomes in human stroke treatment
(Cheng et al. 2004; Jeyaseelan et al. 2008). Although many factors may affect drug
efficacy, underestimation of white matter injury is likely one important reason for
the translational failures.

In the rodent brain used for stroke models, white matter constitutes a small part
(~14 %) of the brain. Human brain differs from rodent brain in the proportion
of white and gray matters. A human brain has almost equal proportional volumes of
white matter and gray matter (Goldberg and Ransom 2003), and it has become a
common view that human brain white matter is highly vulnerable to ischemia
(Sozmen et al. 2012). The white matter is composed of astrocytes, oligodendrocytes,
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and myelinated axons responsible for transmitting input (afferent) and output (efferent)
signals between neurons and neural networks. Oligodendrocyte processes produce
the myelin sheath, which wraps around axons. The main function of the myelin
sheath is to support axons and increase signal transduction speed along axonal fibers.
Oligodendrocytes and axons, which compose the functional unit of the myelinated
fiber, are vulnerable to many pathological conditions such as periventricular leuko-
malacia, brain trauma, vascular dementia, and cerebral ischemia (Volpe 2001; Kim
et al. 2005; Matute et al. 2001; Dewar et al. 2003; Zaidi et al. 2004; Brown et al.
2002). Damaged axonal fibers and disrupted neuronal circuits contribute to functional
deficits in these cerebrovascular diseases. In the current stroke research field, the
pathological changes of ischemic white matter have become increasingly empha-
sized and investigated in mouse, rat, nonhuman primates, and human patients. Here,
we summarize the current consensus and add some recent knowledge obtained from
experimental stroke models for assessing white matter damage.

2.2 Morphological Assessment of Ischemic
White Matter Damage

In histological sections of brain tissues, axonal fiber and oligodendrocytes can be
identified under light and electron microscopes based upon their characteristic
morphology, distribution, and ultrastructure. The corpus callosum, for example, is
the largest white matter structure in the brain and relatively easy to identify. In a
common stroke model, induced by occluding the middle cerebral artery (MCA)
supplying the cerebral cortex, the corpus callosum, subcortical area, and striatum
are the most suitable regions for assessing initial or secondary white matter injury.
In a cerebral ischemia model, swollen oligodendrocytes and astrocytes in subcorti-
cal areas can be identified in the ischemic core by electron microscope 30 min after
MCA occlusion (Pantoni et al. 1996). Three hours after ischemia, axonal swelling
appears, and oligodendrocytes undergo pyknosis; 12-24 h later, pyknotic oligoden-
drocytes begin to necrose. Demyelination of myelin sheaths around axonal fiber
occurs 30 min after ischemia and becomes a feature of white matter injury 12-24 h
later (Pantoni et al. 1996). Evidence from a sciatic nerve ischemic model also
suggests that swelling is the earliest morphological change in white matter injury
(Nukada and Dyck 1987).

To obtain more detailed assessments of ischemic white matter damage, researchers
employ more specific indicators and methodologies to detect cellular elements of
interest in axons and oligodendrocytes. Neuronal markers, neurofilament (NF) and
class IIT B-Tubulin (Tujl), are frequently used to show the changes of axonal fiber
in stroke and other neurological diseases. Reduction or loss in NF and Tuj1 positive
processes can be detected by immunohistochemical staining 12-24 h after ischemia
(Akpan et al. 2011). There are three major subunits of NF, termed: NF 68 (68 kDa),
NF 150 (NF 150 kDa), and NF 200 (200 kDa). NF 68 is the most abundant of
the three components, and has shown a more pronounced decrease in density by
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immunohistochemistry 1-4 days after hippocampal ischemia in male Mongolian
gerbils (Nakamura et al. 1992). Much earlier axonal damage can be detected by
immunoblot analysis of brain sections to assess protein breakdown of neurofilament.
It was reported that the proteolysis of NF 68 and NF 200 occurred 3 h after cerebral
cortex ischemia in adult male rats (Aronowski et al. 1999). Earlier degradation of
NF 150 and NF 200 at 15 min after cerebral ischemia was found in rats (Ogata et al.
1989). The three neurofilament components are all substrates of the calcium/
calmodulin-dependent protease, calpain (Nixon and Lewis 1986; Zimmerman and
Schlaepfer 1988). Thus, neurofilament protein degradation may be regarded as the
consequence of calcium imbalance occurring soon after ischemic injury.

Compared with the above histopathologic staining, amyloid precursor protein
(APP) is a more sensitive marker for assessment of ischemia-damaged axons. In
healthy brain, APP is transported by fast axonal transport throughout axons and
maintained at a low concentration that is hard to detect by immunohistochemistry.
Once axons are damaged by ischemia, APP transportation slows, and accumulated
APP becomes a useful injury reporter. Thus, APP staining has been used for
quantitative assessment of axonal damage after cerebral ischemia and has shown
advantages such as high sensitivity to ischemic insult and easy detection in assays
(Imai et al. 2002).

For more specific identification of damage to oligodendrocytes, many markers have
been developed, such as: myelin basic protein (MBP) for mature cells, lipid sulfatide
(O4) for immature cells, and NG2 proteoglycan for precursor cells. Antiadenomatous
polyposis coli (APC) and 2’, 3'-Cyclic-nucleotide 3'-phosphodiesterase (CNPase) are
also used to label mature oligodendrocytes and detect damage. MBP protein is a major
constituent of the myelin sheath, and myelin damage can be identified with antibody
that recognizes degraded MBP (AMBP). In a rat focal cerebral ischemia model induced
by endothelin-1 injection, the density of MBP progressively decreased in the ischemic
core and penumbra region at 1, 3, and 7 days after stroke, while the density of dIMBP
progressively increased (Moxon-Emre and Schlichter 2010). Ischemia-damaged oli-
godendrocytes in the brain are also immunoreactive to the cytoskeletal protein, tau.
The number of tau positive oligodendrocytes increased 6—-8-folds at 40 min after the
onset of cerebral ischemia (Irving et al. 1997).

Ischemia not only causes damage to oligodendrocytes but also induces oligoden-
drogenesis. This regenerative response from oligodendrocyte progenitor cells is
usually assessed by BrdU incorporation with NG2 or O4 immuno-positive cell
populations. The proliferation of NG2 oligodendrocyte progenitor cells takes place
in a delayed fashion, showing increased maximal activity at 5—7 days after stroke
induction, and then significant decline 14-28 days later (Iwai et al. 2010; Sozmen
et al. 2009).

These morphological methods enable researchers to assess and quantify temporal
and spatial changes in white matter after brain ischemia. Since white matter is
vulnerable to ischemic damage, it is more and more recognized that the characteris-
tic changes of white matter are of great importance when assessing extent of
ischemic brain damage and evaluating therapeutic effect of treatment in animal and
human stroke.
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2.3 Ionic Mechanism of Ischemic Axonal Damage

A few minutes after occlusion of cerebral blood flow, ischemic brain tissue becomes
deprived of oxygen and glucose, resulting in mitochondrial damage and failure of
ATP synthesis. This energy depletion causes Na*/K*-ATPase dysfunction and cellular
Na* and K* homeostasis disruption, leading to depolarization of the soma and axonal
membrane. Membrane depolarization is one of the major early mechanisms contrib-
uting to excessive release of glutamate from neurons and glial cells, which over-
activates glutamate receptors. This glutamate-mediated excitotoxicity causes rapid
gray matter and white matter damage in acute ischemic stroke. Other mechanisms
such as increased production of free radicals, inflammatory activity, apoptotic cas-
cade activation and loss of trophic support have been implicated in ischemic injury.
We here focus on the discussion of ionic mechanisms underlying ischemic white
matter damage.

Myelinated axon fibers are sensitive to hypoxia and ischemia. The concentration
gradient of Na* and K* and a resting membrane potential across the axonal mem-
brane depend on a normal activity of Na*/K*-ATPase. Axoplasmic accumulation of
Na* is mediated by failure of Na*/K*-ATPase. A persistent Na* influx and axonal
swelling is a result of excessive Na* and CI" influx. Accumulation of cellular Na*
may lead to activation of the reverse model of the Na*/Ca?** exchanger and axoplas-
mic Ca® increases (Philipson and Nicoll 2000). Membrane potential collapse
will impair axonal conduction and suppress action potential propagation along the
axonal fiber.

In a study of isolated rat optic nerve fibers (a white matter tract), energy deprivation
depolarized neuronal resting membrane potential in a Na* influx dependent manner
(Leppanen and Stys 1997). The evoked compound action potential (CAP) in adult
optic nerves can be abolished by deprivation of either oxygen or glucose for 60 min
(Fern et al. 1998). In an ischemic brain slice model, the corpus callosum injury was
induced by deprivation of oxygen and glucose (OGD), and the function of corpus cal-
losum was monitored by recording CAP. Blockade of Na* influx was found to par-
tially protect corpus callosum function from OGD injury (Tekkok and Goldberg
2001). On the other hand, axoplasmic Ca** is also involved in damaged axonal func-
tion based on the observation that anoxia-induced suppression of CAP in rat optic
nerve was restored close to control level by Ca**-free solution (Stys et al. 1990). Ca**-
free solution preserved CAP in OGD-damaged corpus callosum and protected the
axonal cytoskeleton against anoxia in optic nerve axons (Tekkok and Goldberg 2001;
Waxman et al. 1993). These studies demonstrate that Na* and Ca?* influx plays impor-
tant roles in ischemia-induced axonal damage.

Glutamate-mediated excitotoxicity not only affects gray matter but is also
involved in ischemic axonal injury. In axonal damage, activation of AMPA/kainate
receptors but not NMDA receptors mediates the excitotoxic effect (Matute 1998; Li
and Stys 2000; Domercq et al. 2005). The AMPA receptor blocker, NBQX, is able
to preserve axonal structure and functional activity in brain slices treated with OGD
conditions, and this effect has been explained as a secondary effect resulting from
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protection of oligodendrocytes by NBQX (Tekkok and Goldberg 2001). Most recent
studies have shown that rat dorsal column axons express glutamate receptor subunit
4 (GluR4) AMPA receptors, GIuR5 and GluR6 containing kainate receptors.
Application of AMPA/kainate receptor agonists induces progressive elevation of
intra-axonal Ca?* and impairs functional CAP in dorsal axons (Ouardouz et al.
2009a; Ouardouz et al. 2009b). These observations are consistent with the idea that
glutamate excitotoxicity in axons is directly mediated by AMPA/kainate receptors.
On the other hand, it has been suggested that the NMDA receptor is irrelevant in
excitotoxic axonal death because these cells contains negligible levels of NMDA
receptors (Jones and Baughman 1991). Although NMDA receptor blockers are
effective in protection of gray matter, none of them were proven to be protective
against axonal damage in focal cerebral ischemia and spinal cord injury (Yam et al.
2000; Agrawal and Fehlings 1997; Ouardouz et al. 2006). This might partially
explain the failure of NMDA receptor antagonists in clinical stroke treatments.

2.4 Tonic Mechanism of Ischemic Oligodendrocyte Damage

The ionic mechanisms identified in ischemic axonal fibers are not completely appli-
cable to oligodendrocytes. Blockade of Na* channels by TTX, while preventing
axonal loss, does not prevent oligodendrocyte loss, so it can be deduced that Na*
influx mediated by Na* channels is not involved in excitotoxic oligodendrocyte
death (Tekkok and Goldberg 2001). Neurotoxic Ca** entry plays an important role
in oligodendrocyte death, and the route of Ca*" entry may include activation of
AMPA/kainate receptors, NMDA receptors, voltage-gated Ca’>* channels, and pos-
sible reversal operation of Na*/Ca’" exchangers. Primarily cultured oligodendro-
cytes are vulnerable to AMPA/kainate receptor-mediated excitotoxicity and
hypoxic—ischemic injury. It has been shown that direct activation of AMPA/kainate
receptors by AMPA, kainate, glutamate, or by OGD shows dose-dependent toxicity
to cultured oligodendrocytes. On the other hand, application of AMPA/kainate
receptor antagonists or removal of Ca* from culture medium protects cultured
oligodendrocytes from excitotoxic injury. Blockade of AMPA/Kainate receptors
also suppresses OGD-induced Ca** entry (Yoshioka et al. 1995; Sanchez-Gomez
and Matute 1999; McDonald et al. 1998).

Cultured oligodendrocytes can be divided into precursor and mature type cells
based on their morphological and antigenic classification (Raff 1989).
Oligodendrocyte precursor cells are much more vulnerable than mature cells to
hypoxic—ischemic insults; this is associated with an enhanced activation of Ca*
permeable AMPA/kainate receptors in these precursor cells (Deng et al. 2003).
In mature oligodendrocytes, AMPA receptors rather than kainate receptors are
suggested as the major mediator of excitotoxic cell death (Leuchtmann et al. 2003).
Aside from this in vitro evidence, in situ and in vivo experiments also show that
blockade of AMPA/kainate receptors reduces Ca’**-dependent oligodendrocyte
death in hypoxic—ischemic acute brain slices and hypoxic—ischemic injury in



44 M. Song et al.

developing white matter (Tekkok and Goldberg 2001; Follett et al. 2000). Although
enhanced Ca?* influx through Ca?* permeable AMPA/kainate receptors alone is suf-
ficient to initiate excitotoxicity in cultured oligodendrocytes, selective blockade of
voltage-gated Ca?* channels and the Na*/Ca*" exchangers still partially attenuates
Ca?* influx and reduces cell death induced by AMPA receptor activation (Alberdi
et al. 2002; Chen et al. 2007). Therefore, activation of voltage-gated Ca®* channels
and the reversal Na*/Ca?* exchangers may contribute to neurotoxic Ca’** entry
following activation of AMPA/kainate receptors.

NMDA receptors are Ca?* permeable receptors; it has long been thought that the
NMDA receptor was not involved in oligodendrocyte death because these cells lack
functional expression of NMDA receptors (Berger et al. 1992; Patneau et al. 1994;
Liu and Almazan 1995). This concept, however, has been challenged by several
reports showing the existence of NMDA receptor subunits and their functional
expression in mature and immature oligodendrocytes of the cerebellum and corpus
callosum. It was shown that activation of NMDA receptors contributes to ischemia-
induced intracellular Ca** increase and oligodendrocyte damage (Karadottir et al.
2005; Salter and Fern 2005; Micu et al. 2006). Hence, it is likely that NMDA receptors
also participate in hypoxic—ischemic injury of oligodendrocytes. The importance of
this contribution in ischemic stroke remains to be further elucidated in animal
experiments and human research.

In terms of glutamate-mediated excitotoxicity in ischemic white matter injury
and oligodendrocyte loss, it must be acknowledged that this cell death mechanism
was established on the simplistic and abstract models of in vitro and in vivo experi-
ments that simulate acute ischemia and excitotoxic injury. In stroke patients, com-
plex ischemic cascades are activated after the onset of stroke. Specifically, glutamate
excitotoxicity is a dominant player in the acute phase of ischemic injury, but may
not be responsible for all of the dynamic changes and pathological progression in
the subacute and chronic stages. Cellular necrosis, apoptosis, and inflammation
occur in succession and/or parallel from hours to days after stroke.

Recent evidence has shown that extracellular ATP may also act as an excitatory
neurotransmitter, inducing Ca**-dependent ischemic damage to oligodendrocytes
via activating P2X and P2Y receptors (Domercq et al. 2010; Arbeloa et al. 2012). It
was shown that in addition to glutamate, enhanced ATP signaling during ischemia
is also deleterious to oligodendrocytes and myelin, and impairs white matter func-
tion. Oligodendrocytes in culture under OGD condition display an inward current
and cytosolic Ca?* overload, which is partially mediated by P2X7 receptors.
Oligodendrocytes release ATP after OGD through the opening of pannexin hemi-
channels. Consistently, oligodendrocyte death and optic nerve damage are partially
reversed by P2X7 receptor antagonists, by the ATP degrading enzyme apyrase, and
by blockers of pannexin hemichannels (Domercq et al. 2010). In primary cortical
neuron cultures and in brain slices, OGD caused neuronal death that was reduced by
Brilliant Blue G (BBG) at concentrations which specifically inhibit P2X7 receptors.
In ischemic stroke rats, BBG produced a 60 % reduction in the extent of brain
damage compared to treatment with vehicle alone (Arbeloa et al. 2012). These
data indicate that ATP released during ischemia and the subsequent activation of
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P2X7 receptor may contribute to white matter demise during stroke and point to this
receptor type as a therapeutic target to limit tissue damage in cerebrovascular
diseases.

2.4.1 Neuroprotection Targeting AMPA and NMDA Receptors

To date, there is no successful translation of glutamate receptor antagonism into
efficient drugs for human stroke treatment. The underlying reasons may include, but
are not limited to, severity and complexity of ischemic damage, narrowness of ther-
apeutic window, unknown cell death mechanisms in humans, pathophysiological
differences between animal and human stroke, lack of focus on ischemic white mat-
ter damage, and undesirable side effects of the experimental treatments in humans.
Among these potential factors, white matter injury or axonal demyelination after
stroke has remained less investigated compared to gray matter injury.

Despite failure in clinical trials, excessive activation of AMPA/NMDA receptors
and consequent excitotoxicity are still a predominant theory for stroke pathology
and a guide for the development of neuroprotective agents against acute ischemic
damage. A novel AMPA receptor antagonist, SPD 502, is reported to reduce isch-
emic oligodendrocyte damage in a rat stroke model induced by MCA occlusion
(McCracken et al. 2002). The well-known NMDA receptor antagonist memantine is
clinically licensed by the FDA to treat moderate-to-severe Alzheimer’s disease.
Memantine is also found to protect corpus callosum oligodendrocytes and optic
nerve fibers from ischemic damage at clinically relevant concentrations (Bakiri
et al. 2008). Whether this approach will be effective or not in human patients, the
idea that an effective stroke therapy will likely require a combinational approach
that targets multiple receptors/channels and multiple signaling pathways is gaining
in popularity.

For example, glutamate, released upon an ischemic insult, activates AMPA/kainate
receptors, resulting in cell membrane depolarization and consequent activation of
NMDA receptors. Thus, it is possible that combination therapy targeting AMPA and
NMDA receptors will likely show more efficacy in preventing white matter injury.
Glutamate also actives metabotropic receptors that indirectly affect cellular Ca*,
cAMP, protein phosphorylation, and other signaling pathways (Mao and Wang
2002). However, the role of metabotropic glutamate receptors in oligodendrocyte
toxicity is obscure and remains to be elucidated.

2.4.2 Neuroprotection Targeting Axonal Demyelination

An additional neuroprotective strategy is to target axonal demyelination (loss of
myelin proteins). As discussed above, several pathways mediate intracellular Ca**
accumulation in the acute phase of ischemic white matter damage. Neurotoxic Ca**
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seems to be the common signal for axonal skeleton degeneration and oligodendrocyte
myelin protein degradation. It is well known that excessive increases of cellular
Ca* causes mitochondrial dysfunction and enhances generation of reactive oxygen
species (ROS) and nitric oxide (NO) (LoPachin and Lehning 1997; Stys 1998;
Coleman 2005), which all play important roles in axonal demyelination (Campbell
and Mahad 2011; Linares et al. 2006; Smith et al. 1999). ROS inhibition and reduc-
tion of NO have been shown to be neuroprotective in experimental models of brain
ischemia (O’Mahony and Kendall 1999; Tuttolomondo et al. 2009). Intracellular
Ca* elevation activates Ca®*-dependent protein kinases and neutral protease
(calpain). Calpain activation has been identified as the trigger for axonal demyelin-
ation in stroke and multiple sclerosis (Lankiewicz et al. 2000; Shields et al. 1999).
Calpain inhibition is effective to reduce neurofilament breakdown and attenuate
axonal demyelination in ischemic axons and other injury models (Stys and Jiang
2002; Das et al. 2012). Thus, strategies targeting the downstream signaling behind
neurotoxic Ca’" are alternative neuroprotective approaches to prevent axonal
demyelination.

Although axonal degradation and demyelination occur quickly in the ischemic
core, a gradual restoration of oligodendrocytes and remyelination have been observed
in the peri-infarct area (Gregersen et al. 2001; Tanaka et al. 2003). In the CNS of
humans and animals, the capability of remyelination as well as regeneration is pre-
served for neurogenesis and repair activity following brain injury (Dubois-Dalcq
et al. 2008; Duncan et al. 2009; Franklin and Ffrench-Constant 2008). Remyelinating
activity has been shown effective in preventing axons from demyelination-associated
degeneration (Irvine and Blakemore 2008). Revealing the mechanisms underlying
remyelination will afford critical clues to develop novel regeneration strategies. In a
mouse brain demyelination model, transplanted neural progenitor cells were found to
enhance remyelination via secreting trophic factors: platelet-derived growth factor-
AA, and fibroblast growth factor-2 (Einstein et al. 2009).

2.4.3 Pharmacological Hypothermia Therapy
Jor Ischemic Stroke

Hypothermia, or cooling, is an established method to decrease metabolic activity
and protect animal brain or isolated organs/tissues against a variety of injuries in the
laboratory or operating room. The neuroprotective effect of therapeutic hypother-
mia has been consistently demonstrated in ischemic and traumatic brain injury
(Tokutomi et al. 2007; Sahuquillo and Vilalta 2007; Kwon et al. 2008; Hemmen and
Lyden 2009; Yenari and Hemmen 2010). Animal and human studies suggest that
mild to moderate hypothermia (2-5 °C reduction) is generally safe and beneficial
for functional recovery after cerebral ischemia. Early administration of physical
cooling after cerebral ischemia reduces loss of immature oligodendrocytes in near-
term fetal sheep (Roelfsema et al. 2004). Most recently, we have developed a novel
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neurotensin receptor 1 (NTR1) agonist, ABS201, to effectively induce regulated
hypothermia in a focal ischemic stroke model (Choi et al. 2012). We showed that
pharmacologically induced hypothermia (PIH) reduces ischemic infarct volume,
decreases cell death and improves recovery of sensorimotor function (Choi et al.
2012). We propose that PIH provides not only neuronal protection, but also protects
against ischemia-induced axonal and neurovascular damage. The comprehensive
effects of PIH are thus regarded as a brain protective therapy as compared to the
conventional approach that targets only one individual cell type (e.g., neuron) or a
single receptor/signaling pathway. Further investigations are necessary to explore
brain protection strategies using hypothermia-inducing drugs or other approaches in
protecting structure in the ischemic brain, including the white matter.

2.4.4 Stem Cell Therapy for Ischemic Stroke

A rapidly developing strategy for stroke therapy is the application of stem cells to
repair ischemia-damaged brain tissue through either cell replacement or tropic
action after transplantation. In a neonatal hypoxia—ischemia model, transplanted
bone marrow stem cells reduced MBP loss and increased oligodendrogenesis in the
damaged brain through adapting into the damaged tissue and stimulating several
endogenous repair pathways (van Velthoven et al. 2010). Our recent study has
shown that transplantation of bone marrow mesenchymal stem cells (BMSCs) into
the peri-infarct region of adult stroke mice partially restored thalamocortical cir-
cuitry and enhanced functional recovery (Song et al. 2012). BMSCs were implanted
1 and 7 days after barrel cortex stroke. This treatment reduced infarct formation.
The behavioral corner test showed better long-term recovery of sensorimotor
activities in BMSC-treated mice. Six weeks post-stroke, extracellular recordings of
field potentials in the BMSC-transplanted brain slices showed noticeable recovery
of ischemia-disrupted intracortical activity from layer 4 to layers 2/3, and the
thalamocortical circuit activity was also partially restored. Immunofluorescence
showed that the density of neurons, axons and blood vessels in the peri-infarct area
was significantly higher in BMSC-treated mice, accompanied with enhanced local
blood flow. BMSC treatment increased the levels of SDF-1, VEGEF, and BDNF in
peri-infarct region. The expression of axonal growth associated protein-43 (GAP-
43) was markedly increased, and the axonal growth inhibiting proteins, ROCK II
and NG2, were suppressed in the BMSC-treated brain, suggesting a potential sig-
naling pathway that mediates the BMSC effect on axon growth and regeneration.
This study provides electrophysiological, morphological, and molecular evidence
that BMSC transplantation has a clear potential to repair the ischemia-damaged
neural networks involving gray and white matters. More efforts are needed to
optimize the strategy by exploring the mechanisms underlying stem cell therapy and
discerning the appropriate time window for stem cells to adapt to the environment
of the ischemic brain.
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2.5 Conclusion

Stroke therapy has come a long way in terms of improving survival and chronic
treatment such as physical therapies, but current effective treatments for acute ischemic
stroke patients are very limited. Recent studies have suggested that the key to improv-
ing recovery, restoring function, and reducing long-term disability lies in reducing
white matter as well as gray matter injury. Multiple markers of axonal and oligoden-
drocyte injury have been identified and are being utilized. Therapy targeting AMPA and
NMDA receptors, the ionic balance across membranes and a variety of second mes-
sengers may be promising. In addition, recent progresses in developing pharmacologi-
cal hypothermia therapy and stem cell therapy have brought promising hopes for
clinical applications of brain protective and regenerative medicine for stroke patients.
Regardless, a more comprehensive approach to research involving multimodal treat-
ments will likely result in a more effective overall stroke therapy in humans.
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