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      Abbreviations 

   ABC    ATP-binding cassette   
  ALK    Activin receptor-like kinase   
  APC    Activated protein C   
  AQP    Aquaporin   
  BBB    Blood–brain barrier   
  BCRP    Breast cancer resistance protein   
  CNS    Central nervous system   
  COX    Cyclooxygenase   
  EAAT    Excitatory amino-acid transporter   
  EPCR    Endothelial protein C receptor   
  GSH    Glutathione   
  GSSG    Glutathione disulfi de   
  H/R    Hypoxia/reperfusion   
  HMG-CoA    3-Hydroxy-3-methylglutaryl coenzyme A   
  JAM    Junctional adhesion molecule   
  Keap1    Kelch-like ECH-associated protein 1   
  MAGUK    Membrane-associated guanylate kinase   
  MAPK    Mitogen-activated protein kinase   
  MCAO    Middle cerebral artery occlusion   
  MCP    Monocyte chemoattractant protein   

mailto:pronald@email.arizona.edu
mailto:davistp@email.arizona.edu


46

  MDR    Multidrug resistance   
  MMP    Matrix metalloproteinase   
  MRP    Multidrug resistance protein   
  NO    Nitric oxide   
  NOS    Nitric oxide synthase   
  Nrf2    Nuclear factor E2-related factor-2   
  NVU    Neurovascular unit   
  OATP    Organic anion transporting polypeptide   
  PAR    Proteinase-activated receptor   
  P-gp    P-glycoprotein   
  RANTES    Regulated upon activation normal T-cell expressed and secreted   
  ROS    Reactive oxygen species   
  r-tPA    Recombinant tissue plasminogen activator   
  SGLT    Sodium–glucose cotransporter   
  SLC    Solute carrier   
  SOD    Superoxide dismutase   
  TEMPOL    4-Hydroxy-2,2,6,6-tetramethylpiperidine- N -oxyl   
  TGF    Transforming growth factor   
  TLR    Toll-like receptor   
  VEGF    Vascular endothelial growth factor   
  ZO    Zonula occluden   

1         Introduction 

 The blood–brain barrier (BBB) is an essential barrier system that separates the cen-
tral nervous system (CNS) from the circulation. It is formed by a monolayer of 
endothelial cells that limit brain uptake of xenobiotics in an effort to maintain cere-
bral homeostasis. The BBB is also a signifi cant obstacle to CNS drug delivery. In 
fact, several currently marketed drugs have limited or no effi cacy in the brain due to 
an inability to cross the BBB and attain therapeutic CNS concentrations [ 1 ]. Brain 
microvascular endothelial cells are not intrinsically capable of forming a “barrier.” 
Formation of the BBB requires coordinated cell–cell interactions and signaling 
from adjacent glial cells (i.e., astrocytes, microglia), pericytes, neurons, and extra-
cellular matrix [ 2 ]. Such an intricate relationship implies existence of a “neurovas-
cular unit (NVU).” During ischemic stroke, various NVU cell types are triggered by 
pathological stimuli. Understanding endothelial and glial cell responses that are 
involved in modifying the NVU/BBB in the context of stroke provides an opportu-
nity not only to protect BBB integrity but also to target these mechanisms for effec-
tive CNS drug delivery. In this chapter, we summarize BBB physiology including 
interactions with associated cell types/structures (i.e., glial cells, pericytes, neurons, 
extracellular matrix) of the NVU. Additionally, we highlight endothelial and glial 
cell mechanisms that contribute to BBB/NVU dysfunction. Finally, we provide 
insights on how such mechanisms can be targeted in an effort to protect BBB integ-
rity and/or optimize CNS drug delivery for stroke pharmacotherapy.  
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2     The Neurovascular Unit 

 The NVU consists of multiple CNS cell types/structures including brain microvascular 
endothelial cells, astrocytes, microglia, pericytes, neurons, and extracellular matrix 
[ 3 ]. The concept of the NVU emphasizes that the brain response to ischemic stroke 
occurs via coordinated interactions between these cell types [ 4 ,  5 ]. Decreased BBB 
functional integrity occurs prior to neuronal injury, which suggests that NVU dysfunc-
tion is directly linked to the BBB disruption observed in the setting of stroke [ 6 ,  7 ]. 

2.1     Components of the Neurovascular Unit 

2.1.1     Endothelial Cells and the Blood–Brain Barrier 

 CNS function requires precise regulation of the brain extracellular space. 
Additionally, metabolic demands of brain tissue are considerable and account for 
approximately 20 % of total oxygen consumption [ 8 ]. The interface between CNS 
and systemic circulation must possess mechanisms that can facilitate nutrient trans-
port, exactly regulate ion balance, and provide a barrier to potential toxins. This 
emphasizes a critical need for both physical and biochemical mechanisms that con-
tribute to BBB barrier properties. 

 The current understanding of BBB structure is based upon studies by Reese, 
Karnovsky, and Brightman in the late 1960s [ 9 ,  10 ]. Anatomically, BBB endothelial 
cells are demarcated by a lack of fenestrations, minimal pinocytotic activity, and 
presence of tight junctions [ 11 ]. Cerebral endothelial cells have elevated mitochon-
drial content that is required for transport of solutes into and out of the brain thereby 
contributing to maintenance of CNS homeostasis [ 12 ]. Several receptors, ion chan-
nels, and infl ux/effl ux transport proteins are expressed in brain microvascular endo-
thelial cells. Transporters are a critical BBB biochemical mechanism that are 
prominently involved in permitting brain entry of some substances while excluding 
accumulation of other substances in brain parenchyma [ 13 ].   

2.2     Molecular Characteristics of the BBB 

2.2.1     Tight Junction Protein Complexes 

 BBB endothelial cells are interconnected by tight junctions (Fig.  1 ), which are 
large multi-protein complexes maintained by direct contact with astrocytes [ 14 ]. 
Physiologically, tight junctions form a continuous, almost impermeable barrier 
that limits paracellular diffusion of blood-borne substances with the exception of 
small, lipid soluble molecules [ 11 ]. The high BBB transendothelial resistance 
(1500–2000 Ω cm 2 ) further restricts free fl ow of water and solutes [ 15 ]. BBB tight 

Glial Support of Blood–Brain Barrier Integrity: Molecular Targets for Novel…



48

junction formation primarily involves specifi c transmembrane proteins (i.e., junc-
tion adhesion molecules (JAMs), occludin, and claudins (i.e., claudin-1, -3, and 
-5)) that are linked to cytoskeletal fi laments by interactions with accessory proteins 
(i.e., zonula occluden (ZO)-1, -2, and -3) [ 16 ].

   Several JAM isoforms have been identifi ed at the mammalian BBB including 
JAM-1, JAM-2, and JAM-3 [ 3 ,  16 ]. JAMs regulate transendothelial migration of 
neutrophils and monocytes/macrophages [ 17 ,  18 ]. Loss of JAM protein expression 
is directly correlated with BBB disruption and injury [ 19 ]. Additionally, studies in 
an immortalized human brain endothelial cell line (hCMEC/d3) showed that infl am-
matory stimulation led to increased JAM movement away from the tight junction 
and increased paracellular solute diffusion, which further suggests a central role for 
JAMs in maintaining BBB integrity [ 20 ]. 

 Monomeric occludin is a 60- to 65-kDa protein that is highly expressed along 
endothelial cell margins in brain vasculature [ 21 ,  22 ]. Our group has shown that 
occludin is a critical regulator of BBB permeability in vivo [ 21 ,  22 ]. Occludin 
assembles into dimers and higher-order oligomers, a characteristic that is required 
for restriction of paracellular permeability. Altered occludin expression is associ-
ated with BBB dysfunction in several pathologies including hypoxia/aglycemia 
[ 23 ], hypoxia/reoxygenation stress [ 22 ], and focal cerebral ischemia [ 24 ]. 

 Claudins are 20- to 24-kDa proteins that contribute to the physiological “seal” of 
the tight junction [ 25 ]. In cerebral microvascular endothelial cells, various claudin 
isoforms have been detected including claudin-1, -3, and -5 [ 24 ,  26 – 28 ]. In 
 experimental stroke models [ 19 ,  29 ], altered expression of claudin-5 and an associated 

  Fig. 1    Basic molecular organization of tight junction protein complexes at the blood–brain bar-
rier. Adapted from Ronaldson & Davis.  Curr Pharm Des.  18(25): 3624–3644 (2012)       
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enhancement in paracellular permeability has been reported. Claudin-1 expression 
was shown to decrease at the in vivo BBB following exposure to human amyloid-β 
(Aβ 40 ) peptide [ 30 ]. Aβ deposition at the BBB is characteristic of cerebral amyloid 
angiopathy, a pathological condition that contributes to microvascular injury includ-
ing hemorrhages and ischemia. 

 Proper physiological functioning of the BBB, particularly restriction of paracel-
lular solute transport, requires association of JAMs, occludin, and claudins with 
cytoplasmic accessory proteins. In brain microvascular endothelial cells, membrane- 
associated guanylate kinase-like (MAGUK) proteins are involved in clustering of 
tight junction protein complexes to the cell membrane [ 31 ]. Three MAGUK pro-
teins have been identifi ed at the tight junction: ZO-1, -2, and -3. ZO-1 links trans-
membrane tight junction proteins (i.e., JAMs, occludin, claudins) to the actin 
cytoskeleton [ 32 ]. Previous studies have shown that dissociation of ZO-1 from the 
junction complex is associated with increased permeability, suggesting that the 
ZO-1-transmembrane protein interaction is critical to tight junction stability and 
function [ 33 – 35 ]. ZO-1 has been shown to localize to the endothelial cell nucleus 
under conditions of proliferation or injury [ 36 ], following Ca 2+  depletion [ 37 ], and 
in response to nicotine [ 27 ]. Similarly, ZO-2 binds tight junction constituents, sig-
naling molecules and transcription factors [ 38 ]. In fact, ZO-2 may act redundantly 
with ZO-1 as it has been shown to facilitate formation of morphologically intact 
tight junctions in cultured cells lacking ZO-1 [ 39 ]. ZO-3 is expressed at the BBB 
but its exact role in the formation of tight junctions and/or maintenance of tight 
junction integrity has not been elucidated [ 40 ]. CNS pathologies including hypoxia, 
cerebral ischemia/reperfusion injury, and focal cerebral ischemia are associated 
with reduced ZO-1 expression at the BBB [ 41 – 43 ].  

2.2.2     Adherens Junctions 

 Adherens junctions are specialized cell–cell interactions, which are formed by cad-
herins and associated proteins that are directly linked to actin fi laments [ 44 ]. 
Cadherins regulate endothelial function by activation of phosphoinositide 3-kinase 
signaling, an intracellular pathway that organizes the cytoskeleton and enables com-
plex formation with vascular endothelial growth factor receptor 2. Therefore, 
cadherin- mediated signaling is essential for endothelial cell layer integrity and for 
the spatial organization of new microvessels [ 45 ]. Barrier-forming endothelium has 
been shown to express higher levels of cadherin-10 relative to VE-cadherin [ 46 ]. In 
contrast, circumventricular organs and choroid plexus capillaries (i.e., brain micro-
vasculature that is devoid of BBB properties) primarily express VE-cadherin [ 46 ]. 
Optimal cadherin function requires direct association with catenins. At least four 
catenin isoforms (i.e., β, α, χ, and p120) are expressed at the BBB, with β-catenin 
linking cadherin to α-catenin, which binds this protein complex to the actin cyto-
skeleton [ 47 ]. In vitro studies by Steiner and colleagues demonstrated that the hepa-
rin sulfate proteoglycan agrin also contributes to barrier properties of adherens 
junction by promoting localization of VE-cadherin and β-catenin to endothelial cell 
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junctions [ 48 ]. Paracellular expression of VE-cadherin and/or β-catenin is associ-
ated with BBB repair following focal astrocyte loss in vivo [ 49 ]. VE-cadherin 
expression was also decreased at the BBB in mice subjected to focal cerebral isch-
emia, suggesting that adherens junction disruption contributes to BBB dysfunction 
in the context of stroke [ 50 ].   

2.3     Transporters 

 For many endogenous and exogenous substances, proteins expressed at the BBB 
determine their ability to traverse biological membranes. Such transport proteins 
include ATP-binding cassette (ABC) transporters and solute carrier (SLC) trans-
porters [ 13 ]. In order to target transporters for optimization of pharmacotherapy, it 
is critical to understand localization (i.e., luminal versus abluminal), expression, 
and activity of endogenous transporters at the BBB endothelium (Fig.  2 ).

    ABC Transporters.  ABC transporters require biological energy via ATP hydrolysis to 
transport drugs and their metabolites against their concentration gradient. ABC drug 
transporters, specifi cally P-glycoprotein (P-gp), Multidrug Resistance Proteins 
(MRPs in humans; Mrps in rodents) and Breast Cancer Resistance Protein (BCRP in 

  Fig. 2    Endothelial localization of drug transporters known to be involved in transport of therapeu-
tic agents at the blood–brain barrier. Adapted from Ronaldson & Davis.  Curr Pharm Des.   18 (25): 
3624–3644 (2012)       
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humans; Bcrp in rodents) are involved in cellular extrusion of drugs and greatly con-
tribute to limiting effective therapeutic delivery to the brain. In general, P-gp trans-
ports cationic or basic and neutral compounds, whereas MRPs/Mrps are involved in 
cellular effl ux of anionic drugs as well as their glucuronidated, sulfated, and glutathi-
one-conjugated metabolites [ 13 ,  51 ]. BCRP/Bcrp has signifi cant overlap in substrate 
specifi city profi le with P-gp and has been shown to recognize a vast array of sulfo-
conjugated organic anions, hydrophobic, and amphiphilic compounds [ 52 ]. 

 P-gp is a 170-kDa ATP-dependent transporter that primarily functions as a 
defense mechanism against potentially toxic xenobiotics [ 53 ]. P-gp orthologues 
from different species have greater than 70 % sequence identity [ 53 ] and are encoded 
by closely related genes (i.e., multidrug resistance (MDR) genes), which have two 
isoforms in humans (MDR1, MDR2) and three isoforms in both mice (i.e., mdr1, 
mdr2, mdr3) and rats (i.e., mdr1a, mdr1b, mdr2). The human MDR2 gene and the 
murine/rodent mdr2 gene products are exclusively involved in hepatic transport of 
phosphatidylcholine. In contrast, human MDR1, murine mdr1/mdr3, and rodent 
mdr1a/mdr1b are involved in drug transport at the BBB endothelium. P-gp has been 
localized to both the luminal and abluminal membrane of brain microvascular endo-
thelial cells [ 54 ]. Abluminal localization of P-gp has also been identifi ed on perivas-
cular astrocyte foot processes [ 54 – 56 ]. Increased expression and/or activity of P-gp 
has been reported in hippocampal microvessels isolated from stroke-prone sponta-
neously hypertensive rats [ 57 ], which suggests that alterations in P-gp expression 
and/or activity may be a component of the BBB response to pathological stressors. 

 The mammalian MRP family belongs to the ABCC group of proteins [ 58 ]. Many 
of the functionally characterized MRP isoforms (i.e., MRP1/Mrp1, MRP2/Mrp2, 
MRP4/Mrp4, Mrp5, Mrp6) that have the potential to determine CNS drug delivery 
have been localized to the mammalian BBB [ 13 ,  16 ]. Additionally, the ability of 
Mrp isoforms to actively effl ux the endogenous antioxidant glutathione (GSH) may 
have signifi cant implications in stroke. GSH is responsible for maintenance of cel-
lular redox balance and antioxidant defense in the brain. It has been demonstrated 
that functional expression of Mrps is upregulated in response to oxidative stress, a 
primary component of stroke pathophysiology, which leads to increased cellular 
effl ux of GSH [ 59 ]. Enhanced functional expression of Mrp isoforms at the BBB 
can cause reduced brain and/or endothelial cell concentrations of GSH, an alteration 
in cellular redox status, and increased potential for cell injury and death. 

 Several recent studies have demonstrated localization of BCRP at the brain 
microvasculature, particularly along the luminal side of the BBB [ 60 ,  61 ]. In terms 
of transport activity, data from recent in vitro and in vivo studies are controversial. 
Although some studies have suggested that BCRP is not functional at the BBB [ 61 , 
 62 ] or plays a minimal role in xenobiotic effl ux from the brain [ 63 ], more detailed 
analyses have confi rmed that BCRP is a critical determinant of drug permeation 
across the BBB [ 64 ,  65 ]. More recently, oxygen/glucose deprivation was shown to 
increase the endothelial expression of Bcrp at the mRNA level in an in vitro BBB 
model [ 66 ]. In vivo, Bcrp mRNA expression was observed to be upregulated in the 
peri-infarct region following reversible middle cerebral artery occlusion (MCAO) 
[ 67 ]. The functional implications of increased Bcrp molecular expression at the 
BBB/NVU have yet to be determined in the context of stroke. 
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  Solute Carrier (SLC) Transporters:  In contrast to ABC transporters, membrane 
transport of circulating solutes by SLC family members is governed by either an 
electrochemical gradient utilizing an inorganic or organic solute as a driving force 
or the transmembrane concentration gradient of the substance actually being trans-
ported. Perhaps the most viable SLC candidates for transporter targeting are mem-
bers of the SLC21A/SLCO family, which includes organic anion transporting 
polypeptides (OATPs in humans; Oatps in rodents). OATPs/Oatps have distinct sub-
strate preferences for amphipathic solutes [ 68 ]. OATPs/Oatps are well known to 
transport 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibi-
tors (i.e., statins), which have been shown to exhibit neuroprotective and antioxidant 
properties [ 69 ,  70 ]. Studies in Oatp1a4(−/−) mice demonstrated reduced blood-to- 
brain transport of pitavastatin and rosuvastatin as compared to wild-type controls, 
which suggests that Oatp1a4 is involved in statin transport across the BBB [ 71 ]. 
Although OATP isoforms are expressed in several tissues, not all exist at the 
BBB. Immunofl uorescence staining of human brain frontal cortex demonstrated 
OATP1A2 localization at the level of the brain microvascular endothelium [ 72 ]. 
Expression of Oatp1a4, Oatp1c1, and Oatp2a1 has been reported at the rodent BBB 
[ 73 – 78 ]. Oatp1c1 is selectively expressed at the BBB [ 74 ], has relatively narrow 
substrate specifi city, and primarily transports thyroxine and conjugated sterols [ 75 , 
 76 ]. Oatp2a1 regulates BBB transport of prostaglandins [ 73 ]. It has been proposed 
that Oatp1a4, a rodent homologue of OATP1A2, is the primary drug transporting 
Oatp isoform expressed at the rat BBB [ 79 ,  80 ]. Recently, our laboratory demon-
strated that Oatp1a4 is a BBB transporter that can be effectively targeted for facilita-
tion of effective CNS drug delivery [ 77 ,  78 ].  

2.4     Astrocytes 

 Astrocytes are the most abundant cell type in the brain and cover over 99 % of cere-
bral capillaries with their end-feet [ 3 ,  81 ]. Astrocytes are critical in development 
and/or maintenance of BBB characteristics [ 14 ,  82 ,  83 ]. Astrocytes may be involved 
in transient regulation of cerebral microvascular permeability [ 84 ], in particular via 
dynamic Ca 2+  signaling between astrocytes and the endothelium via gap junctions 
and purinergic transmission [ 85 ,  86 ]. Additionally, astrocytes play an essential role 
in regulating water and ion exchange across the brain microvascular endothelium 
[ 87 ]. Astrocytes possess two high-affi nity transporters for uptake of glutamate, 
termed excitatory amino-acid transporter 1 and 2 (i.e., EAAT1 (i.e., GLAST) and 
EAAT2 (i.e., GLT-1)) that remove excess glutamate from the synapse [ 88 ]. Elevated 
brain levels of glutamate may lead to a pathological condition known as excitotoxic-
ity, which has been implicated in neuronal damage in ischemic stroke [ 89 ]. 
Additionally, astrocytes are known to express volume-regulated anion channels. 
These channels are involved in Ca 2+ -independent release of anionic amino acids 
(i.e., glutamate, aspartate, taurine) during conditions that cause astrocyte swelling 
such as cerebral hypoxia [ 90 ]. Astrocytes are also known to express transport 
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proteins including P-gp [ 91 ], MRP/Mrp isoforms [ 13 ,  59 ], and Bcrp [ 92 ]. The 
expression of multiple drug transporters in astrocytes suggests that these glial cells 
may act as a secondary barrier to CNS drug permeation. That is, the balance of 
transporters in astrocytes may either sequester drugs within the astrocyte cytoplasm, 
thereby preventing these compounds from reaching their site of action in the brain, 
or concentrate drugs in brain extracellular fl uid. Pharmacological agents within 
brain extracellular space can be effl uxed by active transport mechanisms at brain 
barrier sites or via “sink” effects of the CSF [ 51 ].  

2.5     Microglia 

 Microglia are derived from the monocyte lineage that represents approximately 
20 % of the total glial cell population within the CNS [ 93 ]. Under normal physio-
logical conditions, microglia exist in a quiescent state lacking endocytotic and 
phagocytotic activity. These microglia possess a ramifi ed morphology character-
ized by a small (5–10 μm) cell body and multiple radial cell processes extending 
from the cell body. Ramifi ed microglia are thought to contribute to CNS homeosta-
sis by participating in extracellular fl uid cleansing and neurotransmitter deactiva-
tion [ 51 ]. During disease or trauma, microglia may become activated and the 
degree of this activation is directly correlated to the type and severity of brain 
injury [ 94 ]. Activated microglia are identifi ed by their larger cell body and short 
cytoplasmic processes as well as upregulation of cell surface receptors such as 
CD14 and Toll-like receptors (TLRs) [ 95 ,  96 ]. During an immune response, acti-
vated microglia may be further converted into a reactive state, which is character-
ized by a spheroid or rod-like morphology and the presence of phagocytotic 
activity. Microglia activation and proliferation has been implicated in the develop-
ment of neuronal death in ischemic stroke and cerebral hypoxia [ 97 – 99 ]. 
Furthermore, activation of microglia is associated with dysfunction of the BBB 
characterized by changes in TJ protein expression and enhanced paracellular per-
meability [ 100 ]. When activated, microglia produce high levels of neurotoxic 
mediators such as nitric oxide and peroxide as well as infl ammatory cytokines (i.e., 
TNF-α), proteases, and complement components [ 94 ]. Excessive production of 
these substances may further lead to cell injury in the CNS characterized by astro-
cyte activation, further microglia activation, and neuronal cell death. 

 Microglia express several ion channels including multiple potassium, calcium, 
sodium, and chloride channels [ 101 ]. The expression patterns of these ion channels 
depend on the microglial functional state and are involved in a variety of physiologi-
cal functions including proliferation, ramifi cation, and maintenance of membrane 
potential, intracellular pH regulation, and cell volume regulation [ 102 ]. Glutamate 
receptors [ 103 ] and nutrient carrier systems such as GLUT-1 [ 104 ] are expressed in 
microglia. These cells also express membrane proteins involved in drug transport. 
Studies in a continuous rat microglia cell line (i.e., MLS-9) demonstrated functional 
expression of P-gp [ 91 ], Mrp1 [ 105 ], and Mrp4/Mrp5 [ 106 ].  
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2.6     Pericytes 

 In addition to glia, pericytes also play a crucial role in the maintenance of BBB 
homeostasis [ 107 ]. Pericytes are fl at, undifferentiated, contractile cells that attach at 
irregular intervals along the capillary walls and communicate with the other cell 
types of the NVU [ 108 ]. These cells, via secretion of pericyte-derived angiopoetin, 
induce expression of occludin at the BBB, which suggests that pericytes are directly 
involved in induction and/or maintenance of barrier properties [ 109 ]. Involvement 
of pericytes in induction of BBB properties is also exemplifi ed by the observation 
that proper localization of endothelial proteins (i.e., P-gp, utrophin) requires co- 
culture with pericytes [ 110 ]. Studies using adult-viable pericyte-defi cient mouse 
mutants demonstrated that pericytes are critical in maintaining expression of BBB- 
specifi c genes in endothelial cells (i.e., transferrin receptor) and by inducing polar-
ization of astrocyte end-feet adjacent to the cerebral microvasculature [ 111 ]. 
Additionally, MRP isoforms (MRP1, MRP4, MRP5) have been identifi ed in peri-
cytes in vitro, which implies that pericytes may contribute to regulation of BBB 
xenobiotic permeability and to CNS drug delivery [ 112 ].  

2.7     Neurons 

 Noradrenergic [ 113 ], serotonergic [ 114 ], cholinergic [ 115 ], and GABAergic [ 116 ] 
neurons have been shown to make distinct connections with other cell types of the 
NVU. The need for direct innervation of brain microvasculature comes from the 
dynamic nature of neural activity and the metabolic requirements of nervous tissue, 
implying that the cerebral microcirculation must be highly responsive to the needs of 
CNS tissue. Interestingly, disruption of BBB integrity induced by pathophysiological 
factors (i.e., infl ammation, hypertension, ischemia) often accompanies changes in 
cerebral blood fl ow and perfusion pressure [ 117 – 119 ] and there is evidence that such 
BBB opening may be a selective, compensatory event rather than a simple anatomical 
disruption. This implies that communication between neurons and the brain micro-
vasculature may not simply regulate blood fl ow, but BBB permeability as well.  

2.8     Extracellular Matrix 

 In addition to cellular components of the NVU, the extracellular matrix of the basal 
lamina also interacts with the BBB endothelium. Disruption of extracellular matrix 
is strongly associated with increased BBB permeability in pathological states 
including stroke [ 120 ,  121 ]. The extracellular matrix serves as an anchor for the 
endothelium via interaction of laminin and other matrix proteins with endothelial 
integrin receptors [ 122 ]. Matrix proteins can also infl uence expression of TJ pro-
teins [ 123 ,  124 ]. Proteolysis of extracellular matrix proteins is well known to occur 
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in response to stroke, an effect that greatly contributes to BBB disruption [ 125 ]. 
Additionally, protein fragments generated from extracellular matrix proteolysis 
(i.e., perlecan domain V) may have benefi cial effects in neuroprotection and post- 
stroke brain repair [ 125 ,  126 ].   

3     Ischemic Stroke 

3.1     Overview of Ischemic Stroke 

 Stroke is a leading cause of death and long-term disability in the United States. 
Every year, more than 795,000 Americans suffer from either a new or recurrent 
stroke, which averages one incidence of stroke every 40 s [ 127 ]. Of all strokes, 87 % 
are ischemic [ 127 ]. The annual cost of stroke rehabilitation in the United States is 
an estimated $34 billion [ 127 ]. Several factors have been identifi ed that increase 
risk of stroke including history of transient ischemic attacks, hypertension, impaired 
glucose tolerance and diabetes mellitus, atrial fi brillation, cigarette smoking, and 
low serum concentrations of HDL cholesterol [ 127 ]. 

 Stroke is characterized by a heterogeneous spectrum of conditions caused by 
interruption of blood fl ow supplying the brain [ 128 ]. Such a defi cit in cerebral blood 
fl ow causes an irreversibly damaged ischemic core and salvageable surrounding 
neural tissue known as the penumbra [ 129 ]. CNS energy requirements are met by 
brain uptake of oxygen and glucose, which are metabolized to enable phosphoryla-
tion of ADP to ATP. When blood fl ow to the brain is interrupted during  stroke, the 
ischemic core is quickly deprived of oxygen and glucose. Inability to provide suf-
fi cient quantities of ATP causes collapse of ion gradients and subsequent release of 
neurotransmitters (i.e., dopamine, glutamate), an event that causes neuronal cell 
death and development of an infarction [ 130 ]. Excess release of glutamate is par-
ticularly deleterious to the CNS due to overstimulation of glutamate receptors, acti-
vation of phospholipases/sphingomyelinases, phospholipid hydrolysis, release of 
arachidonic acid and ceramide, and disruption of CNS calcium homeostasis [ 4 ]. 
Oxidative stress is also observed in the CNS at early time points following ischemic 
injury and is well known to contribute to cell death in the ischemic core [ 131 ]. As 
neuronal cell damage extends to the ischemic penumbra, neuroinfl ammation and 
apoptosis become more prevalent and dramatically affect viability of salvageable 
brain tissue within the penumbra [ 131 ]. 

 Cell death processes in the ischemic core occur extremely rapidly (i.e., within 
minutes) thereby rendering this region diffi cult to protect using pharmacological 
approaches [ 4 ]. In contrast, cells within the ischemic penumbra die more slowly by 
active cell death mechanisms [ 4 ]. The primary goal of drug therapy for acute isch-
emic stroke is to salvage the penumbra as much as possible and as early as possible 
[ 129 ]. Currently, there is only one therapeutic agent approved by the FDA for acute 
ischemic stroke treatment, recombinant tissue plasminogen activator (r-tPA) [ 132 ]. 
The primary goal of r-tPA therapy is to restore the blood fl ow and oxygen supply to 
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ischemic brain tissue; however, most cellular damage to the brain occurs when cere-
bral perfusion is re-established (i.e., reoxygenation) [ 132 ]. Such hypoxia/reoxygen-
ation (H/R) stress/injury is associated with neuronal apoptosis characterized by 
cytochrome  c  release, caspase-3 activation, and internucleosomal DNA fragmenta-
tion [ 80 ]. Pathophysiological mechanisms that can cause neuronal apoptosis during 
H/R include increased production of reactive oxygen species (ROS) [ 16 ,  80 ]. ROS 
contribute to brain injury by interacting with proteins, lipids, and nucleic acids as 
well as via activation of redox-sensitive signaling pathways. Such responses are 
characterized by increased CNS production of hydrogen peroxide, upregulation of 
the cellular stress marker heat shock protein-70, and increased nuclear expression of 
hypoxia-sensitive transcription factors such as hypoxia-inducible factor-1 and 
nuclear factor-κB [ 80 ]. The H/R component of stroke is also associated with 
decreased brain concentrations of GSH [ 133 ], an effect that is further indicative of 
oxidative stress. These molecular events associated with H/R injury emphasize a 
critical need in stroke therapy for discovery of new drugs that can be administered 
alone or in conjunction with r-tPA for “rescue” of neural tissue.  

3.2     The Neurovascular Unit in Ischemic Stroke 

3.2.1     Disruption of the Blood–Brain Barrier 

 BBB homeostasis is dependent on discrete interactions between NVU components 
[ 134 ,  135 ]. Perturbation of extracellular matrix (i.e., type IV collagen, heparan sul-
fate proteoglycan, laminin, fi bronectin, perlecan) disrupts cell-matrix and cell–cell 
signaling mechanisms critical to NVU function [ 121 ,  125 ]. Proteinases such as 
matrix metalloproteinases (MMPs) contribute to breakdown of the extracellular 
matrix and BBB disruption in stroke [ 136 ]. This includes MMPs that are activated 
by HIF-1α-dependent mechanisms (i.e., MMP2) and MMPs whose activation is 
triggered by pro-infl ammatory cytokines (i.e., TNF-α, IL-1β) such as MMP3 and 
MMP9 [ 135 ]. Involvement of MMPs in BBB disruption following ischemic stroke 
has been reported in experimental stroke models [ 137 ,  138 ]. Furthermore, a recent 
clinical study demonstrated that MMP9 levels were elevated in stroke patients 
[ 139 ]. MMPs directly compromise the BBB by degrading tight junction constituent 
proteins such as claudin-5 and occludin [ 135 ]. MMP-mediated opening of the BBB 
in ischemic stroke may be regulated by nitric oxide (NO) signaling [ 140 ]. Overall, 
damage and subsequent opening of the BBB is a key event in development of intra-
cerebral hemorrhage and brain edema following ischemic stroke. 

 Experimental models of stroke have provided considerable information on solute 
leak across the BBB. Using the transient MCAO rodent model, Pfefferkorn and 
Rosenberg demonstrated increased leak of sucrose, a vascular marker that does not 
typically cross the BBB, in the ischemic hemisphere [ 141 ]. However, BBB disrup-
tion following an ischemic insult is much more profound than to allow leak of small 
molecules only. Recently, it was shown that BBB disruption following focal cerebral 
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ischemia was suffi cient to allow blood-to-brain leak of Evan’s blue dye [ 41 ]. Evan’s 
blue dye, when unconjugated to plasma proteins, is a relatively small molecule with 
a molecular weight of 960.8 Da. It is well established that Evan’s blue dye irrevers-
ibly binds to serum albumin in vivo. This leads to the formation of a very large, 
solute-protein complex (i.e., in excess of 60,000 Da) that can only traverse the BBB 
under considerable pathological stress such as that observed during an ischemic 
stroke [ 142 ]. Jiao and colleagues observed redistribution of various tight junction 
proteins following 2 h of focal cerebral ischemia, an event that correlated with 
increased blood-to-brain fl ux of Evan’s blue-albumin [ 41 ]. Reorganization of tight 
junction proteins following focal cerebral ischemia is also mediated by vascular 
endothelial growth factor (VEGF) [ 143 ] and NO [ 144 ]. 

 BBB dysfunction and subsequent leak across the microvascular endothelium fol-
lowing focal ischemia enables considerable movement of vascular fl uid across the 
microvascular endothelium and development of vasogenic edema [ 145 ]. Recent 
studies using the MCAO model have shown that water movement across the BBB is 
exacerbated by enhanced blood-to-brain movement of sodium. Alterations in 
sodium gradients across the microvascular endothelium dramatically alter oncotic 
pressure and are facilitated by increased functional expression of Na–K–Cl cotrans-
porter [ 146 ], as well as Na–H exchangers NHE1 and/or NHE2 [ 147 ]. MCAO stud-
ies in spontaneously hypertensive rats demonstrated that the NHE1 transporter is a 
critical regulator of ischemic-induced infarct volume [ 148 ]. Disruption of sodium 
gradients across the BBB during ischemic stroke can also involve upregulation of 
sodium-dependent glucose transporters such as sodium–glucose cotransporters 
(SGLTs). Specifi cally, pharmacological inhibition of SGLT in MCAO rats signifi -
cantly reduced infarct and edema ratios, which implies that this transporter may be 
a critical determinant of stroke outcome [ 149 ]. 

 Functional BBB integrity is disrupted by production of ROS and subsequent 
oxidative stress (Fig.  3 ). Production of superoxide anion, a potent ROS generated 
when molecular oxygen is reduced by only one electron, is a known mediator of 
cellular damage following stroke [ 150 ,  151 ]. Superoxide dismutase (SOD) enzymes 
tightly control biological activity of superoxide anion, a by-product of normal phys-
iological processes. Under oxidative stress conditions, superoxide is produced at 
high levels that overwhelm the metabolic capacity of SOD. This phenomenon is 
supported by the observation that infarct size and cerebral edema were markedly 
reduced in mice engineered to overexpress SOD as compared to wild-type controls 
[ 150 ]. Increased levels of superoxide also contribute to BBB endothelial dysfunc-
tion [ 152 ,  153 ]. BBB damage can be intensifi ed by conjugation of superoxide and 
NO to form peroxynitrite, a cytotoxic and pro-infl ammatory molecule. Peroxynitrite 
causes injury to cerebral microvessels through lipid peroxidation, consumption of 
endogenous antioxidants (i.e., reduced GSH), and induction of mitochondrial fail-
ure [ 80 ,  154 ]. Peroxynitrite is known to induce endothelial damage by its ability to 
nitrosylate tyrosine, leading to functional modifi cations of critical proteins [ 155 ]. 
Peroxynitrite formation at the BBB becomes more likely with activation of endothe-
lial nitric oxide synthase (eNOS) and inducible NOS (iNOS) because NO rapidly 
diffuses through membranes and reacts with superoxide anion [ 154 ].
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   Infl ammatory stimuli are critical mediators of BBB dysfunction in the setting of 
stroke. Previous research has demonstrated that infl ammatory mechanisms in focal 
cerebral ischemia are mediated through pro-infl ammatory cytokines TNF-α and 
IL-1β, which appear within 2–6 h following ischemic insult [ 156 ]. Pro-infl ammatory 
signaling induces adhesion molecules and subsequent transmigration of activated 
neutrophils, lymphocytes, or monocytes into brain parenchyma [ 157 ]. 
Physiologically, expression of vascular adhesion molecules such as ICAM-1 and 
VCAM-1 are minimally detectable at the BBB; however, their expression is dra-
matically increased in response to diseases such as stroke [ 157 ,  158 ]. Pro- 
infl ammatory mediators also alter functional expression of endogenous BBB 
transporters and tight junction proteins. For example, TNF-α increased expression 
of P-gp but decreased BCRP expression in hCMEC/d3 cells [ 159 ]. Production and 
secretion of TNF-α and IL-1β has been observed to alter the expression of occludin 
and ZO-1 [ 160 ], suggesting involvement of infl ammation in exacerbating paracel-
lular leak during stroke.   

  Fig. 3    Generation of reactive oxygen species (ROS) in brain microvascular endothelial cells. 
During disease, mitochondrial superoxide levels increase via NO inhibition of cytochrome com-
plexes and oxidation of reducing equivalents in the electron transport chain. Complex I as well as 
both sides of complex III (i.e., Qi and Qo sites) are the most common sources of mitochondrial 
superoxide. Superoxide generated within the intermembrane space of mitochondria can reach the 
cytosol through voltage-dependent mitochondrial anion channels. Superoxide levels further 
increase via cyclooxygenase-2, NADPH oxidase, uncoupled eNOS, and infi ltrating leukocytes. 
The resulting high levels of superoxide coupled with the activation of NO-producing eNOS and 
iNOS increases the probability of peroxynitrite formation. Peroxynitrite-induced cellular damage 
includes protein oxidation, tyrosine nitration, DNA damage, poly(ADP-ribose) polymerase activa-
tion, lipid peroxidation, and mitochondrial dysfunction. Adapted from Thompson and Ronaldson 
(2014).  Adv Pharmacol.   71 : 165–209       
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3.3     Ischemic Stroke and Glial Support of the BBB 

 It is well established that the glial response to an ischemic insult is highly complex 
and multifaceted; however, it is known that injury and/or activation of astrocytes at 
the NVU leads to compromise of the BBB. In the inferior colliculus, focal astrocyte 
loss demarcated by reduced GFAP immunoreactivity directly corresponded with 
decreased paracellular localization of critical tight junction proteins claudin-5, 
occludin, and ZO-1 [ 83 ]. At the same time points that tight junction proteins were 
downregulated, an increase in leak of dextran (10 kDa) and fi brinogen was observed 
[ 83 ], which suggests a signifi cant disruption of the BBB due to astrocyte cell death. 
The results of this study and others [ 161 ,  162 ] illustrate the requirement of intercel-
lular communication between astrocytes and endothelial cells for maintenance of 
BBB integrity. Additionally, astrocytes have many other features that contribute to 
BBB physiology. For example, astrocytes are well known to express the water chan-
nel aquaporin 4 (AQP4) at end-feet localized adjacent to brain microvascular endo-
thelium, which contributes to endothelial cell polarity and brain water volume 
[ 163 ]. Astrocytes secrete VEGF and fi broblast growth factor-2 (FGF-2), which pro-
mote angiogenesis and regulate biological transport at the BBB [ 164 ]. 

 Astrocytes are essential contributors to the brain immunological response during 
ischemic stroke. Astrocytes maintain focal contacts with neighboring microglia and 
maintain these cells in a dormant, ramifi ed state [ 94 ]. Regulation of microglia by 
astrocytes is prevented by infl ammatory signaling, thus enabling microglia to elicit 
an immune response [ 94 ]. Astrocytes can directly contribute to brain immunologi-
cal responses via upregulation of adhesion molecules (i.e., ICAM-1, VCAM) at 
their cell surface, an event that contributes to CNS targeting of leukocytes [ 165 ]. 
This enhancement is also facilitated by astrocytic secretion of chemokines such as 
macrophage infl ammatory protein-1α/β (MIP-1 α/β), monocyte chemoattractant 
protein-1 (MCP-1), and regulated upon activation normal T-cell expressed and 
secreted (RANTES). Production and secretion of these chemokines by astrocytes is 
well known to occur in response to ischemic stroke [ 166 ,  167 ] and to increased 
brain parenchymal concentrations of tPA [ 168 ]. Of particular note, MCP-1 secre-
tion by astrocytes was shown to coincide with a signifi cant increase in FITC- 
albumin leak in an in vitro co-culture of endothelial cells and astrocytes subjected 
to 5 h oxygen–glucose deprivation, suggesting that MCP-1 may be a critical factor 
involved in BBB opening following an ischemic stroke [ 166 ]. Astrocytes also syn-
thesize several pro- and anti-infl ammatory cytokines including interleukins (i.e., 
IL-1α, IL-1β, IL-4-8, IL-10), TNF-α, and interferon-γ [ 169 ] as well as transforming 
growth factor-β (TGF-β) [ 170 ]. Cytokines such as TNF-α, IL-1α, IL-1β, and 
interferon-γ can trigger the endothelium and activate processes involved in BBB dis-
ruption. Although secretion of TGF-β1 may play a neuroprotective role in brain 
parenchyma [ 170 ], its effects on the endothelium are much more deleterious. 
Specifi cally, excessive endothelial stimulation by TGF-β1 affects the angiogenic 
response to ischemic stroke by causing formation of capillaries that lack pericytes, 
contain fewer endothelial cells and are shorter in length [ 84 ]. Indeed, pharmacological 
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targeting of TGF-β signaling at the level of the brain microvascular endothelium 
may be an effi cacious approach for the protection of BBB integrity and/or preserva-
tion of angiogenic responses to stroke. 

 Infl ammatory signaling by astrocytes is a critical event in exacerbation of CNS 
oxidative stress during ischemic stroke. Previous studies have shown that astrocytic 
production of pro-infl ammatory cytokines can induce deleterious processes in 
astrocytes themselves via upregulation of iNOS [ 171 ]. Upregulation of iNOS leads 
to a signifi cant enhancement in NO production, which can react with superoxide to 
produce peroxynitrite. Increased exposure of astrocytes to peroxynitrite can lead to 
rapid astrocyte proliferation and hypertrophy (i.e., reactive astrocytosis) and astro-
cyte apoptosis [ 172 ,  173 ]. Reactive astrocytosis is associated with disruption of 
tight junctions between adjacent brain microvessel endothelial cells and increased 
BBB permeability [ 174 ]. 

 Although astrocyte injury is a critical determinant of BBB dysfunction in the 
setting of ischemic stroke, endothelial damage can also be induced via immune 
stimulated microglia [ 175 ]. This is supported by the observation that minocycline, 
a pharmacological inhibitor of activated microglia, dramatically reduced cell death 
in cultures of murine endothelial cells exposed to activated microglia in vitro [ 175 ]. 
Activated microglia produce pro-infl ammatory cytokines in response to cerebral 
ischemia [ 176 ], all of which can trigger BBB disruption. In the setting of ischemic 
stroke, cytokine production in microglia is mediated by NF-kB signaling [ 177 ]. 
Infl ammatory signaling in microglia may also involve cyclooxygenase-2 (COX2), 
which is inducible in response to ischemic injury and contributes to opening of the 
BBB [ 135 ]. In neuroinfl ammation, COX2 activates sphingomyelinases leading to 
release of ceramides, an event that leads to activation of p38 mitogen-activated pro-
tein kinase (MAPK) and subsequent secretion of pro-infl ammatory cytokines [ 178 –
 180 ]. Taken together, these observations point to a critical role for microglia in the 
infl ammatory response to ischemic stroke.  

3.4     Targeting the Neurovascular Unit in Ischemic Stroke 

3.4.1     Targeting the Tight Junction 

 The BBB and associated glial support network of the NVU are clearly compromised 
in response to ischemic stroke. A critical “component” of ischemic stroke is cere-
bral hypoxia and subsequent brain injury resulting from reoxygenation/reperfusion 
(i.e., H/R stress). Over the past several years, our laboratory has studied BBB 
changes associated with H/R stress in an in vivo rodent model [ 21 ,  22 ,  26 ,  78 ,  148 , 
 181 ]. Changes in BBB integrity under H/R conditions were demarcated by enhanced 
brain accumulation of  14 C-sucrose [ 22 ,  26 ,  181 ], a vascular marker that does not 
typically cross the brain microvascular endothelium. Additionally, H/R stress also 
increased vascular leak to dextrans (molecular weight range 4–10 kDa) in hippo-
campal and cortical microvessels [ 182 ]. These alterations in BBB permeability in 
animals subjected to H/R stress were directly associated with an increase in the 
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expression of HIF-1α and NF-kB in nuclear fractions isolated from intact microves-
sels [ 183 ]. In our studies, changes in brain solute uptake is not likely attributed to 
altered cerebral blood fl ow because we have previously shown that blood fl ow 
changes are negligible in our in vivo H/R model [ 26 ]. Changes in BBB permeability 
to  14 C-sucrose and dextrans were directly correlated with modifi ed organization 
and/or expression of constituent TJ proteins including occludin, claudin-5, and 
ZO-1 [ 22 ,  26 ,  182 ]. Of paramount signifi cance was the observation that H/R stress 
disrupted disulfi de-bonded occludin oligomeric assemblies, thereby preventing 
monomeric occludin from forming an impermeable physical barrier to paracellular 
transport [ 21 ]. These changes in tight junction organization and BBB solute leak 
also correlated with a signifi cant increase in brain water content following H/R, 
providing further evidence that disruption of the BBB under conditions of cerebral 
ischemia contributes to vasogenic edema [ 181 ]. 

 Production of ROS and subsequent oxidative stress has been shown to alter the BBB 
expression of claudin-5 and occludin leading to increased paracellular solute leak 
[ 184 ]. Therefore, we hypothesized that oxidative stress associated changes in BBB 
permeability and occludin expression could be attenuated with the use of an antioxidant 
drug. In order to conduct these studies, we utilized 4-hydroxy-2,2,6,6- 
tetramethylpiperidine-  N -oxyl (TEMPOL), a stable, membrane-permeable, water- 
soluble nitroxide antioxidant. TEMPOL shows SOD-like activity towards the 
superoxide anion as well as reactivity with hydroxyl radicals, nitrogen dioxide, and the 
carbonate radical. TEMPOL readily crosses the BBB and has been previously shown 
to provide neuroprotection as a free radical scavenger in several models of brain injury 
and ischemia [ 185 ,  186 ]. Using the dual artery in situ brain perfusion technique, we 
demonstrated that administration of TEMPOL 10 min before H/R treatment signifi -
cantly attenuated CNS uptake of  14 C-sucrose as compared to animals subjected to H/R 
only [ 22 ]. This reduction in  14 C-sucrose leak was associated with a preservation of 
occludin localization and occludin oligomerization at the TJ [ 22 ]. Specifi cally, 
TEMPOL inhibits breakage of disulfi de bonds on occludin  monomers and thus pre-
vents breakdown of occludin oligomeric assemblies and subsequent blood-to-brain 
leak of circulating solutes (Fig.  4 ). Restoration of BBB functional integrity coincided 
with a decrease in nuclear translocation of HIF-1α and a decrease in microvascular 
expression of the cellular stress marker heat shock protein 70 (hsp70) in rats subjected 
to H/R stress and administered TEMPOL [ 22 ]. Taken together, these observations pro-
vide evidence that the tight junction can be targeted pharmacologically during ischemic 
stroke for the purpose of reducing both oxidative stress associated injury to the brain 
microvascular endothelium and blood- to- brain solute leak (i.e., vascular protection).

3.5         Targeting Endogenous BBB Transporters 

 The ability of a drug to elicit a pharmacological effect at the level of the BBB 
requires achievement of effi cacious concentrations within CNS. This therapeutic 
objective is dependent upon multiple mechanisms of transport that may include 
uptake into the brain by an infl ux transporter and/or extrusion by an effl ux 
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transporter. For many drugs, it is this balance between infl ux and effl ux that deter-
mines if a drug will elicit a therapeutic effect in the brain or at the BBB. The com-
plexity of drug transporter biology is further underscored by the observation that 
functional expression of transporters can be dramatically altered by oxidative stress 
[ 59 ,  187 ,  188 ]. A thorough understanding of regulation and functional expression of 
endogenous BBB transporters in both health and disease is essential for effective 
pharmacotherapy. Furthermore, such information will enable effective targeting of 
transporters and/or transporter regulatory mechanisms, thus allowing endogenous 
BBB transport systems to be exploited for purposes of improving CNS drug deliv-
ery and/or conferring BBB protection. 

 Considerable research has focused on studying mechanisms that limit endothe-
lial membrane transport by describing the role of P-gp in restricting drug uptake 
from the systemic circulation [ 1 ,  189 – 191 ]; however, clinical trials targeting P-gp 
with small molecule inhibitors have been unsuccessful in improving pharmaco-
therapy due to inhibitor toxicity and/or enhanced tissue penetration of drugs [ 192 , 
 193 ]. An alternative approach for optimizing delivery of drugs is to focus on BBB 
transporters that are involved in blood-to-brain transport. One intriguing candidate 
is Oatp1a4 (Fig.  5 ), which is known to transport HMG-CoA reductase inhibitors 

  Fig. 4    Effect of TEMPOL on H/R-mediated disruption of the tight junction. ROS and subsequent 
oxidative stress are known to disrupt assembly of critical TJ proteins such as occludin. Our results 
show that administration of TEMPOL, by scavenging ROS, prevents disruption of occludin oligo-
meric assemblies. Furthermore, TEMPOL attenuates the increase in sucrose leak across the BBB 
observed in animals subjected to H/R stress. Taken together, our studies with TEMPOL demon-
strate that the TJ can be targeted pharmacologically in an effort to preserve BBB functional integ-
rity during ischemic stroke. Adapted from Ronaldson & Davis.  Curr Pharm Des.   18(25) : 
3624–3644 (2012)       
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(i.e., statins). Recent evidence suggests that statins can act as ROS scavengers inde-
pendent of their well-documented effects on cholesterol biosynthesis [ 70 ]. 
Specifi cally, studies in dogs demonstrated that atorvastatin reduced the expression 
of oxidative and nitrosative stress markers (i.e., protein carbonyls, 4-hydroxy-
2-noneal, 3- nitrotyrosine) and increased brain GSH levels [ 70 ,  194 ]. Interestingly, 
Cui and colleagues showed, in vivo, that atorvastatin administration during the 
acute phase of cerebral ischemia prevented increases in BBB permeability [ 195 ]. 
More recently, simvastatin was demonstrated to preserve barrier function following 
experimental intracerebral hemorrhage in an in vivo study involving MRI measure-
ments of T 1sat , a marker of BBB integrity [ 196 ]. Taken together, these studies sug-
gest that targeted delivery of statins may be an effective strategy for neuroprotection 
and/or BBB protection in the setting of stroke. We have shown, in vivo, that Oatp1a4 
is a BBB transporter target that can be exploited to optimize CNS delivery of drugs, 
including statins [ 77 ,  78 ].

   Although pathophysiological stressors can modulate BBB transporters, such 
changes must be controlled to provide optimal delivery of drugs. For example, we 
have demonstrated increased functional expression of Oatp1a4 only after 1 h 
hypoxia followed by up to 1 h reoxygenation [ 78 ]. If Oatp1a4 is to facilitate effec-
tive delivery of drugs (i.e., statins), its functional expression must be reliably con-
trolled over a more desirable time course than is possible by relying solely on 
disease mechanisms. This objective can be accomplished by pharmacological tar-
geting of Oatp regulatory pathways such as the TGF-β system [ 77 ,  78 ,  80 ]. TGF-βs 

  Fig. 5    Targeting Oatp transporters at the BBB for optimization of CNS drug delivery. Results 
from our studies demonstrate that targeting Oatp transporters during pathophysiological stress can 
modify CNS drug delivery. Oatp1a4 facilitates brain delivery of drugs that may exhibit effi cacy in 
treatment of peripheral infl ammatory pain or cerebral hypoxia such as statins and opioid peptide 
analgesics. The TGF-β signaling pathway enables control of Oatp isoforms by targeting TGF-β 
receptors (i.e., ALK1, ALK5) with small molecule therapeutics       
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are cytokines that signal by binding to a heterotetrameric complex of type I and type 
II receptors [ 197 ]. The type I receptors, also known as activin receptor-like kinases 
(ALKs) propagate intracellular signals through phosphorylation of receptor-specifi c 
Smad proteins (i.e., (R)-Smads). At the BBB, only two ALK receptors (ALK1, 
ALK5) have been identifi ed [ 28 ]. We have shown that pharmacological inhibition 
of TGF-β/ALK5 signaling can increase Oatp1a4 functional expression [ 77 ,  78 ]. 
This observation suggests that targeting of the TGF-β/ALK5 pathway may enable 
control of BBB Oatp1a4 expression and/or activity, thereby providing novel strate-
gies for improved CNS drug delivery and/or BBB protection in stroke. 

 Optimization of drug delivery is not the only benefi t that can be achieved from 
targeting transporters. BBB transporters mediate the fl ux of endogenous substrates, 
many of which are essential to the cellular response to pathological insult. One such 
substance is the endogenous antioxidant GSH. During oxidative stress, GSH is rapidly 
oxidized to glutathione disulfi de (GSSG). Therefore, the redox state of a cell is repre-
sented by the ratio of GSH to GSSG [ 198 ]. In vitro studies using human and rodent 
brain microvascular endothelial cells have demonstrated that hypoxia reduces intracel-
lular GSH levels and decreases the GSH:GSSG ratio, suggesting signifi cant oxidative 
stress at the level of the BBB [ 199 – 201 ]. Using an in vivo model, oxidative stress was 
shown to cause BBB disruption characterized by altered expression/assembly of tight 
junction proteins occludin, claudin-5, and ZO-1 [ 21 – 23 ,  26 ,  35 ,  182 ]. These tight junc-
tion modifi cations correlated with increased BBB permeability to sucrose, an estab-
lished vascular marker [ 22 ,  181 ], and dextrans [ 182 ]. Such increases in BBB 
permeability can result in leak of neurotoxic substances from blood into brain and/or 
contribute to vasogenic edema. BBB protection and/or repair in stroke are paramount 
to protecting the brain from neurological damage. One approach that can accomplish 
this therapeutic objective is to prevent cellular loss of GSH from endothelial cells by 
targeting endogenous BBB transporters (Fig.  6 ). BBB transporters that can transport 
GSH and GSSG include MRPs/Mrps. Both GSH and GSSG are substrates for MRP1/
Mrp1 [ 59 ,  202 ,  203 ], MRP2/Mrp2 [ 204 ], and MRP4/Mrp4 [ 205 ]. It is well known that 
increased cellular concentrations of GSH are cytoprotective while processes that pro-
mote GSH loss from cells are damaging [ 206 ]. Therefore, it stands to reason that 
pharmacological targeting of Mrps during oxidative stress may have profound thera-
peutic benefi ts including vascular protection at the level of the BBB. Using the known 
Mrp transport inhibitor MK571, Tadepalle and colleagues showed that inhibition of 
Mrp1-mediated GSH transport resulted prevented GSH depletion in primary cultures 
of rat astrocytes [ 203 ]. Indeed, the effect of Mrp transport inhibition at the BBB and 
its effect on endothelial redox status and barrier integrity require further study.

   Previous studies have shown that Mrp expression and/or activity can change in 
response to oxidative stress [ 59 ,  207 ]. Altered BBB expression of Mrps may prevent 
endothelial cells from retaining effective GSH concentrations. A thorough under-
standing of signaling pathways involved in Mrp regulation during oxidative stress 
will enable development of pharmacological approaches to target Mrp-mediated 
effl ux (i.e., GSH transport) for the purpose of preventing BBB dysfunction in dis-
eases with an oxidative stress component. One intriguing pathway is signaling medi-
ated by nuclear factor E2-related factor-2 (Nrf2), a sensor of oxidative stress [ 188 , 
 208 ]. In the presence of ROS, the cytosolic Nrf2 repressor Kelch-like ECH- associated 
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protein 1 (Keap1) undergoes structural alterations that cause dissociation from the 
Nrf2-Keap1 complex. This enables Nrf2 to translocate to the nucleus and induce 
transcription of genes that possess an antioxidant response element at their promoter 
[ 209 ,  210 ]. It has been demonstrated that activation of Nrf2 signaling induces expres-
sion of Mrp1, Mrp2, and Mrp4 [ 188 ,  207 ,  209 ,  211 ]. An emerging concept is that 
Nrf2 acts as a double-edged sword [ 210 ]: on one hand, Nrf2 is required for protect-
ing tissues from oxidative stress; on the other, its activation can lead to deleterious 
effects. Therefore, an alteration in the balance of Mrp isoforms via activation of Nrf2 
signaling may adversely affect redox balance and antioxidant defense at the brain 
microvascular endothelium. Indeed, this points towards a need for rigorous study of 
pharmacological approaches (i.e., use of antioxidant drugs such as TEMPOL) that 
can modulate Nrf2 signaling and control expression of Mrp isoforms and/or GSH 
transport at the BBB.  

3.6     Targeting Glial Support of the BBB 

 In addition to the BBB endothelium, glial cells (i.e., astrocytes, microglia) are 
potential therapeutic targets in treatment of stroke. As noted above, glia play a cru-
cial role in regulating BBB functional integrity in health and disease through release 

  Fig. 6    Prevention of BBB Dysfunction by Targeting Mrp Isoforms in Cerebral Endothelial Cells. 
Results from our laboratory demonstrate increased expression of Mrp1, Mrp2, and Mrp4 at the 
BBB following an H/R insult. Furthermore, H/R stress is known to suppress GSH levels and 
increase GSSG concentrations in the brain. We propose that changes in GSH/GSSG transport 
occur during H/R as a result of altered functional expression of at least one Mrp isoform. Since 
Nrf2, a ROS sensitive transcription factor, is known to regulate Mrps, we hypothesize that this 
pathway is a critical regulatory mechanism for Mrps at the BBB. TEMPOL, a ROS scavenging 
antioxidant, is a pharmacological tool that can be utilized in order to understand how targeting 
activation of the Nrf2 pathway can control Mrp expression/activity       
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of trophic factors that maintain tight junction protein complexes, release of factors 
that promote angiogenesis, pro-infl ammatory signaling, and production of 
ROS. Pharmacological manipulation of glial cell biology represents a therapeutic 
approach that may enable control of BBB/NVU pathophysiological mechanisms 
during ischemic stroke and/or H/R injury. 

 An opportunity for cellular protection of glia in ischemic stroke involves target-
ing the proteinase-activated receptor (PAR) pathway. To date, four members of the 
PAR family (i.e., PAR-1, PAR-2, PAR-3, PAR-4) have been cloned and character-
ized [ 212 ]. Both PAR-1 and PAR-2 are expressed on the cell surface of astrocytes 
[ 213 ] and microglia [ 214 ,  215 ] as well as on the endothelial cell surface [ 216 ]. 
PAR-1 has been implicated in cytoprotective mechanisms [ 217 ,  218 ] while PAR-2 
is involved in regulation of infl ammatory responses [ 219 ]. Recent research has 
focused on pharmaceutical development of agonists targeted to the PAR-1 receptor 
such as activated protein C (APC) [ 216 ]. In a mouse model of transient cerebral 
ischemia, APC was shown to reduce ischemic brain damage and promote neovascu-
larization and neurogenesis, suggesting that pharmacological targeting of the PAR-1 
receptor may be an effi cacious approach for the treatment of ischemic stroke [ 220 ]. 
Brain vascular perfusion studies demonstrated that brain accumulation of APC was 
reduced by 64 % in mice lacking the endothelial protein-C receptor (EPCR), sug-
gesting that CNS delivery of APC is dependent upon saturable EPCR-mediated 
transport at the BBB [ 221 ]. Although native APC exhibits cytoprotection in stroke 
models, its use is limited by bleeding complications [ 222 ]; however, a mutant form 
of APC termed 3K3A-APC has been discovered that exhibits considerable cytopro-
tective effi cacy without complications of bleeding [ 218 ]. Specifi cally, studies in 
human brain endothelial cells in vitro showed that 3K3A-APC protected these cells 
from oxygen–glucose deprivation to a signifi cantly greater degree than APC [ 218 ]. 
Furthermore, 3K3A-APC improved the functional outcome and reduced the infarc-
tion size at a level that was signifi cantly better than APC in the in vivo murine distal 
MCAO model [ 218 ], which implies that 3K3A-APC offers a safer and more effi ca-
cious alternative to APC in pharmacological targeting of the PAR-1 receptor. In the 
presence of r-tPA, 3K3A-APC reduced signifi cant reduced infarct volume following 
focal cerebral ischemia in mice and embolic stroke in rats by up to 65 % [ 223 ]. More 
recently, a phase I clinical trial of 3K3A-APC demonstrated that this therapeutic 
was well tolerated in healthy adult volunteers [ 224 ], which provides an impetus to 
study the effects of 3K3A-APC in stroke patients. In the case of the PAR-2 receptor, 
a small molecule PAR-2 antagonist (i.e., N1-3-methylbutyryl-N4-6-aminohexanoyl-
piperazine; ENMD-1068) has been shown to attenuate infl ammatory responses in a 
dose-dependent manner [ 225 ]. 

 Minocycline is a tetracycline with anti-infl ammatory properties that directly 
inhibit microglial activation. Minocycline easily crosses the BBB, has a good safety 
profi le, and a delayed therapeutic window thus rendering it an ideal candidate drug 
for treatment of ischemic stroke [ 226 ]. Blocking microglial activation may limit 
BBB disruption and reduce vasogenic edema in the context of ischemic stroke. For 
example, Yenari and colleagues reported that, in vivo, minocycline reduced infarc-
tion volume and neurological defi cits as well as prevented BBB disruption and hem-
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orrhage in a murine experimental stroke model [ 175 ]. In vitro, inhibition of 
microglial activation with minocycline limited ischemic damage in cultured endo-
thelial cells and reduced superoxide release following oxygen–glucose deprivation 
[ 175 ]. More recently, combination therapy of minocycline and candesartan, a pro- 
angiogenic drug, was shown to improve long-term recovery in Wistar rats subjected 
to MCAO [ 227 ]. In vivo, minocycline was observed to reduce the frequency of 
hemorrhage in a murine model of cerebral amyloid angiopathy [ 228 ]. Currently, 
minocycline has been incorporated into clinical trials involving stroke patients. 
Results of these studies demonstrated that minocycline administration, both alone 
and in combination with r-tPA, improved functional neurological outcome follow-
ing ischemic stroke [ 226 ]. 

 TLRs are highly expressed in human CNS tissue, particularly by astrocytes and 
microglia [ 229 ]. Targeting these receptors has emerged as a promising goal for ther-
apeutic control of ischemic stroke, primarily because TLRs are involved in BBB 
dysfunction and NVU ischemic injury [ 230 ]. While mRNA for TLRs 1–10 have 
been detected in murine microglia [ 231 ], all except TLR10 have been reported in 
human microglia [ 232 ]. Astrocytes possess a much more limited complement of 
TLRs since mRNA for TLRs 2, 4, 5, and 9 have been detected in murine astrocytes 
[ 233 ] and only TLR3 mRNA in human astrocytes [ 234 ]. While the large number of 
TLR receptors expressed on glial cells suggests a plethora of potential therapeutic 
targets for modifi cation of glial pathology in the ischemic brain, much work needs 
to be done on understanding pharmacokinetics of TLR ligand binding and 
 interactions between the TLR and the Toll/IL-1 receptor before TLR-based stroke 
therapeutics can reach development [ 230 ]. This fi eld has shown promise as demon-
strated by recent data in a murine model of cerebral ischemia where CNS delivery 
of TAT- hsp70 was shown to confer BBB protection via reduction of microglial acti-
vation, an effect that may be due to targeting of hsp70 to TLR2/4 [ 235 ].   

4     Conclusion 

 The fi eld of BBB biology, particularly the study of tight junction protein complexes 
and endogenous transport systems, has rapidly advanced over the past two decades. 
It is now well established that tight junction protein complexes are dynamic in 
nature and can organize and reorganize in response to ischemic stroke. These 
changes in tight junctions can lead to increased BBB permeability to small mole-
cule drugs via the paracellular route. Additionally, many previous studies reported 
on the controversial ability of transporters (i.e., Oatp1a4) to act as facilitators of 
brain drug uptake. Now, it is beginning to be appreciated that endogenous BBB 
transporters can facilitate uptake of therapeutics from blood to the brain, thereby 
rendering these proteins, potential molecular targets for pharmacotherapy. 
Additionally, MRPs may represent viable molecular targets for BBB vascular pro-
tection in the setting of ischemic stroke. Molecular machinery involved in regulat-
ing these endogenous BBB transport systems (i.e., TGF-β/ALK5 signaling, Nrf2 
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pathway) are just now being fully characterized. These crucial discoveries have 
identifi ed multiple targets that can be exploited for optimization of CNS delivery of 
therapeutic agents or for protection against BBB dysfunction. Perhaps targeting of 
currently marketed or novel drugs to infl ux transporters such as Oatp1a4 or to effl ux 
transporters such as Mrp1, Mrp2, or Mrp4 will lead to signifi cant advancements in 
ischemic stroke treatment. Identifi cation and characterization of intracellular sig-
naling pathways that can regulate the functional expression of uptake or effl ux 
transporters provides yet another approach for pharmacological control of trans-
porter systems in an effort to precisely deliver therapeutics to the CNS. Additionally, 
identifi cation and characterization of novel targets on glial cells (i.e., astrocytes, 
microglia) provide yet another opportunity for the design and development of thera-
peutics aimed at protecting the BBB/NVU during ischemic injury and, by exten-
sion, controlling CNS drug delivery. Future work will continue to provide more 
insight on the interplay of tight junction protein complexes, transporters, and intra-
cellular signaling pathways at the BBB/NVU and how these systems can be effec-
tively targeted for improved stroke therapy.    

   Acknowledgments   This work was supported by grants from the National Institutes of Health to 
P.T.R. (R01 NS084941) and to T.P.D. (R01 NS42652 and R01 DA11271). 

  Confl ict of Interest Statement : The authors have no confl ict of interest to declare.  

   References 

     1.    Hartz AM, Bauer B. Regulation of ABC transporters at the blood-brain barrier: new targets 
for CNS therapy. Mol Interv. 2010;10(5):293–304.  

    2.   Blanchette M, Daneman R. Formation and maintenance of the BBB. Mech Dev. 2015;138 Pt 
1:8–16. pii: S0925-4773(15)30009-5. doi:  10.1016/j.mod.2015.07.007    .  

      3.    Ronaldson PT, Davis TP. Blood-brain barrier integrity and glial support: mechanisms that can 
be targeted for novel therapeutic approaches in stroke. Curr Pharm Des. 
2012;18(25):3624–44.  

       4.    Arai K, Lok J, Guo S, Hayakawa K, Xing C, Lo EH. Cellular mechanisms of neurovascular 
damage and repair after stroke. J Child Neurol. 2011;26(9):1193–8.  

    5.    Posada-Duque RA, Barreto GE, Cardona-Gomez GP. Protection after stroke: cellular effec-
tors of neurovascular unit integrity. Front Cell Neurosci. 2014;8:231.  

    6.    DiNapoli VA, Huber JD, Houser K, Li X, Rosen CL. Early disruptions of the blood-brain 
barrier may contribute to exacerbated neuronal damage and prolonged functional recovery 
following stroke in aged rats. Neurobiol Aging. 2008;29(5):753–64.  

    7.   Sakadzic S, Lee J, Boas DA, Ayata C. High-resolution in vivo optical imaging of stroke 
injury and repair. Brain Res. 2015;1623:174–92. pii: S0006-8993(15)00340-6. doi:  10.1016/j.
brainres.2015.04.044    .  

    8.    Rolfe DF, Brown GC. Cellular energy utilization and molecular origin of standard metabolic 
rate in mammals. Physiol Rev. 1997;77(3):731–58.  

    9.    Reese TS, Karnovsky MJ. Fine structural localization of a blood-brain barrier to exogenous 
peroxidase. J Cell Biol. 1967;34(1):207–17.  

    10.    Brightman MW, Reese TS. Junctions between intimately apposed cell membranes in the 
vertebrate brain. J Cell Biol. 1969;40(3):648–77.  

P.T. Ronaldson and T.P. Davis

http://dx.doi.org/10.1016/j.mod.2015.07.007
http://dx.doi.org/10.1016/j.brainres.2015.04.044
http://dx.doi.org/10.1016/j.brainres.2015.04.044


69

     11.    Abbott NJ. Blood-brain barrier structure and function and the challenges for CNS drug deliv-
ery. J Inherit Metab Dis. 2013;36(3):437–49.  

    12.    Oldendorf WH, Cornford ME, Brown WJ. The large apparent work capability of the blood- 
brain barrier: a study of the mitochondrial content of capillary endothelial cells in brain and 
other tissues of the rat. Ann Neurol. 1977;1(5):409–17.  

        13.    Sanchez-Covarrubias L, Slosky LM, Thompson BJ, Davis TP, Ronaldson PT. Transporters at 
CNS barrier sites: obstacles or opportunities for drug delivery? Curr Pharm Des. 
2014;20(10):1422–49.  

     14.    Janzer RC, Raff MC. Astrocytes induce blood-brain barrier properties in endothelial cells. 
Nature. 1987;325(6101):253–7.  

    15.    Butt AM, Jones HC, Abbott NJ. Electrical resistance across the blood-brain barrier in anes-
thetized rats: a developmental study. J Physiol. 1990;429:47–62.  

       16.   Ronaldson PT, Davis TP. Targeting transporters: promoting blood-brain barrier repair in 
response to oxidative stress injury. Brain Res. 2015;1623:39–52. pii:S0006-8993(15)00200-
 0. doi:  10.1016/j.brainres.2015.03.018    .  

    17.    Williams DW, Calderon TM, Lopez L, Carvallo-Torres L, Gaskill PJ, Eugenin EA, Morgello 
S, Berman JW. Mechanisms of HIV entry into the CNS: increased sensitivity of HIV infected 
CD14+CD16+ monocytes to CCL2 and key roles of CCR2, JAM-A, and ALCAM in diape-
desis. PLoS One. 2013;8:e69270.  

    18.    Sladojevic N, Stamatovic SM, Keep RF, Grailer JJ, Sarma JV, Ward PA, Andjelkovic 
AV. Inhibition of junctional adhesion molecule-A/LFA interaction attenuates leukocyte traf-
fi cking and infl ammation in brain ischemia/reperfusion injury. Neurobiol Dis. 2014;
67:57–70.  

     19.    Wang XS, Fang HL, Chen Y, Liang SS, Zhu ZG, Zeng QY, et al. Idazoxan reduces blood- 
brain barrier damage during experimental autoimmune encephalomyelitis in mouse. Eur 
J Pharmacol. 2014;736:70–6.  

    20.    Haarmann A, Deiss A, Prochaska J, Foerch C, Weksler B, Romero I, et al. Evaluation of 
soluble junctional adhesion molecule-A as a biomarker of human brain endothelial barrier 
breakdown. PLoS One. 2010;5:e13568.  

        21.    McCaffrey G, Willis CL, Staatz WD, Nametz N, Quigley CA, Hom S, et al. Occludin oligo-
meric assemblies at tight junctions of the blood-brain barrier are altered by hypoxia and 
reoxygenation stress. J Neurochem. 2009;110(1):58–71.  

             22.    Lochhead JJ, McCaffrey G, Quigley CE, Finch J, DeMarco KM, Nametz N, et al. Oxidative 
stress increases blood-brain barrier permeability and induces alterations in occludin during 
hypoxia-reoxygenation. J Cereb Blood Flow Metab. 2010;29(6):1625–36.  

     23.    Brown RC, Davis TP. Hypoxia/aglycemia alters expression of occludin and actin in brain 
endothelial cells. Biochem Biophys Res Commun. 2005;327(4):1114–23.  

     24.    Liang J, Qi Z, Liu W, Wang P, Shi W, Dong W, et al. Normobaric hyperoxia slows blood- 
brain barrier damage and expands the therapeutic time window for tissue-type plasminogen 
activator treatment in cerebral ischemia. Stroke. 2015;46(5):1344–51.  

    25.    Ueno M. Molecular anatomy of the brain endothelial barrier: an overview of the distribu-
tional features. Curr Med Chem. 2007;14(11):1199–206.  

         26.    Witt KA, Mark KS, Hom S, Davis TP. Effects of hypoxia-reoxygenation on rat blood-brain 
barrier permeability and tight junctional protein expression. Am J Physiol Heart Circ Physiol. 
2003;285(6):H2820–31.  

    27.    Hawkins BT, Abbruscato TJ, Egleton RD, Brown RC, Huber JD, Campos CR, et al. Nicotine 
increases in vivo blood-brain barrier permeability and alters cerebral microvascular tight 
junction protein distribution. Brain Res. 2004;1027(1–2):48–58.  

     28.    Ronaldson PT, DeMarco KM, Sanchez-Covarrubias L, Solinsky CM, Davis TP. Transforming 
growth factor-beta signaling alters substrate permeability and tight junction protein expres-
sion at the blood-brain barrier during infl ammatory pain. J Cereb Blood Flow Metab. 
2009;29(6):1084–98.  

    29.    Gibson CL, Srivastava K, Sprigg N, Bath PM, Bayraktutan U. Inhibition of rho-kinase pro-
tects cerebral barrier from ischemia-evoked injury through modulations of endothelial cell 
oxidative stress and tight junctions. J Neurochem. 2014;129:816–26.  

Glial Support of Blood–Brain Barrier Integrity: Molecular Targets for Novel…

http://dx.doi.org/10.1016/j.brainres.2015.03.018


70

    30.    Hartz AM, Bauer B, Soldner EL, Wolf A, Boy S, Backhaus R, et al. Amyloid-β contributes 
to blood-brain barrier leakage in transgenic human amyloid precursor protein mice and in 
humans with cerebral amyloid angiopathy. Stroke. 2012;43:514–23.  

    31.    Gonzalez-Mariscal L, Betanzos A, Avila-Flores A. MAGUK proteins: structure and role in 
the tight junction. Semin Cell Dev Biol. 2000;11(4):315–24.  

    32.    Fanning AS, Jameson BJ, Jesaitis LA, Anderson JM. The tight junction protein ZO-1 estab-
lishes a link between the transmembrane protein occludin and the actin cytoskeleton. J Biol 
Chem. 1998;273(45):29745–53.  

    33.    Abbruscato TJ, Lopez SP, Mark KS, Hawkins BT, Davis TP. Nicotine and cotinine modulate 
cerebral microvascular permeability and protein expression of ZO-1 through nicotinic acetyl-
choline receptors expressed on brain endothelial cells. J Pharm Sci. 2002;91(12):2525–38.  

   34.    Fischer S, Wobben M, Marti HH, Renz D, Schaper W. Hypoxia-induced hyperpermeability 
in brain microvessel endothelial cells involves VEGF-mediated changes in the expression of 
zonula occludens-1. Microvasc Res. 2002;63(1):70–80.  

     35.    Mark KS, Davis TP. Cerebral microvascular changes in permeability and tight junctions 
induced by hypoxia-reoxygenation. Am J Physiol Heart Circ Physiol. 2002;282(4):
H1485–94.  

    36.    Gottardi CJ, Arpin M, Fanning AS, Louvard D. The junction-associated protein, zonula 
occludens-1, localizes to the nucleus before the maturation and during the remodeling of cell- 
cell contacts. Proc Natl Acad Sci U S A. 1996;93(20):10779–84.  

    37.    Riesen FK, Rothen-Rutishauser B, Wunderli-Allenspach H. A ZO1-GFP fusion protein to 
study the dynamics of tight junctions in living cells. Histochem Cell Biol. 2002;117(4):
307–15.  

    38.    Betanzos A, Huerta M, Lopez-Bayghen E, Azuara E, Amerena J, Gonzalez-Mariscal L. The 
tight junction protein ZO-2 associates with Jun, Fos and C/EBP transcription factors in epi-
thelial cells. Exp Cell Res. 2004;292(1):51–66.  

    39.    Umeda K, Matsui T, Nakayama M, Furuse K, Sasaki H, Furuse M, et al. Establishment and 
characterization of cultured epithelial cells lacking expression of ZO-1. J Biol Chem. 
2004;279(43):44785–94.  

    40.    Takenaga Y, Takagi N, Murotomi K, Tanonaka K, Takeo S. Inhibition of Src activity decreases 
tyrosine phosphorylation of occludin in brain capillaries and attenuates increase in permea-
bility of the blood-brain barrier after transient focal cerebral ischemia. J Cereb Blood Flow 
Metab. 2009;29(6):1099–108.  

      41.    Jiao H, Wang Z, Liu Y, Wang P, Xue Y. Specifi c role of tight junction proteins claudin-5, 
occludin, and ZO-1 of the blood-brain barrier in a focal cerebral ischemic insult. J Mol 
Neurosci. 2011;44(2):130–9.  

   42.    Zehendner CM, Librizzi L, Hedrich J, Bauer NM, Angamo EA, de Curtis M, et al. Moderate 
hypoxia followed by reoxygenation results in blood-brain barrier breakdown via oxidative 
stress-dependent tight-junction protein disruption. PLoS One. 2013;8:e82823.  

    43.    Li H, Gao A, Feng D, Wang Y, Zhang L, Cui Y, et al. Evaluation of the protective potential of 
brain microvascular endothelial cell autophagy on blood-brain barrier integrity during experi-
mental cerebral ischemia-reperfusion injury. Transl Stroke Res. 2014;5:618–26.  

    44.    Redzic Z. Molecular biology of the blood-brain and the blood-cerebrospinal fl uid barriers: 
similarities and differences. Fluids Barriers CNS. 2011;8(1):3.  

    45.    Lampugnani MG, Dejana E. The control of endothelial cell functions by adherens junctions. 
Novartis Found Symp. 2007;283:4–13.  

     46.    Williams MJ, Lowrie MB, Bennett JP, Firth JA, Clark P. Cadherin-10 is a novel blood-brain 
barrier adhesion molecule in human and mouse. Brain Res. 2005;1058:62–72.  

    47.    Meng W, Takeichi M. Adherens junction: molecular architecture and regulation. Cold Spring 
Harb Perspect Biol. 2009;1:a002899.  

    48.    Steiner E, Enzmann GU, Lyck R, Lin S, Ruegg MA, Kroger S, et al. The heparin sulphate 
proteoglycan agrin contributes to barrier properties of mouse brain endothelial cells by stabi-
lizing adherens junctions. Cell Tissue Res. 2014;358:465–79.  

P.T. Ronaldson and T.P. Davis



71

    49.    Willis CL, Camire RB, Brule SA, Ray DE. Partial recovery of the damaged rat blood-brain 
barrier is mediated by adherens junction complexes, extracellular matrix remodelling and 
macrophage infi ltration following focal astrocyte loss. Neuroscience. 2013;250:773–85.  

    50.    Wacker BK, Freie AB, Perfater JL, Gidday JM. Junction protein regulation by sphingosine 
kinase 2 contributes to blood-brain barrier protection in hypoxic preconditioning-induced 
cerebral ischemic tolerance. J Cereb Blood Flow Metab. 2012;32:1014–23.  

      51.    Ronaldson PT, Persidsky Y, Bendayan R. Regulation of ABC membrane transporters in glial 
cells: relevance to the pharmacotherapy of brain HIV-1 infection. Glia. 2008;56(16):
1711–35.  

    52.    Robey RW, To KK, Polgar O, Dohse M, Fetsch P, Dean M, et al. ABCG2: a perspective. Adv 
Drug Deliv Rev. 2009;61(1):3–13.  

     53.    Gottesman MM, Hrycyna CA, Schoenlein PV, Germann UA, Pastan I. Genetic analysis of the 
multidrug transporter. Annu Rev Genet. 1995;29:607–49.  

     54.    Bendayan R, Ronaldson PT, Gingras D, Bendayan M. In situ localization of P-glycoprotein 
(ABCB1) in human and rat brain. J Histochem Cytochem. 2006;54(10):1159–67.  

   55.    Golden PL, Pardridge WM. P-glycoprotein on astrocyte foot processes of unfi xed isolated 
human brain capillaries. Brain Res. 1999;819(1–2):143–6.  

    56.    Schlachetzki F, Pardridge WM. P-glycoprotein and caveolin-1alpha in endothelium and 
astrocytes of primate brain. Neuroreport. 2003;14(16):2041–6.  

    57.    Ueno M, Nakagawa T, Huang CL, Ueki M, Kusaka T, Hosomi N, et al. The expression of 
P-glycoprotein is increased in vessels with blood-brain barrier impairment in a stroke-prone 
hypertensive model. Neuropathol Appl Neurobiol. 2009;35(2):147–55.  

    58.    Dallas S, Miller DS, Bendayan R. Multidrug resistance-associated proteins: expression and 
function in the central nervous system. Pharmacol Rev. 2006;58(2):140–61.  

        59.    Ronaldson PT, Bendayan R. HIV-1 viral envelope glycoprotein gp120 produces oxidative 
stress and regulates the functional expression of multidrug resistance protein-1 (Mrp1) in 
glial cells. J Neurochem. 2008;106(3):1298–313.  

    60.    Hori S, Ohtsuki S, Tachikawa M, Kimura N, Kondo T, Watanabe M, et al. Functional expres-
sion of rat ABCG2 on the luminal side of brain capillaries and its enhancement by astrocyte- 
derived soluble factor(s). J Neurochem. 2004;90(3):526–36.  

     61.    Lee YJ, Kusuhara H, Jonker JW, Schinkel AH, Sugiyama Y. Investigation of effl ux transport 
of dehydroepiandrosterone sulfate and mitoxantrone at the mouse blood-brain barrier: a 
minor role of breast cancer resistance protein. J Pharmacol Exp Ther. 2005;312(1):44–52.  

    62.    van Herwaarden AE, Jonker JW, Wagenaar E, Brinkhuis RF, Schellens JH, Beijnen JH, et al. 
The breast cancer resistance protein (Bcrp1/Abcg2) restricts exposure to the dietary carcino-
gen 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine. Cancer Res. 2003;63(19):6447–52.  

    63.    Zhao R, Raub TJ, Sawada GA, Kasper SC, Bacon JA, Bridges AS, et al. Breast cancer resis-
tance protein interacts with various compounds in vitro, but plays a minor role in substrate 
effl ux at the blood-brain barrier. Drug Metab Dispos. 2009;37(6):1251–8.  

    64.    Zhou L, Schmidt K, Nelson FR, Zelesky V, Troutman MD, Feng B. The effect of breast can-
cer resistance protein and P-glycoprotein on the brain penetration of fl avopiridol, imatinib 
mesylate (Gleevec), prazosin, and 2-methoxy-3-(4-(2-(5-methyl-2-phenyloxazol-4-yl)eth-
oxy)phenyl)propanoic acid (PF-407288) in mice. Drug Metab Dispos. 2009;37(5):946–55.  

    65.    Agarwal S, Sane R, Ohlfest JR, Elmquist WF. The role of the breast cancer resistance protein 
(ABCG2) in the distribution of sorafenib to the brain. J Pharmacol Exp Ther. 
2011;336(1):223–33.  

    66.    Neuhaus W, Gaiser F, Mahringer A, Franz J, Riethmuller C, Forster C. The pivotal role of 
astrocytes in an in vitro stroke model of the blood-brain barrier. Front Cell Neurosci. 
2014;8:352.  

    67.    Dazert P, Suofu Y, Grube M, Popa-Wagner A, Kroemer HK, Jedlitschky G, et al. Differential 
regulation of transport proteins in the periinfarct region following reversible middle cerebral 
artery occlusion in rats. Neuroscience. 2006;142(4):1071–9.  

Glial Support of Blood–Brain Barrier Integrity: Molecular Targets for Novel…



72

    68.    Hagenbuch B, Meier PJ. Organic anion transporting polypeptides of the OATP/SLC21 fam-
ily: phylogenetic classifi cation as OATP/SLCO superfamily, new nomenclature and molecu-
lar/functional properties. Pfl ugers Arch. 2004;447(5):653–65.  

    69.    Wood WG, Eckert GP, Igbavboa U, Muller WE. Statins and neuroprotection: a prescription 
to move the fi eld forward. Ann N Y Acad Sci. 2010;1199:69–76.  

      70.    Barone E, Cenini G, Di Domenico F, Martin S, Sultana R, Mancuso C, et al. Long-term high- 
dose atorvastatin decreases brain oxidative and nitrosative stress in a preclinical model of 
Alzheimer’s disease: a novel mechanism of action. Pharmacol Res. 2011;63(3):172–80.  

    71.    Ose A, Kusuhara H, Endo C, Tohyama K, Miyajima M, Kitamura S, et al. Functional charac-
terization of mouse organic anion transporting polypeptide 1a4 in the uptake and effl ux of 
drugs across the blood-brain barrier. Drug Metab Dispos. 2010;38(1):168–76.  

    72.    Gao B, Hagenbuch B, Kullak-Ublick GA, Benke D, Aguzzi A, Meier PJ. Organic anion- 
transporting polypeptides mediate transport of opioid peptides across blood-brain barrier. 
J Pharmacol Exp Ther. 2000;294(1):73–9.  

     73.    Kis B, Isse T, Snipes JA, Chen L, Yamashita H, Ueta Y, et al. Effects of LPS stimulation on 
the expression of prostaglandin carriers in the cells of the blood-brain and blood- cerebrospinal 
fl uid barriers. J Appl Physiol. 2006;100(4):1392–9.  

    74.    Chu C, Li JY, Boado RJ, Pardridge WM. Blood-brain barrier genomics and cloning of a novel 
organic anion transporter. J Cereb Blood Flow Metab. 2008;28(2):291–301.  

    75.    Westholm DE, Salo DR, Viken KJ, Rumbley JN, Anderson GW. The blood-brain barrier 
thyroxine transporter organic anion-transporting polypeptide 1c1 displays atypical transport 
kinetics. Endocrinology. 2009;150(11):5153–62.  

    76.    Westholm DE, Stenehjem DD, Rumbley JN, Drewes LR, Anderson GW. Competitive inhibi-
tion of organic anion transporting polypeptide 1c1-mediated thyroxine transport by the 
fenamate class of nonsteroidal antiinfl ammatory drugs. Endocrinology. 2009;150(2):
1025–32.  

       77.    Ronaldson PT, Finch JD, DeMarco KM, Quigley CE, Davis TP. Infl ammatory pain signals an 
increase in functional expression of organic anion transporting polypeptide 1a4 at the blood- 
brain barrier. J Pharmacol Exp Ther. 2011;336(3):827–39.  

          78.    Thompson BJ, Sanchez-Covarrubias L, Slosky LM, Zhang Y, Laracuente ML, Ronaldson 
PT. Hypoxia/reoxygenation stress signals an increase in organic anion transporting polypep-
tide 1a4 (Oatp1a4) at the blood-brain barrier: relevance to CNS drug delivery. J Cereb Blood 
Flow Metab. 2014;34(4):699–707.  

    79.    Ronaldson PT, Davis TP. Targeted drug delivery to treat pain and cerebral hypoxia. Pharmacol 
Rev. 2013;65(1):291–314.  

         80.    Thompson BJ, Ronaldson PT. Drug delivery to the ischemic brain. Adv Pharmacol. 
2014;71:165–202.  

    81.    Mathiisen TM, Lehre KP, Danbolt NC, Ottersen OP. The perivascular astroglial sheath pro-
vides a complete covering of the brain microvessels: an electron microscopic 3D reconstruc-
tion. Glia. 2010;58(9):1094–103.  

    82.    Hayashi Y, Nomura M, Yamagishi S, Harada S, Yamashita J, Yamamoto H. Induction of vari-
ous blood-brain barrier properties in non-endothelial cells by close apposition to co-cultured 
astrocytes. Glia. 1997;19(1):13–26.  

      83.    Willis CL, Nolan CC, Reith SN, Lister T, Prior MJ, Guerin CJ, et al. Focal astrocyte loss is 
followed by microvascular damage, with subsequent repair of the blood-brain barrier in the 
apparent absence of direct astrocytic contact. Glia. 2004;45(4):325–37.  

     84.    Ballabh P, Braun A, Nedergaard M. The blood-brain barrier: an overview: structure, regula-
tion, and clinical implications. Neurobiol Dis. 2004;16(1):1–13.  

    85.   Goldberg M, De Pitta M, Volman V, Berry H, Ben Jacob E. Nonlinear gap junctions enable 
long-distance propagation of pulsating calcium waves in astrocyte networks. PLoS Comput 
Biol. 2010;6(8).  

    86.    Pelligrino DA, Vetri F, Xu HL. Purinergic mechanisms in gliovascular coupling. Semin Cell 
Dev Biol. 2011;22(2):229–36.  

P.T. Ronaldson and T.P. Davis



73

    87.    Abbott NJ, Ronnback L, Hansson E. Astrocyte-endothelial interactions at the blood-brain 
barrier. Nat Rev Neurosci. 2006;7(1):41–53.  

    88.    Bak LK, Schousboe A, Waagepetersen HS. The glutamate/GABA-glutamine cycle: aspects 
of transport, neurotransmitter homeostasis and ammonia transfer. J Neurochem. 2006;
98(3):641–53.  

    89.    Anderson CM, Swanson RA. Astrocyte glutamate transport: review of properties, regulation, 
and physiological functions. Glia. 2000;32(1):1–14.  

    90.    Kimelberg HK, Goderie SK, Higman S, Pang S, Waniewski RA. Swelling-induced release of 
glutamate, aspartate, and taurine from astrocyte cultures. J Neurosci. 1990;10(5):1583–91.  

     91.    Ronaldson PT, Bendayan M, Gingras D, Piquette-Miller M, Bendayan R. Cellular localiza-
tion and functional expression of P-glycoprotein in rat astrocyte cultures. J Neurochem. 
2004;89(3):788–800.  

    92.    Nies AT, Jedlitschky G, Konig J, Herold-Mende C, Steiner HH, Schmitt HP, et al. Expression 
and immunolocalization of the multidrug resistance proteins, MRP1-MRP6 (ABCC1- 
ABCC6), in human brain. Neuroscience. 2004;129(2):349–60.  

    93.    Raivich G, Bohatschek M, Kloss CU, Werner A, Jones LL, Kreutzberg GW. Neuroglial acti-
vation repertoire in the injured brain: graded response, molecular mechanisms and cues to 
physiological function. Brain Res Brain Res Rev. 1999;30(1):77–105.  

       94.    Speth C, Dierich MP, Sopper S. HIV-infection of the central nervous system: the tightrope 
walk of innate immunity. Mol Immunol. 2005;42(2):213–28.  

    95.    Bsibsi M, Ravid R, Gveric D, van Noort JM. Broad expression of Toll-like receptors in the 
human central nervous system. J Neuropathol Exp Neurol. 2002;61(11):1013–21.  

    96.    Rivest S. Molecular insights on the cerebral innate immune system. Brain Behav Immun. 
2003;17(1):13–9.  

    97.    Deierborg T, Roybon L, Inacio AR, Pesic J, Brundin P. Brain injury activates microglia that 
induce neural stem cell proliferation ex vivo and promote differentiation of neurosphere- 
derived cells into neurons and oligodendrocytes. Neuroscience. 2010;171(4):1386–96.  

   98.    Faustino JV, Wang X, Johnson CE, Klibanov A, Derugin N, Wendland MF, et al. Microglial 
cells contribute to endogenous brain defenses after acute neonatal focal stroke. J Neurosci. 
2011;31(36):12992–3001.  

    99.    Wei Z, Chigurupati S, Arumugam TV, Jo DG, Li H, Chan SL. Notch activation enhances the 
microglia-mediated infl ammatory response associated with focal cerebral ischemia. Stroke. 
2011;42(9):2589–94.  

    100.    Zlokovic BV. The blood-brain barrier in health and chronic neurodegenerative disorders. 
Neuron. 2008;57(2):178–201.  

    101.    Eder C. Ion channels in microglia (brain macrophages). Am J Physiol. 1998;275(2 Pt 
1):C327–42.  

    102.    Eder C. Regulation of microglial behavior by ion channel activity. J Neurosci Res. 
2005;81(3):314–21.  

    103.    Noda M, Nakanishi H, Nabekura J, Akaike N. AMPA-kainate subtypes of glutamate receptor 
in rat cerebral microglia. J Neurosci. 2000;20(1):251–8.  

    104.    Maher F. Immunolocalization of GLUT1 and GLUT3 glucose transporters in primary cul-
tured neurons and glia. J Neurosci Res. 1995;42(4):459–69.  

    105.    Dallas S, Zhu X, Baruchel S, Schlichter L, Bendayan R. Functional expression of the multi-
drug resistance protein 1 in microglia. J Pharmacol Exp Ther. 2003;307(1):282–90.  

    106.    Dallas S, Schlichter L, Bendayan R. Multidrug resistance protein (MRP) 4- and MRP 
5- mediated effl ux of 9-(2-phosphonylmethoxyethyl)adenine by microglia. J Pharmacol Exp 
Ther. 2004;309(3):1221–9.  

    107.   Dalkara T, Alarcon-Martinez L. Cerebral microvascular pericytes and neurogliovascular sig-
nalling in health and disease. Brain Res. 2015;1632:3–17. pii:S0006-8993(15)00282-6. 
doi:  10.1016/j.brainres.2015.03.047    .  

    108.    Dore-Duffy P, Cleary K. Morphology and properties of pericytes. Methods Mol Biol. 
2011;686:49–68.  

Glial Support of Blood–Brain Barrier Integrity: Molecular Targets for Novel…

http://dx.doi.org/10.1016/j.brainres.2015.03.047


74

    109.    Hori S, Ohtsuki S, Hosoya K, Nakashima E, Terasaki T. A pericyte-derived angiopoietin-1 
multimeric complex induces occludin gene expression in brain capillary endothelial cells 
through Tie-2 activation in vitro. J Neurochem. 2004;89(2):503–13.  

    110.    Al Ahmad A, Taboada CB, Gassmann M, Ogunshola OO. Astrocytes and pericytes differen-
tially modulate blood-brain barrier characteristics during development and hypoxic insult. 
J Cereb Blood Flow Metab. 2011;31(2):693–705.  

    111.    Armulik A, Genove G, Mae M, Nisancioglu MH, Wallgard E, Niaudet C, et al. Pericytes 
regulate the blood-brain barrier. Nature. 2010;468(7323):557–61.  

    112.    Berezowski V, Landry C, Dehouck MP, Cecchelli R, Fenart L. Contribution of glial cells and 
pericytes to the mRNA profi les of P-glycoprotein and multidrug resistance-associated pro-
teins in an in vitro model of the blood-brain barrier. Brain Res. 2004;1018(1):1–9.  

    113.    Cohen Z, Molinatti G, Hamel E. Astroglial and vascular interactions of noradrenaline termi-
nals in the rat cerebral cortex. J Cereb Blood Flow Metab. 1997;17(8):894–904.  

    114.    Cohen Z, Bonvento G, Lacombe P, Hamel E. Serotonin in the regulation of brain microcircu-
lation. Prog Neurobiol. 1996;50(4):335–62.  

    115.    Tong XK, Hamel E. Regional cholinergic denervation of cortical microvessels and nitric oxide 
synthase-containing neurons in Alzheimer’s disease. Neuroscience. 1999;92(1):163–75.  

    116.    Vaucher E, Tong XK, Cholet N, Lantin S, Hamel E. GABA neurons provide a rich input to 
microvessels but not nitric oxide neurons in the rat cerebral cortex: a means for direct regula-
tion of local cerebral blood fl ow. J Comp Neurol. 2000;421(2):161–71.  

    117.    Cucullo L, Couraud PO, Weksler B, Romero IA, Hossain M, Rapp E, et al. Immortalized 
human brain endothelial cells and fl ow-based vascular modeling: a marriage of convenience 
for rational neurovascular studies. J Cereb Blood Flow Metab. 2008;28(2):312–28.  

   118.    Vital SA, Terao S, Nagai M, Granger DN. Mechanisms underlying the cerebral microvascular 
responses to angiotensin II-induced hypertension. Microcirculation. 2010;17(8):641–9.  

    119.    Shen Q, Du F, Huang S, Duong TQ. Spatiotemporal characteristics of postischemic hyperper-
fusion with respect to changes in T1, T2, diffusion, angiography, and blood-brain barrier 
permeability. J Cereb Blood Flow Metab. 2011;31(10):2076–85.  

    120.    Sood RR, Taheri S, Candelario-Jalil E, Estrada EY, Rosenberg GA. Early benefi cial effect of 
matrix metalloproteinase inhibition on blood-brain barrier permeability as measured by mag-
netic resonance imaging countered by impaired long-term recovery after stroke in rat brain. 
J Cereb Blood Flow Metab. 2008;28(2):431–8.  

     121.    Del Zoppo GJ. The neurovascular unit, matrix proteases, and innate infl ammation. Ann N Y 
Acad Sci. 2010;1207:46–9.  

    122.    Hynes RO, Lander AD. Contact and adhesive specifi cities in the associations, migrations, and 
targeting of cells and axons. Cell. 1992;68(2):303–22.  

    123.    Tilling T, Korte D, Hoheisel D, Galla HJ. Basement membrane proteins infl uence brain capil-
lary endothelial barrier function in vitro. J Neurochem. 1998;71(3):1151–7.  

    124.    Savettieri G, Di Liegro I, Catania C, Licata L, Pitarresi GL, D’Agostino S, et al. Neurons and 
ECM regulate occludin localization in brain endothelial cells. Neuroreport. 2000;11(5):
1081–4.  

      125.    Roberts J, Kahle MP, Bix GJ. Perlecan and the blood-brain barrier: benefi cial proteolysis? 
Front Pharmacol. 2012;3:155.  

    126.    Guell K, Bix GJ. Brain endothelial cell specifi c integrins and ischemic stroke. Expert Rev 
Neurother. 2014;14(11):1287–92.  

       127.    Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, Cushman M, et al. Heart disease 
and stroke statistics—2015 update: a report from the American Heart Association. Circulation. 
2015;131(4):e29–322.  

    128.    Moskowitz MA, Lo EH, Iadecola C. The science of stroke: mechanisms in search of treat-
ments. Neuron. 2010;67(2):181–98.  

     129.    Liu S, Levine SR, Winn HR. Targeting ischemic penumbra: part I—from pathophysiology to 
therapeutic strategy. J Exp Stroke Transl Med. 2010;3(1):47–55.  

    130.    Adibhatla RM, Hatcher JF, Larsen EC, Chen X, Sun D, Tsao FH. CDP-choline signifi cantly 
restores phosphatidylcholine levels by differentially affecting phospholipase A2 and CTP: 
phosphocholine cytidylyltransferase after stroke. J Biol Chem. 2006;281(10):6718–25.  

P.T. Ronaldson and T.P. Davis



75

     131.    Candelario-Jalil E. Injury and repair mechanisms in ischemic stroke: considerations for the 
development of novel neurotherapeutics. Curr Opin Investig Drugs. 2009;10(7):644–54.  

     132.    Moretti A, Ferrari F, Villa RF. Pharmacological therapy of acute ischemic stroke: achieve-
ments and problems. Pharmacol Ther. 2015;153:79–89.  

    133.    Schild L, Reiser G. Oxidative stress is involved in the permeabilization of the inner mem-
brane of brain mitochondria exposed to hypoxia/reoxygenation and low micromolar Ca2+. 
FEBS J. 2005;272(14):3593–601.  

    134.    Iadecola C, Nedergaard M. Glial regulation of the cerebral microvasculature. Nat Neurosci. 
2007;10(11):1369–76.  

       135.    Yang Y, Rosenberg GA. Blood-brain barrier breakdown in acute and chronic cerebrovascular 
disease. Stroke. 2011;42(11):3323–8.  

    136.    Zhao LR, Navalitloha Y, Singhal S, Mehta J, Piao CS, Guo WP, et al. Hematopoietic growth 
factors pass through the blood-brain barrier in intact rats. Exp Neurol. 2007;204(2):569–73.  

    137.    Bauer AT, Burgers HF, Rabie T, Marti HH. Matrix metalloproteinase-9 mediates hypoxia- 
induced vascular leakage in the brain via tight junction rearrangement. J Cereb Blood Flow 
Metab. 2010;30(4):837–48.  

    138.    Kumari R, Willing LB, Patel SD, Baskerville KA, Simpson IA. Increased cerebral matrix 
metalloprotease-9 activity is associated with compromised recovery in the diabetic db/db 
mouse following a stroke. J Neurochem. 2011;119(5):1029–40.  

    139.    Brouns R, Wauters A, De Surgeloose D, Marien P, De Deyn PP. Biochemical markers for 
blood-brain barrier dysfunction in acute ischemic stroke correlate with evolution and out-
come. Eur Neurol. 2011;65(1):23–31.  

    140.    Gu Y, Zheng G, Xu M, Li Y, Chen X, Zhu W, et al. Caveolin-1 regulates nitric oxide- mediated 
matrix metalloproteinases activity and blood-brain barrier permeability in focal cerebral isch-
emia and reperfusion injury. J Neurochem. 2012;120(1):147–56.  

    141.    Pfefferkorn T, Rosenberg GA. Closure of the blood-brain barrier by matrix metalloproteinase 
inhibition reduces rtPA-mediated mortality in cerebral ischemia with delayed reperfusion. 
Stroke. 2003;34(8):2025–30.  

    142.    Nagaraja TN, Keenan KA, Fenstermacher JD, Knight RA. Acute leakage patterns of fl uores-
cent plasma fl ow markers after transient focal cerebral ischemia suggest large openings in 
blood-brain barrier. Microcirculation. 2008;15(1):1–14.  

    143.    Yeh WL, Lu DY, Lin CJ, Liou HC, Fu WM. Inhibition of hypoxia-induced increase of blood- 
brain barrier permeability by YC-1 through the antagonism of HIF-1alpha accumulation and 
VEGF expression. Mol Pharmacol. 2007;72(2):440–9.  

    144.    Yamauchi A, Dohgu S, Nishioku T, Shuto H, Naito M, Tsuruo T, et al. An inhibitory role of 
nitric oxide in the dynamic regulation of the blood-brain barrier function. Cell Mol Neurobiol. 
2007;27(3):263–70.  

    145.    Sandoval KE, Witt KA. Blood-brain barrier tight junction permeability and ischemic stroke. 
Neurobiol Dis. 2008;32(2):200–19.  

    146.    Wallace BK, Jelks KA, O’Donnell ME. Ischemia-induced stimulation of cerebral microvas-
cular endothelial cell Na-K-Cl cotransport involves p38 and JNK MAP kinases. Am J Physiol 
Cell Physiol. 2011;302(3):C505–17.  

    147.    Lam TI, Wise PM, O’Donnell ME. Cerebral microvascular endothelial cell Na/H exchange: 
evidence for the presence of NHE1 and NHE2 isoforms and regulation by arginine vasopres-
sin. Am J Physiol Cell Physiol. 2009;297(2):C278–89.  

     148.    Hom S, Fleegal MA, Egleton RD, Campos CR, Hawkins BT, Davis TP. Comparative changes 
in the blood-brain barrier and cerebral infarction of SHR and WKY rats. Am J Physiol Regul 
Integr Comp Physiol. 2007;292(5):R1881–92.  

    149.    Vemula S, Roder KE, Yang T, Bhat GJ, Thekkumkara TJ, Abbruscato TJ. A functional role 
for sodium-dependent glucose transport across the blood-brain barrier during oxygen glucose 
deprivation. J Pharmacol Exp Ther. 2009;328(2):487–95.  

     150.    Kim GW, Lewen A, Copin J, Watson BD, Chan PH. The cytosolic antioxidant, copper/zinc 
superoxide dismutase, attenuates blood-brain barrier disruption and oxidative cellular injury 
after photothrombotic cortical ischemia in mice. Neuroscience. 2001;105(4):1007–18.  

Glial Support of Blood–Brain Barrier Integrity: Molecular Targets for Novel…



76

    151.    Heo JH, Han SW, Lee SK. Free radicals as triggers of brain edema formation after stroke. 
Free Radic Biol Med. 2005;39:51–70.  

    152.    Nito C, Kamada H, Endo H, Niizuma K, Myer DJ, Chan PH. Role of the p38 mitogen- 
activated protein kinase/cytosolic phospholipase A2 signaling pathway in blood-brain barrier 
disruption after focal cerebral ischemia and reperfusion. J Cereb Blood Flow Metab. 
2008;28(10):1686–96.  

    153.    Lochhead JJ, McCaffrey G, Sanchez-Covarrubias L, Finch JD, DeMarco KM, Quigley CE, 
et al. Tempol modulates changes in xenobiotic permeability and occludin oligomeric assem-
blies at the blood-brain barrier during infl ammatory pain. Am J Physiol Heart Circ Physiol. 
2012;302(3):H582–93.  

     154.    Pacher P, Beckman JS, Liaudet L. Nitric oxide and peroxynitrite in health and disease. 
Physiol Rev. 2007;87:315–424.  

    155.    Salvemini D, Doyle TM, Cuzzocrea S. Superoxide, peroxynitrite and oxidative/nitrative 
stress in infl ammation. Biochem Soc Trans. 2006;34(Pt 5):965–70.  

    156.    Wang X, Barone FC, Aiyar NV, Feuerstein GZ. Interleukin-1 receptor and receptor antago-
nist gene expression after focal stroke in rats. Stroke. 1997;28(1):155–61.  

     157.    Petty MA, Lo EH. Junctional complexes of the blood-brain barrier: permeability changes in 
neuroinfl ammation. Prog Neurobiol. 2002;68(5):311–23.  

    158.    Staykova M, Maxwell L, Willenborg D. Kinetics and polarization of the membrane expres-
sion of cytokine-induced ICAM-1 on rat brain endothelial cells. J Neuropathol Exp Neurol. 
2000;59(2):120–8.  

    159.    Poller B, Drewe J, Krahenbuhl S, Huwyler J, Gutmann H. Regulation of BCRP (ABCG2) and 
P-glycoprotein (ABCB1) by cytokines in a model of the human blood-brain barrier. Cell Mol 
Neurobiol. 2010;30(1):63–70.  

    160.    Ahishali B, Kaya M, Kalayci R, Uzun H, Bilgic B, Arican N, et al. Effects of lipopolysac-
charide on the blood-brain barrier permeability in prolonged nitric oxide blockade-induced 
hypertensive rats. Int J Neurosci. 2005;115(2):151–68.  

    161.    Didier N, Romero IA, Creminon C, Wijkhuisen A, Grassi J, Mabondzo A. Secretion of 
interleukin- 1beta by astrocytes mediates endothelin-1 and tumour necrosis factor-alpha 
effects on human brain microvascular endothelial cell permeability. J Neurochem. 
2003;86(1):246–54.  

    162.    Haseloff RF, Blasig IE, Bauer HC, Bauer H. In search of the astrocytic factor(s) modulating 
blood-brain barrier functions in brain capillary endothelial cells in vitro. Cell Mol Neurobiol. 
2005;25(1):25–39.  

    163.    Kaur C, Sivakumar V, Zhang Y, Ling EA. Hypoxia-induced astrocyte reaction and increased 
vascular permeability in the rat cerebellum. Glia. 2006;54(8):826–39.  

    164.    Vangilder RL, Rosen CL, Barr TL, Huber JD. Targeting the neurovascular unit for treatment 
of neurological disorders. Pharmacol Ther. 2011;130(3):239–47.  

    165.    Woodman SE, Benveniste EN, Nath A, Berman JW. Human immunodefi ciency virus type 1 
TAT protein induces adhesion molecule expression in astrocytes. J Neurovirol. 1999;5(6):
678–84.  

     166.    Dimitrijevic OB, Stamatovic SM, Keep RF, Andjelkovic AV. Effects of the chemokine CCL2 
on blood-brain barrier permeability during ischemia-reperfusion injury. J Cereb Blood Flow 
Metab. 2006;26(6):797–810.  

    167.    Strecker JK, Minnerup J, Gess B, Ringelstein EB, Schabitz WR, Schilling M. Monocyte 
chemoattractant protein-1-defi ciency impairs the expression of IL-6, IL-1beta and G-CSF 
after transient focal ischemia in mice. PLoS One. 2011;6(10):e25863.  

    168.    Lee SR, Guo SZ, Scannevin RH, Magliaro BC, Rhodes KJ, Wang X, et al. Induction of 
matrix metalloproteinase, cytokines and chemokines in rat cortical astrocytes exposed to 
plasminogen activators. Neurosci Lett. 2007;417(1):1–5.  

    169.    Tuttolomondo A, Di Raimondo D, di Sciacca R, Pinto A, Licata G. Infl ammatory cytokines 
in acute ischemic stroke. Curr Pharm Des. 2008;14(33):3574–89.  

     170.    Doyle KP, Cekanaviciute E, Mamer LE, Buckwalter MS. TGFbeta signaling in the brain 
increases with aging and signals to astrocytes and innate immune cells in the weeks after 
stroke. J Neuroinfl ammation. 2010;7:62.  

P.T. Ronaldson and T.P. Davis



77

    171.    Mander P, Borutaite V, Moncada S, Brown GC. Nitric oxide from infl ammatory-activated 
glia synergizes with hypoxia to induce neuronal death. J Neurosci Res. 2005;79(1–2):
208–15.  

    172.    Yasuda Y, Tateishi N, Shimoda T, Satoh S, Ogitani E, Fujita S. Relationship between 
S100beta and GFAP expression in astrocytes during infarction and glial scar formation after 
mild transient ischemia. Brain Res. 2004;1021(1):20–31.  

    173.    Jiang J, Wang W, Sun YJ, Hu M, Li F, Zhu DY. Neuroprotective effect of curcumin on focal 
cerebral ischemic rats by preventing blood-brain barrier damage. Eur J Pharmacol. 
2007;561(1–3):54–62.  

    174.    Dallasta LM, Pisarov LA, Esplen JE, Werley JV, Moses AV, Nelson JA, et al. Blood-brain 
barrier tight junction disruption in human immunodefi ciency virus-1 encephalitis. Am 
J Pathol. 1999;155(6):1915–27.  

       175.    Yenari MA, Xu L, Tang XN, Qiao Y, Giffard RG. Microglia potentiate damage to blood-brain 
barrier constituents: improvement by minocycline in vivo and in vitro. Stroke. 2006;
37(4):1087–93.  

    176.    Clausen BH, Lambertsen KL, Babcock AA, Holm TH, Dagnaes-Hansen F, Finsen 
B. Interleukin-1beta and tumor necrosis factor-alpha are expressed by different subsets of 
microglia and macrophages after ischemic stroke in mice. J Neuroinfl ammation. 2008;5:46.  

    177.    Kaushal V, Schlichter LC. Mechanisms of microglia-mediated neurotoxicity in a new model 
of the stroke penumbra. J Neurosci. 2008;28(9):2221–30.  

    178.    Akundi RS, Candelario-Jalil E, Hess S, Hull M, Lieb K, Gebicke-Haerter PJ, et al. Signal 
transduction pathways regulating cyclooxygenase-2 in lipopolysaccharide-activated primary 
rat microglia. Glia. 2005;51(3):199–208.  

   179.    Bhat NR, Zhang P, Lee JC, Hogan EL. Extracellular signal-regulated kinase and p38 sub-
groups of mitogen-activated protein kinases regulate inducible nitric oxide synthase and 
tumor necrosis factor-alpha gene expression in endotoxin-stimulated primary glial cultures. 
J Neurosci. 1998;18(5):1633–41.  

    180.    Piao CS, Kim JB, Han PL, Lee JK. Administration of the p38 MAPK inhibitor SB203580 
affords brain protection with a wide therapeutic window against focal ischemic insult. 
J Neurosci Res. 2003;73(4):537–44.  

       181.    Witt KA, Mark KS, Sandoval KE, Davis TP. Reoxygenation stress on blood-brain barrier 
paracellular permeability and edema in the rat. Microvasc Res. 2008;75(1):91–6.  

       182.    Willis CL, Meske DS, Davis TP. Protein kinase C activation modulates reversible increase in 
cortical blood-brain barrier permeability and tight junction protein expression during hypoxia 
and posthypoxic reoxygenation. J Cereb Blood Flow Metab. 2010;30(11):1847–59.  

    183.    Witt KA, Mark KS, Huber J, Davis TP. Hypoxia-inducible factor and nuclear factor kappa-B 
activation in blood-brain barrier endothelium under hypoxic/reoxygenation stress. 
J Neurochem. 2005;92(1):203–14.  

    184.    Schreibelt G, Kooij G, Reijerkerk A, van Doorn R, Gringhuis SI, van der PS, et al. Reactive 
oxygen species alter brain endothelial tight junction dynamics via RhoA, PI3 kinase, and 
PKB signaling. FASEB J. 2007;21(13):3666–76.  

    185.    Cuzzocrea S, McDonald MC, Mazzon E, Filipe HM, Costantino G, Caputi AP, et al. 
Benefi cial effects of tempol, a membrane-permeable radical scavenger, in a rodent model of 
splanchnic artery occlusion and reperfusion. Shock. 2000;14(2):150–6.  

    186.    Rak R, Chao DL, Pluta RM, Mitchell JB, Oldfi eld EH, Watson JC. Neuroprotection by the 
stable nitroxide Tempol during reperfusion in a rat model of transient focal ischemia. 
J Neurosurg. 2000;92(4):646–51.  

    187.    Hong H, Lu Y, Ji ZN, Liu GQ. Up-regulation of P-glycoprotein expression by glutathione 
depletion-induced oxidative stress in rat brain microvessel endothelial cells. J Neurochem. 
2008;98:1465–73.  

      188.    Wang X, Campos CR, Peart JC, Smith LK, Boni JL, Cannon RE, et al. Nrf2 upregulates ATP 
binding cassette transporter expression and activity at the blood-brain barrier and blood- 
spinal cord barriers. J Neurosci. 2014;34:8585–93.  

Glial Support of Blood–Brain Barrier Integrity: Molecular Targets for Novel…



78

    189.    Tournier N, Decleves X, Saubamea B, Schermann JM, Cisternino S. Opioid transport by 
ATP-binding cassette transporters at the blood-brain barrier: implications for neuropsycho-
pharmacology. Curr Pharm Des. 2011;17:2829–42.  

   190.    Slosky LM, Thompson BJ, Sanchez-Covarrubias L, Zhang Y, Laracuente ML, Vanderah TW, 
et al. Acetaminophen modulates P-glycoprotein functional expression at the blood-brain bar-
rier by a constitutive androstane receptor-dependent mechanism. Mol Pharmacol. 2013;84:
774–86.  

    191.    Sanchez-Covarrubias L, Slosky LM, Thompson BJ, Zhang Y, Laracuente ML, DeMarco KM, 
et al. P-glycoprotein modulates morphine uptake into the CNS: a role for the non-steroidal 
anti-infl ammatory drug diclofenac. PLoS One. 2014;9:e88516.  

    192.    Potschka H. Modulating P-glycoprotein regulation: future perspectives for pharmacoresistant 
epilepsies? Epilepsia. 2010;51:1333–47.  

    193.    Kalvass JC, Polli JW, Bourdet DL, Feng B, Huang SM, Liu X, et al. Why clinical modulation 
of effl ux transport at the human blood-brain barrier is unlikely: the ITC evidence-based posi-
tion. Clin Pharmacol Ther. 2013;94:80–94.  

    194.    Butterfi eld DA, Barone E, Mancuso C. Cholesterol-independent neuroprotective and neuro-
toxic activities of statins: perspectives for statin use in Alzheimer disease and other age- 
related neurodegenerative disorders. Pharmacol Res. 2011;64(3):180–6.  

    195.    Cui L, Zhang X, Yang R, Wang L, Liu L, Li M, et al. Neuroprotection of early and short-time 
applying atorvastatin in the acute phase of cerebral ischemia: down-regulated 12/15-LOX, 
p38MAPK and cPLA2 expression, ameliorated BBB permeability. Brain Res. 2010;1325:
164–73.  

    196.    Yang D, Knight RA, Han Y, Karki K, Zhang J, Chopp M, et al. Statins protect the blood-brain 
barrier acutely after experimental intracerebral haemorrhage. J Behav Brain Sci. 
2013;3:100–6.  

    197.    Derynck R, Zhang YE. Smad-dependent and Smad-independent pathways in TGF-beta fam-
ily signalling. Nature. 2003;425(6958):577–84.  

    198.    Li W, Busu C, Circu ML, Aw TY. Glutathione in cerebral microvascular endothelial biology 
and pathobiology: implications for brain homeostasis. Int J Cell Biol. 2012;2012:434971.  

    199.    Plateel M, Dehouck MP, Torpier G, Cecchelli R, Tessier E. Hypoxia increases the susceptibil-
ity to oxidant stress and the permeability of the blood-brain barrier endothelial cell mono-
layer. J Neurochem. 1995;65:2138–45.  

   200.    Muruganandam A, Smith C, Ball R, Herring T, Stanimirovic D. Glutathione homeostasis and 
leukotriene-induced permeability in human blood-brain barrier endothelial cells subjected to 
in vitro ischemia. Acta Neurochir Suppl. 2000;76:29–34.  

    201.    Namba K, Takeda Y, Sunami K, Hirakawa M. Temporal profi les of the levels of endogenous 
antioxidants after four-vessel occlusion in rats. J Neurosurg Anesthesiol. 2001;13:131–7.  

    202.    Hirrlinger J, Dringen R. Multidrug resistance protein 1-mediated export of glutathione and 
glutathione disulphide from brain astrocytes. Methods Enzymol. 2005;400:395–409.  

     203.    Tadepalle N, Koehler Y, Brandmann M, Meyer N, Dringen R. Arsenite stimulates glutathione 
export and glycolytic fl ux in viable primary rat brain astrocytes. Neurochem Int. 2014;
76:1–11.  

    204.    Paulusma CC, van Geer MA, Evers R, Heijn M, Ottenhoff R, Borst P, et al. Canalicular mul-
tispecifi c organix transporter/multidrug resistance protein 2 mediates low-affi nity transport 
of reduced glutathione. Biochem J. 1999;338:393–401.  

    205.    Rius M, Hummel-Eisenbeiss J, Hofmann AF, Keppler D. Substrate specifi city of human 
ABCC4 (MRP4)-mediated cotransport of bile acids and reduced glutathione. Am J Physiol 
Gastrointest Liver Physiol. 2006;290:G640–9.  

    206.    Ballatori N, Krance SM, Marchan R, Hammond CL. Plasma membrane glutathione trans-
porters and their roles in cell physiology and pathophysiology. Mol Aspects Med. 2009;
30:13–28.  

     207.    Maher JM, Dieter MZ, Aleksunes LM, Slitt AL, Guo G, Tanaka Y, et al. Oxidative and elec-
trophilic stress induces multidrug resistance-associated protein transporters via the nuclear 
factor-E2-related factor-2 transcriptional pathway. Hepatology. 2007;46:1597–610.  

P.T. Ronaldson and T.P. Davis



79

    208.    Alfi eri A, Srivastava S, Slow RC, Modo M, Fraser PA, Mann GE. Targeting the Nrf2-Keap1 
antioxidant defense pathway for neurovascular protection in stroke. J Physiol. 2011;58:
4125–36.  

     209.    Hayashi A, Suzuki H, Itoh K, Yamamoto M, Sugiyama Y. Transcription factor Nrf2 is 
required for the constitutive and inducible expression of multidrug resistance-associated pro-
tein 1 in mouse embryo fi broblasts. Biochem Biophys Res Commun. 2003;310:824–9.  

     210.    Ma Q. Role of Nrf2 in oxidative stress and toxicity. Annu Rev Pharmacol Toxicol. 
2013;53:401–26.  

    211.    Aleksunes LM, Slitt AL, Maher JM, Augustine LM, Goedken MJ, Chan JY, et al. Induction 
of Mrp3 and Mrp4 transporters during acetaminophen hepatotoxicity is dependent on Nrf2. 
Toxicol Appl Pharmacol. 2008;226:74–83.  

    212.    Macfarlane SR, Seatter MJ, Kanke T, Hunter GD, Plevin R. Proteinase-activated receptors. 
Pharmacol Rev. 2001;53(2):245–82.  

    213.    McCoy KL, Traynelis SF, Hepler JR. PAR1 and PAR2 couple to overlapping and distinct sets 
of G proteins and linked signaling pathways to differentially regulate cell physiology. Mol 
Pharmacol. 2010;77(6):1005–15.  

    214.    Noorbakhsh F, Tsutsui S, Vergnolle N, Boven LA, Shariat N, Vodjgani M, et al. Proteinase- 
activated receptor 2 modulates neuroinfl ammation in experimental autoimmune encephalo-
myelitis and multiple sclerosis. J Exp Med. 2006;203(2):425–35.  

    215.    Pompili E, Fabrizi C, Nori SL, Panetta B, Geloso MC, Corvino V, et al. Protease-activated 
receptor-1 expression in rat microglia after trimethyltin treatment. J Histochem Cytochem. 
2011;59(3):302–11.  

     216.    Zlokovic BV, Griffi n JH. Cytoprotective protein C pathways and implications for stroke and 
neurological disorders. Trends Neurosci. 2011;34(4):198–209.  

    217.    Mosnier LO, Zlokovic BV, Griffi n JH. The cytoprotective protein C pathway. Blood. 
2007;109(8):3161–72.  

       218.    Guo H, Singh I, Wang Y, Deane R, Barrett T, Fernandez JA, et al. Neuroprotective activities 
of activated protein C mutant with reduced anticoagulant activity. Eur J Neurosci. 2009;
29(6):1119–30.  

    219.    Fabrizi C, Pompili E, Panetta B, Nori SL, Fumagalli L. Protease-activated receptor-1 regu-
lates cytokine production and induces the suppressor of cytokine signaling-3 in microglia. Int 
J Mol Med. 2009;24(3):367–71.  

    220.    Thiyagarajan M, Fernandez JA, Lane SM, Griffi n JH, Zlokovic BV. Activated protein C pro-
motes neovascularization and neurogenesis in postischemic brain via protease-activated 
receptor 1. J Neurosci. 2008;28(48):12788–97.  

    221.    Deane R, LaRue B, Sagare AP, Castellino FJ, Zhong Z, Zlokovic BV. Endothelial protein C 
receptor-assisted transport of activated protein C across the mouse blood-brain barrier. 
J Cereb Blood Flow Metab. 2009;29(1):25–33.  

    222.    Mendioroz M, Fernandez-Cadenas I, Alvarez-Sabin J, Rosell A, Quiroga D, Cuadrado E, 
et al. Endogenous activated protein C predicts hemorrhagic transformation and mortality 
after tissue plasminogen activator treatment in stroke patients. Cerebrovasc Dis. 2009;28(2):
143–50.  

    223.    Wang Y, Zhang Z, Chow N, Davis TP, Griffi n JH, Chopp M, et al. An activated protein C 
analog with reduced anticoagulant activity extends the therapeutic window of tissue plas-
minogen activator for ischemic stroke in rodents. Stroke. 2012;43(9):2444–9.  

    224.    Lyden P, Levy H, Weymer S, Pryor K, Kramer W, Griffi n JH, et al. Phase 1 safety, tolerability 
and pharmacokinetics of 3K3A-APC in healthy adult volunteers. Curr Pharm Des. 
2013;19(42):7479–85.  

    225.    Kelso EB, Ferrell WR, Lockhart JC, Elias-Jones I, Hembrough T, Dunning L, et al. Expression 
and proinfl ammatory role of proteinase-activated receptor 2 in rheumatoid synovium: ex vivo 
studies using a novel proteinase-activated receptor 2 antagonist. Arthritis Rheum. 2007;56(3):
765–71.  

     226.    Fagan SC, Cronic LE, Hess DC. Minocycline development for acute ischemic stroke. Transl 
Stroke Res. 2011;2(2):202–8.  

Glial Support of Blood–Brain Barrier Integrity: Molecular Targets for Novel…



80

    227.    Sollman S, Ishrat T, Fouda AY, Patel A, Pillai B, Fagan SC. Sequential therapy with minocy-
cline and candesartan improves long-term recovery after experimental stroke. Transl Stroke 
Res. 2015;6(4):309–22.  

    228.    Yan P, Zhu A, Liao F, Xiao Q, Kraft AW, Gonzales E, et al. Minocycline reduces spontaneous 
haemorrhage in mouse models of cerebral amyloid angiopathy. Stroke. 2015;46(6):
1633–40.  

    229.    Kielian T. Toll-like receptors in central nervous system glial infl ammation and homeostasis. 
J Neurosci Res. 2006;83(5):711–30.  

     230.    Downes CE, Crack PJ. Neural injury following stroke: are Toll-like receptors the link between 
the immune system and the CNS? Br J Pharmacol. 2010;160(8):1872–88.  

    231.    Olson JK, Miller SD. Microglia initiate central nervous system innate and adaptive immune 
responses through multiple TLRs. J Immunol. 2004;173(6):3916–24.  

    232.    Jack CS, Arbour N, Manusow J, Montgrain V, Blain M, McCrea E, et al. TLR signaling tai-
lors innate immune responses in human microglia and astrocytes. J Immunol. 2005;175(7):
4320–30.  

    233.    Bowman CC, Rasley A, Tranguch SL, Marriott I. Cultured astrocytes express Toll-like recep-
tors for bacterial products. Glia. 2003;43(3):281–91.  

    234.    Farina C, Krumbholz M, Giese T, Hartmann G, Aloisi F, Meinl E. Preferential expression and 
function of Toll-like receptor 3 in human astrocytes. J Neuroimmunol. 2005;159(1–2):12–9.  

    235.    Doeppner TR, Kaltwasser B, Fengyan J, Hermann DM, Bahr M. TAT-Hsp70 induces neuro-
protection against stroke via anti-infl ammatory actions providing appropriate cellular micro-
environment for transplantation of neural precursor cells. J Cereb Blood Flow Metab. 
2013;33(11):1778–88.    

P.T. Ronaldson and T.P. Davis


	Glial Support of Blood–Brain Barrier Integrity: Molecular Targets for Novel Therapeutic Strategies in Stroke
	1 Introduction
	2 The Neurovascular Unit
	2.1 Components of the Neurovascular Unit
	2.1.1 Endothelial Cells and the Blood–Brain Barrier

	2.2 Molecular Characteristics of the BBB
	2.2.1 Tight Junction Protein Complexes
	2.2.2 Adherens Junctions

	2.3 Transporters
	2.4 Astrocytes
	2.5 Microglia
	2.6 Pericytes
	2.7 Neurons
	2.8 Extracellular Matrix

	3 Ischemic Stroke
	3.1 Overview of Ischemic Stroke
	3.2 The Neurovascular Unit in Ischemic Stroke
	3.2.1 Disruption of the Blood–Brain Barrier

	3.3 Ischemic Stroke and Glial Support of the BBB
	3.4 Targeting the Neurovascular Unit in Ischemic Stroke
	3.4.1 Targeting the Tight Junction

	3.5 Targeting Endogenous BBB Transporters
	3.6 Targeting Glial Support of the BBB

	4 Conclusion
	References


