1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Neurobiol Dis. Author manuscript; available in PMC 2020 June 01.

-, HHS Public Access
«

Published in final edited form as:
Neurobiol Dis. 2019 June ; 126: 13-22. doi:10.1016/j.nbd.2018.07.008.

The effect of age-related risk factors and comorbidities on white
matter injury and repair after ischemic stroke

Mingyue Xu2P, Michael M. Wang®d, Yangin GaoP, Richard F. Keep®”, and Yejie Shia"
apittsburgh Institute of Brain Disorders & Recovery and Department of Neurology, University of
Pittsburgh, Pittsburgh, PA 15213, USA

bState Key Laboratory of Medical Neurobiology, Institute of Brain Sciences and Collaborative
Innovation Center for Brain Science, Fudan University, Shanghai 200032, China

‘Departments of Neurology and Physiology, University of Michigan, Ann Arbor, Ml 48109, USA
dVvA Ann Arbor Healthcare System, Ann Arbor, Ml 48105, USA
€Department of Neurosurgery, University of Michigan, Ann Arbor, Ml 48109,USA

Abstract

White matter injury is a crucial component of human stroke, but it has often been neglected in
preclinical studies. Most human stroke is associated with one or more comorbidities, including
aging, hypertension, diabetes and metabolic syndrome including hyperlipidemia. The purpose of
this review is to examine how age and hypertension impact stroke-induced white matter injury as
well as white matter repair in both human stroke and preclinical models. It is essential that
comorbidities be examined in preclinical trials as they may impact translatability to the clinic. In
addition, understanding how comorbidities impact white matter injury and repair may provide new
therapeutic opportunities for patients with those conditions.
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1. Introduction

White matter (WM) constitutes half the human brain and plays an essential role in the
transmission of electric signals within the functional neural network (Fields, 2010). Ischemic
stroke causes prominent WM damage, thereby contributing to long-term sensorimotor and
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cognitive impairment. It has been estimated that ~64-86% of stroke patients have WM
injury (Fu et al., 2005; Li et al., 2013).

Subcortical WM stroke represents 15-30% of all stroke subtypes in humans (Bamford et al.,
1991). WM receives relatively low blood supply compared to grey matter, has relatively
poor collateral circulation and WM components (e.g. oligodendrocytes and their progenitor
cells) are sensitive to ischemia-induced oxidative stress and excitotoxicity, making WM
highly vulnerable to ischemic injury (Husain and Juurlink, 1995; ladecola et al., 2009;
McDonald et al., 1998; Wang et al., 2016). On the other hand, cerebral ischemia rapidly
elicits compensatory WM regeneration and repair, which benefits the structural and
functional restoration of the brain (Moskowitz et al., 2010). WM repair consists of axonal
regeneration and neural plasticity, as well as remyelination, where new myelin sheaths are
formed around demyelinated axons. Remyelination restores nerve function and prevents
further axonal degeneration, and it involves the recruitment and differentiation of
oligodendrocyte progenitor cells (OPCs) into mature myelin-forming oligodendrocytes
(Gensert and Goldman, 1997). Despite the importance of WM in brain function, the
mechanisms underlying WM injury and plasticity after ischemic stroke, and its implication
in developing therapeutic approaches, have been a neglected area of research until relatively
recently.

Age is the most important non-modifiable risk factor for ischemic stroke and has significant
impact on stroke occurrence and prognosis. After age 55, the risk of stroke nearly doubles
every 10 years (Marini et al., 2001). In combination with other comorbid conditions, such as
hypertension, hyperglycemia and hyperlipidemia, age predisposes the WM to structural and
functional changes and impairs the regenerative capacity of WM, thereby predicting worse
outcome after stroke (Chien et al., 2007; Hamner et al., 2011; Kurl et al., 2006). White
matter hyperintensity (WMH), also called leukoaraiosis, is a radiologic finding detected by
magnetic resonance imaging (MRI) in at least 50% of the aged population (de Leeuw et al.,
2001; Longstreth et al., 1996; Munoz Maniega et al., 2017; Ryu et al., 2014). The presence
and severity of WMH is associated with cognitive decline, increased risk of stroke, and poor
clinical outcome after ischemic stroke (Ay et al., 2008; Debette and Markus, 2010; Kuller et
al., 2004). Furthermore, myelin density declines with age in both humans and rodents,
indicating that the capacity for oligodendrogenesis and WM regeneration may be
compromised by WM senescence (Sim et al., 2002).

Even though stroke mainly afflicts the elderly and most stroke patients have one or more
comorbid conditions, there are only limited studies concerning the effect of these comorbid
conditions on WM injury and repair after stroke. Here, we review recent findings on the
impact of aging and hypertension, two of the most important vascular comorbidities on WM
disease. Understanding the mechanisms underlying the effects of each of these two
conditions may facilitate the development of therapeutic strategies for WM stroke that are
more translatable tothe clinic.
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2. White matter structure

WM tracts are composed of both myelinated and non-myelinated axons that are essential for
communication between different CNS areas. There is evidence both within the brain and in
the peripheral nervous system that myelinated axons are more sensitive to ischemia or
ischemia-like conditions than non-myelinated axons (Fujimura et al., 1991; Li et al., 2016a).
This reflects the sensitivity of oligodendrocytes that produce myelin to ischemia (Fujimura
etal., 1991; Li et al., 2016a), although it may also reflect the average greater diameter of
myelinated axons with larger axons being more sensitive to ischemia (Fujimura et al., 1991).
In addition, there is evidence that after ischemia, axonal sprouting occurs that results in
increased non-myelinated axons (Sozmen et al., 2016).

Many studies on stroke-induced WM injury have focused on oligodendrocyte and axonal
changes as the ultimate cause of altered neurological function and OPCs as a potential
source of WM repair. However, as outlined below, other cell types within WM (Fig. 1) play
an important role in stroke-induced WM injury and repair including microglial and
endothelial cells. In grey matter, communication within the neurovascular unit (NVU;
formed of endothelial cells, pericytes, astrocyte endfeet, smooth muscle cells, basement
membranes and neuronal and microglial processes) plays an important role in regulating the
cerebrovasculature function (e.g. blood flow and the BBB) (ladecola, 2017; Zlokovic, 2008).
NVU signaling is important in preventing ischemic brain injury, but the NVU is also an
important site of injury after ischemia (e.g. BBB disruption and swollen astrocytic endfeet)
(Jiang et al., 2018; Shi et al., 2016a). In WM, there is an analogous oligovascular signaling
between oligodendrocytes/OPCs and other vascular cells (endothelial cells, pericytes,
astrocyte endfeet, smooth muscle cells) (Arai and Lo, 2009c; Shindo et al., 2016). The
pathways involved in such signaling are beginning to be elucidated (e.g. (Arai and Lo,
2009c; Rajani and Williams, 2017)). Understanding how those pathways are affected by
stroke comorbidities may give insight into the mechanisms by which they impact WM
injury.

3. Preclinical modeling

Preclinical models aid in elucidating the mechanisms by which stroke and associated
comorbid conditions impact WM. However, the limitations in those models should be
acknowledged. Such research has been performed /in vitro on isolated cells (e.g. OPCs and
oligodendrocytes) and cell lines, tissue preparations (e.g. the optic nerve), and using /n vivo
models (usually rodent). The advantages and disadvantages of such models have been
described by Arai & Lo (Arai and Lo, 2009a). The /n vitro experiments allow mechanistic
examination of specific, or limited, cell types. Such experiments, however, do not fully
replicate /n vivo conditions, often lack the complex cellular interactions occurring /in vivo
(Arai and Lo, 2009a) and mostly use non-human cells. Current advances in human induced
pluripotent stem cells, that can be used to produce multiple neural cell types including OPCs
and oligodendrocytes (Goldman and Kuypers, 2015), is a major advance. The production of
cerebral organoids (Lancaster et al., 2013) is a potential technique for examining the
complex cellular interactions although there are ethical questions.
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As described below, most stroke preclinical /n vivo research is done on rodents that have
greatly smaller brains and much less WM than humans. The effect of such scaling on WM
injury is unclear and there is a need for more work on stroke-induced WM injury in larger
gyrencephalic species with significant WM (Hainsworth et al., 2017), to confirm findings in
smaller species if similar data cannot be directly obtained from patients.

A variety of rodent models have been used to study the effects of cerebral ischemia or
hypoperfusion on WM. These include hypoperfusion caused by bilateral common carotid
artery occlusion or stenosis, focal ischemia caused by middle cerebral artery occlusion
(MCAO), and the spontaneous stroke that occurs in the stroke-prone spontaneously
hypertensive rats (SHRSP). It should be noted that such models have grey as well as white
matter ischemia adding complexity to determining underlying causes of injury. Recently, a
model of WM ischemia has been developed involving stereotactic injection of an endothelial
nitric oxide inhibitor, N5-(1- iminoethyl)-L-ornithine, into the corpus callosum in mice
(Nunez et al., 2016). That should be useful for elucidating specific WM pathways.

A discussion of the limitations of animal models of aging and hypertension are beyond

4.1. Age-related WM structural alterations

Progressive brain atrophy and deterioration of WM ultrastructure during aging have been
well documented. Lifespan studies based on postmortem investigations of human brains
reveal a decline of the overall brain weight, beginning at about 45-50 years of age and
reaching its lowest values (11% decrease from young adults) after 86 years of age (Dekaban,
1978). Such atrophy is accompanied by an elevation of brain water content, demyelination,
and disruption of axonal structure (Meier-Ruge et al., 1992; Terao et al., 1994). Studies
based on human and non-human primates implicate differential alterations of axons in the
cortex and WM during normal aging (Peters, 2002). In cortex, no significant neuronal loss
and very few loss of nerve fibers are observed during aging (Nielsen and Peters, 2000).
Instead, degeneration of myelin sheaths of nerve fibers is prominent in the cortex and
appears to account for normal aging-related cognitive decline (Peters et al., 2000; Peters and
Sethares, 2002). This is in contrast to the WM where 27% the scope of this review. of the
total length of nerve fibers are lost in old human brains (Tang et al., 1997). Age-related WM
changes have further been examined by diffusion tensor imaging (DTI), a special type of
diffusion-weighted MRI (DW-MRI) that is widely used to map WM tracts in the brain. Both
the absolute volume of WM and the ratio of WM to total brain volume drop with age after
about 40 years of age (Lebel et al., 2012). Age-related WM microstructural changes can also
be assessed by various diffusivity parameters, the most commonly used being fractional
anisotropy (FA) and mean diffusivity (MD). Several studies report a decrease of FA, an
index of the degree of directionality of water diffusivity (Lebel et al., 2012; Sala et al., 2012;
Sexton et al., 2014). In contrast, MD represents the average magnitude of water diffusion
and is found to increase in WM tracts during aging (Lebel et al., 2012; Sala et al., 2012;
Sexton et al., 2014). Furthermore, age-related changes of FA and MD are associated with
increased radial diffusivity (RD; diffusivity perpendicular to the axonal fibers), a possible
indicator of myelin injury (Sala et al., 2012; Song et al., 2003). In contrast, WM tracts
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display variable values of axial diffusivity (AD; diffusion parallel to the axon fibers) during
aging, a possible indicator of axonal integrity (Sala et al., 2012; Song et al., 2003).

Age-associated axon and myelin alterations can also be detected histologically and
underlying mechanisms examined. Ultrastructural examination using three-dimensional
electron microscopy reveals larger axons and thicker myelin in the aged mouse optic nerve
(Stahon et al., 2016). Furthermore, aged axons develop longer and thicker mitochondria,
correlating to lower ATP levels and elevated production of nitric oxide, protein nitration, and
lipid peroxidation (Stahon et al., 2016). Ca2+ homeostasis is disrupted in aged axons, as
reflected by lower levels of calnexin and calreticulin, which results in deficient interactions
between mitochondria and smooth endoplasmic reticulum (Stahon et al., 2016). On the other
hand, one emerging theory on the mechanism of myelodegeneration is that the aberrant
organization of axo-glial junctional complexes may underlie age-related myelin pathology
(Shepherd et al., 2012). Normally, the anchor of myelin sheath to the axon is dependent on
the integrity of paranodal axo-glial junctional complexes, and their disruption facilitates
demyelination (Brophy, 2001; Marcus et al., 2002). The main components of such
complexes are the so-called transverse bands, which are arrayed electron-dense structures
bridging the peri-axonal space. Physiologically, paranodal complexes are dynamically
reorganized, manifested by the loss of transverse bands in previously anchored loops
followed by the lateral movement of newly juxtaposed loops to fill the gap (Shepherd et al.,
2012). Transverse bands are reformed and turned over during this paranodal reorganization,
thereby maintaining a stable paranodal length which is crucial for the organization of ion
channels and function of the axon. In the aged CNS, the reformation of transverse bands is
less efficient, leading to the loss of junctional components (Shepherd et al., 2012). These
abnormal structural changes facilitate the degeneration of myelin and are likely to
predispose the aged CNS to increased WM injury should a secondary insult occur. In line
with this theory, disrupted axonal microdomain architecture resulting from abnormal
axoglial signaling is frequently observed in the WM adjacent to lacunar and microinfarcts
(Hinman et al., 2015). The disarrangement of node and paranode structure is associated with
axonal injury and may lead to impaired nerve signal conduction of surviving axons after
stroke (Hinman et al., 2015). Direct evidence on whether paranodal structural changes are
important in age-related WM injury after stroke is, however, still lacking.

Chronic brain tissue hypoperfusion with aging is associated with WMHs (Bernbaum et al.,
2015; Munoz Maniega et al., 2017; Promjunyakul et al., 2016; Shi et al., 2016b; van den
Boom et al., 2003). However, whether low cerebral blood flow (CBF) is a cause or the result
of WM injury is uncertain. A meta-analysis oflongitudinal studies suggested that low CBF
may be the result of WMH rather than a cause, although more studies particularly focusing
on WM blood flow changes with age are needed (Shi et al., 2016b).

4.2. Age-related injury mechanisms of the WM after ischemic stroke

Earlier studies employing rodent focal MCAO models to investigate the impact of aging on
stroke outcome have generated controversial results. Some studies show an age-related
enlargement of brain infarct (Sutherland et al., 1996), whereas others report smaller infarcts
in aged subjects (Liu et al., 2009). This discrepancy may partly be accounted for by the
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confounding effects of high mortality rate in the aged cohort (44 versus 9% in young adult
rats subjected to 60 minutes of MCAQ) (Wang et al., 2003). More recently, researchers have
used vasoconstrictor-induced WM stroke or permanent distal MCAQO models, which have
lower mortality and make it possible to evaluate long-term neurological functions after
stroke. At 2 months after N5-(1-iminoethyl)-L-ornithine-induced WM stroke, aged mice
(24-month old) developed more severe WM atrophy, disruption of corticostriatal
connections, and forelimb motor deficits than young adult mice (Rosenzweig and
Carmichael, 2013). Similarly, 18 months old aged mice demonstrated worse WM
demyelination and long-term sensorimotor and cognitive deficits up to 35 days after distal
MCAO (Suenaga et al., 2015).

4.2.1. Axonal mechanisms—An enhanced oxidative state of the brain and
excitotoxicity are generally thought to underlie age-dependent exacerbation of WM injury
after ischemic stroke (Fig. 2). Mitochondrial functions deteriorate during normal aging,
leading to a decline of ATP production. Furthermore, the insufficient function of endogenous
antioxidant systems (e.g. glutathione peroxidase) in the aged brain worsens oxidative stress
(Espinoza et al., 2008). Increased oxidative damage is observed in both rodent WM stroke
models (Li et al., 2011; Rosenzweig and Carmichael, 2013), and in post-mortem MRI-
guided sampling from patients older than 65 years of age (Al-Mashhadi et al., 2015).

Ischemia induces axonal injury through differential molecular mechanisms in young and
aged subjects (Fig. 3). Studies using mouse optic nerve demonstrate that in young WM,
removal of extracellular Ca2* or blockade of reverse Na*/Ca2* exchange (NCX) during
ischemia robustly improves the functional recovery of axons, whereas blockade of NMDA
receptors fails to promote axonal function (Baltan, 2009; Baltan, 2016). In contrast, the
injury to aged WM after ischemia is primarily through Ca2*-independent mechanisms, as
the same approach fails to save the oligodendrocytes and hinders axon function recovery
(Baltan, 2009; Baltan, 2016). Ischemia rapidly triggers depletion of ATP and reversal of the
NCX, leading to an elevation of intracellular Na+ and reversal of the Na+-dependent
glutamate transporter (GLT1). The excessive glutamate may then activate AMPA/kainite
receptors, eventually resulting in oligodendrocyte cell death and axonal injury in the WM
(Baltan, 2014). In the aged brain, GLT1 is robustly upregulated, perhaps as a compensatory
mechanism against the increased glutamate. However, ischemia-induced reversal of GLT1
results in earlier, more robust, and sustained glutamate release and severe excitotoxicity in
the presence of higher GLT1 expression in aged WM (Baltan, 2009). Inhibiting the reversal
of GLT1 or AMPA/kainate receptors protects aged axons against ischemic injury, an effect
comparable to young axons. On the other hand, NMDA receptors are redistributed during
normal aging such that in young WM, they are largely expressed in the cell bodies of
oligodendrocytes, whereas in aged WM, they are also expressed by myelin processes
(Baltan, 2016). This age-specific expression pattern may determine the interactions between
oligodendrocytes and axons and their functional outcome after ischemia.

4.2.2. Vascular mechanisms—Age-dependent vascular alterations in the WM increase
its susceptibility to hypofusion and ischemic injury. WM is intrinsically vulnerable to
hypofusion, as it receives blood supply primarily through long arterioles from the border
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zone between the MCA and the anterior cerebral artery (Moody et al., 1990). Aging leads to
a reduction of vascular density and a deficiency of cerebral vascular autoregulation, both
exacerbating hypoperfusion in aged WM (Jin et al., 2017). Endothelial dysfunction
associated with aging, such as enhanced vascular oxidative stress and impaired endothelium-
dependent vasodilation in the cerebral circulation, is also likely to contribute to the chronic
hypofusion of aged WM (Brown et al., 2007; Mayhan et al., 1990; Toth et al., 2017).
Furthermore, tortuous arterioles are formed in aged WM and develop a coiled morphology
(Brown et al., 2002), resulting in increased vessel length, declined kinetic energy, and
reduced blood flow in the WM. The blood flow to the WM can further be deteriorated by
excess collagen deposits in the walls of veins and venules in the deep WM of aged brains
and subsequent constriction of the vessel lumen (Brown et al., 2002).

4.2.3. Inflammatory mechanisms—Aged brains display an enhanced pro-
inflammatory state after ischemic stroke, with increased production of pro-inflammatory
cytokines and greater microglial/macrophage activation (Rosenzweig and Carmichael,
2013). Microglia/macrophages can exert dual functions in brain injury and repair, dependent
on their pro-inflammatory or anti-inflammatory functional phenotype (Hu et al., 2015; Jiang
et al., 2016; Jin et al., 2017). Such phenotypic polarization of microglia/macrophages also
has profound effects on WM injury and repair (Miron et al., 2013; Wang et al., 2015). After
distal MC AO, 18 months old aged mice exhibited significantly fewer microglia/
macrophages with an anti-inflammatory ‘M2-like’ phenotype compared to young adult mice
(Suenaga et al., 2015). Importantly, this age-related shift of microglia/macrophages toward a
pro-inflammatory phenotype is associated with exacerbated myelin degeneration and
neurobehavioral deficits (Suenaga et al., 2015). In recent years, the use of unbiased whole-
genome profiling has begun to identify the genomic changes occurring during the
reprogramming of microglia/macrophages upon aging (Galatro et al., 2017). How such
changes influence WM injury after stroke remains to be elucidated.

4.3. The effect of aging on WM repair after stroke

It is well established that the efficiency of WM repair declines with age, with deficits in both
the regeneration of axons and the remyelination of injured axons after brain injury (Fig. 2B).
Ischemic stroke elicits sprouting of spared axons in the peri-infarct region, which form new
patterns of neuronal connections and are associated with recovery (Brown et al., 2009;
Carmichael et al., 2001). Using whole-genome expression profiling of sprouting versus non-
sprouting neurons after focal cortical ischemic stroke, Li et al. identified a “sprouting
transeriptome” consisting of growth factor, cell adhesion, axonal guidance and cyto skeletal
modifying molecules (Li et al., 2010). Importantly, this neuronal growth program differs
between young adult and aged rodents, particularly in cytokine and chemokine, axonal
guidance, bone morphogenic protein, cell adhesion and growth factor molecules. For
example, EphA4 and Lingol, receptors for axonal growth inhibitory proteins (Ji et al., 2006;
Wegmeyer et al., 2007), are upregulated in aged sprouting neurons (Li et al., 2010). These
transcriptional profile changes indicate that reduced post-stroke recovery in aged subjects
may be associated with blockade of axonal growth in the peri-infarct sprouting neurons.
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Aging also impairs another key component of WM repair after stroke - remyelination of
demyelinated axons. Studies of non-ischemic injury models have demonstrated clear
impairment of remyelination in aged experimental animals. Using a focal demyelination
model found that an age-associated decline in remyelination efficiency is attributed to an
impairment of both the recruitment of OPCs and their subsequent differentiation into
myelinating oligodendrocytes (Sim et al., 2002). OPC differentiation is critically determined
by both environmental factors and cell- intrinsic mechanisms that change with age. Using a
cuprizone-induced demyelination model, Shen et al. emphasize the importance of age-
dependent epigenetic control of gene expression by histone deacetylases (HDACS) (Shen et
al., 2008). In demyelinated young brains, oligodendrocyte differentiation inhibitors and
neural stem cell markers are downregulated before the synthesis of new myelin. In contrast,
in demyelinated old brains, the recruitment of HDACs and epigenetic modulation is
inefficient, leading to the accumulation of transcriptional inhibitors and prevents the
subsequent expression of myelin genes (Shen et al., 2008).

Such mechanisms are only beginning to be elucidated in stroke models. For example, a
recent study by Sozmen et al. reveals a crucial role of Nogo receptor 1 (NgRI) signaling in
blocking OPC maturation after WM stroke (Sozmen et al., 2016). In both aged and young
adult mice, stroke induces NgR1 ligands and downregulates NgR1 inhibitors during the peak
OPC maturation block. Blockade of Nogo signaling using an NgR1 antagonist reduced the
transformation of OPCs into astrocytes and thereby enhanced oligodendrogenesis after
stroke, which significantly improved post-stroke functional recovery in aged mice (Sozmen
etal., 2016).

Aging may also alter the WM regeneration after stroke through indirect actions of other
CNS cells on WM components, such as microglia/macrophages. Depending on their
functional phenotype, microglia/macrophages differentially influence WM repair after brain
injury. On the one hand, M2-like microglia/macrophages promote OPC differentiation and
CNS remyelination after focal demyelination injury through production of regenerative
factors (Miron et al., 2013). On the other hand, myelin debris are generated during injury-
induced demyelination and contain inhibitors of OPC differentiation (Kotter et al., 2006).
Efficient remyelination also depends on a supportive microenvironment where microglia/
macrophages play a crucial rule in clearing cell and myelin debris. Aging alters a wide range
of microglial functions (Koellhoffer et al., 2017) and, as reviewed above, the number of M2-
like microglia/macrophages after ischemic stroke declines with age (Suenaga et al., 2015),
exacerbating WM injury and hampering WM repair. Furthermore, the efficiency of myelin
debris clearance declines with age, further delaying OPC differentiation and impeding
remyelination (Ruckh et al., 2012). Microglia from aged mice have deficits in phagocytosis
under baseline conditions and when activated with a functional shift towards a pro-
inflammatory M1-like phenotype (Ritzel et al., 2015). Thus, during aging, aspects of
microglial/macrophage functions become unfavorable for WM repair.

In recent years, studies focused on identifying molecular mechanisms that determine
microglial/macrophage functions have provided insights into developing therapeutic
strategies to improve WM repair after injury. For example, triggering receptor expressed on
myeloid cells 2 (TREM2) sustains both microglial expansion during aging and the response
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to demyelination (Poliani et al., 2015). In response to cuprizone-induced demyelination,
Trem2~'~ microglia failed to amplify transcripts indicative of activation, phagocytosis, and
lipid catabolism (Poliani et al., 2015). Consequently, 7rem2null mice exhibit impaired
myelin debris clearance, axonal dystrophy, reduced oligodendrocytes, and persistent
demyelination after prolonged cuprizone treatment (Poliani et al., 2015). Importantly,
mutation of the 7REMZ2 gene in humans causes Nasu-Hakola disease, for which WM
degeneration is a prominent pathological feature (Kaneko et al., 2010). Considering these
age-dependent alterations of microglial functions and their poor responses to demyelination
in 7rem2~~ mice, TREM2 functional deficiency may underlie the insufficient microglial
clearance of myelin in the aging human.

Another example is the retinoid X receptor (RXR) pathway that is decreased with aging in
both myelin-phagocytosing human monocytes and mouse macrophages (Natrajan et al.,
2015). Young macrophages treated with an RXR antagonist mimic aging by reducing myelin
debris uptake, whereas an RXR agonist partially restored myelin debris phagocytosis in aged
macrophages (Natrajan et al., 2015). Young mice with macrophage-specific RXRa knockout
had delayed clearance of myelin debris and slowed remyelination after experimental
demyelination. The RXR agonist could also revise the gene expression profile in the
monocytes of multiple sclerosis patients to a more ‘youthful” state, enhancing myelin debris
phagocytosis by patient cells (Natrajan et al., 2015). Whether similar strategies to modulate
aged microglia/macrophages will benefit WM repair after ischemic stroke remains to be
determined.

There are other agents that are being investigated for their ability to alter the phenotype of
microglia/macrophages. For example, fingolimod, a sphingosine-1 -phosphate receptor
modulator, shifts microglial/macrophage phenotype from Ml to M2 polarization, and it
reduces WM injury in a bilateral common carotid artery stenosis (BCAS) model by reducing
neuroinflammation and promoting oligodendrogenesis (Qin et al., 2017). Similarly,
rosiglitazone, a peroxisome proliferator-activated receptor (PPAR)-y agonist, shifts
microglial/macrophage polarization from Ml to M2 after MCAO in mice, and it enhances
OPC proliferation, increases the generation of mature oligodendrocytes and reduces WM
injury (Han et al., 2015). PPAR-y agonists do have pleiotropic effects that may reduce
ischemic damage (Cai et al., 2018). Whether fingolimod and PPAR-+y agonists can impact
stroke-induced WM injury in aged animals deserves investigation. It should also be noted
that PPAR-y agonists also impact other comorbidities for stroke that worsen WM injury -
diabetes, hypertension and dyslipidemia.

5. Hypertension

5.1.

Hypertension-related WM changes

Hypertension is the most important modifiable risk factor for ischemic stroke and an
important risk factor for vascular cognitive impairment. Acute and chronic increases in
blood pressure result in adaptive vascular remodeling throughout the body and subsequent
impairment of multiple end-organs, including the brain (Scuteri et al., 2011). High blood
pressure is also one of the most important risk factors for cerebral WM lesions in the aged
population (de Leeuw et al., 2002; Xiong and Mok, 2011). Characterized by
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arteriolosclerosis, myelin loss and gliosis, WM lesions are frequently observed in
cognitively intact and impaired elderly persons (Longstreth et al., 1996; van Swieten et al.,
1991). An association between hypertension and WM lesions has been well documented in
both cross-sectional studies (Dufouil et al., 2001; Shrestha et al., 2009) and longitudinal
studies (Gottesman et al., 2010; Sachdev et al., 2007; Schmidt et al., 2003; White et al.,
2011). Both systolic and diastolic blood pressures are significantly associated with annual
WM lesion progression, and anti-hypertensive treatment can reduce WM lesion progression
in the general population (Verhaaren et al., 2013). These WM lesions are closely associated
with cognitive impairment and gait disorders in the aged population. Studies by Li et al.
report decreased executive functions and attention in hypertensive versus normotensive
patients, which is accounted for by altered connectivity in frontoparietal networks (Li et al.,
2015). The integrity of WM tracts in the bilateral superior longitudinal fasciculus is impaired
in the hypertensive subjects (Li et al., 2015). Thus, hypertension causes a specific pattern of
cognitive decline, possibly due to deficits in the WM and functional connectivity in frontal
and parietal lobes (Li et al., 2015; Li et al., 2016b).

Impaired cerebral autoregulation is believed to play a crucial role in mediating high blood
pressure-induced WM injury. Autoregulation is an important compensatory mechanism to
protect the brain from elevated perfusion pressure damage (ladecola and Davisson, 2008). A
constant and stable CBF prevents vascular leakage, WM damage and brain swelling
(ladecola and Davisson, 2008; Sam et al., 2016). A longitudinal study by Beason-Held et al.
reported that the duration of hypertension contributes significantly to the patterns of CBF
change over time. Compared to normal controls, hypertensive subjects had greater regional
CBF decreases in prefrontal, anterior cingulate, and occipital cortex over time (Beason-Held
et al., 2007). Furthermore, increased duration of hypertension was associated with decreased
regional CBF in prefrontal and anterior cingulate cortex, areas that show functional decline
with time in hypertensive subjects (Beason-Held et al., 2007).

Hypertension and WM injury in ischemic stroke

Age-dependent deterioration of stroke outcome associated with hypertension has been
observed. Following focal cerebral ischemia, 3- and 12-month-old spontaneously
hypertensive rats (SHRs) develop comparable infarct volume at both 3 and 14 days.
However, recovery of behavioral deficits was significantly worse in the older animals (Liang
et al., 2016). The influence of high blood pressure on the development of ischemic WM
injury and cognitive dysfunction is not fully understood. Specifically, whether the
exacerbated WM injury reflects a direct effect on WM components or secondary effects
related to vascular changes remains to be elucidated. In a study using a chronic cerebral
hypoperfusion model induced by bilateral common carotid artery occlusion (BCCAO), Choi
et al. reported that SHRs develop earlier and more severe spatial memory deficits compared
to normotensive rats (Choi et al., 2015). Despite a lack of gross structural changes in
myelinated axons or oligodendrocyte numbers, BCCAO elicits subtle demyelination and
paranodal structural alterations at the nodes of Ranvier, independent of hypertension.
SHRSP develop WM disease, and this is associated with reduced tissue blood flow and
abnormal blood vessels (Henning et al., 2010). Similarly, Weaver et al. found that SHR-SP
fed a Japanese permissive diet and undergoing a unilateral carotid artery occlusion had
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marked reductions in WM tissue oxygenation that was associated with WM damage and
microvessel hemorrhages (Weaver et al., 2014).

Another mechanism exacerbating WM injury after stroke is hypertension-induced brain
microvascular endothelium dysfunction and BBB breakdown. Hypertension-induced BBB
permeability facilitates extravasation of plasma proteins into brain, exacerbation of oxidative
stress, inflammation and cerebral edema (Woywodt et al., 2003). Following BCCAO, BBB
breakdown is predominantly observed in the WM of SHRs, suggesting a role of
hypertension in BBB disruption in chronic cerebral hypoperfusion (Choi et al., 2015). In
stroke-prone renal vascular hypertensive rats, tight junction proteins (occludin and ZO-1) are
progressively lost from WM from 4 to 30 weeks after the onset of hypertension, and this
occurred in concert with severe WM lesions (Fan et al., 2015). Stroke- and hypertension-
induced WM tight junction changes are understudied, and it is still uncertain if such changes
differ from grey matter or if the consequences of tight junction changes differ between the
two types of tissue.

BBB disruption fosters neuroinflammation and may initiate a self-perpetuating cycle with
increased matrix metalloproteinases (MMPs), BBB hyperpermeability and WM injury.
Vascular dementia patients show expression of MMPs in regions with myelin loss
(Rosenberg et al., 2001; Taheri et al., 2011; Topakian et al., 2010). In SHR-SP rats receiving
1% NacCl in their drinking water, apoptosis of mature oligodendrocytes is detected after
MCAO, together with elevated MMP-3, MMP-9 and TNF-a, and BBB disruption (Jalal et
al., 2012). In addition, OPCs can rapidly react to WM damage and produce MMP-9 that
accelerates BBB breakdown (Rosenberg, 2009; Seo et al., 2013).

Lowering blood pressure in patients with chronic hypertension remains one of the most
effective means of stroke prevention (Hermida et al., 2016). Importantly, however, there is
evidence that some specific treatments of hypertension are more effective than others. For
example, bilateral renal denervation can significantly reduce blood pressure in patients with
treatment-resistant hypertension (Krum et al., 2009; Symplicity et al., 2010). In SHRSP,
such denervation effectively prevents the onset of stroke and brain injury progression in
hypertensive rats, and these beneficial effects are likely to involve attenuation of oxidative
stress, reduced inflammation mediated by microglia/macrophages, and alleviation of BBB
disruption (Nakagawa et al., 2013). However, treating animals with hydralazine, which
caused a similar blood pressure lowering to renal denervation, did not significantly suppress
the onset of stroke and brain injury in SHRSP.

Although aging and hypertension both have effects on WM injury after ischemia, there is
still a relative paucity of studies examining the effects of hypertension in aged animals on
such injury. As described above, both stroke comorbidities have axon/oligodendrocyte,
cerebrovascular and inflammatory effects. The extent to which those effects are synergistic,
enhancing WM injury, should be examined further. Such studies may help identify
particularly important therapeutic targets for reducing WM injury in the elderly with
hypertension.
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5.3. Effect of aging on WM repair in hypertension

Hypertension is a negative regulator of endogenous brain regenerative processes after
ischemic injury. Such inhibitory effects are exacerbated with aging. In a rat MCAO model,
12- month-old SHRs show significant less numbers of nestin* neural stem/progenitor cells
(NSPCs) in the peri-infarct area and subventricular zone than 3-month-old SHRs at day 3
after MCAO (Liang et al., 2016). Similarly, numbers of plate let-derived growth factor
receptor alpha (PDGFRa)-positive OPCs in the corpus callosum are lower in 12-month-old
SHRs at day 3 after MCAQ (Liang et al., 2016). The reduced NSPC and OPC numbers
appear to be associated with lower phosphorylation levels of cAMP response element-
binding protein (CREB) (Liang et al., 2016). At day 14 after MCAO, NSPC and OPC
numbers in 12-month-old SHRs recover to comparable levels as in 3-month-old SHRs, but
proliferating NSPCs (Ki-67*nestin* cells) and proliferating OPCs (Ki-67*PDGFRa* cells)
remain less in the aged brains (Liang et al., 2016). These findings suggest that aging may
decrease post-stroke neurogenesis and oligodendrogene sis under hypertensive conditions.
Another study by Wang et al. also supports age-related effects on white matter integrity after
stroke in hypertensive subjects, using SHR-SP (Wang et al., 2011).

6. Perspectives

The last decade has seen a greater preclinical research focus on WM injury and repair after
stroke, and that has been associated with advances in our understanding of the mechanisms
involved in those processes. As yet, there are no post-stroke clinical therapies to limit WM
injury or enhance WM repair. This review highlights one potential problem in translating
preclinical data, mostly obtained in healthy young animals, to the clinic - the impact that
comorbidities have on the WM response to stroke. The majority of stroke patients have one
or more comorbidities and these may affect therapeutic efficacy. However, it should be noted
that an understanding of how comorbidities impact WM injury/repair may help identify
specific targets for patients with those conditions.

Another difficulty in translation is that some targets may have both beneficial and
detrimental effects, where initial deleterious responses may actively participate in
neurovascular restoration (Lo, 2008; Lo, 2010). In this regard, it is imperative to understand
when, where, and how the transition from injury to repair occurs. For example, microglial
activation after cerebral ischemia can enhance early brain injury but be involved in later
brain repair (Guruswamy and EIAli, 2017; Hu et al., 2015). Comorbid conditions may affect
not only the magnitude of such effects (e.g. aging reducing the ability of microglia to
promote brain repair), but also their timing (e.g. delaying repair), complicating therapeutic
interventions.

The presence of WMHSs with age has been attributed to the relatively low blood flow of
WM, poor collateral circulation and the potential selective vulnerability of oligodendrocytes
and OPCs to oxidative stress and excitotoxicity (Wang et al., 2016). There may, however, be
other contributory factors. For example, there has been an upsurge in interest in how
alterations in fluid movement within the brain contribute to neurological conditions
(Lundgaard et al., 2017; Plog and Nedergaard, 2018). Although the ‘glymphatic’ hypothesis
posits fluid movement via astrocytes (Plog and Nedergaard, 2018), there is evidence that
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WM is a major route for edema movement within the brain (Ohata et al., 1990; Vorbrodt et
al., 1985). Thus, conditions with BBB disruption and vasogenic edema may result in the
preferential delivery of potentially neuro to xic/neuroinflammatory plasma constituents (e.g.
prothrombin/thrombin, fibrinogen) to WM. Increased, low level, BBB disruption has been
identified in aged patients and animals (Elahy et al., 2015; Erdo et al., 2017; Farrall and
Wardlaw, 2009).

There have been significant advances in the tools available to study structural changes in
WM after injury, including an array of MRI modalities such as DTI (Wang et al., 2016).
Those structural assessments can be combined with resting state functional MRI to assess
changes in connectivity in animals and in patients (Dijkhuizen et al., 2012; Gordon et al.,
2018). Recent years, the development of new techniques is greatly facilitating preclinical
research on WM structure and mechanisms of WM injury and repair. Clear Lipid-
exchanged, Anatomically Rigid, Imaging/immunostaining compatible, Tissue hYdrogel
(CLARITY) is a recently developed method that can transform intact brain tissues into
optically transparent and macromolecule- permeable hydrogel-hybridized form, while
preserving the fine-structure and crosslinked biomolecules (Chung et al., 2013). In
combination with brain-wide immunohistochemistry and DTI, CLARITY reveals structure
and connectivity of WM tracts in the brain and elucidates the relationship between water
diffusion signal and its underlying biological basis (Chang et al., 2017). Additional
technological advances which could be adapted to deeper structures of the CNS, such as
two-photon imaging, can also be used to study WM structure and function /in vivo.

Optogenetics, a technique to achieve temporally precise, noninvasive control of activity in
well-defined neuronal populations (Boyden et al., 2005), is also being applied to WM
research. Through precise control of neuronal activity, optogenetic approaches have begun to
reveal the causal relationship between specific neuronal activity and WM repair mechanisms
(e.g. oligodendrogenesis, remyelination) and improved functional outcome after brain injury
(Gibson et al., 2014; Jin et al., 2015). On the other hand, optogenetic stimulation is being
used as a therapy to improve WM connectivity and stroke recovery (Tennant et al., 2017).

There has also been much interest in the use of plasma and cerebrospinal fluid (CSF)
biomarkers in brain injury diagnosis/prognosis. After ischemic stroke, Hjalmarsson et al.
found that CSF concentrations of neuro filament light protein (an axonal component of
myelinated tissue) correlated with WM injury (Hjalmarsson et al., 2014). CSF levels of that
protein are also elevated in patients with vascular dementia compared to Alzheimer’s disease
and healthycontrols (Vilar-Bergua et al., 2016).

Conclusions

WM injury is an extremely important component of stroke-induced brain injury in patients.
A variety of stroke comorbidities including aging, hypertension and diabetes enhance WM
injury and inhibit repair. It is essential that this be taken into account in both preclinical
studies and clinical trials to improve stroke outcome. In addition, understanding how such
comorbidities impact WM may provide new therapeutic opportunities.
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Fig. 1. Key cellular components of white matter and the oligovascular signaling.
The “oligovascular unit’ in the white matter consists of oligodendrocyte progenitor cells

(OPCs), myelinating oligodendrocytes, endothelial cells, astrocytes, pericytes and microglia.
These key cellular components are functionally coupled and influence each other under
physiological and pathological conditions. Astrocytes and oligodendrocytes are coupled by
gap junctions (Orthmann-Murphy et al., 2007; Robinson et al., 1993). Endothelial cells
promote the survival, proliferation and differentiation of OPCs through secretion of trophic
factors, e.g., brain-derived neurotrophic factor (BDNF) and fibroblast growth factor (FGF)
(Arai and Lo, 2009b). On the other hand, OPCs support the survival of endothelial cells and
alter the permeability of BBB via various trophic factors and pro-angiogenic factors, such as
transforming growth factor (TGF)-RI and matrix metallopeptidase (MMP)-9 (Seo et al.,
2014; Seo et al., 2013). The migration of OPCs along vasculature and OPC-endothelium
interaction coordinated by CXCR4-CXCL12 signaling is essential for normal brain
development (Tsai et al., 2016). Pericytes also critically regulate OPC differentiation/
maturation and white matter homeostasis (Maki et al., 2018). Pericyte deficiency disrupts
white matter microcirculation and facilitates the deposition of toxic blood-derived
substances, leading to a loss of myelin, axons and oligodendrocytes (Montagne et al., 2018).
Microglia, the resident immune cells in the brain, actively patrol the white matter and
produce regenerative factors that support OPC differentiation. Microglia also play a pivotal
role in clearing myelin debris and facilitating remyelination after brain injury.
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Fig. 2. Age-related injury and repair mechanisms of white matter after cerebral ischemia.
Aging profoundly influences white matter injury (A) and repair (B) after ischemic stroke.

(A) Aging enhances oxidative stress and potentiates neuroinflammation after cerebral
ischemia, thereby exacerbating axonal degeneration and oligodendrocyte cell death. The
subsequent blockade of nerve signal transduction in the disrupted neural circuits contributes
to post-stroke neurological impairments. (B) Various white matter repair mechanisms are
compromised during aging. Aging directly inhibits axonal growth, oligodendrocyte
progenitor cell (OPC) recruitment/differentiation, and remyelination after ischemia.
Furthermore, aging shifts microglia/macrophages from a reparative inflammation-resolving
phenotype toward a destructive pro-inflammatory phenotype, thereby indirectly blocking
white matter repair after ischemic stroke.
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Fig. 3. Age-related molecular mechanisms of white matter injury after cerebral ischemia.
Cerebral ischemia leads to mitochondria dysfunction and ATP depletion. The resultant

increase of intracellular Na* and subsequent reversal of the Na*/Ca2* exchanger (NCX) and
Na*- dependent glutamate transporter (GLT1) lead to increased intracellular Ca2* and an
overload of glutamate (Baltan, 2009; Baltan, 2016). AMPA/kainite receptors are activated by
the overloaded glutamate, leading to excitotoxic axonal and myelin injury. In aged WM,
deteriorated mitochondria dysfunction and insufficient function of the endogenous
antioxidant system both contribute to elevated production of ROS. Furthermore, GLT1 is
upregulated in aged WM, resulting in more rapid and robust glutamate release and
exacerbated excitotoxicity (Baltan, 2009; Baltan, 2016). Together, these changes contribute
to increased vulnerability of aged WM to ischemic injury and worsen the outcome.
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