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Abstract

The blood-brain barrier (BBB) plays a vital role in regulating the trafficking of fluid, solutes and 

cells at the blood-brain interface and maintaining the homeostatic microenvironment of the CNS. 

Under pathological conditions, such as ischemic stroke, the BBB can be disrupted, followed by the 

extravasation of blood components into the brain and compromise of normal neuronal function. 

This article reviews recent advances in our knowledge of the mechanisms underlying BBB 

dysfunction and recovery after ischemic stroke. CNS cells in the neurovascular unit, as well as 

blood-borne peripheral cells constantly modulate the BBB and influence its breakdown and repair 

after ischemic stroke. The involvement of stroke risk factors and comorbid conditions further 

complicate the pathogenesis of neurovascular injury by predisposing the BBB to anatomical and 

functional changes that can exacerbate BBB dysfunction. Emphasis is also given to the process of 

long-term structural and functional restoration of the BBB after ischemic injury. With the 

development of novel research tools, future research on the BBB is likely to reveal promising 

potential therapeutic targets for protecting the BBB and improving patient outcome after ischemic 

stroke.
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1. Introduction

The blood-brain barrier (BBB) was first identified in the beginning of the 20th century by 

Lewandowsky and other workers, based on the absence of CNS pharmacological effects of 

intravenously administered bile acids and ferrocyanide. The concept that this was due to a 

barrier between blood and brain was fortified by experiments of Goldmann demonstrating 

the penetration of dyes into brain from cerebrospinal fluid (CSF) but not from blood 

(Goldmann, 1909, 1913; Zlokovic, 2008). Since those initial studies, our understanding of 

the BBB has evolved from a physical barrier separating the CNS from periphery, into a 

dynamic and metabolic interface that bi-directionally regulates the trafficking of fluid, 

solutes and cells. The concept of neurovascular unit (NVU) has further extended BBB 

research to include not only endothelial cells (ECs) but also astrocytes, pericytes, neurons 

and other components. As a site of crosstalk among multiple CNS cell types and blood-

borne peripheral cells, the BBB plays a fundamental role in the maintenance of CNS 

homeostasis and normal neuronal function. BBB dysfunction, referring to its loss of 

structural integrity and normal functions, is also a prominent pathological feature of many 

neurological disorders, including stroke (Zlokovic, 2008).

Stroke is the 5th leading cause of death and the leading cause of adult disability in the United 

States. Ischemia accounts for ~87% of US strokes (Mozaffarian et al., 2016). Intensive basic 

and clinical research has revealed multiple stroke risk factors and elucidated many 

mechanisms underlying ischemic brain injury. However, current therapy for acute ischemic 

stroke remains largely dependent on tissue plasminogen activator (tPA)-mediated 

thrombolysis in appropriate patients. During and after ischemic stroke, BBB disruption 

facilitates injury progression and increases the risk of hemorrhage, predicting poor patient 

outcome and limiting the use of tPA (Keep et al., 2014; Liu et al., 2016b). The existence of 

stroke comorbid conditions, such as hypertension and hyperglycemia, induces anatomical 

and functional changes to the CNS vasculature and often exacerbates BBB breakdown after 

stroke. Having received much less attention than is warranted, BBB research should be 

better prioritized, with an emphasis on BBB-related mechanisms of neurovascular injury and 

developing therapeutic strategies to improve BBB integrity after ischemic stroke.

This review describes our current understanding of BBB dysfunction after ischemic stroke, 

with an emphasis on recent advances elucidating underlying mechanisms. Common and 

unique mechanisms that contribute to BBB dysfunction in the presence of stroke risk factors 

and comorbid conditions are summarized, which have been neglected in a large proportion 

of BBB studies. The concept of BBB restoration is also examined, where approaches 

enhancing BBB repair may facilitate long-term functional recovery after ischemic stroke and 

reduce stroke recurrence.
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2. Blood-brain barrier: A physical and functional barrier between the CNS 

and blood

2.1. Structure and functions of the BBB under physiological conditions

A significant structural difference between the cerebral and peripheral vasculatures is the 

BBB, which strictly regulates the movement of molecules between blood and brain, 

contributing to CNS homeostasis (Abbott et al., 2010). That regulation includes (a) very 

limited paracellular diffusion between ECs, (b) low levels of EC transcytosis, (c) an array of 

endothelial transporters moving substrates from blood to brain or brain to blood, and (d) the 

presence of cerebrovascular enzymes that metabolize potentially neurotoxic compounds 

(Fig. 1).

2.1.1. The neurovascular unit—The structural components of the BBB include ECs and 

their linking tight junctions (TJs), pericytes, astrocytic endfeet and extracellular matrix 

(ECM) components (Keaney and Campbell, 2015). While ECs form the vessel walls, 

pericytes are embedded in the vascular basement membrane and astrocytic processes almost 

completely ensheath brain capillaries (Abbott et al., 2010). Although the ECs and their TJs 

are the ultimate permeability barrier, pericytes and astrocytes play a major regulatory role. 

Indeed, the BBB is part of the “neurovascular unit”, a dynamic structure regulated by these 

and additional cells including neurons, microglia and even peripheral immune cells 

(Obermeier et al., 2013). Functionally, the concept of the NVU puts more emphasis on 

cellular interplay in maintaining brain homeostasis and in responding to inflammation and 

disease.

Pericytes are perivascular mural cells surrounding the ECs. More than supportive cells to 

ECs, pericytes are vital NVU components involved in many vascular functions including 

BBB formation and maintenance, vessel maturation, and regulation of blood flow and 

immune cell trafficking (Armulik et al., 2010; Daneman et al., 2010). During 

embryogenesis, pericytes are involved in BBB development even earlier than astrocytes. 

Mouse embryos deficient of pericytes (through null and hypomorphic Pdgfrb mutations) fail 

to form an intact BBB, display abnormal TJ formation, increased EC vesicular trafficking 

and immune cell infiltration into CNS (Daneman et al., 2010). In adult mice, pericyte 

coverage positively correlates with BBB integrity. Pericyte deficiency by ablation of platelet-

derived growth factor receptor-beta (PDGFRβ) leads to accumulation of intravenously 

injected tracers in endothelium and brain parenchyma (Armulik et al., 2010). EC and 

astrocyte dysfunction may be two important contributing factors to the increased BBB 

permeability. Endothelial BBB-specific gene and protein expression profiles are altered by 

pericyte deficiency, partially leading to higher levels of transcytosis. Astrocyte endfeet are 

also detached from pericyte-deficient vessels (Armulik et al., 2010). In adult pericyte-

deficient mice, microcirculation hypoperfusion and increased brain accumulation of 

vasculotoxic and/or neurotoxic molecules were observed, which would ultimately lead to 

vascular injury and neuronal degeneration (Bell et al., 2010). Pericytes are multipotent self-

renewing cells, and lack of a definitive pan-marker for pericytes is a major limitation in 

pericyte studies. Two widely used and relatively specific markers for pericytes are PDGFRβ 
and NG2, the receptor and co-receptor for PDGF, respectively (Hellstrom et al., 1999). 
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Pericytes are able to differentiate into neural and vascular lineage cells under certain stimuli, 

such as ischemia (Nakagomi et al., 2015).

Astrocytes, the most abundant glial cells in brain, have many housekeeping functions 

including BBB and cerebral blood flow regulation (Liu and Chopp, 2016; Osborn et al., 

2016; Rossi, 2015). Direct EC-astrocyte contact starts from 17 weeks of gestation in human 

brains (Wilkinson et al., 1990) with eventually perivascular astrocytic endfeet almost 

completely surrounding the abluminal EC surface (Filous and Silver, 2016; Mathiisen et al., 

2010). Gap junctions are present in the astrocyte endfeet enwrapping the blood vessel walls, 

and mediate intercellular communication and solute movement between astrocytes (Simard 

et al., 2003). Ablation of gap junction proteins connexin-43 and connexin-30 leads to 

astrocytic edema and weakens the BBB (Ezan et al., 2012). Besides physical support, 

astrocytes strengthen the BBB by secreting bioactive substances that lead to TJ modulation 

(Alvarez et al., 2013; Barreto, 2016; Janzer and Raff, 1987; Neuhaus et al., 1991). Sonic 

hedgehog (Shh) is the most widely studied molecule released by astrocytes, which acts on 

EC Hedgehog (Hh) receptors regulating TJ formation and BBB permeability (Alvarez et al., 

2011). Other chemical mediators released by astrocytes, such as glial cell-derived 

neurotrophic factor (GDNF), prostaglandins, nitric oxide (NO), and arachidonic acid, also 

regulate TJs, blood vessel diameter and blood flow (Iadecola and Nedergaard, 2007; Igarashi 

et al., 1999).

More than a sturdy barricade, the cerebrovascular endothelium serves as a dynamic 

regulatory interface linking the blood vessel lumen and smooth muscle, thereby actively 

modulating cerebral blood flow. Studies suggest a pivotal role of the endothelium in cerebral 

autoregulation, the processes through which vascular resistance is adjusted to compensate 

alteration of perfusion pressure and maintain relatively constant cerebral blood flow and 

microvascular pressure (Lassen, 1964). A variety of vasomodulatory chemical mediators are 

produced by the endothelium, such as NO, endothelium-derived hyperpolarization factor 

(EDHF), the eicosanoids, and the endothelins. Furthermore, the endothelium possesses 

mechanoreceptor properties in response to fluid sheer stress and transmural pressure, which 

also contribute to cerebral autoregulation (Peterson et al., 2011). ECs are also important 

participants in the brain’s intrinsic regulatory mechanisms for thrombosis and hemostasis. 

EC-dependent regulatory pathways of coagulation include the thrombomodulin protein C 

pathway, the tissue factor pathway inhibitor (TFPI) pathway, and the fibrinolytic pathway 

(Fisher, 2013). How these pathways are influenced by systemic coagulation factor 

manipulation are important aspects to consider during stroke pharmacotherapies.

2.1.2. Endothelial cell junctions—The TJs between adjacent ECs are responsible for 

the extremely low paracellular permeability and high electrical resistance of the BBB. They 

regulate the movement of polar solutes and macromolecules across the barrier. The 

junctional complexes between ECs include TJs and adherens junctions (AJs). Claudins 

(primarily claudin-5) and occludin are major transmembrane TJ proteins. They are 

phosphoproteins with four transmembrane domains that span the intercellular cleft 

homotypically binding to proteins on adjacent ECs (Stamatovic et al., 2016). Other 

transmembrane proteins are the family of junctional adhesion molecules (JAMs) (Martin-

Padura et al., 1998). They have a single transmembrane domain and locate at the outside 
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position in TJs. Functionally, they belong to the immunoglobulin superfamily and are 

involved in both cell-to-cell adhesion and leukocyte transmigration across the BBB 

(Aurrand-Lions et al., 2001; Sladojevic et al., 2014; Stamatovic et al., 2012). JAMs have 

been far less studied than claudin-5 and occludin, and more investigation is required to 

reveal their full function in the normal and injured BBB.

The cytoplasmic terminals of the transmembrane TJ proteins bind to a number of 

cytoplasmic proteins including zonula occludens (ZO)-1, ZO-2, ZO-3 and cingulin 

(Stamatovic et al., 2016). These proteins form both a TJ scaffold and regulate TJ function. 

Such proteins also link TJs to primary cytoskeleton proteins, such as actin, for maintenance 

of the structural and functional integrity of the endothelium (Ballabh et al., 2004).

Analogous to TJs, AJs have transmembrane proteins, cadherins, that homotypically bind 

with cadherins on adjacent ECs. The cytoplasmic domains of cadherins bind to cytoplasmic 

plaque proteins β- or γ-catenin. The cadherin-catenin complex and associated proteins are 

linked to the actin cytoskeleton. TJ and AJ components, particularly ZO-1 and catenins, are 

known to interact and influence TJ assembly (Ballabh et al., 2004).

2.2. Endothelial cell transcellular pathways

Small lipophilic substances, such as O2 and CO2, diffuse freely across plasma membranes 

along their concentration gradient (Grieb et al., 1985) and lipophilicity is a major 

determinant of BBB permeability for many compounds. Another route across ECs is 

transcytosis. In normal brain, ECs have few endocytic vesicles that mediate a low rate of 

transcytosis between blood and brain. Although electron microscopy suggests that brain ECs 

have 80–84% fewer endocytic vesicles than peripheral capillaries (Claudio et al., 1989), 

transcytosis still provides the main route to transport large molecular weight solutes, such as 

proteins, across the BBB.

Transcytosis is receptor dependent or receptor independent (adsorptive transcytosis). In 

receptor-mediated transcytosis, endocytosis is triggered by a ligand binding to its receptor on 

the EC luminal membrane. Examples include the transferrin, insulin and leptin receptors 

(Salameh and Banks, 2014). In contrast, adsorptive transcytosis, a charge interaction 

between a compound and the EC luminal membrane triggers endocytosis (Salameh and 

Banks, 2014). In a number of disease states, including stroke, there are increased numbers of 

EC vesicles, suggesting increased transcytosis (Knowland et al., 2014; Nahirney et al., 

2016).

2.3. Tight junction regulation

The TJs connecting adjacent ECs result in high transendothelial electrical resistance (TEER) 

and low paracellular permeability with size and charge selectivity (Abbott et al., 2006). 

However, the TJs are regulated physiologically and pathophysiologically by protein 

modification (e.g. phosphorylation), relocation and degradation (Stamatovic et al., 2016). 

For example, cytokines, growth factors and hormones can modulate TJs. The Rho/Rho-

associated protein kinase (ROCK) (Beckers et al., 2010), protein kinase C (PKC) (Dorfel 

and Huber, 2012) and mitogen-activated protein kinase (MAPK) (Fujibe et al., 2004) 

signaling pathways modify TJ protein phosphorylation or expression and are involved in 
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regulating paracellular permeability in the presence of cytokines, noxious agents and other 

pathological conditions (Krizbai and Deli, 2003).

Claudin-5 is by far the most prevalent claudin at the BBB. However, low levels of claudin-3 

are present constitutively and both claudin-1 and claudin-12 expression can be induced 

(Stamatovic et al., 2016). The impact of such claudins on TJ function is not fully elucidated, 

but their expression may form another type of TJ regulation. Some claudins (e.g. claudin-2) 

form water or ion permeable pores (Milatz et al., 2010; Rosenthal et al., 2010; Yu et al., 

2010), but these do not appear to be present at the BBB.

2.4. BBB transporters

The cerebral endothelium expresses a wide array of transporters (Fig. 1). Many nutrients, 

such as glucose and amino acids, cannot permeate the paracellular junctions, and the 

endothelium contains transporters (e.g. GLUT1) that supply the CNS with such compounds. 

In addition, there are ion transporters that are involved in brain ion homeostasis and that 

probably secrete brain extracellular fluid (ECF). The BBB also has efflux transporters 

involved in preventing the entry of compounds into brain (e.g. P-glycoprotein; P-gp) and 

clearing waste products from brain. Brain capillary ECs have a mitochondrial density ~2-

fold greater than systemic capillaries (Oldendorf et al., 1977). This may reflect the energy 

requirements of ATP-dependent transport (e.g. Na+/K+-ATPase or transport indirectly 

dependent on Na+ gradients).

2.4.1. Nutrient transport—D-glucose is the primary energy source for the brain, and a 

continuous supply is imperative for normal function. Dick et al. first showed the presence of 

the glucose transporter isoform 1 (GLUT1) in brain ECs (Dick et al., 1984). GLUT1, 

encoded by the SLC2A1 gene, plays a critical role in glucose brain uptake. The transport is 

saturable, stereospecific and independent of energy supply, occurring by facilitated diffusion 

(Bell et al., 1993; Farrell et al., 1992). GLUT1 deficiency causes severe functional deficits 

and death (De Vivo et al., 1991; Wang et al., 2006).

BBB amino acid transport is either facilitative or Na+-dependent. Two facilitative 

transporters, primarily L-type amino acid transporter 1 (LAT1, SLC7A5) and LAT2 

(SLC7A6), are present on the luminal and abluminal EC membranes. They transport large 

neutral amino acids providing the brain access to essential amino acids (Dolgodilina et al., 

2016). There are also a wide range of Na+-dependent amino acid transporters (Campos-

Bedolla et al., 2014). These are predominantly present at the EC abluminal membrane 

clearing amino acids from the ECF into the cell, from where they can be effluxed into the 

circulation. This Na+-dependent carrier location underlies the low (~10%) ECF amino acid 

concentrations compared to plasma (glutamine is an exception) (Hawkins et al., 2006). One 

group of Na+-dependent transporters is the excitatory amino acid transporter (EAAT) family 

that transports glutamate and aspartate (Cederberg et al., 2014). The clearance of those 

amino acids from the ECF may be important in stroke because they may induce 

excitotoxicity (Cederberg et al., 2014; Heyes et al., 2015).

2.4.2. Ion transporters—Ion transport plays a vital role in the function of all cells (e.g. 

acid/base and volume regulation, and providing ion gradients that drive secondary active 
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transport of nutrients). However, at the cerebral endothelium, ion transporters are also 

involved in CNS ion homeostasis and fluid secretion. Regulation of the ionic composition of 

the brain ECF is vital for CNS function, and the concentrations of certain ions, such as K+ 

and Ca2+, that regulate neuronal activity, are very tightly controlled (Hladky and Barrand, 

2016).

The BBB has an array of ion transporters that carry Na+, K+, Cl−, HCO3
−, Ca2+ and other 

ions. Many of these are asymmetrically distributed between the luminal and abluminal 

membranes, contributing to vectorial transport across the BBB (Hladky and Barrand, 2016). 

Thus, for example, there is evidence that a Na+-K+-Cl− cotransporter and a Na+/H+ 

exchanger present at the EC luminal membrane and Na+/K+-ATPase at the abluminal 

membrane are involved in the transcellular transport of Na+ (Betz et al., 1980; Lam et al., 

2009; O’Donnell et al., 2004). Through functional coupling of luminal and abluminal 

transporters and channels, the BBB transports Na+, Cl− and other ions and associated water 

from blood into brain, producing ~30% of brain interstitial fluid in healthy brain 

(O’Donnell, 2014). Thus, the BBB contributes to the regulation of ECF volume and 

composition. How such ion and fluid transport is affected under pathological conditions is 

an important question in brain edema formation. On the one hand, energy-dependent 

transporters such as Na+/K+-ATPase and Ca2+-ATPase fail to maintain the cellular ion 

homeostasis in infarct core as a consequence of ATP loss. On the other hand, ischemia 

stimulates Na+-K+-Cl− cotransport and Na+/H+ exchange, leading to the entry of 

extracellular Na+. When the Na+/K+-ATPase no longer keeps pace with such transport 

activities, intracellular Na+ accumulation and endothelial swelling occurs (O’Donnell, 

2014). Astrocytes also take up the brain Na+ resulting from transendothelial transport, 

causing cytotoxic edema (O’Donnell, 2014).

2.4.3. ABC transporters—ATP-binding cassette (ABC) transporters are a protein 

superfamily containing 48 members grouped into 7 sub-families according to structural 

homology. At the BBB, the most significant are P-gp (ABCB1), breast cancer resistance 

protein (ABCG2) and the multidrug resistance-associated proteins (ABCC1, 2, 4, 5 and 

possibly 3 and 6). They are predominantly localized to the EC luminal membrane, 

transporting a wide range of substrates from the EC cytoplasm back to blood (Mahringer 

and Fricker, 2016); i.e. a major role of these transporters is to act as efflux pumps preventing 

CNS penetration of lipid-soluble compounds. Such compounds include potentially 

neurotoxic endogenous or xenobiotic molecules. However, while ABC transporters have this 

neuroprotective function (Dallas et al., 2006), they also limit the penetration of many drugs 

into brain (Shen and Zhang, 2010), including potential neuroprotectants.

2.5. Metabolic barrier

The BBB also prevents the entry of compounds from blood to brain because of the presence 

of metabolizing enzymes in the ECs, pericytes or astrocytes. These include monoamine 

oxidases, endopeptidases, aminopeptidases and cholinesterases (Agundez et al., 2014). 

These may degrade potentially neuroactive compounds (e.g. circulating catecholamines) 

before they can have parenchymal actions. This is a relatively understudied area of research 

in normal brain and in diseases such as stroke.
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2.6. Immune cell trafficking

In normal brain, leukocyte trafficking from blood to brain across the cerebrovasculature is 

restricted compared to other tissues, leading to the concept that the brain is a relatively 

immune-privileged site (Abbott et al., 2010). This reflects both the tightness of the 

paracellular route and the paucity of the receptors (e.g. adhesion molecules) involved in 

leukocyte diapedesis. Both of these parameters change markedly after stroke and in 

neuroinflammatory states.

3. Mechanisms of blood-brain barrier dysfunction after ischemic stroke

BBB dysfunction, characterized by structural disruption of TJs and increased permeability, 

is a prominent pathological characteristic of both ischemic and hemorrhagic stroke, and is 

usually associated with poor prognosis (Keep et al., 2008; Prakash and Carmichael, 2015). 

With an ischemic stroke, blood-borne cells, chemicals and fluid extravasate into brain 

parenchyma across the impaired BBB as a result of increased paracellular and transcellular 

permeability and gross lesioning of the endothelium (Keaney and Campbell, 2015). Water 

and ion homeostasis of the brain is disrupted, leading to cerebral edema (Rosenberg, 1999). 

Infiltrating leukocytes further exacerbate inflammatory responses and aggravate brain injury 

(Huang et al., 2006). While most consequences of BBB dysfunction are detrimental, one 

potential benefit is that it may enable therapeutic agents to reach brain targets.

3.1. BBB breakdown after ischemic stroke

Ischemic insults can rapidly induce cerebral edema, referring to the excess accumulation of 

fluid in the intracellular (cytotoxic edema) or extracellular (vasogenic edema) spaces in the 

brain. Stepwise development of cerebral edema occurs after ischemia, with cytotoxic edema 

occurring minutes after ischemia onset followed by a relatively late onset of vasogenic 

edema, the latter in particular related to BBB breakdown (Dharmasaroja, 2016; Stokum et 

al., 2016). BBB disruption can permit a large inflow of hematogenous fluid into the 

extravascular space, leading to progressive elevation of brain water content and tissue 

swelling (Dharmasaroja, 2016; Rosenberg, 1999; Stokum et al., 2016). In patients with acute 

ischemic stroke, BBB disruption identified by magnetic resonance imaging (MRI) during the 

first 3 hours after symptom onset is associated with the development of vasogenic edema 

(Giraud et al., 2015). Consistently, studies based on animal models report cerebral edema 

formation in the first few hours after ischemia onset.

Ion transporter dysfunction at the BBB is an important mechanism leading to cerebral 

edema. Soon after ischemia, increased activity of BBB Na+/H+ exchangers, Na+-K+-Cl− 

cotransporters, or the calcium-activated potassium channel KCa3.1 enhances transcellular 

transport of Na+ and Cl− from blood into the brain across the BBB which is likely intact 

(Chen et al., 2015; O’Donnell, 2014; O’Donnell et al., 2013). Subsequent dysregulation of 

ionic homeostasis, particularly increased brain Na+ uptake, is a major contributor to 

ischemia-induced edema formation (Chen et al., 2015; O’Donnell, 2014).

The infiltration and accumulation of peripheral immune cells and molecules into brain 

parenchyma following stroke is well-accepted as contributing to BBB dysfunction and injury 
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progression (Gelderblom et al., 2009). Brain resident microglial cells are activated within the 

first few hours after ischemia and release pro-inflammatory cytokines. Those cytokines, 

including interleukin (IL)-1 and IL-6, enhance the expression of intercellular adhesion 

molecule-1 (ICAM-1), P-selectin and E-selectin. These molecules further enable leukocyte 

adherence, accumulation and transmigration across the endothelium and mediate 

inflammatory cascades, further exaggerating infarction (McColl et al., 2008; Wang and 

Doerschuk, 2002). On the other hand, certain leukocyte types, e.g. regulatory T-cells (Tregs) 

and B-cells, may play disease-limiting protective roles (Li et al., 2013; Liesz et al., 2015; 

Offner and Hurn, 2012).

BBB dysfunction is also central to the genesis of hemorrhagic transformation and increased 

mortality after tPA treatment in stroke, especially following delayed tPA treatment (Jickling 

et al., 2014). tPA-associated hemorrhagic transformation often occurs as a result of the 

catastrophic breakdown of the BBB, referring to the frank disruption of TJ proteins (Jickling 

et al., 2014). BBB opening at early stages after cerebral ischemia largely correlates with 

intracerebral hemorrhage following tPA thrombolysis (Jin et al., 2014). Studies on stroke 

patients receiving thrombolytic therapy using MRI as a marker for BBB dysfunction 

indicates early BBB opening as an independent predictor of hemorrhagic transformation 

(Latour et al., 2004). tPA treatment can elevate brain matrix metalloproteinase (MMP)-9 

levels (Jin et al., 2015; Kelly et al., 2006; Sumii and Lo, 2002), but other changes also occur 

at the endothelial interface upon tPA treatment, such as the phosphorylation of gap junction 

protein connexin43 (Yang et al., 2016b), which contribute to increased BBB permeability 

and hemorrhagic transformation.

3.2. Alterations of endothelial junctional proteins after ischemic stroke

TJ disruption is a major reason underlying increased paracellular permeability of the BBB 

after ischemic stroke (Wolburg and Lippoldt, 2002). Stepwise alterations of TJ proteins take 

place, such as protein modification, translocation and degradation (Fig. 2). The time course 

and degree of each process is determined by the severity of ischemic injury, and the 

processes are linked (e.g. translocation can lead to degradation).

3.2.1. Protein modifications—Posttranslational modification of TJ proteins is widely 

believed to influence BBB permeability, however the consequences of these modifications 

are heterogeneous, as different kinases act on distinct residues even on the same TJ protein 

(Cummins, 2012; Gonzalez-Mariscal et al., 2008). The effects of phosphorylation of 

occludin, claudin-5 and ZO-1 by vascular endothelial growth factor (VEGF), Rho/ROCK, 

cyclic AMP (cAMP)/PKA are the most comprehensively studied, and usually result in 

increased barrier permeability (Antonetti et al., 1999; Persidsky et al., 2006; Soma et al., 

2004; Yamamoto et al., 2008). Inflammatory mediators released during ischemic brain 

injury also induce phosphorylation of TJ proteins leading to BBB hyperpermeability. In 

cultured brain ECs, cytokines or chemokines, such as tumor necrosis factor (TNF)-α, IL-6 

and monocyte chemoattractant protein 1 (MCP1)/CCL2, cause significant phosphorylation 

of ZO-1 at Tyr, Thr and Ser residues (Rochfort and Cummins, 2015; Stamatovic et al., 

2006). Co-culture with monocytes activates Rho/ROCK in ECs, which subsequently 

phosphorylates occludin and claudin-5 at Ser and Tyr residues and facilitates monocyte 
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transmigration across the BBB (Persidsky et al., 2006). In vivo, increased tyrosine 

phosphorylation of occludin has been reported after cerebral embolism (Kago et al., 2006) 

and transient middle cerebral artery occlusion (MCAO) (Takenaga et al., 2009).

Modifications of TJ proteins may influence BBB integrity by regulating the expression, 

interactions and trafficking of TJ proteins. In cultured human brain ECs, inflammation 

induced by TNF-α and IL-6 downregulates ZO-1 expression and occludin/ZO-1 association, 

which correlates with ZO-1 phosphorylation at Tyr and Thr sites (Rochfort and Cummins, 

2015). In Caco-2 cells, tyrosine phosphorylated occludin fails to bind to ZO-1, -2 and -3, but 

not F-actin (Kale et al., 2003). That effect remains to be tested in brain ECs. In cultured 

bovine retinal ECs, VEGF treatment induces TJ fragmentation and occludin trafficking, 

coincident with the occludin phosphorylation on Ser490 (Murakami et al., 2009). Mutating 

Ser490 to Ala suppresses VEGF-induced trafficking of TJ proteins and prevents increase in 

barrier permeability (Murakami et al., 2009). In vivo studies further reveal that VEGF 

induces PKCβ activation, which phosphorylates occludin at Ser490 and results in vascular 

impairment by TJ trafficking (Murakami et al., 2012).

Attenuating TJ protein modification may preserve BBB integrity in stroke. PP2, an inhibitor 

of Src-family tyrosine kinases, blocks occludin phosphorylation as well as BBB leakage 

after rat MCAO (Takenaga et al., 2009). In rats subjected to hypoxia and post-hypoxic 

reoxygenation, the PKC inhibitor chelerythrine chloride attenuates hippocampal vascular 

hyperpermeability and claudin-5 phosphorylation (Willis et al., 2010).

Currently, studies examining TJ protein modifications after stroke have focused on 

phosphorylation. It should be noted, however, that TJ proteins can also undergo methylation, 

glycosylation and palmitoylation resulting in altered barrier function (Stamatovic et al., 

2016). How those processes are affected by stroke is unknown. In all, there are only a 

limited number of studies on TJ protein modification in stroke. As regulating TJ 

modifications may be an appropriate strategy to prevent BBB disruption, further 

investigations are warranted.

3.2.2. Protein translocation—Altered distribution of TJ proteins is frequently observed 

in post-ischemic brain microvessels and is usually accompanied by compromised BBB 

integrity. Such protein translocation is largely mediated by endocytosis. Both in vitro and in 
vivo experiments have identified the dissociation of claudin-5 from the cytoskeleton after 

oxygen glucose deprivation (OGD) of EC cultures and post-ischemic brain microvessels 

(Liu et al., 2012; Song et al., 2007). Co-immunoprecipitation indicated that claudin-5 

redistribution is mediated by caveolin-1, a process that may involve endocytosis and 

vesicular trafficking (Liu et al., 2012). With CCL2-exposure in cultured brain ECs, occludin 

and claudin-5 become internalized via caveolae, with a concomitant reduction in TEER and 

can be recycled to the cell surface on CCL2 withdrawal (Stamatovic et al., 2009). This 

recycling may be important for BBB repair after stroke. JAM-A also redistributes from the 

interendothelial cell cleft during CCL2 treatment. However, that redistribution is by 

macropinocytosis and after endocytosis JAM-A is relocated to the apical membrane where it 

acts as an adhesion molecule (Stamatovic et al., 2012).
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Another mechanism promoting translocation of junctional proteins after ischemic stroke is 

change in the EC actin cytoskeleton, which normally anchors junctional proteins (Burridge 

and Wittchen, 2013; Shi et al., 2016). Ischemia/reperfusion rapidly enhances actin 

polymerization in brain ECs through a signaling cascade, leading to robust formation of F-

actin-enriched stress fibers and increasing cellular tension (Shi et al., 2017; Shi et al., 2016). 

These cytoskeletal alterations induce redistribution of junctional proteins from extracellular 

cell-cell contacts to the cytosol loosening the paracellular pathway. Junctional protein 

redistribution occurs well before and may actually render TJ proteins more vulnerable to 

degradation. Preventing or reversing (e.g. by inhibiting actin polymerization) cytoskeletal 

changes may offer protection against BBB breakdown after ischemic injury (Eira et al., 

2016; Shi et al., 2017; Shi et al., 2016).

3.2.3. Protein degradation—The most intensively studied mechanism that mediates TJ 

protein degradation after ischemic stroke is cleavage by MMPs. MMPs are a family of zinc-

containing enzymes that degrade protein substrates based on a conserved mechanism 

involving Zn2+-mediated activation of a site-bound water molecule (Rempe et al., 2016). 

Zinc accumulation in microvessels after ischemic stroke activates MMP-9 and MMP-2, 

leading to the loss of occludin and claudin-5 (Qi et al., 2016). MMP-9 and MMP-2 are also 

upregulated within hours to days after stroke contributing to TJ protein degradation (Asahi et 

al., 2001; Liu et al., 2012; Yang et al., 2007) and severe BBB breakdown (Heo et al., 1999; 

Justicia et al., 2003; Reuter et al., 2015; Romanic et al., 1998). Blocking MMP-2 and 

MMP-9 using inhibitors (e.g. SB-3CT, GM6001) (Cui et al., 2012; Liu et al., 2012; Yang et 

al., 2013) or genetic ablation (Asahi et al., 2001; Turner and Sharp, 2016) attenuates TJ 

protein loss and preserves BBB integrity after stroke.

TJ protein degradation also occurs via intracellular proteasomes and lysosomes after 

ubiquitination. Immunoprecipitation experiments suggest that occludin ubiquitination occurs 

in brain lysates of rats after permanent MCAO (Zhang et al., 2013a). Inhibiting the E3 

ubiquitin ligase Itch by the γ-secretase blocker DAPT significantly attenuates occludin 

degradation and alleviates BBB breakdown (Zhang et al., 2013a).

3.3. Transcellular mechanisms

Besides alterations to junction proteins and the paracellular pathway, emerging evidence 

suggests that transcellular pathways are also important in ischemia-induced BBB 

dysfunction. Brain microvascular ECs have an inherently low transcytosis rate, however this 

increases after brain injury, contributing to BBB hyperpermeability before the degradation of 

TJ proteins and the ECM (Nag et al., 2007). Studies using electron microscopy (Nahirney et 

al., 2016) or morphological assessment of TJs by in vivo time-lapse two-photon microscopy 

(Knowland et al., 2014) consistently report increased vesicles and transcytosis in ECs at 

early stages (3–6 hours) after ischemia, when the TJs may be intact. Comorbid conditions, 

such as diabetes or obesity, can exacerbate BBB dysfunction after stroke and this may be 

linked to increased transcytosis (Haley and Lawrence, 2017; Reeson et al., 2015).

Transcytosis via caveolin-1-coated vesicles is important for the uptake of a number of 

macromolecules into brain (Simionescu et al., 2009). Caveolins are key proteins in the 
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invagination of plasma membrane to form caveolae. EC caveolin-1 is essential in regulating 

the microvascular permeability in health and disease (Scherer et al., 1997; Scherer et al., 

1996; Song et al., 1996). The role of caveolin-1-mediated transcytosis in BBB dysfunction 

after ischemic stroke remains largely elusive. Ablation of caveolin-1 reduces endothelial 

transcytosis, but does not reduce BBB hyperpermeability identified by tracer leakage in the 

first 24 h after ischemia (Knowland et al., 2014; Shi et al., 2016). It should be noted that 

besides regulating transcytosis, caveolin-1 may exert additional functions. Caveolin-1 

knockout mice show markedly increased infarct volume and BBB damage at later stages 

after ischemia, compared to wild-type mice (Choi et al., 2016; Gu et al., 2012; Jasmin et al., 

2007). Studies reveal that caveolin-binding motif exists in MMPs, and may therefore 

mediate the interactions between MMPs and caveolin-1. After focal cerebral ischemia and 

reperfusion, caveolin-1 knockout mice display higher MMP activities, together with 

enhanced degradation of TJ proteins, which can be reversed by lentiviral-mediated re-

expression of caveolin-1 (Choi et al., 2016; Gu et al., 2012; Jin et al., 2015). These results 

suggest that the role of caveolin-1 in stroke may not only relate to caveolae formation but 

also involve other mechanisms regulating BBB integrity.

Stroke-induced transcytosis also has implications for CNS drug delivery. Many drugs are 

unable to enter brain after systemic administration due to the BBB. Recently, 

neuroprotection has been found by combining therapeutics with nanoparticles that can be 

transported through the BBB by transcytosis. Those protective effects were suppressed by 

inhibiting transcytosis (Wong et al., 2012; Xiao and Gan, 2013; Yemisci et al., 2015). 

Nanoparticle-mediated delivery may be a promising method for enhancing drug delivery to 

protect against ischemic injury.

3.4. Post-ischemic immune responses and the BBB

Immune cells and molecules act directly or indirectly on BBB components and influence 

BBB integrity after ischemia. Among the various CNS and peripheral immune cell types, the 

most well studied cells responding to ischemic insults are microglia/macrophages, 

neutrophils and T-lymphocytes. Brain resident microglial cells are among the first 

responders to ischemia (see Section 4.4); this is accompanied by the infiltration of peripheral 

macrophages, lymphocytes and dendritic cells that precede neutrophil influx (Gelderblom et 

al., 2009; Jickling et al., 2015). The expression of chemokines or chemoattractive cytokines 

plays an important role in dictating leukocyte movement to injury sites (Jaerve and Muller, 

2012; Kim, 2004).

Infiltrating neutrophils are major promotors of BBB breakdown and deterioration of stroke 

outcome. Neutrophil integrins, such as VLA-4 (α4β1), Mac-1 (αMβ2) and LFA-1 (αLβ2), 

and EC adhesion molecules vascular cell adhesion protein 1 (VCAM-1), ICAM-1, E-selectin 

and P-selectin are important molecules in inducing neutrophil-EC adhesion (Choi et al., 

2009; Schnoor and Parkos, 2008; Wang and Doerschuk, 2002), a prerequisite for neutrophil 

infiltration. Inhibiting the upregulation of these molecules ameliorates inflammatory 

responses and BBB dysfunction, and reduces brain injury after ischemia (Huang et al., 

2016a). Neutrophils are a major source of MMP-9 in the infarct core after ischemic stroke, 

which subsequently promotes BBB breakdown secondary to microvascular basal lamina 
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proteolysis, eventually contributing to neuronal injury (Justicia et al., 2003; Nguyen et al., 

2007; Rosell et al., 2006). MMP-9 also facilitates additional leukocyte recruitment, and 

knocking out MMP-9 markedly reduces leukocyte recruitment into post-ischemic brain 

tissue (Gidday et al., 2005).

How lymphocytes modulate BBB permeability after ischemic stroke remains poorly 

investigated. Tregs are the most studied, but their role is controversial (Liesz and 

Kleinschnitz, 2016). Adoptive transferred Tregs are shown to preserve BBB integrity after 

ischemic stroke, without penetrating into the brain parenchyma or affecting resident 

microglia (Li et al., 2013). Rather, both in vivo and in vitro studies suggest that Tregs 

suppress peripheral neutrophil-derived MMP-9, thereby ameliorating proteolytic BBB 

damage (Li et al., 2013). Direct Treg/neutrophil cell-to-cell contact may be essential for the 

inhibitory effect of neutrophil MMP-9 production after ischemia, with programmed death 

ligand-1 being a critical mediator of Treg/neutrophil crosstalk (Li et al., 2014b). Other 

mechanisms may also underlie the Treg-associated BBB protection. Studies with human 

umbilical vein ECs demonstrate that direct Treg-EC contact and soluble factors are required 

for Treg-mediated suppression of EC inflammation (Zhang et al., 2014). Further 

investigation using brain ECs is warranted.

There is controversy over the role of Tregs after ischemia. Depletion of endogenous Tregs 

can reduce brain infarct and improve neurological function (Kleinschnitz et al., 2013). 

Adoptive transfer of Tregs potentiates ischemia-induced microvascular dysfunction through 

their interactions with the endothelium and platelets, and subsequent thrombus formation 

(Kleinschnitz et al., 2013). Consistent with those results, expansion of Tregs by anti-CD28 

antibody before stroke exacerbates thrombus formation in the cerebrovasculature, enlarging 

thrombo-inflammatory lesions and infarcts (Schuhmann et al., 2015).

The time course of Treg infiltration into brain and their exact role in ischemia-induced BBB 

breakdown and injury progression require further investigation. Studies on other T-

lymphocytes or B-lymphocytes in modulating BBB permeability after ischemic stroke are 

largely lacking.

3.5. Consequences of BBB dysfunction after ischemic stroke

BBB dysfunction begins from the onset of ischemia and deteriorates with sustained 

hypoperfusion. The severity of BBB breakdown, as well as its consequence, is 

topographically heterogeneous. Vascular walls within the ischemic core develop severe and 

irreversible injury, whereas the vascular endothelium in the penumbra are mildly impaired 

and potentially salvageable (Nagaraja et al., 2008). The diffuse, mild BBB damage may be 

reversible with timely reperfusion in the penumbra; however, the severe vascular injury in 

the core area may be further potentiated by such reperfusion (Fan et al., 2014; Simpkins et 

al., 2016). The neurovascular toxicity of tPA, together with other pathogenic factors such as 

vascular oxidative stress and neuroinflammation, confounds the consequence of BBB 

breakdown (Fan et al., 2014). Although BBB breakdown is usually associated with worse 

outcome after ischemic stroke, there has been a long-term debate on whether BBB 

dysfunction is a cause or a consequence of brain parenchymal injury (e.g. the BBB 

protective effects of certain therapeutics may be due to reduced infarct size). Recent studies, 
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using EC-specific gene manipulation, began to tackle this fundamental question. In mice 

subjected to MCAO and reperfusion, BBB leakage was identified at 30 minutes after 

reperfusion, preceding infarct formation and occurring in areas that evolve into infarcts 

topographically (Shi et al., 2016). Furthermore, EC-specific gene manipulation that blocks 

early BBB dysfunction is capable of providing parenchymal protection and improving long-

term functional outcome (Shi et al., 2017; Shi et al., 2016). These findings suggest that early 

BBB damage may cause rather than result from parenchymal cell injury. Early BBB 

dysfunction may be a promising therapeutic target to reduce the adverse effects of 

thrombolytic therapy, prolong the therapeutic window, and enhance patient outcome. One 

potential benefit of the opened BBB, though, is that it is easier to deliver therapeutics to 

brain (Borlongan and Emerich, 2003; Rapoport, 2000). However, some therapies could 

directly target the BBB, if its opening is a cause instead of a result of parenchymal injury. 

This makes it vital to fully understand the mechanisms underlying stroke-induced BBB 

dysfunction and to develop new therapies to target that dysfunction.

4. Modulation of blood-brain barrier permeability by different cell types and 

chemical mediators

The NVU, consisting of neurons, astrocytes, pericytes, ECM, ECs, and circulating blood 

elements, illustrates a framework where cell-cell and cell-matrix interactions dictate the 

brain response to ischemic injury (Lo et al., 2003). As the interface where these interactions 

occur, the BBB is constantly regulated by different cell types in the NVU (Fig. 3). Various 

chemical mediators present within the NVU also influence BBB permeability, both under 

physiological and ischemic conditions.

4.1. Endothelial cells

As a first-line of defense at the NVU, ECs react to ischemia and hypoxia and the potentially 

harmful chemicals released from the vascular system. As described above, cytoskeletal 

rearrangement, increased transcytosis and alterations in TJ proteins occur in ECs after 

ischemia contributing to stepwise BBB dysfunction. Oxidative stress and inflammation 

trigger EC injury and irreversible endothelium impairment (Yang et al., 2017; Zhang et al., 

2016b). In the subacute stage, autophagosomes are observed in ECs in the ischemic 

hemisphere (Garbuzova-Davis et al., 2013). Whether enhanced autophagy is pro-survival or 

pro-death remains unclear, but recent studies support a beneficial role of EC autophagy in 

ameliorating BBB breakdown and TJ loss after ischemia (Li et al., 2014a).

In addition to infiltrating neutrophils, ECs are a source of MMPs when stimulated by pro-

inflammatory cytokines and free radicals after stroke, contributing to TJ and ECM 

degradation (Reuter et al., 2013). Another molecule synthesized and released by ECs, 

endothelin-1, decreases local brain blood flow via vasoconstriction and regulates thrombus 

formation through platelet activation, thereby inducing cerebral infarction (Mamo et al., 

2014).
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4.2. Pericytes

Pericytes respond quickly to an ischemic stroke and display characteristics that may be 

protective or detrimental, such as constriction, migration, detachment from the microvessel 

walls and even cell death (Fernandez-Klett and Priller, 2015; Hall et al., 2014). In rat 

MCAO, pericytes separate and migrate from the basement membrane as early as 1 hour after 

occlusion. The space between pericytes and basement membrane was even larger at 3 hours 

after injury (Duz et al., 2007). These morphological changes and detachment from the 

microvessel wall may be an initial step in BBB dysfunction. Contracted pericytes are also 

found on microvessels after MCAO, which leads to capillary constriction and obstructed 

blood flow. These pericyte morphological changes persist and cannot be reversed by 

reperfusion (Dalkara et al., 2011; Yemisci et al., 2009).

Inflammation and oxidative stress induced by ischemia may further exacerbate pericyte-

mediated BBB destruction. In pericyte-fibroblast co-cultures, pro-inflammatory stimuli 

induce widespread changes in gene expression of interleukins, chemokines, and cellular 

adhesion molecules in pericytes (Jansson et al., 2014; Persidsky et al., 2016). In vivo studies 

suggest that NG2+ pericytes control the pattern and efficacy of leukocyte infiltration into 

CNS by upregulating ICAM-1 and producing the chemoattractant macrophage migration 

inhibitory factor (MIF) (Stark et al., 2013). In addition, oxidative stress induces pericyte 

dysfunction and BBB damage (Amano et al., 2005; Okada et al., 2015b). Inhibition of 

oxidative-nitrative stress relieves pericyte contraction in mice after MCAO (Yemisci et al., 

2009).

On the other hand, pericyte accumulation in the peri-infarct area after ischemic stroke may 

protect the BBB and improve vascular repair. Rapid accumulation of pericytes is observed in 

the peri-infarct area (Jeynes, 1985), with concomitant upregulation of PDGFRβ and PDGFβ 
(Nakamura et al., 2016; Renner et al., 2003). These cells, largely deriving from bone marrow 

pericyte progenitor cells and adjacent immature pericytes, are involved in angiogenesis and 

BBB repair after stroke (Kokovay et al., 2006; Lamagna and Bergers, 2006; Renner et al., 

2003). Furthermore, as a type of multipotent vascular stem cell, pericytes have additional 

roles in BBB regulation and neurovascular injury after ischemic stroke. Pericytes are able to 

differentiate into neural and vascular lineage cells after ischemia (Nakagomi et al., 2015). In 

human stroke brain tissue, activated pericytes are also found to express microglia markers 

(Ozen et al., 2014). PDGFRβ+ vascular pericytes isolated from ischemic areas can express 

stem cell markers (e.g., nestin, c-myc, Klf4, Sox2) and microglial markers (e.g. Iba1, 

CD11b), suggesting that pericytes may serve as microglia-generating stem cells and have 

potential phagocytic capacity (Attwell et al., 2016; Sakuma et al., 2016). In brain ischemia 

and spinal cord injury, PDGFRβ+ cells co-express stromal cell markers and produce scar 

tissue distinct from glial scar (Fernandez-Klett et al., 2013; Goritz et al., 2011). The 

mechanisms underlying such transformation and its implication for post-injury repair are 

unclear, but may be a novel target for regenerative stroke therapies.

4.3. Astrocytes

The water channel aquaporin 4 (AQP4) is highly expressed on astrocyte endfeet and 

critically regulates water flux between blood and brain (Nagelhus and Ottersen, 2013). 
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AQP4-deficient mice demonstrate reduced cytotoxic brain edema following ischemic stroke 

(Manley et al., 2000). Interestingly, astrocyte AQP4 is upregulated at delayed stages after 

ischemia, and this may be involved in BBB repair (Tourdias et al., 2011). Over 80% of 

glutamate transporters, especially EAAT2, is located on astrocytes, making astrocytes the 

main site of glutamate uptake at the NVU (Dallerac and Rouach, 2016; Petr et al., 2015). 

Following ischemia, astrocyte swelling is one of the earliest responses due to increased 

uptake of glutamate and lactate (Kimelberg, 2005; Landis, 1994; Raiteri and Raiteri, 2015; 

Verkhratsky et al., 2016). Astrocyte swelling may compress vessels in the ischemic regions 

exacerbating vascular hypoperfusion (Sykova, 2001).

Astrocytes can facilitate BBB breakdown after ischemic stroke. In EC-astrocyte co-cultures, 

increased astrocyte apoptosis stimulated by EC-derived microvesicles after OGD is 

accompanied by increased BBB permeability and downregulation of TJ proteins occludin 

and claudin-5 (Pan et al., 2016). Furthermore, post-ischemic neurons can stimulate astrocyte 

production of VEGF, which is responsible for occludin and claudin-5 loss and increased 

BBB permeability (Li et al., 2014c). Astrocytes are also a sources of MMPs that degrade TJs 

and the ECM after ischemia (Mun-Bryce and Rosenberg, 1998).

4.4. Microglia

Microglia are resident CNS macrophages that originate from the mesoderm/mesenchyme. 

After migrating into brain, microglia acquire a specific ramified morphological phenotype 

with low phagocytic properties, termed “resting microglia” (Kettenmann et al., 2011). Being 

an integral part of the NVU, microglia actively communicate with endothelium and regulate 

the BBB both during development and after injury (da Fonseca et al., 2014). Microglia play 

a crucial role in the development of the cerebral and retinal vasculatures, participating in 

sprouting, migration and anastomosis of vessels (Arnold and Betsholtz, 2013). Resident 

microglia, but not monocyte-derived macrophages, serve as cellular chaperones facilitating 

the stabilization and fusion of brain ECs during embryonic development (Fantin et al., 

2010). Microglia are present at vascular junctions and bridge endothelial tip cells, which, in 

combination with VEGF-induced vessel sprouting, synergistically promotes the formation of 

the brain vascular network (Fantin et al., 2010). Studies on aortic ring cultures indicate that 

microglia can stimulate vessel sprouting without direct EC contact, but rather through 

secreting soluble factors (Rymo et al., 2011).

Microglia are a first responder to ischemic brain injury, rapidly undergoing morphological 

and genetic changes upon activation (Kettenmann et al., 2011). Activated microglia exert 

dual roles at the BBB and on ischemic brain injury. They produce a plethora of cytokines 

and chemokines that upregulate EC adhesion molecules and promote leukocyte infiltration 

(da Fonseca et al., 2014). However, activated microglia may also have beneficial actions by 

phagocytosing cellular debris and suppressing inflammatory responses. In a model of 

neonatal stroke, microglial depletion adversely affected vascular density, increased vascular 

permeability and intracerebral hemorrhage, effects related to inhibition of microglial 

transforming growth factor beta 1 (TGFβ1) signaling (Fernandez-Lopez et al., 2016).

Emerging evidence suggests that the dual roles of microglia on the BBB may be related to 

their phenotypic polarization after ischemic stroke. Depending on stimulus, microglia/
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macrophages can develop into a spectrum of different but overlapping functional 

phenotypes, including classically-activated (pro-inflammatory) and alternatively-activated 

(anti-inflammatory) phenotypes (Franco and Fernandez-Suarez, 2015; Hu et al., 2015; Jiang 

et al., 2016; Xiong et al., 2016). Lipopolysaccharide (LPS), a potent pro-inflammatory 

stimulator, primes microglia to induce hyperpermeability in brain ECs in vitro through 

mechanisms involving TNF-α (Nishioku et al., 2010) and NADPH oxidase (Sumi et al., 

2010). Pro-inflammatory microglia also cause P-gp dysfunction in brain ECs through 

NADPH oxidase activation (Matsumoto et al., 2012), contributing to the accumulation of 

neurotoxic proteins in brain. On the other hand, microglia can possess anti-inflammatory 

properties and be associated with long-term neurovascular remodeling and improved 

neurological functions during recovery after ischemia (Yang et al., 2015). These microglia 

can also promote angiogenesis through production of VEGF, IL-8 and pro-MMP-9 

(Mallucci et al., 2015; Medina et al., 2011; Willenborg et al., 2012; Zajac et al., 2013).

4.5. Chemical mediators

Many chemicals participate in the regulation of BBB permeability after ischemic stroke. 

These chemicals belong to different categories and function to exacerbate BBB breakdown 

or benefit BBB integrity (Table 1). Some commonly studied chemicals that induce BBB 

hyperpermeability and brain edema include inflammatory substances (e.g. bradykinin, 

histamine, thrombin, substance P, endothelin-1), pro-inflammatory cytokines (e.g. TNF-α, 

IL-6, IL-1), neurotransmitters (e.g. glutamate, NO), and free radicals. There are also 

chemical mediators that are beneficial for maintaining BBB integrity after stroke, such as the 

classic neuroactive steroids 17β-estradiol and progesterone (Johann and Beyer, 2013). The 

second messenger cAMP also exerts distinct roles on BBB permeability; the cytosolic 

accumulation of cAMP causes BBB dysfunction, whereas the cAMP in vacuoles preserves 

BBB integrity (Sayner et al., 2006).

5. Influence of stroke risk factors and comorbidities on the blood-brain 

barrier

Comorbidities occur in most stroke patients and have major impacts on stroke outcome. 

Some comorbid conditions and risk factors are modifiable, e.g. hypertension and 

hyperlipidemia, and represent areas of interest to reduce stroke occurrence or improve the 

efficacy of stroke therapies. Despite an urgent need to understand BBB dysfunction in stroke 

patients with certain comorbid conditions, the majority of basic and preclinical stroke 

studies have hitherto focused on healthy young adult male animals, which might impede the 

translation of potential treatments from bench to bedside. This section reviews BBB 

alterations associated with common stroke comorbid conditions: hypertension, 

hyperglycemia and hyperlipidemia, as well as non-modifiable risk factors age and gender. 

Specific therapeutic strategies are emphasized where applicable.

5.1. Hypertension

In response to acute or chronic elevations (hypertension) in blood pressure, adaptive vascular 

remodeling occurs throughout the body to buffer mechanical and pulsatile stresses, leading 

to multiple end-organ impairment (Scuteri et al., 2011). The brain is an organ particularly 
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affected by high blood pressure. Several crucial cerebrovascular regulatory mechanisms that 

function to maintain brain energy homeostasis are disrupted by hypertension, which, 

together with structural alterations, contributes to hypoperfusion and dysfunction of the 

brain and increases the risk for stroke and dementia. The influence of hypertension on 

cerebrovascular anatomy and blood flow regulation has been reviewed previously (Faraco 

and Iadecola, 2013). The present section focuses on BBB changes induced by hypertension.

5.1.1. Anatomical and functional changes at the BBB with hypertension—BBB 

abnormalities are present from an early stage in patients exhibiting mild symptoms of 

cognitive impairment during the development of hypertension (Pelisch et al., 2013). 

Increased BBB permeability has been consistently observed in animal models of 

hypertension. Spontaneously hypertensive rats (SHRs), the most widely used animal model 

of genetic and chronic hypertension, share several similarities with human essential 

hypertension (Folkow, 1982). BBB impairment is observed in cerebral cortex and deep gray 

matter in SHRs at 5 months and older, when prominent tissue damage has already developed 

(Fredriksson et al., 1987; Knox et al., 1980). In hippocampus, BBB hyperpermeability 

occurs in SHRs as young as 3 months, a stage at which neuronal cell loss is not yet 

developed despite a hypertensive state (Fan et al., 2015b; Ueno et al., 2004). These findings 

support a causative role of high blood pressure in BBB dysfunction, and also suggest that 

BBB dysfunction at earlier periods may contribute to the hippocampal neuronal loss 

observed in 6-month-old SHRs (Ueno et al., 2004). BBB disruption also occurs in acute 

hypertensive models. Hypertension due to aortic constriction above the renal arteries causes 

Evans Blue extravasation into brain from 8 days after surgery (Mohammadi and Dehghani, 

2014).

The vascular anatomical changes underlying hypertension-induced BBB dysfunction are 

multifaceted, but alterations in EC junctions likely play a major role. Stroke-prone renal 

vascular hypertensive rats have progressive morphological changes in BBB TJs, with 

increasing loss of occludin and ZO-1 from as early as 4 weeks (Fan et al., 2015b). 

Consistently, chronic administration of Nω-Nitro-L-arginine methyl ester (L-NAME), an 

inhibitor of nitric oxide synthase (NOS), induces hypertension and loss of occludin and 

ZO-1 in brain vessels (Kalayci et al., 2009). Short-term hypertension induced by aortic 

constriction also leads to reduced mRNA levels of claudins (3, 5 and 12) (Mohammadi and 

Dehghani, 2014). Studies also reveal JAM-A upregulation throughout the body in pre-

hypertensive 3-week-old SHRs, which is, therefore, not secondary to elevated blood pressure 

(Waki et al., 2007). The involvement of elevated JAM-A in BBB dysfunction may be two-

fold: JAM-A facilitates leukocyte-EC adhesion promoting leukocyte accumulation in the 

systemic circulation (Ostermann et al., 2005). This in turn increases hemodynamic 

resistance and contributes to increased blood pressure in SHRs (Fukuda et al., 2004; Waki et 

al., 2007). This pro-hypertensive effect triggers other alterations that damage the BBB. 

Secondly, together with platelet endothelial cell adhesion molecule 1 (PECAM-1), JAM-A 

promotes leukocyte transmigration across the ECs (Martin-Padura et al., 1998) which also 

contributes to increased BBB permeability.

Changes also occur in other NVU components that may contribute to the dysregulation of 

BBB function, such ion and fluid transport. SHRs and stroke-prone spontaneously 
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hypertensive rats (SHRSP) with established hypertension have upregulated astrocytic AQP4 

in the frontal cortex, striatum and hippocampus, compared to younger cohorts and age-

matched Wistar Kyoto (WKY) rats (Ishida et al., 2006; Tomassoni et al., 2010). Increased 

AQP4 expression may alter fluid exchange at the BBB interface; however, the exact role of 

AQP4 in BBB dysfunction with hypertension, e.g. whether it is a cause of or adaptive 

change to increased BBB permeability, remains elusive.

Multiple studies indicate that inflammation and oxidative stress are major causes of 

hypertension-induced BBB dysfunction. Pro-inflammatory cytokines such as IL-1β, IL-6 

and TNF-α are significantly elevated in brains of 8-month-old SHRs compared to age-

matched WKY rats (Liang et al., 2016; Tayebati et al., 2016). 8-hydroxy-2′-deoxyguanosine 

(8-OHdG), a marker of oxidative stress, is increased in SHRSP but not WKY brains at 16 

weeks (Tayebati et al., 2016). Acute hypertension induced by aortic constriction in rats 

impairs brain antioxidant defense systems and induces brain injury through excessive 

oxidative stress at 8 days after surgery (Mohammadi and Dehghani, 2014). Enzyme activity 

of superoxide dismutase (SOD) and catalase, and glutathione content are significantly lower 

in hypertensive rat brains, whereas malondialdehyde levels are increased (Mohammadi and 

Dehghani, 2014). Reactive oxygen species (ROS) can alter BBB integrity through 

cytoskeleton rearrangements and redistribution and degradation of TJ proteins claudin-5 and 

occludin. Specific signaling pathways, including RhoA and phosphatidylinositide 3-kinases 

(PI3Ks), mediate these processes, and their specific inhibitors abolish ROS-induced 

monocyte migration across the BBB (Poulet et al., 2006; Schreibelt et al., 2007). 

Furthermore, angiotensin II potentiates oxidative stress under hypertension, facilitating 

leukocyte-EC adhesion and increasing BBB permeability (Zhang et al., 2010).

5.1.2. Hypertension exacerbates BBB breakdown after ischemic stroke—
Hypertension worsens the outcome of ischemic stroke, increasing infarct volume, 

potentiating white matter injury, and augmenting brain edema and cognitive deficits (Choi et 

al., 2015; Fan et al., 2015a; Hom et al., 2007). Aggravated BBB breakdown in hypertension 

is one important element contributing to worse outcome. Hypertension exacerbates damage 

to TJ proteins after ischemic brain injury, such as ZO-1, ZO-2, claudin-5 and occludin (Fan 

et al., 2015b; Hom et al., 2007). BBB transporters can also be changed; for instance, the Na
+/H+ exchanger isoform 1 is markedly increased in hypertensive SHRs after ischemia and 

may be involved in BBB breakdown and brain edema development (Hom et al., 2007). 

Additionally, the pro-inflammatory state of the hypertensive brain potentiates BBB 

breakdown after ischemia. ICAM-1 which mediates leukocyte-leukocyte interaction and 

leukocyte transmigration, is upregulated in SHRs, enhancing leukocyte infiltration into brain 

and BBB impairment after stroke (Moller et al., 2015; Nagai et al., 2011).

Controlling blood pressure in patients with chronic hypertension remains one of the most 

important means of stroke prevention (Hermida et al., 2016). To this end, certain treatments 

commonly used to lower blood pressure may exert additional effects. For example, BBB AJs 

and TJs are modulated by calcium. Calcium channel blockers, which are widely used to 

control blood pressure, may thereby have additional beneficial functions toward improving 

stroke outcome, through direct action of preserving microvascular integrity in hypertension 

patients (Brown and Davis, 2002; Farkas et al., 2001).
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5.2. Diabetes and hyperglycemia

Diabetes/hyperglycemia is a rapidly increasing risk factor for stroke. It is associated with 

increased mortality and poor functional recovery (Kruyt et al., 2010; Zhang et al., 2013c). 

Accumulating evidence indicates that hyperglycemia-induced cerebrovascular 

complications, especially BBB dysfunction, are major contributors to poor stroke outcome 

(Baird et al., 2003; Gandhi et al., 2010; Shao and Bayraktutan, 2013; Yu et al., 2016). 

Hyperglycemia is also a risk factor for intracerebral hemorrhage regardless of tPA treatment, 

which at least partially results from massive BBB opening (Bruno et al., 1999; Demchuk et 

al., 1999; Masrur et al., 2015).

5.2.1. Anatomical and functional changes at the BBB with hyperglycemia—In 

patients with Type 2 diabetes, BBB permeability increases as evidenced by enhanced signal 

intensity on T1-weighted volumetric images by gadolinium MRI (Iwata et al., 1999; Starr et 

al., 2003). Consistently, BBB dysfunction is observed in animal or cell culture models of 

diabetes and hyperglycemia/high glucose (Fujihara et al., 2016; Hawkins et al., 2007; Huber 

et al., 2006; Mooradian et al., 2005). A major anatomical change accounting for the 

impaired BBB integrity under hyperglycemia is TJ disruption with increased paracellular 

permeability. Protein levels of TJ components, including occludin, claudin-5 and ZO-1, are 

decreased after hyperglycemia (Chao et al., 2016; Xu et al., 2016; Yoo et al., 2016), and 

therapeutic agents that reverse TJ protein alterations are capable of protecting BBB integrity 

in diabetic animals (Zanotto et al., 2017). Mechanistically, hyperglycemia-induced activation 

of upstream signaling molecules, e.g. PKCβ, and subsequent development of oxidative stress 

in cerebral microvessels play a role in TJ loss (Liao et al., 2005; Shao and Bayraktutan, 

2013). ROS are suggested to be a main mediator in BBB breakdown after hyperglycemia, 

and ROS inhibition preserves TJs and improves BBB integrity (Fukuda et al., 2016; Sun et 

al., 2015).

Hyperglycemia can also disrupt gap junction communication in other NVU components, 

such as astrocytes (Gandhi et al., 2010; Prasad et al., 2014). Swollen astrocytic endfeet at the 

BBB interface are observed in Type 2 diabetic mice KKA(y), and attenuating astrocyte 

swelling preserves BBB integrity and protects against cognitive decline (Min et al., 2012).

Increased MMP activity is observed in diabetic animal models which may account for TJ 

protein degradation. After streptozotocin treatment to induce diabetes, mice have elevated 

expression of both pro- and active-MMP-9, which results in TJ loss and BBB breakdown 

(Aggarwal et al., 2015; Hawkins et al., 2007). A disrupted BBB further allows infiltration of 

peripheral monocytes into brain, compromising cognition in obese and diabetic mice 

(Stranahan et al., 2016). MMP-9 inhibition restores BBB integrity and improves learning 

and memory in diabetic mice (Aggarwal et al., 2015).

5.2.2. Hyperglycemia exacerbates BBB disruption after stroke—Earlier studies 

revealed the characteristics of hyperglycemia-induced cerebrovascular changes and EC 

dysfunction, both during ischemia and during reperfusion (Kawai et al., 1997; Kawai et al., 

1998; Kawai et al., 1999; Keep et al., 2005). Both mild and severe hyperglycemia induce 

marked BBB dysfunction in animals undergoing ischemia and reperfusion (Dietrich et al., 
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1993; Ennis and Keep, 2007). Diabetic mice exhibit exacerbated BBB breakdown and TJ 

disruption, increased infarct volume as well as severe neurological deficits after ischemia 

(Huang et al., 2013; Kamada et al., 2007; Zhang et al., 2016a; Zhang et al., 2016c). 

Immediate brain swelling and hemorrhagic transformation after ischemia also occur with 

hyperglycemia (Fan et al., 2014; McBride et al., 2016; Soejima et al., 2012).

Enhanced proteolysis of TJs mediated by the MMPs is an important cause of BBB 

breakdown after ischemia in hyperglycemia mice (Cipolla et al., 2011; Kamada et al., 2007). 

Diabetic db/db mice show an increased and more rapid elevation of MMP-9 expression and 

activity compared to db/+ control mice, resulting in greater degradation of occludin and 

collagen IV (Kumari et al., 2011). The hypoxia-inducible factor 1α (HIF-1α)/VEGF 

pathway is also related to TJ protein loss and enhanced BBB paracellular permeability in 

hyperglycemic mice (Yan et al., 2012). Hyperglycemia induces higher expression of HIF-1α 
and VEGF in brain microvessels after MCAO/reperfusion. Furthermore, EC-specific 

knockout of HIF-1α ameliorates BBB leakage and brain infarction in diabetic animals 

(Zhang et al., 2016c).

Inflammation and oxidative stress both enhance TJ disruption in diabetic animals after 

cerebral ischemia (Kamada et al., 2007; Won et al., 2011). Hyperglycemic rats show 

enhanced formation of superoxide by NADPH oxidase in brain parenchyma and the 

vasculature during reperfusion, which may contribute to increased BBB permeability (Won 

et al., 2011). Inhibiting inflammation, e.g. by blockade of the high-mobility group box1 

(HMGB1) and NF-κB signaling pathway, alleviates diabetic cerebral ischemia/reperfusion 

injury and attenuates BBB breakdown (Luan et al., 2013).

5.3. Hyperlipidemia

Hyperlipidemia refers to abnormal elevation of blood lipids or lipoproteins. According to the 

type lipid excess, hyperlipidemia is classified into hypercholesterolemia, 

hypertriglyceridemia, or both in combined hyperlipidemia (Nelson, 2013). Specific genetic 

abnormalities cause primary hyperlipidemia, while most hyperlipidemia results from 

environmental factors, such as a high fat diet (HFD).

5.3.1. Anatomical and functional changes at the BBB with hyperlipidemia—A 

commonly used animal model for studying hyperlipidemia is the apolipoprotein E-deficient 

(ApoE−/−) mouse. ApoE is a class of apolipoprotein essential for lipid and cholesterol 

metabolism, the ablation of which leads to hyperlipidemia and atherosclerosis (Plump et al., 

1992). Young, 6–8 weeks, ApoE−/− mice already have prominent BBB hyperpermeability, 

manifested by 70% more spontaneous leakage of plasma albumin into the brain compared to 

controls (Methia et al., 2001). Furthermore, BBB dysfunction associated with aging is 

exacerbated by ApoE knockout (Hafezi-Moghadam et al., 2007). However, elevated blood 

lipids may not solely account for the compromised BBB integrity in ApoE−/− mice. It is 

possible that ApoE directly modulates BBB integrity through mechanisms affecting the 

cerebrovasculature, e.g. inducing TJ formation or suppressing inflammation in the NVU 

(Bell et al., 2012; Nishitsuji et al., 2011). In another hyperlipidemia model, 10 weeks of 

HFD in 6-week-old mice increases blood cholesterol, triglycerides, and low-density 
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lipoprotein (LDL) (Deng et al., 2014). Both cerebral macrovessels and microvessels undergo 

remodeling during HFD feeding, including increased cerebral vascular tortuosity index and 

decreased MCA inner diameters (Deng et al., 2014). This remodeling may be mediated at 

least in part by MMP-9, as HFD induces similar level of obesity, hyperglycemia and 

hyperlipidemia in MMP-9−/− mice, but there is no cerebrovascular remodeling (Deng et al., 

2014). Acute injection of human triglyceride-rich lipoprotein, which releases lipolysis 

products upon hydrolysis, increases BBB permeability in rats within 20 min (Ng et al., 

2016). Exactly how hyperlipidemia leads to BBB dysfunction remains largely unknown, 

although oxidative stress may play a role (Dias et al., 2014). The changes in the 

cerebrovasculature render it more vulnerable to ischemic attack, where BBB disruption may 

be exacerbated.

5.3.2. The influence of hyperlipidemia on BBB integrity after stroke—
Hyperlipidemia exacerbates ischemic brain injury (Langdon et al., 2011). In both patients 

and animal models, hyperlipidemia is associated with EC dysfunction. Chronic 

hyperlipidemia induces profound vascular remodeling, such as increased tortuosity index 

(Deng et al., 2014), increased collagen deposition and vessel stiffness (Deutsch et al., 2009), 

which worsens the perfusion defects and BBB breakdown after ischemic brain injury (Ayata 

et al., 2013). In animal models with HFD or ApoE deficiency, hyperlipidemia exacerbates 

BBB breakdown and brain edema after ischemia, as shown in several reports (Deng et al., 

2014; ElAli et al., 2011; Lynch et al., 2002; Methia et al., 2001).

Several mechanisms may underlie hyperlipidemia-exacerbated BBB breakdown after 

ischemic stroke, including MMP activation (Deng et al., 2014; ElAli et al., 2011), 

inflammation (Cao et al., 2015; Fang et al., 2015), enhanced oxidative stress (Cao et al., 

2015), and impaired EC-pericyte interactions (Zechariah et al., 2013). Hyperlipidemia 

elevates MMP-2 and -9 activity in post-ischemic brain and downregulates microvessel TJ 

proteins (Deng et al., 2014; ElAli et al., 2011). HFD induces cerebrovascular remodeling 

and worsens neurological outcome after MCAO, effects abolished in MMP-9 knockout mice 

despite similar increases in blood lipid levels compared to controls (Deng et al., 2014). 

MMP activation in turn induces RhoA/ROCK activation, which is an important mechanism 

regulating BBB integrity (Allen et al., 2010; ElAli et al., 2011; Shin et al., 2014; Sugimoto 

et al., 2009). A pharmacological inhibitor of ROCK, fasudil, decreased blood pressure and 

cerebrovascular resistance in hyperlipidemic mice and improved tissue perfusion after 

MCAO (Shin et al., 2014). HFD-induced hyperlipidemia also enhances the expression of 

pro-inflammatory factors TNF-α and IL-6, as well as ICAM-1 and VCAM-1 after ischemia/

reperfusion injury (Cao et al., 2015). Hyperlipidemia decreases serum superoxide dismutase 

activity and glutathione peroxide content, and increases lipid peroxidation and LDL 

oxidation in brain after cerebral ischemia/reperfusion injury (Cao et al., 2015; ElAli et al., 

2011).

Hyperlipidemia also influences post-stroke recovery through altering cell-cell interactions at 

the BBB interface. VEGF-induced capillary formation after ischemia is dose-dependently 

attenuated by hyperlipidemia, with reduced brain EC pericyte coverage. Increased 

expression of N-cadherin in ischemic brain microvessels upon VEGF treatment, which 

mediates EC-pericyte interactions, is blunted by hyperlipidemia. These changes impair 
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cerebral blood flow and reduce the metabolic penumbra increasing infarct size (Zechariah et 

al., 2013).

5.4. Aging

5.4.1. Anatomical and functional changes at the BBB during aging—Aging is 

accompanied by complicated and progressive disturbances in the structural integrity and 

physiological functions of cells and organs (Lopez-Otin et al., 2013). BBB dysfunction 

during aging leads to disruption of brain homeostasis and plays a crucial role in the 

pathogenesis of various neurodegenerative diseases. For many years, studies investigating 

whether increased BBB permeability is associated with healthy aging in humans generated 

controversial results (Gorle et al., 2016). Nevertheless, a large-scale meta-analysis on 31 

BBB permeability studies reports increased BBB permeability with normal aging, as 

evaluated by the CSF/serum albumin ratio (Farrall and Wardlaw, 2009). A more recent study 

using advanced MRI to quantify regional BBB integrity further reveals that BBB 

dysfunction is an early event in aging brain, which starts from the hippocampus and may 

contribute to cognitive impairment (Montagne et al., 2015). Consistently, in animal models, 

enhanced IgG extravasation is observed in 24-month-old mice compared to young controls 

(Elahy et al., 2015).

Age-related BBB changes are well documented by early studies, e.g. altered transport 

functions (Mooradian, 1988a, b), increased glycosylation of microvessel proteins 

(Mooradian and Meredith, 1992) and free radical damage (Mooradian and Smith, 1992), all 

of which may contribute to age-related changes in BBB permeability. Anatomically, there is 

reduced capillary density and cerebral blood flow in the aged brain, accompanied by 

ultrastructural abnormalities in microvessels, such as microvascular fibrosis, basement 

membrane thickening and loss of TJ proteins (Farkas and Luiten, 2001). Aged mice that are 

24 months old have significantly less expression of occludin and, to a smaller degree, ZO-1, 

compared to young adult mice (Elahy et al., 2015). In addition, pericytes degenerate and are 

lost in aging brains, which may compromise BBB integrity and contribute to mild cognitive 

impairment during aging (Montagne et al., 2015).

Another important mechanism that may account for increased BBB permeability during 

aging is inflammation. Aged brains can have a low-grade but progressive inflammatory 

state, where the normal balance between pro- and anti-inflammatory mediators is shifted 

toward a pro-inflammatory state (Franceschi and Campisi, 2014). Inflammatory mediators, 

such as IL-1β, IFNγ and TNF-α, increase in brain during aging, with concomitant activation 

of microglia (Elahy et al., 2015; Kumagai et al., 2007). Despite the pro-inflammatory state, 

cell adhesion molecules ICAM-1 and VCAM-1 at the BBB are not upregulated in aged mice 

(Elahy et al., 2015). Consistently, no leukocyte transmigration is seen in the cortex and 

hippocampus of aged mice (Elahy et al., 2015). Studies on humans also show similar 

expression level of ICAM-1 in cortical blood vessels in aged and young brains (Miguel-

Hidalgo et al., 2007).

5.4.2. Aging exacerbates ischemia/reperfusion-induced BBB disruption—Age 

is the most important non-modifiable risk factor for stroke. The AHA reports that the chance 
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of having a stroke approximately doubles for each decade of life after age 55 (Mozaffarian et 

al., 2016). Profound changes occur in brain with aging which render the BBB more 

susceptible to ischemia/reperfusion injury, e.g. arterial remodeling, activation of glial cells, 

and apoptosis (Diaz-Otero et al., 2016; Roussel et al., 2009). In embolic MCAO models 

involving tPA-mediated reperfusion, BBB breakdown evaluated by plasma albumin 

extravasation occurs early and is increased nearly two-fold in 18-month-old aged compared 

to 3-month-old young rats (DiNapoli et al., 2008). This enhanced BBB breakdown precede 

and is associated with larger infarcts, reduced functional recovery and more severe neuronal 

injury (DiNapoli et al., 2008). TJ changes, i.e. the phosphorylation and disassembly of both 

claudin-5 and occludin, may underlie exacerbated BBB disruption in aged mice after 

ischemia/reperfusion (Kaur et al., 2011). However, a more recent ultrastructural analysis of 

the BBB using electron microscopy indicates that transcellular pathway by EC caveolae/

vacuoles, rather than TJ protein loss, accounts for BBB changes in both young (3–4 months 

old) and aged (18 months old) mice within the first 72 hours after photothrombotic stroke 

(Nahirney et al., 2016).

To date, the majority of basic and preclinical studies on BBB dysfunction after stroke are 

based on young animals. Although certain common mechanisms involved in post-stroke 

BBB breakdown are shared by young and aged subjects, e.g. endoplasmic reticulum stress, 

ROS and glutamate excitotoxicity (Curcio et al., 2016; Lucke-Wold et al., 2014), treatment 

against BBB breakdown in aged brains may not be as efficient as in younger brains due to 

the confounding effects of aging. A recent study reported differential effects of 

erythropoietin, where ischemia-induced BBB breakdown and neuronal loss can be rescued 

by erythropoietin in young animals but not in aged littermates (Theriault et al., 2016). In 

summary, BBB hyperpermeability after stroke in aged subjects can be much earlier and 

more severe than in young subjects. Age is an important parameter in stroke pathogenesis 

and should be taken into consideration in future studies developing therapeutic strategies to 

protect the BBB after stroke.

5.5. Gender

Gender differences are well known in ischemic stroke and may impact the efficacy of stroke 

treatments (Ahnstedt et al., 2016). Clinically, women have a lower risk for stroke before 

menopause compared to men of similar age (Lisabeth and Bushnell, 2012). The risk is 

substantially elevated after menopause in women with usually poorer outcome than in men, 

coincident with subsiding circulating estrogen and progesterone levels (Wenger et al., 1993). 

Recovery of neurological functions in response to tPA therapy after ischemic stroke is also 

different between men and women (Kent et al., 2005). All these suggest that gender 

differences should be taken into consideration when investigating ischemic brain injury, 

including BBB dysfunction.

5.5.1. Gender-related changes of the BBB—Changes in BBB integrity in response to 

different stimuli vary among males and females as a result of the influence of reproductive 

hormones. Estrogen declines during aging in female mice with a concomitant increase of 

gonadotropins, which is associated with increased BBB permeability compared to young 

adult female mice (Bake and Sohrabji, 2004; Wilson et al., 2008). Upon LPS-induced 
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transient inflammation, BBB integrity is compromised in adult young male mice but not in 

young females (Maggioli et al., 2016). This BBB protection in young females is likely 

mediated by estrogen, as similar BBB breakdown is observed in old, reproductively 

senescent females or ovariectomy-operated young females, and can be rescued by estradiol 

replacement (Maggioli et al., 2016).

TJ proteins and their regulators are believed to be major sites where estrogen affects BBB 

permeability. Thus, estradiol treatment increases TEER in cultured brain ECs and 

upregulates claudin-5 (Burek et al., 2010). Annexin A1, a central modulator of TJ integrity, 

is diminished in aged females and dramatically upregulated by estradiol, and may underlie 

the gender difference of BBB integrity after LPS-induced inflammation (Maggioli et al., 

2016). Ovariectomy in 3-month-old female mice induces extravasation of Evans Blue into 

brain (Wilson et al., 2008). The expression and localization of microvascular ZO-1 is not 

altered by ovariectomy, but there is a redistribution of a gap junction protein connexin-43 at 

the endothelium (Wilson et al., 2008). Instead of reduced serum estrogen, elevated serum 

gonadotropins may account for these changes, as they are abolished by a gonadotropin-

releasing hormone (GnRH) agonist leuprolide acetate (Wilson et al., 2008).

5.5.2. Gender differences in BBB permeability changes after stroke—BBB 

permeability differences after ischemic stroke between male and female is largely mediated 

by estrogen. Estrogen elicits a cascade of protective mechanisms in the NVU after ischemic 

insults, including cerebrovascular dilation and improved blood flow (Hurn et al., 1995; 

Mendelsohn and Karas, 1994), suppression of inflammation (Mori et al., 2004; Wen et al., 

2004), and upregulation of cellular pro-survival mediators (Alkayed et al., 2001; Vagnerova 

et al., 2008; Xu et al., 2006), all of which may have beneficial effects on the BBB. In 

cultured brain ECs after OGD/reperfusion, estrogen improves mitochondrial efficiency, 

reduces free radical production and enhances cell survival (Guo et al., 2010). In animal 

models, estrogen treatment ameliorates ischemia-induced BBB disruption and edema 

formation through multifaceted actions (Liu et al., 2005; O’Donnell et al., 2006). Na+-K+-Cl
− cotransporter activity in brain ECs is reduced by estradiol treatment before MCAO, leading 

to less Na+ and Cl− transport from blood to brain and subsequent edema formation 

(O’Donnell et al., 2006). Estradiol also inhibits the transcription and activity of MMPs and 

attenuates associated junctional protein degradation after ischemia (Liu et al., 2005; Na et 

al., 2015). The protective effects of estrogen are possibly via estrogen receptors (ERs), 

which include both classical ERs (ERα and ERβ) and non-classical ER (G protein-coupled 

estrogen receptor 1, GPER-1) (Schreihofer and Ma, 2013). ERα- and ERβ-specific agonists 

reduce TJ disruption in cultured brain ECs after OGD, but the role of GPER-1 in ischemia-

induced BBB disruption remains unclear (Shin et al., 2016). In mouse MCAO, an ERβ-

selective agonist reduced the expression of VEGF and its inducer HIF-1α, thereby 

alleviating VEGF-induced TJ disruption and BBB breakdown (Shin et al., 2016; van 

Bruggen et al., 1999; Zhang et al., 2000).
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6. Blood-brain barrier recovery and repair

6.1. Time course of recovery

Multiple studies have examined the time course of BBB permeability after ischemic stroke 

in rodents (e.g. (Lin et al., 2008; Moisan et al., 2014; Strbian et al., 2008)). These have 

shown a peak in permeability in the acute/subacute phase of stroke (~1–7 days) followed by 

a gradual reduction. However, it should be noted that studies have still found BBB 

hyperpermeability 3–4 weeks after ischemia (Lin et al., 2008; Moisan et al., 2014; Strbian et 

al., 2008) indicating there can be long-term derangement in barrier function. Indeed in 

human stroke patients, there is evidence that there may be low level BBB dysfunction at one 

month (Liu et al., 2013). Such long-term dysfunction may lead to neuroinflammation which, 

in turn, may increase the propensity for stroke recurrence.

Longer-term studies on barrier function in vitro have focused on OGD with reoxygenation 

rather than OGD alone. In endothelial monocultures, such studies have generally shown 

rapid (hours) recovery of barrier function during the reoxygenation phase (Andjelkovic et 

al., 2003; Kuntz et al., 2014a). However, that recovery time course is impacted by co-culture 

with other elements of the NVU. Thus, Kuntz et al. found that endothelial/astrocyte co-

cultures had enhanced barrier permeabilities at 24 hours after reoxygenation compared to 

endothelial cells where astrocytes were absent in the reoxygenation phase (Kuntz et al., 

2014b). Dimitrijevic et al. also reported longer term (48 hours) barrier disruption after OGD 

+ reoxygenation in endothelial/astrocyte co-cultures (Dimitrijevic et al., 2006). These results 

suggest that factors secreted by astrocytes can delay BBB recovery after OGD.

It should also be noted that inflammation plays a role in long-term BBB dysfunction after 

stroke in vivo (see Section 3.4). Thus, the general absence of microglia and leukocytes in in 
vitro models may alter (compress) the time course of recovery. In addition, in vivo, a number 

of co-morbidities (such as diabetes and hypertension) impact BBB dysfunction after stroke 

(see Section 5). The effects of such co-morbidities are difficult to model in vitro.

6.2. Mechanisms underlying BBB recovery after stroke

Multiple processes may be involved in the restoration of BBB permeability after stroke (Fig. 

4). As described above, ischemic brain injury results in the production of many factors (e.g. 

ROS, cytokines, chemokines and VEGF-A) in the brain which can induce BBB 

hyperpermeability. For many factors, the production peaks in the acute/subacute phase after 

ischemia (Fagan et al., 2004) and falling levels during stroke recovery may help restore 

barrier function. For example, exposure to the chemokine CCL2 induces hyperpermeability 

in brain endothelial monolayers by causing the internalization of TJ proteins from the cell 

membrane. Removal or neutralization of CCL2 results in the return of those junction 

proteins to the cell membrane and normalization of permeability (Stamatovic et al., 2009).

A crucial control point that regulates barrier breakdown versus barrier recovery after TJ 

protein internalization is at the level of the early endosomes. There proteins may be sorted 

towards late endosomes and degradation or towards recycling endosomes and return to the 

plasma membrane with barrier restoration (Stamatovic et al., 2017). There is still relatively 

little known about how these processes are controlled at the BBB and such regulation may 
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be particularly important in the response to transient ischemia (long-term barrier disruption 

or rapid recovery). Studies on a variety of barrier tissues do, however, pinpoint three crucial 

types of regulation: a) proteins involved in membrane trafficking, particularly the Rab family 

of small GTPases; b) cell signaling pathways; c) sorting signals within the TJ protein itself 

(Stamatovic et al., 2017). Understanding this regulation and redirecting TJ proteins to the 

plasma membrane may be a fruitful line of research for promoting barrier restoration. BBB 

damage can upregulate angiogenic growth factors in an attempt to salvage and repair the 

ischemic penumbra (Beck and Plate, 2009). ECs are the main targets in angiogenesis, a 

process regulated by several signaling pathways. Those include activation of the VEGFR-2 

receptor and its downstream effectors Ras/Raf/MEK, the PI3K-AKT/PKB pathway and the 

p38/MAPK-HSP27 pathway. These pathways promote EC proliferation, survival and 

migration (Suzuki et al., 2016). Increased production of endothelial nitric oxide synthase 

(eNOS) accompanies the increase in VEGF expression and benefits angiogenesis (Chen et 

al., 2005). The increased eNOS activity causes a marked release of NO, inducing vessel 

dilation and fostering vessel remodeling (Lapi et al., 2013; Veltkamp et al., 2002). 

Activation of EC integrin matrix receptors, such as αvβ3, also plays an important and 

therapeutically significant role in angiogenesis after ischemic brain injury (Abumiya et al., 

1999; Guell and Bix, 2014).

As well as brain-derived factors that induce barrier hyperpermeability, there are factors that 

restore/stabilize BBB permeability, such as angiopoietin-1 (Ang-1), sphingosine-1-

phosphate and activated protein C (Rodrigues and Granger, 2015; Siddiqui et al., 2015). 

Ang-1 has a delayed increase in expression after stroke, and this upregulation may 

contribute to barrier repair (Moisan et al., 2014). Exogenous Ang-1 can reduce the acute 

BBB disruption linked to tPA-induced reperfusion (Kawamura et al., 2014), but the effects 

of such a treatment on normal BBB restoration after stroke has not been directly examined. 

While Ang-1 maintains endothelial cells in a quiescent state, promoting cell-cell and cell-

extracellular matrix interactions, another angiopoietin, Ang-2, destabilizes vascular 

endothelial cells and promotes angiogenesis (Rubio and Adamis, 2016). Ang-1 and -2 have 

generally antagonistic actions at the Tie-2 receptor (Rubio and Adamis, 2016) and the 

relative expression of these angiopoietins impacts BBB permeability (Moisan et al., 2014).

Two processes that may also contribute to the restoration of BBB permeability after stroke 

are degeneration of damaged leaky vessels (Yoshida et al., 1989) and the formation of new 

vessels (angiogenesis) (Prakash and Carmichael, 2015). Such vascular remodeling lasts for 

up to three weeks after ischemia and it is associated with improved outcome following 

stroke (Lapi and Colantuoni, 2015). The effect of angiogenesis long-term is to increase 

blood flow to the ischemic brain which will aid in reducing brain-derived factors that 

enhance BBB permeability. Activated Shh signaling in astrocytes can also strengthen the 

BBB by upregulating TJ proteins, decreasing the expression of pro-inflammatory mediators 

and reducing leukocyte adhesion and migration (Alvarez et al., 2011; Wang et al., 2014). 

However, factors that promote angiogenesis, such as VEGF-A and Ang-2, can also cause 

barrier hyperpermeability (Nag et al., 2011; Rubio and Adamis, 2016).

Another process that may contribute to BBB structural repair after stroke is the integration 

of progenitor cells into the damaged cerebrovasculature. Such cells can home to sites of 
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injury and, as well as directly integrating into the endothelium and surrounding tissue, they 

secrete factors that promote angiogenesis and barrier repair (Pu et al., 2016; Tenreiro et al., 

2016). Administration of human umbilical cord blood cells to diabetic rats after MCAO 

decreased BBB hyperpermeability, promoted vascular remodeling and reduced brain injury 

and functional deficits, effects which were at least in part mediated by Ang-1 (Yan et al., 

2014).

Recent studies also highlight the role of microglia/macrophages in vessel repair after injury. 

Using in vivo time-lapse imaging, Liu et al. examined vascular repair in a zebrafish 

cerebrovascular rupture model with laser-induced lesions with two endothelial ends (Liu et 

al., 2016a). Macrophages migrated to the lesion site, extended filopodia/lamellipodia that 

attached to the endothelium, and pulled and ligated the endothelial ends together, thereby 

repairing the rupture (Liu et al., 2016a). While the majority of the repairing macrophages 

were resident microglia, peripheral macrophages also participated in this process. Similarly 

in a mouse laser model of capillary injury, local BBB opening was repaired by juxtavascular 

microglia through P2RY12 activity [purinergic receptor P2Y, G-protein coupled, 12] (Lou et 

al., 2016). Information on the phenotype of these repairing microglia and whether such 

repair occurs in more widespread injuries (e.g. MCAO) remains lacking and warrants further 

investigation.

6.3. Therapeutic approaches to enhance recovery

One potential approach to enhance BBB repair after stroke is to reduce the signals (such as 

inflammatory mediators) that induce hyperpermeability. In this regard, the agents that have 

been most extensively examined for their potential to tighten the BBB are the 

glucocorticoids. In brain tumors, dexamethasone is a mainstay for the treatment of edema 

due to reductions in BBB permeability that are probably linked to effects on inflammation 

and TJ protein expression (Kotsarini et al., 2010). While there is some preclinical evidence 

that dexamethasone can reduce BBB permeability and brain edema after stroke (Betz and 

Coester, 1990), dexamethasone has undergone multiple clinical trials in both ischemic stroke 

and intracerebral hemorrhage without evidence of benefit on patient outcome (Poungvarin, 

2004). This lack of benefit maybe due to the side-effects of dexamethasone but it may also 

reflect degradation of the glucocorticoid receptor limiting the effects of the glucocorticoid 

after stroke. Kleinschnitz et al. found that co-administration of a proteasome inhibitor, 

Bortezomib, with dexamethasone resulted in reduced BBB permeability and brain edema 

(Kleinschnitz et al., 2011).

The use of steroids is not the only potential method to limit the inflammatory cascade 

induced by stroke. However, none of the anti-inflammatory approaches that have been 

examined clinically so far have improved outcome in stroke patients (Petrovic-Djergovic et 

al., 2016). While there are many potential reasons for this, it should be noted that 

inflammation can have beneficial as well as detrimental effects after stroke.

An alternate approach to accelerate BBB recovery after stroke may be to deliver, or enhance 

the expression of proteins that restore/stabilize BBB permeability, such as Ang-1. One 

potential problem with this approach is that Ang-1 may act via abluminal Tie-2 receptors 

requiring delivery of Ang-1 across the BBB.
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One potential way of obviating the need to deliver agents, such as Ang-1, to the endothelial 

abluminal membrane is to target downstream signaling within the endothelium. For 

example, phosphorylation of TJ proteins plays an important role in increased BBB 

permeability after stroke and neuroinflammation (see Section 3.2.1). Current studies have 

generally focused on acute treatment after stroke (e.g. (Takenaga et al., 2009; Willis et al., 

2010)) and whether inhibiting such TJ modification can accelerate BBB recovery after 

stroke merits more investigation. One mediator of TJ phosphorylation are the Rho kinases 

(Stamatovic et al., 2006) and a Rho kinase inhibitor, fasudil, inhibits BBB disruption after 

MCAO in mice (Gibson et al., 2014). Interestingly, fasudil has been used to improve long-

term barrier characteristics in the setting of cerebral cavernous malformations (McDonald et 

al., 2012; Stockton et al., 2010).

Another approach would be to try and modify the TJ protein expression directly. Tian et al. 

have overexpressed claudin-5 in retinal endothelial cells in culture using lentivirus and 

enhanced barrier properties (Tian et al., 2014). Whether such an approach could be used in 
vivo to accelerate BBB repair after stroke is, as yet, uncertain.

As noted above, there has also been interest in using progenitor cells to promote both 

angiogenesis and barrier repair after stroke (Pena and Borlongan, 2015; Tenreiro et al., 2016; 

Yan et al., 2014). The pluripotent effects of such cells and the fact that they may be 

replicating/enhancing an endogenous response are advantages with such an approach. If 

these cells do integrate into the endothelium long-term, the extent to which they fully 

replicate the endothelium of the mature BBB should be investigated.

In summary, studies have begun to delineate important pathways regulating BBB restoration 

following stroke. However, several factors complicate manipulating those pathways to 

improve outcome. There is a need to balance barrier restoration and angiogenesis. In 

addition, many of the pathways have beneficial as well as detrimental aspects after stroke. 

Therapeutic approaches will likely have to vary with time and stroke severity.

7. Novel tools for blood-brain barrier research

The pathogenesis of BBB dysfunction and therapeutic strategies targeting the BBB have 

received increasing attention in stroke research, and emerging novel research tools may 

greatly facilitate such investigations. Current advanced imaging techniques enable non-

invasive, real-time quantitative and functional assessments of the BBB with improved spatial 

resolution. More accurate spatial and temporal gene manipulation can be achieved in vivo 
using various genetic mouse models, while in vitro model systems are being refined to better 

reflect the in vivo BBB interface. Certain tools have already been employed in stroke BBB 

research, whereas others may launch a new era of BBB research with their application.

7.1. Advanced imaging techniques

Non-invasive molecular imaging modalities, such as MRI and positron emission tomography 

(PET), are widely used in animal-based studies as well as clinical applications to assess 

BBB structure and function. Changes in BBB integrity can be identified at an early stage 

after ischemic stroke using these techniques, which serve as not only a diagnostic indicator 
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but also a predictor of later outcome (e.g. hemorrhagic transformation), thereby instructing 

the thrombolytic therapies (Kassner et al., 2009; Latour et al., 2004). The basis of imaging 

BBB integrity is to measure the brain uptake of a contrast agent or tracer that does not pass 

the BBB under physiological conditions. A commonly used MRI approach is T1-weighted 

imaging to follow the extravasation of paramagnetic gadolinium-based contrast agents 

across the impaired BBB (Grillon et al., 2008; Janowski et al., 2016; Knight et al., 2009; 

Song et al., 2016). High-resolution dynamic contrast-enhanced MRI further allows more 

sensitive and quantitative detection of BBB opening (Huang et al., 2016b). Researchers are 

now able to identify BBB hyperpermeability in different hippocampal subregions associated 

with normal human aging (Montagne et al., 2015). PET determines BBB permeability by the 

tissue uptake of tracers radiolabeled with short-lived positron emitting isotopes (Okada et 

al., 2015a), featuring higher sensitivity but lower spatial resolution compared to MRI 

(Venneti et al., 2013). Using appropriate substrates, PET can also non-invasively measure 

the function of BBB P-gp in patients (Bauer et al., 2015; Syvanen and Eriksson, 2013; 

Toyohara, 2016).

In animals, real-time in vivo imaging can be acquired by two-photon microscopy, which 

captures time-dependent vascular activities and dynamic cell-cell interactions that occur at 

the neurovascular network. Application of two-photon microscopy at the BBB interface is 

usually based on fluorescent labeling of brain microvessels by intravascular fluorescent 

tracers injected into the vascular lumen. Depending on their molecular weight, fluorescent 

tracers can either be confined within the vascular lumen and outline the vessels, or leak into 

the brain parenchyma with BBB disruption (Verant et al., 2008). Alternatively, brain 

microvessels can be imaged in transgenic mice expressing EC-specific reporters. Two 

commonly used strains being the Tie2-GFP mice (Harb et al., 2013) and eGFP-Claudin5 

mice (Knowland et al., 2014).

Other recent methodologies for imaging the brain neurovascular network remain to be fully 

applied to BBB research. Clear Lipid-exchanged Acrylamide-hybridized Rigid Imaging 

compatible Tissue hYdrogel (CLARITY) is a newly developed method which converts large 

volumes of intact biological tissues into a hybrid form in which tissue components are 

replaced with exogenous elements for improved chemical and optical accessibility (Chung et 

al., 2013). The cleared brain facilitates fluorescent visualization, which, combined with 

endogenous fluorescent protein or immunostaining, extracts high-resolution three-

dimensional architecture of the vascular network from millimeter-thick tissue blocks 

(Phillips et al., 2016). Future application of this method could shed light on the 

abnormalities of brain microvasculature associated with stroke or its comorbid conditions.

Another recently introduced approach, optogenetics, allows temporally precise manipulation 

of defined cell populations in the neurovascular network in vivo. Recent studies have 

successfully manipulated EC function in mice expressing channelrhodopsin in ECs, where 

optical stimulation of heart and kidney ECs produced fast, reproducible and long-lasting 

vasoconstriction (Zhang et al., 2015b). Photoacoustic imaging (PAI) is another novel non-

invasive imaging technique which features supreme optical absorption and ultrasound spatial 

resolution and holds the potential for real-time biomedical imaging (Zhang et al., 2006). PAI 

can achieve several micrometers spatial resolution, and the maximum imaging depth is 500–
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600 μm from the surface of an intact skull, slightly less than the typical imaging depth of 

two-photon microscopy (600–800 μm) through a skull window (Hu et al., 2009). In vivo 
volumetric imaging of brain microvascular morphology down to single capillaries can be 

done using PAI (Hu et al., 2009). With different kinds of gold nanoparticles as contrast 

agents, PAI also provides a unique opportunity to detect the contrast enhancement caused by 

BBB hyperpermeability (Wang et al., 2012).

7.2. Genetically engineered mouse models

The availability of various genetic mouse models has greatly facilitated understanding of 

developmental, physiological and pathophysiological BBB regulation. In earlier studies, 

conventional genetic mouse models were widely used for gene silencing and revealed the 

participation of different mechanisms in ischemia-induced BBB dysfunction. Examples 

include the role of TJ proteins (Nitta et al., 2003; Saitou et al., 2000), MMPs (Asahi et al., 

2000), transcytosis (Drab et al., 2001; Knowland et al., 2014), EC-leukocyte interactions (Jin 

et al., 2010) and inflammation (Strecker et al., 2013). However, conventional gene mutation 

can lead to embryonic lethality or infertility. It lacks temporal and cell type-specific control, 

which is improved in models based on Cre-Lox recombination (Nagy, 2000). Often used Cre 

mouse strains with EC-specific promoters include Tie2-Cre, Tie1-Cre, VE-cadherin-Cre 

(Alva et al., 2006; Gustafsson et al., 2001; Kisanuki et al., 2001). The main differences 

among these strains are in the expression time of Cre during embryonic development, as 

well as the targeted cell populations besides ECs. A commonly encountered problem with 

these strains is the “leaky” expression of Cre in cells of hematopoietic lineage (Gustafsson et 

al., 2001; Kisanuki et al., 2001); caution should be taken when drawing conclusions about 

EC-specific mechanisms, where an observed phenomenon could result from the irreversible 

deletion of floxed alleles in hematopoietic precursors at embryonic stages. This problem is 

partially resolved with the development of CreERT2 strains, e.g. Tie2-CreERT2 (Forde et 

al., 2002) and VE-cadherin-CreERT2 (Monvoisin et al., 2006), in which Cre is fused to a 

modified estrogen receptor and only targeted to the nucleus upon injection of tamoxifen 

(Feil et al., 1997). Another Slco1c1-CreERT2 strain, using the locus of solute carrier organic 

anion transporter 1c1 (Slco1c1, SLC21A14) as the CreERT2 insertion site, was reported to 

selectively target brain ECs and choroid plexus epithelial cells but not ECs in peripheral 

organs (Ridder et al., 2011). One caveat remains with the CreERT2 system, however, that the 

efficiency of Cre recombination may be compromised when tamoxifen is given during 

adulthood compared to embryonic or neonatal mice (Monvoisin et al., 2006). There are also 

various reporter lines engineered to express endogenous fluorescent proteins under the 

control of EC-specific promoters, which allows imaging in live animals and fixed tissues 

(see Section 7.1). For a detailed inventory of Cre and reporter strains targeting ECs or other 

cell types of the NVU, see recent reviews (Hartmann et al., 2015; Sohet and Daneman, 

2013).

7.3. In vitro model systems

In vitro BBB model systems are being improved to better reflect the BBB interface, taking 

into consideration the crosstalk among various types of cells in the NVU and the impact of 

shear stress on the BBB. Early in vitro BBB studies largely relied on simple models, such as 

isolated brain microvessels (Joo, 1985) or culture of brain-derived ECs (Deli et al., 2005). 
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Transwell systems allowed coculture of ECs and other types of cells in the NVU (e.g. 

astrocytes and pericytes), as well as transmigration of peripheral cells (Hayashi et al., 2004; 

Hurwitz et al., 1993). However, these two-dimensional BBB models could not supply the 

three-dimensional cell-cell interactions needed for appropriate EC differentiation, including 

polarization and appropriate transporters expression (Hopkins et al., 2015; Lyck et al., 2009; 

Worzfeld and Schwaninger, 2016). This drawback is partially improved by the more recently 

devised three-dimensional models based on matrigel (Davis et al., 2007) or spheroids (Urich 

et al., 2013), with or without the support of ECM scaffolding, respectively. Other 

microfluidic systems allow cells to be perfusion-cultured, with the support of three-

dimensional cell-cell and cell-matrix interactions and influence of shear stress (e.g. (Toh et 

al., 2007)).

Failures to translate promising animal therapeutic studies to successful clinical trials have 

raised questions over potential species differences. It is, therefore, important that human in 
vitro BBB models be developed. Recently, Shusta and colleagues have used human induced 

pluripotent stem cells (iPSCs) to generate brain endothelial cells and other NVU cells (Li et 

al., 2015b; Lippmann et al., 2014; Lippmann et al., 2012). They have been used to create 

humanized in vitro BBB models with TEERs close to those in vivo (Lippmann et al., 2014). 

The use of human iPSCs may also allow generation of patient-specific BBB models (e.g. to 

examine how genetic mutations alter the response to ischemic conditions).

Advances in in vitro modeling are expected to reproduce many of the key BBB properties, 

such as polarized ECs with luminal and abluminal transport systems, which exert functional 

efflux, metabolic and catalytic mechanisms as well as enhanced barrier tightness (Helms et 

al., 2016; Naik and Cucullo, 2012; Ruck et al., 2015). Such models will facilitate 

mechanistic understanding of how ischemia-like conditions impact cerebral ECs, 

interactions within the NVU and EC-leukocyte interactions.

8. Future perspectives and translation

Over the past decade, there has been marked increase in our understanding of normal BBB 

and NVU functions and how those are impacted by stroke. There remain, however, 

substantial facets of BBB endothelial biology that are poorly understood. For example, the 

dynamic behavior of TJ proteins has been intensively investigated in epithelial and 

endothelial cells of peripheral organs (Stamatovic et al., 2017). The internalization of TJ 

proteins from the cell membrane, and subsequent trafficking, recycling and degradation of 

these proteins, represent important regulation of TJ plasticity and barrier properties 

(Stamatovic et al., 2017). Cell-specific proteins and signaling pathways involved in such 

processes, and how these influence EC and barrier responses should be considered in future 

BBB studies, which may provide insights allowing modulation of BBB permeability and 

facilitation of drug delivery to the CNS.

Multiple potential therapeutic targets have been identified from the present BBB research, 

the ultimate goal of which is translation to the clinic. Many agents have shown preclinical 

therapeutic efficacy in protecting against ischemic stroke, including BBB protection, yet 

none of them has been successfully translated to clinical use. Multiple factors may 
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contribute to this failure, including limitations in preclinical stroke models. The most widely 

used animal model, MCAO, does not cover all types of clinical ischemic stroke. 

Furthermore, only a small portion of studies employ post-ischemic reperfusion and the use 

of tPA. Suitable stroke models that mimic the cellular and molecular mechanisms of 

thrombosis and thrombolysis are warranted in future research. The use of the embolic 

cerebral ischemia model, using a fibrin-rich allogeneic clot to occlude the MCA followed by 

tPA thrombolysis (Zhang et al., 2015a), may help fill this gap. However, there remain 

pertinent disadvantages with this model. Intravascular introduction of emboli can result in 

multifocal ischemia with significant variability in infarct size and location because dried 

blood clots do not adhere to the blood vessel. Moreover, the thrombosis and aging of the 

thrombus in vitro differ from in vivo, which may affect the time window for thrombolysis 

(Ma et al., 2016).

Another reason that may underlie the failure to translate preclinical results to the clinic 

relates to stroke risk factors and comorbid conditions. These may either lessen therapeutic 

effects or provide new therapeutic opportunities. For example, VEGF-R2 inhibition appears 

to provide stroke recovery in type I diabetic mice but fails to protect nondiabetic mice 

(Reeson et al., 2015). These data stress the importance of developing personalized therapies 

for patients with different co-morbidities.

Future preclinical research should also take into consideration the multiple cell types in the 

NVU and the influence of peripheral systems on the NVU. For example, the gut microbiota 

has a profound impact on many biological functions in the body, such as metabolism and 

immune responses (Hooper et al., 2012), but also brain development and function (Diaz 

Heijtz et al., 2011) and the outcome of ischemic stroke (Benakis et al., 2016; Winek et al., 

2016). Furthermore, Braniste et al. recently found that germ-free mice free display increased 

BBB permeability compared to mice with normal gut flora, beginning with intrauterine life 

and maintained until adulthood with reduced expression of occludin and claudin-5 (Braniste 

et al., 2014). Although there is no direct evidence of gut microbiota regulating BBB after 

ischemic stroke, studies on gut-brain communication may provide strategies for developing 

new therapeutics.

Finally, it is reasonable to propose that strategies that can promote BBB restoration and 

repair after ischemic stroke will improve the functional recovery and patient outcome. Long-

term endothelial and BBB repair can be achieved through angiogenesis and division of ECs. 

The potential of other cells to facilitate vessel repair (e.g. microglia/macrophages (Liu et al., 

2016a)) warrants further study.
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Abbreviations

ABC ATP-binding cassette

AJ adherens junction

Ang angiopoietin

ApoE apolipoprotein E

AQP4 aquaporin 4

BBB blood-brain barrier

cAMP cyclic AMP

CSF cerebrospinal fluid

EAAT excitatory amino acid transporter

EC endothelial cell

ECF extracellular fluid

ECM extracellular matrix

eNOS endothelial nitric oxide synthase

ER estrogen receptors

GDNF glial cell-derived neurotrophic factor

GLUT1 glucose transporter isoform 1

GPER-1 G protein- coupled estrogen receptor 1

HFD high fat diet

HIF hypoxia-inducible factor

HMGB1 high-mobility group box1

ICAM intercellular adhesion molecule

IL interleukin

iPSC induced pluripotent stem cell

JAM junctional adhesion molecule

LAT L-type amino acid transporter

LDL low-density lipoprotein

L-NAME Nω-Nitro-L-arginine methyl ester

LPS lipopolysaccharide
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MAPK mitogen-activated protein kinase

MCAO middle cerebral artery occlusion MCAO

MCP1 monocyte chemoattractant protein 1

MIF Macrophage migration inhibitory factor

MMP metalloproteinase

MRI magnetic resonance imaging

NO nitric oxide

NOS nitric oxide synthase

NVU neurovascular unit

OGD oxygen glucose deprivation

PAI photoacoustic imaging

PDGFR platelet-derived growth factor receptor

PECAM-1 platelet endothelial cell adhesion molecule 1

PET positron emission tomography

P-gp P-glycoprotein

PI3K phosphatidylinositide 3-kinase

PKC protein kinase C

ROCK Rho-associated protein kinase

ROS reactive oxygen species

shh Sonic hedgehog

SHR spontaneously hypertensive rat

SHRSP stroke-prone spontaneously hypertensive rat

SOD superoxide dismutase

TEER transendothelial electrical resistance

TGFβ Transforming growth factor beta

TJ tight junction

TNF tumor necrosis factor

tPA tissue plasminogen activator

Treg regulatory T-cells
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VCAM vascular cell adhesion protein

VEGF vascular endothelial growth factor

WKY Wistar Kyoto

ZO zonula occludens
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Fig. 1. Regulation of the movement of molecules between blood and brain by microvascular 
endothelial cells under physiological conditions
The junctional complexes between brain microvascular endothelial cells include tight 

junctions and adherens junctions. Major transmembrane proteins of the junctional 

complexes, such as claudins and occludin (tight junction), cadherins (adherens junction), and 

junctional adhesion molecules (JAMs), are normally linked to the actin cytoskeleton through 

plasma proteins zonula occludens (ZO), cingulin, and catenin. Paracellular free diffusion of 

water-soluble substances along the concentration gradient is highly restricted by tight 

junctions. Small lipophilic substances effectively diffuse across the endothelium through 

transcellular pathways. Low levels of transcytosis also occur in endothelial cells, either 

receptor dependent or receptor independent. An array of endothelial transporters is 

expressed and responsible for moving nutrients, such as glucose and amino acids. In 

addition, various ion transporters carrying Na+, K+, Cl−, HCO3
−, Ca2+ and other ions are 

involved in maintaining brain ion homeostasis.
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Fig. 2. Stepwise alterations of endothelial junctional proteins after ischemic brain injury
Ischemic insults activate a cascade of signaling in endothelial cells, leading to junctional 

protein alterations such as phosphorylation, translocation and degradation, each of which 

could increase BBB permeability and participate in the development of neurovascular injury. 

The phosphorylation of occludin, claudin-5 and ZO-1 can cause dissociation of the TJ 

complex and increase BBB permeability. Altered distribution of TJ proteins could result 

from increased endocytosis, as well as cellular tension transmitted through ischemia-induced 

actin stress fibers. Such protein translocation weakens the BBB and facilitate the degradation 

of TJs. TJ degradation could occur extracellularly through activity of MMPs, or 

intracellularly through proteasomes and lysosomes after ubiquitination. This is accompanied 

by the infiltration of peripheral immune cells, such as neutrophils and macrophages, which 

further exacerbates BBB breakdown after ischemia.
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Fig. 3. Modulation of blood-brain barrier permeability by different cell types after ischemic 
stroke
Cell-cell interactions in the neurovascular unit dictate the brain response to ischemic injury 

and influence BBB damage and repair. Pericytes respond quickly to an ischemic stroke and 

display characteristics that may be protective or detrimental, such as detachment from the 

microvessel walls, constriction, migration and accumulation. Furthermore, pericytes are able 

to differentiate into neural and vascular lineage cells after ischemia. Astrocyte swelling is 

another early response in the neurovascular unit after ischemia, due to increased uptake of 

glutamate and water. The swelled astrocytes compress vessels in the ischemic regions and 

exacerbate vascular hypoperfusion. Post-ischemic astrocytes also produce VEGF and MMPs 

that degrade TJs and the ECM. Microglia/macrophages undergo phenotypic polarization 

after ischemia, developing into pro-inflammatory and anti-inflammatory phenotypes. Pro-

inflammatory microglia/macrophages may promote BBB disruption, whereas anti-

inflammatory microglia/macrophages can facilitate post-stroke angiogenesis and 

inflammation resolution. Recent studies also suggest a role of microglia/macrophages in 

vessel repair after injury; two mechanisms proposed being through mechanical stretching 

and P2RY12 signaling.
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Fig. 4. Restoration of BBB permeability after stroke
In response to ischemic stroke, there is the release of multiple factors that enhance BBB 

permeability, e.g. ROS, inflammatory mediators and pro-angiogenic factors such as VEGF. 

Some of the restoration in barrier tightness with time after a stroke is related to reduced 

levels of those factors, but there is also an upregulation of mediators of barrier quiescence 

that enhance barrier properties, such as Ang-1. Those mediators can also serve (directly or 

indirectly) to diminish the effects of the factors enhancing barrier permeability (red lines). 

Progenitor cells may be directly (integration) or indirectly (mediator release) involved in 

barrier repair after stroke.
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Table 1

Selected chemical mediators that influence BBB integrity after ischemic stroke.

Category Name Effects on the BBB Mechanisms References

Inflammatory substance

Bradykinin Permeability ↑ 
TEER ↓

Action on EC B2- receptors; Ca2+-
dependent TJ redistribution

(Chen et al., 2016; Marcos-
Contreras et al., 2016; Unterberg 
et al., 1984)

Histamine Permeability ↑
AJ protein phosphorylation; 
elevation of intracellular Ca2+; 
disruption of EC adhesions

(Abbott, 2000; Andriopoulou et 
al., 1999; Lindsberg et al., 2010; 
Winter et al., 2004)

Thrombin
Permeability ↑ 
TEER ↓ Brain 
edema ↑

Cleavage and activation of protease-
activated receptors (PARs); 
activation of Src kinases and MMPs 
in ECs

(Hawkins et al., 2015; Hun Lee et 
al., 2015; Keep et al., 2014; Li et 
al., 2015a; Liu et al., 2010; 
Nguyen et al., 1999; Poggesi et 
al., 2016)

Substance P Permeability ↑ 
Brain edema ↑ TJ protein redistribution (Rodriguez et al., 2014; Turner et 

al., 2011)

Endothelin-1 Permeability ↑ 
Brain edema ↑

Oxidative stress; elevation of MMPs; 
TJ disruption

(Hostenbach et al., 2016; Hung et 
al., 2015; Leung et al., 2009; 
Zhang et al., 2013b)

Cytokine

TNF-α Permeability ↑ Oxidative stress; downregulation of 
TJ proteins

(Aslam et al., 2012; Basuroy et 
al., 2006; Forster et al., 2008)

IL-6 Permeability ↑ 
TEER ↓

Oxidative stress; PKC- dependent 
cytoskeletal rearrangement; TJ 
disruption

(Desai et al., 2002; Maruo et al., 
1992; Rochfort and Cummins, 
2015)

IL-1 Permeability ↑ Upregulation of ICAM-1; activation 
of MMPs; TJ disruption

(McCarron et al., 1993; Wu et al., 
2015; Yang et al., 2016a)

Neurotransmitter

Glutamate Permeability ↑ Phosphorylation, redistribution and 
disruption of TJ proteins (Andras et al., 2007)

NO Permeability ↑ 
Brain edema ↑ Upregulation of MMPs (Gu et al., 2012; Gursoy-Ozdemir 

et al., 2004)

Steroid

17β-estradiol Permeability ↓ 
Brain edema ↓

Downregulation of astrocytic AQP4; 
modulation of ion transporters; 
reduction of MMPs

(Liu et al., 2005; O’Donnell et al., 
2006; Rutkowsky et al., 2011)

Progesterone Permeability ↓ 
Brain edema ↓

Downregulation of AQP4; reduction 
of MMPs; preservation of TJs

(Arbo et al., 2016; Frechou et al., 
2015; Ishrat et al., 2010; Li et al., 
2015c; Won et al., 2014)

Other

ATP Permeability ↑ Activation of MMPs; TJ disruption (Yang et al., 2016a)

VEGF Permeability ↑
Phosphorylation, dislocation and 
downregulation of TJ proteins; 
enhancement of endocytosis

(Fischer et al., 2002; Horowitz 
and Seerapu, 2012)

HIF Permeability ↑ 
Brain edema ↑

Upregulation of VEGF; TJ 
disruption

(Chen et al., 2008; Zhang et al., 
2016c)
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