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Astrocytes in the cerebral cortex
play a role in the spontaneous motor
recovery following experimental
striatal hemorrhage

Intracerebral hemorrhage (ICH) is a stroke subtype caused by spon-
taneous rupture of small vessels and bleeding into the brain paren-
chyma, resulting in cell death and sensorimotor deficits. Despite the
greater prevalence of the ischemic form of stroke (87%), ICH has the
highest mortality rate of all stroke subtypes. The striatum is the most
affected structure in hemorrhagic stroke (35-70%), followed by cere-
bral cortex (15-30%), brain stem and cerebellum (5-10%); patients
suffering striatal and/or cortical ICH bear persistent sensorimotor
disabilities. Although chronic sensorimotor impairment is estab-
lished, a considerable amount of patients experience some degree of
spontaneous recovery during the first six months after stroke (Qureshi
et al,, 2009), and the neurobiological basis of this process is not un-
derstood.

Spontaneous motor recovery is also one of the hallmarks of experi-
mental stroke, and cellular mechanisms of plasticity appear to involve
coordinated neuronal changes such as regulation of growth factors,
increase in protein synthesis and reorganization of the cortical maps
(Adkins et al., 2006). There is also evidence that astrocytes may play
a role in this complex phenomenon (Hayakawa et al., 2010; Neves et
al.,, 2017). Both experimental ischemic and hemorrhagic stroke in ro-
dents induces similar changes in astrocyte morphology. However, the
known differences as regards to the pathophysiology of ischemic and
hemorrhagic stroke influencing lesion recovery, mainly attributed to
the brain plasticity and the activation of remote brain areas (Mestriner
et al,, 2015), indicate that glial mechanisms triggered by either form
of stroke need further investigation.

The remodeling of the injured brain parenchyma after ICH is a
graded and multi-stage process involving a wide range of molecules
and morphological changes. It is a defensive process to adapt the
brain microenvironment in response to injury. Reactive astrocytes
surround and isolate the damaged tissue generating a “yin/yang-like”
effect (Burda and Sofroniew, 2014): on the one hand, isolation of the
damaged tissue is protective to minimize the injury size, to restrict
inflammation, to stimulate the blood-brain barrier repair and to
counteract edema; all these may influence blood flow and thus con-
tribute to functional reestablishment of the remaining tissue. On the
other hand, exacerbated astrocyte reactivity may activate molecular
mechanisms leading to glial scar formation that can disrupt axonal
sprouting and circuits rewiring (Burda and Sofroniew, 2014).

Glial-related changes after ICH have been mainly investigated in
the perilesional tissue, however the functional connections between
the striatum and the cerebral cortex suggest that spontaneous recov-
ery after ICH might encompass injury response in both structures
(Hamzei et al., 2012; Neves et al., 2017). Interestingly, it was recent-
ly shown that intrastriatal hemorrhage causes similar increase of
GFAP-positive cell and expression, up to seven days post-event, in
both the damaged striatum and the ipsilateral cerebral cortex (Neves
et al., 2017). The development of reactive gliosis, characterized by
the increased GFAP, as well as the activation of cortical plasticity,
may explain the highest degree of motor recovery after hemorrhagic
stroke as compared to ischemic ones (Mestriner et al., 2015).

The cerebral cortex is a highly specialized and plastic brain struc-
ture that contributes to post-injury recovery through changes in its
excitability (Adkins et al., 2006). For instance, a previous study has
suggested that the partial spontaneous recovery of ICH patients is
probably due to their cerebral cortex integrity (Kelly et al., 2003), as
well as to new structural and functional circuits that can be formed

through cortical remapping after lesion. Since the brain is heavily in-
terconnected, there are many alternate pathways to be used; indeed,
brain imaging studies after stroke support that the best recovery is
reached whenever closely related circuits are re-engaged in sensorim-
otor activities affected by the injury (Adkins et al., 2006). In the same
way, motor areas of the cerebral cortex exert influence on the dorso-
lateral striatum, as it is demonstrated that motor skill training engage
both structures in a highly interdependent way (Hamzei et al., 2012).
Moreover, synchronous neuronal activity was shown to induce a
signal for post-infarct axonal sprouting initiated at the intact contra-
lateral cortical hemisphere that benefits the peri-damaged cortex after
focal ischemic stroke in rodents (Carmichael and Chesselet, 2002).
Additionally, the loss of cortical input to the dorsolateral striatum
on the lesion side induces axonal sprouting at the contralateral corti-
costriatal input in rats, and the sprouting or overactivity of the con-
tralateral projections contribute to the changes in gene expression in
the striatum following cortical injury (Napieralski et al., 1996). Taken
together, these studies indicate that lesions to striatum or to cerebral
cortex may elicit responses in both structures in a functional-related
way, and that glial cells may participate in plastic mechanisms in-
volved in spontaneous motor recovery.

T he increase of cortical GFAP expression due to astrocyte hyper-
plasia and hypertrophy participate on the mechanisms of brain repair
after striatal ICH (Neves et al., 2017). Astrocytes secrete synaptogenic
molecules that are thought to contribute to the remodeling of neural
circuits and to be beneficial for functional recovery after stroke. Fol-
lowing brain injury, reactive astrocytes might revert to an immature
functional state but still expressing molecules that induce synapse
remodeling. They show changes in morphology that might direct-
ly influence the adaptive responses of neighboring neurons in the
peri-damaged tissue. Astrocytes and neurons operate in a synergic
way, by which astrocytes can regulate the synaptic microenvironment
in response to increased neuronal activity (Burda and Sofroniew,
2014). They prevent the progression of glutamate excitotoxicity and
cellular death through the process of removing the excess of extracel-
lular glutamate via glutamate transporters present in astrocyte plas-
ma membrane.

Reactive astrocytes also increase axonal remodeling of corticospinal
tract and facilitate the promotion of neurite extension and growth,
and remyelination (Liu et al., 2014). Upregulation and secretion of
many neurotrophic factors during the development of reactive astro-
gliosis promote the survival of neurons, oligodendrocytes, and neural
precursor cells, as well as induce the migration of oligodendrocytes
precursors cells into the lesion site favoring proper remyelination
(Liu et al., 2014). In agreement, pharmacologic attenuation of astro-
cyte reactivity by the use of fluorocitrate, a citric acid cycle inhibitor,
impaired behavioral/functional recovery in rodents, possibly due to
the decrease of high-mobility group box 1 protein-positive astrocytes,
a biomarker of reactive astrogliosis and neurovascular remodeling
(Hayakawa et al., 2010). Therefore, reactive astrocytes may contribute
to the modulation of brain plasticity and recovery after ICH. Consid-
ering the above discussed interplay between cerebral cortex and stri-
atum after ICH, it is possible to suggest that astrocyte activity might
reveal the existence of a neurochemical “cortico-striatal” unit.

Conversely, the establishment of the glial scar has negative effects
on neural repair, as seen in various conditions such as head trauma,
stroke, multiple sclerosis and others brain injuries. Glial scar tissue
has been shown to release a variety of inhibitory molecules that pre-
vent axon regeneration, as myelin inhibitory molecules, chondroitin
sulfate proteoglycans, ephrins and semaphorins. After the injury,
reactive astrocytes release great amounts of these mediators leading
to their extensive deposition in the scar extracellular matrix (Burda
and Sofroniew, 2014). Reactive astrogliosis can also increase lesion
size through the production of pro-inflammatory molecules, by in-
creasing the oxidative stress and reducing beneficial effects of neuro-
trophic factors that promote brain plasticity and recovery. Indeed, for
many years, the reactive astrocyte was thought to be anti-regenerative
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when responding to a brain injury (Burda and Sofroniew, 2014).

The balance between the positive and the negative effects of reac-
tive astrogliosis are possibly dependent on the time window, the local
environment and the extent of brain lesion after stroke (Burda and
Sofroniew, 2014). In the first recovery phase, acute/subacute, follow-
ing ICH astrocytes are able to recruit and stimulate inflammatory and
immune cells and to initiate debris removal; the major increase of
inflammatory cytokines might be involved in the process of cellular
death. This is a very critical point, since microglia may drive the func-
tioning of reactive astrocytes; for instance, acute proinflammatory
factors such as interleukin-1, interleukin-6, and tumor necrosis fac-
tor-alpha are closely related with microglia activation and the further
enhancement of reactive astrogliosis. However, as from the second
recovery phase on (subacute/chronic), astrocytes contribute to tis-
sue repair and remodeling through cellular proliferation, migration,
tissue regeneration and long-lasting tissue stabilization. It is postu-
lated that, during this later stage, neural stem cells give rise to neural
progenitors that migrate to the injury sites in cortex or striatum to
form the cells of perilesional area, so contributing to tissue repair and
remodeling (Burda and Sofroniew, 2014).

Although reactive astrogliosis shows controversial effects, it seems
clear that astrocytes play a key role during brain remodeling after
injury. The promotion of synaptic plasticity underlying functional
recovery is affected by the release of gliotransmitters that may modify
synaptic networks to the plastic mode during states of rehabilitative
training in the cerebral cortex of lesioned animals (Hirase et al.,
2014). In fact, cortical astrocytes may act as gliovascular units regu-
lating neuronal firing threshold through synchronized glial signaling,
coordinating neuronal production, network insertion, phenotype
and functional activity (Hirase et al., 2014). Thus, we can hypothe-
size that astrocyte reactivity in cerebral cortex might be important
to the extent of sensorimotor recovery after ICH. It seems likely that
reactive astrogliosis observed in the cerebral cortex after ICH may, in
fact, influence the primary lesion environment and act synergistically
with the striatum in an attempt to reorganize and repair the injured
area, working as a “cortico-striatal unit”. The increased activation of
secondary areas, as the sensorimotor cortex, connected to the injured
zones, as striatum, can strength the synaptic microenvironment con-
tributing to spontaneous motor recovery (Hamzei et al., 2012). Con-
sidering that available evidence comes from experimental studies, it is
now important to conduct human studies aiming to support the exis-
tence of a functional role of cortical astrocytes in the suggested “cor-
tico-striatal unit” scenario. Whether proved, this working hypothesis
will contribute to move forward the field of neurorehabilitation after
stroke.

Conclusions: The complexity of reactive astrocytosis and its dual,
positive and negative, effects in the perilesional neural tissue after
brain injury points to its importance on brain homeostasis. Inter-
estingly, a recent investigation from our research group shows that
astrocytes in cerebral cortex and striatum are closely and similarly
affected after intrastriatal hemorrhage, and suggests that cortical
changes are related to spontaneous motor recovery. The working
hypothesis here discussed is that there is a “cortico-striatal unit” in
terms of astrocyte reactivity, which might be important for brain
plasticity and remodeling.

Future directions: Experimental interventions to selectively block
cortical reactive astrocytosis in the subacute/chronic phase of
ICH would prove the validity of presented hypothesis. An ideal
astrocyte management in the “cortico-striatal unit” may combine
different mechanisms of initiation and progression of astrocyte
reactivity encompassing other players in another important “unit”,
the neurovascular.
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