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Abstract

Endogenous brain repair after stroke involves a set of highly interactive processes, such as 

angiogenesis, neurogenesis, oligodendrogenesis, synaptogenesis and axonal outgrowth, which 

together orchestrate neurological recovery. During the past several years, there have been 

advances in our understanding of miRNAs and histone deacetylases (HDACs) in brain repair 

processes after stroke. Emerging data indicate the important role of exosomes for intercellular 

communication in promoting coupled brain remodeling processes. These advances will likely have 

a major impact on development of restorative therapies for ischemic brain repair, consequently 

leading to improvement of neurological function. In this review, we provide an update on our 

current understanding of cellular and molecular mechanisms of miRNAs, exosomes, and HDACs 

in brain restorative processes after stroke.
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Brain remodeling during stroke recovery

Stroke is a major cause of morbidity around the world, although stroke mortality has been 

declining [1]. Treatment of stroke has traditionally focused on reducing ischemic cell death. 

Although this approach has been validated in experimental stroke, clinical trials have shown 

that none of neuroprotective drugs tested achieve clinical benefit for treatment of acute 

stroke [2]. Tissue plasminogen activator (tPA) is the only FDA approved treatment for 

patients with ischemic stroke (see Glossary) onset within 4.5 hours [3,4]. The failure of the 

clinical trials provides insight that neuroprotective therapies for acute stroke need to target 

restoration of neurovascular function by rapidly reestablishing cerebral blood flow (CBF) in 

the ischemic cerebral microvascular bed, preserving vascular integrity, and minimizing brain 

hemorrhage and parenchymal cell death [2]. This concept has been supported by the three 
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recently successful randomized clinical trials showing that endovascular thrombectomy with 

or without tPA is effective for ischemic stroke patients within 12 hours after stroke onset by 

inducing rapid recanalization and increasing tissue reperfusion [5–7]. However, there is a 

paucity of therapeutic options for enhancement of stroke recovery. Most patients, even with 

effective thrombolysis will suffer neurological deficits, although limited spontaneous 

functional improvement has been observed during stroke recovery [8]. Endogenous brain 

repair after stroke involves a set of highly interactive processes, such as angiogenesis, 

neurogenesis, oligodendrogenesis, synaptogenesis and axonal outgrowth, which in-concert 

orchestrate neurological recovery [9,10]. MiRNAs (see Glossary), short noncoding RNA 

molecules of 20 to 25 nucleotides, are involved in physiological and pathophysiological 

functional regulation by decreasing gene expression through mRNA destabilization and/or 

translational repression [11]. miRNA-target interactions are cell type dependent [12]. During 

the past several years, there have been advances in our understanding of cellular levels of 

miRNAs in brain repair processes after stroke. Intercellular communication of miRNAs via 

exosomes (see Glossary), small lipid microvesicles, to promote brain repair has been 

demonstrated [10,13,14]. In addition, studies have shown potential roles of individual 

histone deacetylases (HDACs) (see Glossary) in stroke-induced oligodendrogenesis and 

axonal remodeling, as well as an interplay between HDACs and miRNAs [15]. These 

advances will likely have a major impact on development of restorative therapies for 

ischemic brain repair, consequently leading to improvement of neurological function. In this 

review, we provide an update on our current understanding of cellular and molecular 

mechanisms of miRNAs, exosomes, and HDACs in neurovascular remodeling processes 

after stroke.

Cerebral angiogenesis and miRNAs

Induction of angiogenesis couples to other brain remodeling events post stroke and 

subsequently leads to improvement of functional outcome. Although the role of miRNAs in 

mediating angiogenesis has been extensively studied, few studies have investigated how 

miRNAs in cerebral endothelial cells regulate stroke-induced angiogenesis. Rodent and 

human cerebral endothelial cells express abundant miRNAs including angiogenesis-

regulatory miRNAs, also termed as AngiomiRs [16,17]. Overexpression of miR-210 in the 

adult non-ischemic mouse brain induced angiogenesis which was associated with increased 

vascular endothelial growth factor (VEGF) expression [18]. Stroke substantially altered 

endothelial miRNA profiles in a rat model of middle cerebral artery occlusion [19]. Among 

them, expression of miR-139 and miR-335 was downregulated by approximately 60% and 

90%, respectively, compared to expression in non-ischemic endothelial cells. Reduction of 

miR-139 and miR-335 was closely associated with stroke-induced angiogenesis. In vitro, 

down- and up-regulation of miR-139 and miR-335 in cerebral endothelial cells promoted 

and inhibited, respectively, angiogenesis assessed by a capillary tube formation method via 

directly targeting the serine/threonine protein kinase paralogs Rock1 and Rock2 [19]. In 

addition, study in the mouse model of focal cerebral ischemia showed upregulation of 

miR-15a in cerebral vessels in the peri-infarct region seven days after stroke [17]. 

Overexpression of miR-15a in endothelial cells led to reduction of stroke-induced 

angiogenesis [17]. miR-15a inhibited fibroblast growth factor 2 (FGF2) and VEGF in 
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endothelial cells [17]. Collectively, these studies highlight the important role of endothelial 

miRNAs as promoting and suppressing stroke-induced angiogenesis.

Adult neurogenesis and miRNAs

The adult rodent brain contains neural stem cells at least in the two regions, the 

subventricular zone (SVZ) of the lateral ventricles and the subgranular zone of the dentate 

gyrus [20,21]. Focal cerebral ischemia mainly increases neurogenesis in the SVZ, and newly 

generated neuroblasts migrate from the SVZ to the ischemic boundary regions [22]. Stroke 

induced neurogenesis has also been reported in humans [23]. The effect of neuroblasts on 

the ischemic brain extends beyond the replacement of damaged neurons. Ablation of stroke-

induced neuroblasts in transgenic mice exacerbates ischemic damage and worsens 

neurological outcome during stroke recovery [24], indicating that newly generated 

neuroblasts are involved in the brain repair process.

MiRNAs play an important role in the regulation of adult neurogenesis [25]. Emerging 

experimental data show that stroke robustly altered miRNA profiles in adult SVZ neural 

progenitor cells [25]. Bioinformatics analysis revealed that stroke-altered miRNAs 

selectively affected several signaling pathways including Notch (see Glossary) and sonic 

hedgehog (Shh)[22]. One of downregulated miRNAs in the neural progenitor cells affected 

by stroke was miR-124a, which regulates neuronal differentiation in adult neural stem cells 

by targeting the SRY-box transcription factor Sox9 under physiological conditions. After 

stroke, downregulation of miR-124a dramatically increased neural progenitor cell 

proliferation, whereas upregulation of miR-124a promoted neuronal differentiation and 

blocked proliferation. The effect of miR-124a on progenitor cell proliferation and 

differentiation was mediated via targeting Jagged-1 (JAG1) which is a ligand of the Notch 

receptor [25]. The Notch signaling pathway plays a pivotal role in maintaining the neural 

stem cell pool [26]. In the ischemic brain, activation of the Notch pathway by stroke 

increases neural progenitor cell proliferation, whereas blockage of the Notch pathway 

abolishes stroke-increased progenitor cell proliferation [27]. Collectively, these data suggest 

that miR-124a in neural progenitor cells mediates adult neurogenesis either by targeting 

SOX9 or the Notch signaling pathway under non-ischemic and ischemic conditions.

The miR17-92 cluster comprises a cluster of six miRNAs (miR-17, miR-18a, miR-19a, 

miR-20a, miR-19b-1, and miR-92a-1) and is transcribed as a single polycistronic unit [28]. 

Germline deletion of the miR17-92 cluster in humans causes microcephaly and skeletal 

abnormalities [29]. The miR17-92 cluster is robustly increased in SVZ neural progenitor 

cells after stroke, and this miR cluster regulates stroke-induced neurogenesis by enhancing 

progenitor cell proliferation. [25,30]. Phosphatase and tensin homolog deleted on 

chromosome 10 (PTEN) is one of the validated genes targeted by the miR17-92 cluster, and 

is known to negatively regulate embryonic neural stem cell proliferation and survival [31–

37]. Thus, suppression of PTEN by the cluster may contribute to the miR-17-92 cluster-

augmented proliferation of neural progenitor cells. Studies in cultured SVZ neural 

progenitor cells and in ischemic animals showed that activation of the Shh signaling 

pathway in these progenitor cells triggers stroke-upregulated miR-17-92 cluster [30]. 

Attenuation of endogenous Shh by siRNA and addition of exogenous Shh down-and up-

Zhang and Chopp Page 3

Trends Mol Med. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



regulated the miR17-92 cluster expression in cultured SVZ neural progenitor cells, 

respectively [30]. Blockage of the Shh pathway in ischemic animals suppressed the 

ischemia-upregulated miR17-92 cluster expression and reduced neural progenitor cell 

proliferation [30]. In contrast, administration of exogenous Shh to stroke animals further 

upregulated the miR17-92 cluster expression in SVZ neural progenitor cells [30]. The Shh 

pathway regulates neural progenitor cell proliferation and differentiation [38,39]. Thus, 

these data suggest that activation of the Shh pathway by stroke upregulates miR17-92 cluster 

expression that leads to neural progenitor cell proliferation via reduction of PTEN levels.

There are many other miRNAs altered by stroke in neural progenitor cells, such as Let-7 and 

miR-9, among others, which have been implicated in neural stem cell function by regulating 

bone morphogenetic protein (BMP) and Wnt signaling [25]. Future studies are warranted to 

determine the role of these miRNAs in mediating proliferation and differentiation of neural 

progenitor cells in stroke-induced neurogenesis.

Oligodendrogenesis, axonal remodeling and miRNAs

Oligodendrocyte progenitor cells (OPCs) are present in adult rodent brain and continuously 

differentiate into mature myelinating oligodendrocytes in the grey and white matter 

throughout life [40–42]. Mature oligodendrocytes are vulnerable to cerebral ischemia. Once 

they are injured, oligodendrocytes no longer generate myelin, leading to impairment of 

axonal function [43,44]. New oligodendrocytes are required to form myelin sheaths for 

sprouting axons during brain repair processes after stroke, because mature oligodendrocytes 

do not proliferate in the adult brain. However, during stroke recovery, newly generated 

oligodendrocytes have been detected in peri-infarct grey and white matter where sprouting 

axons are present [45–47]. These new oligodendrocytes result from differentiation of OPCs.

MiRNAs play a pivotal role in controlling processes of OPC generation and differentiation 

[48]. For example, during development overexpression of miR-219 and miR-338 in OPCs 

promotes oligodendrocyte differentiation by repressing targeting genes including platelet-

derived growth factor receptor α (PDGFRα) and Sox6 [49,50]. Stroke substantially 

downregulated miR-9 and miR-200b expression in the corpus callosum, and time points of 

downregulation of these two miRNAs were closely associated with an increase of mature 

oligodendrocytes [51]. In cultured OPCs, elevation and reduction of miR-9 and miR-200 led 

to inhibition and promotion of OPC differentiation, respectively [51]. Both miRNAs 

suppressed the transcription factor serum response factor (SRF) [51]. These data suggest that 

miR-9 and miR-220 mediate the processes of OPC differentiation after stroke.

Limited axonal growth occurs in the peri-infarct region during stroke recovery [46,52]. 

Chondroitin sulfate proteoglycans (CSPGs) produced by reactive astrocytes inhibit axonal 

regrowth after stroke. For example, cortical injections of chondroitinase ABC (ChABC), a 

bacterial enzyme that degrades CSPG glycosylated sugar chain, promote motor function in a 

model of focal cortical ischemia by enhancing remodeling of the excitatory cortical circuitry 

[53]. Recent in vitro studies indicate that miRNAs in distal axons locally mediate axonal 

outgrowth by regulating their targeted proteins localized to the axon for the response of the 

growth cone to guidance cues [54]. Addition of CSPGs to cultured cortical neurons inhibited 
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axonal growth and substantially altered axonal miRNA profiles [55]. Elevation of axonal 

miR-29c by CSPGs reduced axonal integrin β1 protein and activated RhoA signals. In 

contrast, reduction of miR-29c levels in axons increased axonal integrin β1 (ITGB1) levels 

and inactivation of RhoA signals, leading to overcoming CSPG inhibition of axonal growth 

[55]. Moreover, elevation of the miR-17-92 cluster in axons of cortical neurons promoted 

axonal growth by suppressing axonal PTEN proteins and inactivation of mTOR signals [56]. 

Together, these data suggest that axonal miRNAs play an important role in mediating axonal 

growth.

Oligodendrogenesis, axonal remodeling and HDACs

HDACs are a large family of enzymes, divided into four major classes (I–IV), that regulate 

histone acetylation levels by catalyzing the removal of acetyl moieties from lysine residues 

in histone tails. Histone deacetylation consequently leads to compaction of chromatin and 

gene repression [57,58]. DNA methylation and histone deacetylation are involved in stroke 

recovery [59,60]. Emerging data show that different classes of HDACs and individual 

HDAC isoforms within the same class may play non-overlapping roles in stroke-induced 

oligodendrogenesis and axonal remodeling. During brain development, activity of HDAC 

classes I and II is essential for oligodendrocyte differentiation [61,62]. For example, 

inhibition of HDAC1 and HDAC2, class I HDACs, in oligodendrocyte lineage cells leads to 

reduction of OPCs and mature oligodendrocytes [62,63]. In adult brain, HDAC1 and 

HDAC2 are mainly localized to nuclei of OPCs under non-ischemic conditions [15]. Stroke 

increased nuclear HDAC 1 and HDAC2 proteins in OPCs, which were accompanied by 

reduction of the acetylation levels of histones H3 and H4 in OPCs, suggesting that nuclear 

HDAC1 and HDAC2 are active in OPCs [15]. Inhibition of HDAC activity by a pan HDAC 

inhibitor, valproic acid, significantly increased stroke-induced oligodendrogenesis and 

neurogenesis [64]. These data indicate that HDACs are involved oligodendrogenesis and 

neurogenesis in the ischemic brain, however, the role of HDACs 1 and 2 in 

oligodendrogenesis remains to be determined.

HDACs 4 and 5 are normally localized to the cytoplasm where they cannot directly access 

chromatin [65]. In response to external stimuli, they shuttle to the nucleus and regulate gene 

expression [65]. Stroke robustly induces neuronal nuclear shuttling of HDAC4 across all 

layers of the peri-infarct cortex during stroke recovery [66]. The nuclear shuttling of 

HDAC4 appears to be specific, because stroke does not induce nuclear shuttling of HDAC5, 

and nuclear shuttling of HDAC4 is not detected in astrocytes and oligodendrocytes. 

Neuronal nuclear shuttling of HDAC4 was positively and significantly correlated with 

increased dendritic and axonal densities, suggesting that the neuronal nuclear shuttling of 

HDAC4 is involved in the process of promoting neuronal remodeling [66]. These data also 

highlight the complexity of HDACs in brain remodeling after stroke, and the importance of 

developing therapies to specifically block and enhance individual HDACs for promoting 

brain repair after stroke.

HDACs also mediate angiogenesis. Inhibition of HDAC activity blocks tumor-induced 

angiogenesis [67]. Interestingly, the nuclear shuttling of HDAC5 in human umbilical vein 

endothelial cells (HUVACs) blocks in vitro angiogenesis by suppressing expression of 
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FGF2 and Slit2 genes [68], suggesting that HDAC5 is a repressor of angiogenesis. However, 

the role of individual HDACs in stroke-induced angiogenesis remains to be investigated.

Exosomes and brain remodeling

Exosomes are endosome-derived small membrane vesicles (~30–100 nm) and are released 

by cells in all living systems [69]. Exosomes play vital roles in intercellular communication 

by transferring contained proteomic and genomic materials, as well as proteins, mRNAs and 

miRNAs, between source and target cells [69]. Transferred biological materials are 

functional in target cells [69]. Thus, one would expect that exosomes released by ischemic 

brain and by cells remote from the stroke are likely involved in highly interwoven brain 

remodeling processes. Cell-based therapy, in particular bone marrow mesenchymal cells 

(MSCs), promotes brain remodeling and improves neurological outcome. MSC therapy is 

already in clinical trials for stroke (https://clinicaltrials.gov). Emerging data indicate that 

therapeutic benefits of MSCs on stroke and traumatic brain injury (TBI) recovery are at least 

in-part mediated by exosomes released from MSCs. For example, intravenous 

administration of exosomes derived from MSCs to rats subjected to middle cerebral artery 

occlusion or TBI substantially improved neurological function by promoting neurovascular 

remodeling during stroke recovery [13,70]. MiR-133b targets connective tissue growth 

factor (CTGF) and RhoA, that are known to suppress neurite growth [14]. Stroke 

significantly downregulated miR-133b in the brain, whereas administration of MSCs 

upregulated miR-133b in the ischemic brain [14]. Moreover, administration of MSCs with 

increased and reduced miR-133b to ischemic rats enhanced and inhibited neurite outgrowth, 

respectively. In vitro studies showed that ischemic brain tissue elevated miR-133b levels in 

MSC-released exosomes. In the brain, CTGF is mainly expressed by astrocytes [71]. The 

treatment of astrocytes with the exosomes containing high levels of miR-133b 

downregulated CTGF expression, while incubation of neurons with the exosomes reduced 

RhoA expression and promoted neurite outgrowth [72]. In addition to miR-133b, elevation 

of the miR17-92 cluster in MSC-exosomes promoted axonal growth of cultured embryonic 

cortical neurons by targeting the PTEN signaling pathway [56]. MSC-exosomes contain 

more than 700 miRNAs and the majority of them are bound to argonaute 2 (Ago2, Zhang et 

el., unpublished data), an important component of the RNA-induced silencing complex. 

Reduction of Ago2 in MSC-exosomes abolished exosome-enhanced axonal growth of 

cultured embryonic cortical neurons [73]. Moreover, internalization of the exosomes into the 

neurons appears to occur through endocytosis with target cell membranes, because the 

internalization is blocked by botulinum neurotoxin type A which inhibits neuronal cytosis 

(Zhang et al., unpublished data). Collectively, these data suggest that MSC-exosomes are a 

promising therapy for improvement of neurological outcome, and that delivered-miRNAs 

within the MSC-exosomes become functional in target brain cells and facilitate 

neurovascular remodeling in the ischemic brain.

In addition to miRNAs, exosomes also transfer proteins to target cells. For example, 

exosomes released by oligodendrocytes transfer proteolipid protein (PLP) and Sirtuin-2 

(SIRT2) proteins into the neurons, leading to improvement of neuronal viability under 

conditions of cell stress[74]. Moreover, exosomes released by postnatal oligodendrocytes 

inhibit myelination by activating the Rho-ROCK-myosin signaling in target cells [75].
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These emerging data highlight the important role of exosomes for intercellular 

communication in mediating interwoven brain remodeling processes, and the use of 

exosomes as vehicles to deliver special biological materials, in particular miRNAs, for 

amplifying brain restorative events, consequently leading to improved functional outcome.

Concluding remarks and future perspectives

Non-coding RNAs (including miRNAs), HDACs and exosomes are emerging as important 

players in mediating neurorestorative events after stroke and neural injury 

[22,59,60,72,76,77]. In addition to decreasing gene expression through mRNA 

destabilization and/or translational repression, miRNAs regulate transcription through 

epigenetic mechanisms and mediate exosome production [78,79]. Conversely, intercellular 

communication is mediated by exosome delivery of miRNAs and proteins to target cells. 

Investigating and elucidating the interplay among miRNAs, HDACs and exosomes that are 

involved in brain remodeling at the cellular level may lead to development of therapies for 

stroke and neural injury. However, current strategies for miRNA-targeting, HDAC 

inhibition, and exosome therapeutics are not cell-type specific, and cell-targeted delivery of 

these processes would augment their therapeutic potential. By fusing the neuron-specific 

RVG peptide to an exosomal membrane protein, Lamp2b, a recent study demonstrated that 

intravenous injection of these exosomes specifically targeted neurons, microglia and 

oligodendrocytes in the brain [80]. Furthermore, the neurorestorative process in the ischemic 

brain is regulated by multiple cellular pathways that act in concert. Engineering exosomes 

containing several miRNAs or proteins to simultaneously target multiple pathways could 

facilitate brain remodeling and improve neurological function after stroke, TBI, and possibly 

also neurodegenerative disease. Although there are multiple challenges in development of 

cell type specific miRNA-targeting, HDAC inhibition, and exosome therapeutics (Box 1), 

emerging data hold promise to bring these therapies to clinical fruition for stroke recovery.

Box 1

Outstanding questions

• What are the cellular signals by which the ischemic brain is able to affect the 

content and quantity of exosomes released by brain parenchymal cells and by 

remote organs?

• Which cell specific miRNAs and HDACs contribute to facilitate brain 

remodeling in the ischemic brain?

• Can we generate tailored exosomes to target specific brain cells?

• How do specific miRNAs, siRNAs, and/or proteins carried by exosomes affect 

profiles of endogenous genes and proteins in the brain?
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Glossary

Exosomes endosome-derived small membrane extracellular vesicles (~30–100 nm) 

that participate in intercellular communication by transferring contained 

proteomic and genomic materials

HDACs a class of enzymes that remove acetyl moieties from lysine residues in 

histone tails, leading to compaction of chromatin and gene repression

Ischemic 
stroke

an obstruction within a blood vessel supplying blood to the brain, which 

accounts for approximately 87 percent of strokes

miRNAs a family of short noncoding RNA molecules of 20 to 25 nucleotides, 

decreasing gene expression through mRNA destabilization and/or 

translational repression

Notch signals Notch receptors are transmembrane proteins activated by Delta and 

Jagged ligands that regulate neurogenesis
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Highlights

• miRNAs mediate neurovascular remodeling processes after stroke.

• HDACs are implicated in the process of stroke-induced remodeling of axons 

and myelin.

• Exosomes regulate intercellular communication in neurovascular remodeling.

• Exosomes as vehicles to deliver biological materials amplify brain restorative 

events.
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Table 1

Molecules, exosomes and their cellular functions that are involved in brain remodeling

Molecules/vesicles Target genes/cells functions Refs

miRNAs

miR-9 SRF oligodendrogenesis 51

Mir-15a FGF2, VEGF angiogenesis 17

miR-17-92 PTEN neurogenesis, axonal growth 30,56

miR-29c ITGB1 axonal growth 55

miR-124 JAG1 neurogenesis 25

miR-133 CTGF, RhoA neurite outgrowth 14

miR-139 Rock1, Rock2 angiogenesis 19

MiR-200 SRF oligodendrogenesis 51

miR-219 PDGFRα, SOX6 oligodendrogenesis 50

miR-335 Rock1, Rock2 angiogenesis 19

miR-338 PDGFRα, SOX6 oligodendrogenesis 49

HDACs

HDAC1 oligodendrocytes oligodendrogenesis 15,61,62

HDAC2 oligodendrocytes oligodendrogenesis 15,61,62

HDAC4 neurons axonal remodeling 66

HDAC5 endothelial cells angiogenesis 68

Exosomes

MSC-exosomes neurons axonal growth 73
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