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Abstract:  

 

Stroke is the 5th leading cause of death in the United States according to the 2019 CDC 

Mortality Data. There are ~795,000 new incidences of stroke each year, and this prevalence is 

increasing in correlation with the aging population of the United States [159]. At 4-6 hours post-

stroke, there is breakdown of the blood brain barrier (BBB). The BBB is comprised of brain 

microvascular endothelial cells that line the cerebral microvasculature. Functionally, the BBB 

provides a physical and biochemical barrier between the brain and the systemic circulation. 

Barrier properties of the BBB are provided by tight junctions and transporters that control 

selective passage of substances into the brain. During stroke, tight junction integrity and 

transporter expression is considerably altered, leading to significant leakage of substances from 

the systemic circulation. Of particular significance, BBB dysfunction also results in edema and 

swelling in the brain. Following the leak is a generalized immune response that exacerbates the 

ischemic insult in the brain [236]. Neurons start to die because of the inflammation. If this 

edema is not controlled within the first 24 hours, cognitive damage is permanent, and death 

may result [160]. Thus, preservation of the BBB during ischemic injury is critical to maintaining 

the health of the individual and preventing BBB dysfunction. Due to the limited therapeutic 

options available, it is critical to discover novel strategies for treatment of stroke and 

preservation of BBB integrity. In this dissertation, stroke pathophysiology is reviewed with an 

emphasis on BBB dysfunction. Research methods that can be used to identify new stroke 

therapeutics that have vascular protective properties will also be highlighted. This discussion 

will focus on statins, a class of therapeutics that are commonly administered to stroke patients 

due to their known ability to improve post-stroke neurological outcomes. 
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Objective:  

 

Extensive literature has been published regarding neuronal protection to prevent 

ischemic damage in brain parenchyma; however, the brain microvascular endothelium is also 

greatly impacted by lack of oxygen and glucose during ischemic conditions [58]. Therefore, 

promising therapeutic candidates for stroke should have both neuroprotective and vascular 

(i.e., blood-brain barrier (BBB)) protective properties [158]. Atorvastatin, a cholesterol lowering 

drug, is commonly prescribed post-stroke due, in part, to its neuroprotective properties. To 

date, its effect on the cerebral vasculature is currently unknown. The purpose of this thesis is to 

discuss mechanisms of BBB dysfunction in the setting of cerebral ischemia (i.e., stroke) and to 

provide insights on how atorvastatin (or statin drugs in general) can provide vascular 

protection. Such knowledge will provide critical perspective as to how the next generation of 

stroke therapies can be developed. 

 

 
Figure 1: The chemical structure of Atorvastatin. This chemical is commercially available as the calcium salt from Sigma Aldrich. 
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Stroke:  

 

The brain is a highly metabolic organ that demands constant blood supply [184]. Stroke 

is defined as damage/injury to an area of the brain where cerebral perfusion has been 

impaired. Inevitably, this lack of blood flow leads to cell death due to the lack of energy supply 

to neuronal tissue. There are three main types of strokes: ischemic, hemorrhagic, and transient. 

Ischemic stroke is defined as a lack of blood supply to the brain due to a thrombus that has 

dislodged and blocked one of the narrow arteries in the brain. Critical components such as 

glucose and other vital nutrients needed for brain function (i.e., oxygen) are starved [118]. This 

results in rapid neuronal death if not treated immediately. Hemorrhagic stroke is due to a 

ruptured blood vessel or an aneurysm that leads to bleeding into brain parenchyma. Since 

blood is leaking from the cerebral microvasculature, certain areas distal to the hemorrhagic site 

do not receive sufficient blood supply. This process causes neurons to die. Furthermore, the 

buildup of blood causes it to physically push on the tissue and cause compression injury to 

brain tissue. After the initial onset of stroke, neurons in the area immediately proximal to loss 

of perfusion start to die within minutes. Different symptoms can occur based on both the 

location of the stroke and the specific blood vessels that are affected downstream. An example 

is a thrombus in the middle cerebral artery. The middle cerebral artery supplies blood to 

Broca’s area and Wernicke’s area, brain regions that are important for speech. A lack of blood 

supply to these areas leads to speech and language deficits [119]. Alternatively, if the stroke 

occurs in the basilar or vertebral artery, death can ensue because of the importance of the 

brain stem on vital autonomic functions [161]. Taken together, the severity of stroke is defined 

based on the blood vessels affected and the specific area of the brain that these vessels are 

supplying. Finally, transient stroke involves stroke-like symptoms that are often not severe 

enough to warrant hospitalization but should be investigated if they are to worsen. These 

symptoms are temporary and often subside within 24 hours and normally do not cause 

neuronal damage or persistent post-stroke symptoms [120]. In this dissertation, we will focus 

on ischemic stroke because it is the most clinically prevalent with 87% of strokes being ischemic 

in nature [121].  

 

There are two regions that develop from an ischemic stroke: the ischemic core and the 

penumbra [84]. The ischemic core consists of neurons that immediately die following an 

ischemic insult and, therefore, cannot be recovered by a therapeutic intervention [123]. 

Ischemic injury is progressive and more distant neurons surrounding the ischemic core also 

begin to die, albeit at a slower rate. However, there are blood vessels near the ischemic core 

known as collateral arteries. These blood vessels can help provide fuel to neurons that are 

distant from the ischemic core, thus allowing them to survive for longer periods of time [84]. 

Brain tissue that surrounds that ischemic core can become injured due to ischemia but have not 

yet died. This region of damaged tissue can potentially be protected by therapeutic 

intervention and is known as the penumbra. Neurons within the penumbra typically survive for 

a couple hours, and this is where a therapeutic intervention will have its greatest impact [122]. 

Thus, the goal of a therapeutic intervention in ischemic stroke is to preserve and rescue the 

surrounding neurons of the penumbra that still have a chance for survival [83]. 
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Figure 2: Image differentiating the ischemic core and the penumbra. The penumbra is salvageable tissue and is hence the target 

of most stroke therapeutics [83]. 

Following an ischemic injury, the surrounding neurons begin to die due to the lack of 

oxygen and blood supply. There are over 100 billion neurons in the brain, making the brain a 

metabolically demanding organ [162]. Neurons typically preform aerobic respiration in the 

abundance of oxygen. The glucose and oxygen delivered in normal conditions are sufficient for 

the conversion of ADP to ATP. This supplies the neurons with the energy needed to fuel 

physiological functions. However, when the neurons are starved of oxygen, they begin to 

produce ATP via anerobic respiration [53]. This form of energy production is fifteen times less 

efficient than aerobic respiration [163]. Additionally, this mode of energy production produces 

high amounts of lactic acid, which can lead to neuronal injury [164]. The decreased energy 

production and starvation of the neurons leads to a series of detrimental effects known as the 

ischemic cascade [165]. 

 

Neurons normally express high levels of Na+/K+ ATPase active transport pumps to 

maintain the electrochemical potential of the plasma membrane. These pumps require 

constant production of ATP. When ATP is depleted, such as in ischemic stroke, these pumps 

become dysfunctional, resulting in accumulation of intracellular sodium. This causes an osmotic 

gradient to build up as water flows into the neuron to balance the increased intracellular 

accumulation of sodium ions [54]. Water flowing into the neurons causes these cells to swell, a 

phenomenon known as cytotoxic edema. Additionally, there are ATP dependent Na+/Ca2+ 

pumps that also become dysfunctional [49]. The consequence is that calcium accumulates in 

the cell. Glutamate, an excitatory neurotransmitter, is released from the neuron in response to 

increased intracellular calcium. However, a high amount of intracellular calcium results in high 

quantities of glutamate released into the synapse. The increase of glutamate in the synapse 

stimulates neighboring neurons to also intake high amounts of calcium, and consequently 

release high amounts of glutamate and excite other neurons in a similar fashion. This cascade 

effect ultimately leads to excitotoxicity [55].  
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Mechanism of Ischemic Stroke:  

 

The activation of calcium causes release of proteases and lipases that degrade the 

neuron. Furthermore, the elevated release of calcium leads to the release of free radicals and 

reactive oxygen species (ROS) into the cell membrane [56]. These ROS lead to mitochondrial 

stress, and thus the release of apoptotic factors that cause the cell to undergo apoptosis. ROS 

react with the surrounding proteins, lipids, and DNA, in a redox manner, causing impairments in 

their structure and function [173, 174, 175]. ROS release has been observed in 

hypoxia/reperfusion (H/R) experiments in vivo and in vitro by our laboratory [68, 168, 169]. Due 

to the H/R insult, the mitochondria of the neurons release cytochrome c, which triggers the 

release of caspase 3, and thus neuronal apoptosis [170]. As the neurons begin to die, more ROS 

factors are released, and thus the cycle of continued neuronal degradation as well as ischemic 

damage to the surrounding tissue continues [171]. Increased levels of hydrogen peroxide, heat 

shock protein-70 (HSP70), hypoxia-inducible factor-1 (HIF-1), and nuclear factor-kB (NF-kB) all 

play a role in the exacerbation of oxidative stress [68, 81, 171, 172]. 

 

Inflammation is also a significant component of stroke. Inflammation additionally leads 

to the production of ROS. One such ROS is the superoxide anion. Superoxide anion is normally 

produced as an intermediate of mitochondrial activity [126], however its activity is quickly 

reduced by the endogenous superoxide dismutase (SOD) [128]. In response to inflammation, 

the production of superoxide radicals far exceeds the production of superoxide dismutase, thus 

overwhelming the system [127]. As a result, excess superoxide reacts with nitric oxide, a potent 

vasodilator, to form peroxynitrite. Peroxynitrite is toxic compound that nitrosylates tyrosine 

residues and alters the function of proteins necessary for the BBB [124]. Our lab has shown that 

these oxygen radicals can greatly impede BBB function by altering the oligomeric assembly of 

the critical tight junction protein occludin [125]. Furthermore, levels of glutathione (GSH), 

another endogenous antioxidant, has been shown to be attenuated in response to hypoxic 

stress [82]. 
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Figure 3: Mechanistic effects of Stroke because of ROS activation and neuroinflammation [39]. 

Following an ischemic insult, the BBB will break down after 4-6 hours. This breakdown is 

due to ischemia, starvation of the surrounding tissue of required nutrients, and a generalized 

immune response and subsequent inflammation. This leads to leak into the brain (because the 

tight junction expression and localization on the endothelial cells is altered) as the endothelial 

cells and their surrounding support, along with the tight junctions become weaker and less 

stable (leakier) [57]. The increased permeability of endothelial cells and proteins leads to 

leakage of water and other harmful toxins into the brain thus worsening the swelling of the 

brain, or vasogenic edema. After cell death begins to occur, Damage Associated Molecular 

Patterns or DAMPs start becoming released by the dead neurons [59]. This causes the 

recruitment of macrophages, which further heighten the immune response and recruit 

additional immune response components such as cytokines and inflammatory factors. 

Inflammation is a protective response in the body; however, this recruitment worsens the leak 

of water and other harmful substances into the brain. This leak then continues to worsen the 

immune response as macrophages (or microglia) and other inflammatory factors are 

continually recruited to the area of insult [60]. If the stroke is not treated within 24-48 hours, 

and the brain continues to leak fluids and inflammatory cytokines, hemorrhagic transformation 

occurs, ultimately leading to irreversible neuronal damage and cognitive impairments [58]. 

Thus, it is critical to understand and investigate the components that tightly regulate and 

preserve the BBB pharmacologically post-stroke. 
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Figure 4: Figure 4: BBB breakdown occurs 4-6 hours after an ischemic stroke, in which an exacerbated inflammation response 

occurs. Permanent neuronal damage occurs 24-48 hours later, thus preservation of the BBB during this narrow time window is 

critical [58]. 

Oxygen Sensors: 

 

Nuclear factor E2-related factor-2 (Nrf2), is a regulator of oxidative stress [111]. It is 

initially bound to the Kelch-like ECH-associated protein 1 (Keap1), which suppresses its activity. 

However, during oxidative stress and the subsequent release of ROS, Keap1 dissociates from 

Nrf2. Nrf2 is then free to translocate into the nucleus and affect transcription [307]. Nrf2 

induces transcription of various antioxidant compounds, including GSH [112]. Additionally, Nrf2 

has a direct effect on MRP1, -2, and -4 expression, which are GSH substrates [308, 309, 310].  

 

Hypoxia inducible factor- 1a (HIF-1a) is a transcription factor that is upregulated in 

hypoxic conditions. HIF-1a is activated in response to ROS release during ischemic stroke. This 

transcription factor increases glucose transport, as well as glycolytic activity [230, 311]. HIF-1a 

has been shown to increase vascular endothelial growth factor (VEGF), which promotes the 

growth and survivability of endothelial cells [312]. Additionally, it produces erythropoietin via 

the induction of its downstream targets [230, 313]. Furthermore, it suppresses p53 activity to 

promote cell survivability [230]. These processes help to increase activity of oxidative 

phosphorylation, glycolysis, and the pentose phosphate pathway, which play a role in 

producing NADH. These reducing agents are critical in the modulation of ROS. It has been 

shown that inhibiting HIF-1a via siRNA induced an increase in ROS species, suggesting HIF-1a’s 

anti-oxidative effects [223]. 

 

These beneficial effects are seen in a normal physiological state. However, HIF-1a has 

also been implicated in BBB dysfunction. For instance, the increase in VEGF in an ischemic state 

has been known to disrupt tight junctions and increase barrier permeability [256]. Inhibition of 

HIF-1a in Sprague-Dawley MCAO stroked rats experienced a decrease in BBB permeability as 

indicated by a decrease in VEGF and MMP-2 [228]. Thus, HIF-1a’s affects may be dependent on 

pathological state. Finally, higher levels of HIF-1a have been correlated with a worst clinical 

outcome in acute ischemic stroke [227].  
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Blood Brain Barrier:  

 

The brain contains over 100 billion capillaries to fuel metabolic demands of neurons 

[52]. Each capillary is lined with endothelial cells. These endothelial cells are non-fenestrated 

with minimal pinocytotic activity [3]. It is at the level of the cerebral endothelial cells that the 

BBB is found. As such, brain microvascular endothelial cells contain tight junctions and 

transporters that are critical for barrier properties of the cerebral microvasculature. It is this 

primary reason the barrier is highly selective in the substances that pass through it [58]. The 

reinforced layer of endothelial cells restricts the access of harmful toxins and pathogens into 

the brain. The basal lamina, a component of the extracellular matrix, is layered beneath the 

endothelial cells and attaches them to the blood vessels. Proteins expressed in the cellular 

matrix, including integrin receptors and lamin, influence the expression of tight junction 

proteins, which line the endothelial cells [46]. Furthermore, leak of the BBB, such as in the 

context of stroke, is closely associated with a dysfunctional cellular matrix [45]. Furthermore, 

proteins expressed at the extracellular matrix have been shown to induce expression of tight 

junction proteins like occludin [176, 177], indicating the significance of the extracellular matrix 

in the maintenance of the BBB. In addition to the endothelial cells, there are other critical 

supportive cells that contribute to the BBB phenotype: pericytes, astrocytes, and microglia. 

 

Pericytes play a largely supportive role in the BBB. They overlay the endothelial cells and 

provide structural integrity and stabilization for the blood brain barrier [15]. Although their role 

is not completely understood it is hypothesized, they provide contractile properties towards 

the endothelial cells, thus aid with vascular regulation, and additionally play a critical role in the 

secretion of growth and signaling factors. For instance, Platelet Derived Growth Factor B (PDGF-

B) and TGF-B play key roles in pericyte and endothelial crosstalk for barrier preservation [179].  

Loss of function of pericytes has been associated with BBB breakdown and increased 

paracellular leak [17]. The amount of pericytes surrounding the BBB directly correlates with 

integrity of the barrier [178]. This can be seen with the result that pericyte-derived angiopoietin 

released by pericytes increases expression of occludin, a critical tight junction protein necessary 

for the maintenance of the BBB [180]. Furthermore, pericytes have been shown to be critical 

for the localization of blood brain barrier proteins, such as transporters, which regulate drug 

uptake [181]. Taken together, all these components form the immediate formation of the blood 

brain barrier. In addition to these cells, there are also glial cells that help support and maintain 

the blood brain barrier. 

 

Glial Cells:  

 

There are two types of glial cells pertinent to the blood brain barrier: astrocytes and 

microglia [185]. Astrocytes release trophic factors that are critical for maintenance and 

regulation of the BBB [187]. Astrocyte end feet encompass 99% of the capillaries in the CNS and 

help nourish and maintain the BBB endothelium [186]. Furthermore, impairment of astrocyte 

function has been shown to disrupt tight junction formation and increase BBB permeability 

[188]. Injection of an astrocyte toxin known as 3-chloroproanediol led to a decrease in occludin 

expression as suggested by a reduction in BBB integrity [189]. Thus, it is indicated that 
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astrocytes are essential for BBB function, maintenance, and integrity [189]. For instance, 

astrocytes regulate the expression of claudin-5, VE-cadherin, and occludin, proteins critical for 

the formation and integrity of the blood brain barrier, through the sonic hedgehog (SHH) 

pathway [7]. Finally, astrocytes can regulate calcium levels via the induction of gap junctions 

[191]. Calcium is critical for the formation of tight junctions and adherence junctions however 

this amount needs to be regulated as too much calcium leads to excitotoxicity as mentioned 

earlier [86]. Thus, a balance of intracellular calcium needs to be regulated to ensure proper 

barrier formation and integrity [190]. 

 

Astrocytes normally secrete beneficial growth factors, such as fibroblast growth factor 2 

(FGF-2), which promotes BBB transport activity [237, 238, 239]. However, in an ischemic state, 

astrocytes secrete Intracellular Adhesion Molecule (ICAM-1) and Vascular Cell Adhesion 

Molecule (VCAM), which promote the recruitment of neutrophils, lymphocytes, and monocytes 

to the site of injury [239]. Furthermore, they secrete inflammatory cytokines, such as IL-1a, IL-

1B, IL-10, TNF-a, and TGF-B [240, 241], which have been shown to alter tight junction 

expression and transporter activity [242]. TGF-B in particular plays a significant role as a 

regulatory signaling molecule in the brain microvasculature [90]. These cytokines trigger the 

release of inducible nitric oxide synthase (iNOS), which reacts to form nitric oxide and 

peroxynitrite [157]. This increase in astrocyte reactivity results in altered BBB permeability 

[239].  

 

Microglia are resident macrophages of the CNS. They play a protective role in the BBB 

through matrix cleansing and suppression of neurotransmitter activity [3, 192, 193]. However, 

this role is reversed in response to inflammation in the context of stroke [18]. Microglia adopt a 

phagocytic role by engulfing astrocytic end feet [16]. Additionally, they enhance the immune 

system by releasing inflammatory cytokines and mediators. Due to their activated state, 

microglia produce many neurotoxic components such as nitric oxide (NO) and peroxide oxygen 

radicals, TNF-a, and harmful proteases that exacerbate neuronal cell death [41]. NF-kb, a 

transcription factor activated in response to inflammation, regulates cytokine release by 

microglia [88]. Once activated, microglia can release TNF-a, IL-1B, and IL-6 [41, 89, 244], which 

exacerbate changes in tight junction expression and membrane permeability [242]. For 

instance, TNF-a signaling alters transporter expression of P-gp and BCRP [12, 246] as well as 

tight junctions occludin and ZO-1 [12, 245]. Furthermore, Cyclooxygenase-2 (COX2) is another 

inflammatory signal released by microglia in response to ischemic injury [97]. COX2 activates 

the p38/MAPK pathway, which leads to an increase in TNF-a and IL-1B release [94, 96]. 

Administration of SB239063, a p38/MAPK pathway inhibitor, showed decreased inflammation 

and infarct size in a rat [95]. However, inhibition of COX-2 has also led to an increase in P-gp 

expression [104], thus caution must be considered when targeting these pathways. Finally, 

activated microglia have been found to alter BBB permeability [44]. However, complete 

depletion of microglia also leads to loss of BBB function [43]. Thus, a balance between activated 

and quiescent microglia is critical.  

 

Astrocytes and microglia both contain efflux transporters such as P-gp, MRPs, and BCRP, 

which are necessary for the regulation of harmful substances into the brain [194, 196]. 
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Although endothelial cells also contain these transporters, the expression of them in other cells 

aids in the regulation of drug transport and serves as a second barrier to the endothelial cells 

[195]. Together, along with pericytes, these cells create what is known as the Neurovascular 

Unit (NVU) [12]. Neurons rely on the NVU to maintain its health and integrity [197]. We have 

addressed the importance of these cells in maintaining the endothelial cell layer. We will now 

focus on the endothelial cell in further detail. 

 

 
Figure 5: A cartoon image of the neurovascular unit, including microglia, astrocytes, pericytes and endothelial cells [40]. 

Endothelial Cells: 

 

Endothelial cells tightly regulate selective uptake and efflux of substances into the brain 

through the interactions of tight junctions, adherens junctions, and transporters. Tight 

junctions are expressed in between the gaps of the endothelial cells. Tight junctions include 

claudins, occludins, junctional adhesion molecules (JAM), zonula occludens (ZO), and cingulin. 

Additionally, there are adherens junctions, such as cadherin, and gap junctions, like connexons, 

that aid in the regulation of tight junction protein expression. These tight junctions form 

protein complexes that seal the barrier and prevent paracellular leak of small molecules into 

the brain [198]. Together these tight junctions form an impressive transendothelial electric 

resistance (TEER) value of 1500-2500 Ω cm2 [42], which indicates that the BBB can restrict 

permeability of many endogenous and exogenous substances. Alterations in the structure of 

these junctions leads to BBB dysfunction and breakdown. In addition to tight junctions, there 

are transporters also expressed on the luminal and abluminal plasma membrane of the 

endothelial cell [167]. Transporters ensure the selective uptake of compounds into the brain by 

restricting the entrance of harmful xenobiotics and toxins [3]. Transporters include efflux 

transporters, like P-gp, BCRP, and MRP, and influx transporters, like OATP, and OCT. Regulation 

of transporters plays a critical role in the delivery of therapeutics [199]. Thus, tight junctions 

and transporters are closely related in their endothelial function: to prevent harmful substances 

from entering the brain while permitting beneficial substances to cross. 
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Tight Junction Protein Constituents: 

 

Occludin is a transmembrane protein that is approximately 60-65 kDa in weight. It 

contains two extracellular loops that face the extracellular matrix. Additionally, it contains two 

intracellular loops within the cytoplasmic domain that include the NH2-amino and COOH-

carboxyl terminus. The N and C termini interact with various signaling mechanisms [13, 200]. 

There is an additional small 10-27 amino acid loop that spans between the carboxyl and amino 

terminus, which is theorized to play a role in adaptor protein interactions [13]. There is a ~200 

amino acid motif structure that facilitates binding with other Occludin monomers [73]. This 

structure contains sulfur moieties that promote the formation of disulfide bridges. This allows 

occludin to dimerize, as well as oligomerize, to form complex oligomer structures [201]. It is 

through these disulfide bonds the oligomer structure is formed and the BBB is maintained [72]. 

Literature shows the oligomer structure is critical for BBB integrity. Our lab has shown the 

resiliency of these oligomer structures, where disruption of the complex required a strong 

hydrophobic reducing agent [77]. The oxidation of these bonds leads to the breakdown of the 

oligomer complex, and consequently BBB leak. This oxidation occurs in inflammation and stroke 

due to the increase in reactive oxygen species [68, 125, 166]. Female Sprague-Dawley rats 

exposed to hypoxia-reoxygenation, and inflammatory pain disrupted oligomer complexes and 

resulted in an increase in sucrose leak [68, 73, 125]. Furthermore, trafficking of occludin away 

from the central tight junction complexes of the endothelial cells is an indirect indicator of BBB 

leak [68, 73]. Finally, occludin, through its C-terminus, interacts with various tight junction 

accessory proteins, such as ZO-1 and -2, that promote the attachment of tight junction 

complexes to the cytoskeleton [202, 203]. 

 

Claudins are also transmembrane proteins and are the most prominent type of tight 

junction in the BBB. The primary and most understood claudin at the BBB is claudin-5; however, 

claudin-1, -3, and -12 also play a role in barrier integrity [48, 58, 166]. It is a 23 kDa protein that 

contains two extracellular loops, an intracellular NH2 and COOH group, and a third intracellular 

loop [5]. The first intracellular loop is critically important for the binding capabilities of claudin-

5. Loss of its function leads to an increase in BBB permeability [4]. Additionally, the intracellular 

COOH group contains a PDZ-binding motif, which allows it to bind to ZO adaptor proteins [8]. 

Furthermore, claudin-5 has been shown to be necessary for survival. Newborn claudin-5 

knockout mice die within hours after birth due to the massive influx of large molecules (<800 

kDa) into the CNS [2]. Thus, due to its incredible importance, claudin-5 is the primary tight 

junction for BBB formation [5]. 
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Figure 6: Structure of Occludin on the left, as well as the structure of Claudin-5 on the right. Occludin and Claudin-5 form 

disulfide bridges with other Occludin monomers and Claudin isomers through its interaction with the extracellular loops (ECL1) 

[5], [13]. 

ZO-1, -2, and -3 are adaptor proteins that anchor the tight junctions to the cytoskeleton 

[204]. They come from the Membrane-Associated Guanylate Kinase-Like protein family [205]. 

They bind to tight junctions like claudin-5 and occludin and play a critical role in their 

localization and oligomer complex formation [6]. ZO-1 is 222 kDa in weight and has been found 

to associate with claudin-5 and occludin [206, 207]. ZO-2 is 160 kDa in weight, and acts as a 

backup for ZO-1 due to their similar functions [130]. Although they are not necessary for the 

formation of tight junctions, tight junction maturation and complex formation is significantly 

delayed [9]. Furthermore, ZO-1 dissociation from the tight junction complexes results in 

increased permeability [131]. Additionally, ZO-1 and -2 have been known to localize to the 

nucleus during cellular stress [129], thus it plays a role in signaling as well.  

 

Junctional Adhesion Molecules (JAMs) are single transmembrane adhesion proteins that 

play a significant role in the attachment of nearby endothelial cells. JAMs include Jam-1, Jam-2, 

Jam-3. Jam-1 is 40 kDa in size and resembles an IgG structure [29]. They play a crucial role in the 

development of the BBB [28]. Additionally, they interact and localize with ZO-1 and -2, which 

conversely localize near tight junctions, via its PDZ-binding motif domain [11]. Loss of JAM 

expression leads to BBB breakdown [10]. Thus, JAMs are critical in forming and maintaining the 

integrity of the BBB. JAM is difficult to study in the context of stroke because its expression 

remains largely unchanged [27]. Thus, it plays an important, but mostly supportive role in the 

blood brain barrier. 

 

Accessory Junctions: 

 

Other tight junctions include the tricellular tight junctions, such as tricellulin, and 

cingulin. Tricellulin is a transmembrane protein that localizes at regions with three cell contacts 

(three epithelial cells) [47]. Tricellulin, although its function is not completely understood, has 

been known to interact closely with claudins of the BBB and restrict blood-to-brain permeability 

of large molecular weight solutes [48]. Cingulin is a 140-160 kDa peripheral membrane protein 

that binds to ZOs, JAMs, and occludin and anchors them to the cytoskeleton [51]. Furthermore, 
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cingulin has been shown to play a role in barrier strengthening as indicated by cingulin 

knockout mice who had increased permeability to small kDa molecules [50]. AF6, EMP-1 and 

7H6 have also been found necessary for the regulation of tight junction expression [132, 133, 

134]. For instance, AF6 and EMP-1 has been found to interact with ZO-1 through a Ras domain 

[132, 133]. 

 

Adherens Junctions and Gap Junctions:  

 

Adherens junctions are involved in the formation and stability of tight junctions. 

Adherens junctions aid in the communication of the extracellular matrix with the cytoplasm and 

promote attachment of actin filaments to the neighboring cells [70]. Although this review will 

not go into detail regarding them, it has been shown that these adherens junctions proteins 

(cadherin, V-cam, PECAM-1, etc) are significant in the regulation of barrier permeability. In 

response to hypoxia/oxidative stress VE-cadherin expression was significantly attenuated in 

bovine brain endothelial cells, which resulted in BBB permeability as indicated by sucrose leak 

[101]. Thus, it can be summarized that adhesion molecules play a significant role in BBB 

maintenance and integrity [69]. The last junctions to mention are connexins, which are gap 

junctions. Gap junctions are pivotal for the transfer of solutes and nutrients to the surrounding 

cells. Astrocytes, for instance, help regulate calcium signaling, which influences BBB 

permeability, through these gap junction structures [191, 208]. Calcium signaling has been 

known to activate Protein Kinase C (PKC), which may impair tight junction and adhesion 

junction assembly [67, 135]. The role connexins have on the barrier is not completely 

understood, however several studies have implicated their importance in maintaining barrier 

structure [102]. 

 

 
Figure 7: A schematic diagram of the endothelial cell lined with tight junctions, adaptor proteins, and adhesion junctions [5]. 
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Transporters:  

 

Transporters are expressed on brain microvascular endothelial cells to ensure the 

selective uptake of substances into the brain. They are located on the luminal and abluminal 

plasma membrane. This allows for the passage of compounds necessary to the brain. For 

instance, the GLUT1 transporter is used to transport glucose, a molecule used in most cell 

processes [30]. Conversely, efflux transporters prevent toxic compounds from entering the 

brain [209]. Thus, the existence of both is critical for the function of the barrier. Additionally, it 

has been shown that transporter expression and localization can affect vascular expression of 

tight junctions [182, 183]. Transporters can be divided into two categories: ATP-Binding 

Cassette (ABC) transporters and Solute Carrier (SLC) transporters [20]. ABC transporters utilize 

ATP in the form of hydrolysis to transport xenobiotic (foreign) substances.  These transporters 

include P-glycoprotein (P-gp), Multidrug Resistance Proteins (MRP), and Breast Cancer 

Resistance Protein (BCRP), all of which regulate the efflux of molecules by releasing them back 

into the periphery. P-gp and BCRP functionally overlap with each other and work together to 

efflux similar substrates due to their shared signaling pathways [21]. These transporters ensure 

if lipid soluble molecules diffuse across the membrane, they will efflux them out before 

reaching the brain, granted they are a substrate [209]. As such, efflux transporters are a 

common therapeutic target to enhance drug delivery into the brain. SLC transporters are 

commonly involved in blood-to-brain uptake of solutes and include Organic Anion Transport 

Proteins (OATPs), Organic Anion Transporters (OATs), and Organic Cation Transporters (OCTs). 

SLC transporters facilitate their transport via electrochemical gradients using organic solutes as 

the co-substrate, or concentration differences between the two sides of the membrane. Their 

ability to uptake selective substances makes them good candidates for pharmacological 

targeting. 

 

ABC Transporters:  

 

P-gp is an efflux transporter that regulates substances entering the brain but proves to 

be a considerable challenge for therapeutic delivery [136]. It is a transmembrane protein with 

two ATP binding pockets that are used to pump substrate against its concentration gradient 

[25]. P-gp is a 170 kDa transporter whose function is to prevent harmful substances from 

crossing the BBB [23]. It binds primarily to weakly amphipathic and hydrophobic molecules [26]. 

P-gp is expressed on both the luminal and abluminal side of the BBB [210]. In response to 

ischemic stroke, P-gp expression is considerably increased. This may be a protective mechanism 

for the body to prohibit uptake of pathogens, because of inflammation, into the brain. 

However, this component and regulation of P-gp proves to be highly problematic when 

delivering therapeutic substances into the brain to treat the ischemic insult [24]. Furthermore, 

our lab has shown P-gp expression is upregulated in response to inflammation, a common 

component of ischemic stroke [72]. This seems to be an accommodation of the body to 

preserve surrounding organs in response to an environmental stressor [211]. 
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Signaling mechanisms may be involved in the increase of P-gp expression. The increased 

trafficking of P-gp is due to its storage in a reservoir. P-gp interacts with caveolin-1 on its N-

terminal binding motif [74]. Caveolin-1 is a scaffolding protein involved in trafficking of proteins 

to oligomeric complexes to the plasma membrane [71, 137]. Furthermore, co-fractionation 

experiments confirmed the localization of P-gp and caveolin-1 [92]. Thus, endosomal signaling 

is involved in the regulation of P-gp [92, 115]. Follow up experiments demonstrated these P-gp 

reservoirs are localized in the nucleus, and in response to inflammatory stress, traffic to the 

plasma membrane [109]. These caveolin-1 and P-gp oligomeric structures are maintained by 

disulfide bonds, which are disrupted in response to inflammation due to the increase in ROS 

[73]. This breakage causes the rapid release of monomeric P-gp and migration to the 

endothelial cell surface. Finally, it was found that caveolin-1 and other scaffolding proteins are 

critical for the migration of P-gp from the nucleus into the cytosol [115]. This suggests an 

explanation to the increase in P-gp expression and activity at the plasma membrane, as seen in 

a λ-carrageenan induced peripheral inflammatory pain (PIP) rodent model [115]. PIP is a known 

pain model with an inflammatory component that is useful for studying barrier properties, 

including in the context of stroke. Interestingly, this trafficking is exacerbated in chronic 

morphine exposure and pain, where morphine uptake is significantly reduced [110]. 

 

One of the primary issues with novel treatments in treating stroke is their ability to cross 

the BBB. Many potential therapeutics are inhibited from entering the brain due to regulation by 

efflux transporters. Morphine is a potential therapeutic for stroke as it has shown 

neuroprotective properties [1, 146, 257]. However, it is a substrate for P-gp [105]. As stated 

previously, P-gp expression is increased in response to inflammation. Morphine uptake is 

significantly reduced consequently [72, 105]. With these issues in mind, there are two main 

approaches to enhance BBB recovery: uptake of neuroprotective and vascular protective agents 

such as statins, or prevention of efflux on antioxidant compounds useful in treating stroke, such 

as GSH [167, 314]. P-gp can be theoretically targeted to reduce efflux of therapeutics into the 

brain but has many draw backs clinically and preclinically when inhibited. Clinical trials and in 

vivo studies showed a significant increase in systematic toxicity [24, 142, 315]. This is due to a 

high dose of P-gp inhibitor being necessary to create a significant impact on the efflux activity 

[24, 315]. Alternatively, we could target P-gp storage mediated by caveolin. This would be an 

interesting approach because we target the release of P-gp, rather than effecting P-gp itself, 

thus promoting an indirect method of controlling drug efflux. Temporarily inhibiting the release 

of P-gp from the invaginated cleft may prove beneficial as a safer means of controlling P-gp 

expression [76].  

 

BCRP (also referred to as ABCG2) is another efflux transporter primarily located on the 

luminal side of the BBB [32]. It is a 6 transmembrane transporter that contains its carboxyl and 

amino group located in the plasma membrane, and 2-3 N-glycosylation sites located in the 

extracellular side [213]. It forms homo-/heterodimers that are necessary for its efflux function 

[32, 212]. It works in close tandem with P-gp (i.e., synergistically) to efflux many unwanted 

substances from the brain [214]. It recognizes many sulphate based organic anions, 

amphiphilic, and hydrophobic substances [33, 35]. Knocking down BCRP significantly increases 

influx of substances into the brain [215]. Additionally, by blocking either P-gp or BCRP, BBB 
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penetration of antileptic drugs occurred at similar quantities, thus indicating the highly similar 

effects of the two transporters [19]. Despite the high similarity in substance profile of P-gp, 

BCRP transport may occur independently of P-gp, as indicated by the increased uptake of 

DHEAS and mitoxantrone when treated with a dual BCRP and P-gp inhibitor in P-gp knocked out 

mice [140]. However, this conclusion is debatable. Nonetheless, BCRP plays a significant role in 

drug efflux, as indicated by the efflux of rosuvastatin and pravastatin [138, 139]. 

 

The functionally relevant MRPs at the BBB include MRP1, MRP2, MRP3, MRP4, MRP5, 

and MRP6 [36]. Its main purpose, like P-gp and BCRP, is to prevent foreign substances from 

entering the CNS [216]. It primarily effluxes anionic compounds and their glucuronidated, 

sulfated, and glutathione-conjugates [217, 218]. MRPs contain a cytoplasmic linker (L0) 

formation that is conserved throughout all the MRPs and is necessary for the function of 

transport [219]. MRP poses an issue for ischemic injury because of its specificity for glutathione. 

Glutathione (GSH) is an antioxidant that plays a key role in modulating oxidative stress in stroke 

[34]. GSH is typically converted to glutathione disulfide (GSSG) in a redox reaction. The 

GSH/GSSG ratio is a good indicator of oxidative stress [220]. During oxidative stress, this 

conversion is exacerbated. Additionally, MRPs are upregulated [167]. Thus, GSH levels are 

significantly attenuated in an ischemic brain [38]. Verapamil, an inhibitor for P-gp transport, 

increases MRP1 transport of GSH [221, 222]. Additionally, MRP2, -4, and -5 have been shown to 

be substrates for GSH [98, 99, 100]. Interesting, in endothelial cells, MRP1 inhibition prevented 

the rapid loss of GSH, and improved survivability and function [113]. Taken together, MRPs are 

highly significant in the efflux of substances, including helpful antioxidant compounds. Thus, 

this promotes their potential to be targeted therapeutically. 

 

SLC Transporters:  

 

The main family of SLC transporters relevant CNS drug uptake are OATPS in human (and 

Oatps conversely in rodents) [20]. These transporters come from the SLC21/Slc21, and SLC22 

gene family [20, 81]. The majority of OATPs range from 643 to 724 amino acids [22]. They are 

integral membrane proteins with 12 transmembrane helices that span from the amino to 

carboxyl end [22]. They have a conserved amino acid sequence of D-X-RW-(I,V)-GAWW-X-G-

(F,L)-L [81], and contain N-glycosylation and cysteine residues involved in disulfide bond 

formation in their extracellular loops [81]. OATPs are bidirectional transporters located on the 

luminal and abluminal end. They tend to favor drug uptake but can participate in efflux as well 

[20, 258]. OATPs prefer large amphipathic molecules (>300 kDa) and can be allosterically 

stimulated [31]. 

 

OATPs are organic anion transporters, thus they are often charged at physiological pH 

[80]. OATP transport is largely dictated by a solute gradient between the inner cytosolic side of 

the plasma membrane and the surrounding extracellular environment [20, 81]. In fact, an OATP 

transporter can change direction (ie, go from influx to efflux) if enough substrate accumulates 

in the cytoplasm [20, 81, 167]. Thus, it is critical to consider the pH of the surrounding 

environment as transporter uptake has been found to increase in acidic conditions [20, 81]. 

Additional environmental factors can also induce OATP1a4 regulation. For instance, under 
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hypoxia-reoxygenation stress, OATP1a4 is upregulated, as indicated by the increase in 

taurocholate, an OATP1a4 substrate [37]. It is important to note that a substance may be a 

substrate for multiple transporters, including an efflux transporter like P-gp. DPDPE is an opioid 

peptide that is a substrate for Oatp1a4 [142]. However, it’s also a substrate for P-gp [141]. 

Thus, DPDPE’s uptake into the brain is significantly reduced [108]. However, these results do 

show that Oatp1a4 can be targeted for drug delivery as inhibition of P-gp led to an increase in 

DPDPE uptake into the brain [108]. Atorvastatin, another Oatp1a4 substrate, is also a substrate 

for efflux transporters [114], however the overall transport rate is in favor of uptake. In fact, 

Oatp1a4 (OATP1A2 equivalent in humans) is the most efficacious target for targeting drug 

delivery, specifically in the context of stroke as they uptake statins [20, 37]. 

 

 
Figure 8: OATP structure with the conserved D-X-RW-(I,V)-GAWW-X-G-(F,L)-L signature sequence, and the 5th extracellular loop 

involved in disulfide bond formation [81]. 

Organic Anion Transporters (OATs) transport small amphiphilic molecules, as well some 

organic cations [20, 259]. The most expressed OAT/Oat in the brain is OAT3/Oat3 [20, 259]. It is 

a substrate for taurocholate, cimetidine, and anionic neurotransmitter metabolites [143, 144]. 

Conversely, organic cation transporters (OCTs) transport small cationic molecules [22]. They 

uptake positively charged molecules through a Na+ co-transporter, or a H+ anti-porter [20, 

260]. They mediate the transport of neurotransmitters [20, 260], and memantine, a 

neuroprotective agent for Alzheimer’s and potentially stroke [145]. 
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Figure 9: Transporters expressed at the luminal and abluminal end of the blood brain barrier endothelium. P-gp, MRP, and BCRP 

(ABCG2) are efflux transporters, while Oatp1a4 is a bidirectional transporter [12]. 

By understanding the properties of BBB tight junction protein complexes and 

transporters, one can appreciate the complexity of these proteins and their regulation at the 

barrier. However, endothelial cells are also impacted by the outside environment. Paracrine 

signaling from neighboring cells influence the expression of endothelial cells. Signaling 

mechanisms that regulate tight junction and transporter expression at the BBB will now be 

discussed. 

 

Signaling:  

 

The cell receives many signals from the extracellular environment. These signals can 

alter transcription and change the intracellular mechanisms of the cell. During stroke, hypoxia 

effects the expression of tight junctions and transporters through the induction of 

inflammatory cytokines and mediators [68, 107]. The lack of glucose and oxygen ultimately lead 

to changes in the BBB that affect morphology. In response to this inflammation, glial cells 

become activated and may exacerbate the immune response, further damaging the 

vasculature. These inflammatory cytokines can bind to receptors and have protective or 

detrimental effects. In this section we will discuss the main signaling mechanisms involved in 

the regulation of tight junctions and transporters expressed on the endothelial cell, specifically 

in the context of stroke. 
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TGF-B ALK1/ALK5 Signaling:  

 

The TGF-B/ALK5 and TGF-B/ALK1 are two critical signaling mechanisms that are involved 

in the regulation of tight junction protein complexes and transporter expression [107, 108]. 

TGF-B is an inflammatory cytokine that is upregulated in an immune response [12, 107, 108]. 

They bind to type I and type II serine/threonine kinase receptors, of which ALK1/ALK5 are type I 

receptors [12, 261]. After TGF-B binds to the ALK1/ALK5 receptor, a conformational change 

occurs that initiates the phosphorylation of downstream Smad proteins. These Smad proteins 

then form a complex with Smad4 and translocate into the nucleus to alter transcription [12, 

261].  

 

 
Figure 10: ALK1 and ALK5 TGF-B mediated signaling schematic. ALK1/ALK5 are serine/threonine kinase receptors that 

phosphorylate Smad and other Smad proteins. Smad4 is a common phosphoprotein that is involved in the formation of the 

Smad complex [12]. 

Activation of the ALK1 receptor leads to an increase in permeability, while activation of 

the ALK5 receptor leads to a decrease in permeability [12, 142]. It has been shown in our lab 

that blockade of TGF-B/ALK5 signaling leads to a decrease in tight junction expression, as the 

pharmacological ALK5 inhibitor, SB431542, increased expression of claudin-5, occludin, and ZO-

1 [107]. It is interesting to note that an increase in tight junction expression does not 

necessarily correlate to decreased permeability as one would hypothesize. Hence, when 

studying tight junctions, it is critical to observe their localization, oligomerization structure, and 

paracellular leak as indicators of BBB disruption. Conversely, blocking the TGF-B/ALK5 pathway 

led to an increase in functional Oatp1a4 expression, and an increase in cellular uptake [108]. 

Additionally, inhibition of ALK5 resulted in a decrease in P-gp efflux expression [262], thus 

suggesting a protective role in barrier integrity. Finally, activation of the ALK1 signaling pathway 

induced by Bone Morphogenetic Protein (BMP-9) led to a direct increase in OATP1a4 

expression [106]. ALK1 signaling also induced a significant increase in occludin expression [85], 
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which is consistent with increased occludin due to ALK5 inhibition [12, 125]. Thus, the pathways 

are antagonistic. 

 

 
Figure 11: The effects of ALK1/5 signaling on transport activity and tight junction expression. Tempol has been shown to 

modulate the effects of ALK5 on BBB permeability [12] 

Taken together, there are multiple signaling mechanisms involved in the regulation of 

the BBB. These pathways are even further complicated in an ischemic brain. An understanding 

of these mechanisms and their effects on the vasculature will further our knowledge of the 

blood brain barrier.  

 

Statin Pharmacology:  

 

There are currently only two FDA approved treatments first stroke, one is surgical in 

nature and the other is pharmacological. The surgical treatment is endovascular 

thrombectomy, a highly invasive treatment that utilizes a stent to remove the clot. The 

pharmacological approach is recombinant tissue plasminogen activator or r-tPa and is currently 

the standard of care for ischemic stroke [91]. It is an enzyme that converts plasminogen to 

plasmin, which aids in the breakdown of clots. Although r-tPa does an efficient job at destroying 

the clot, this does come with side effects. Reperfusion occurs into the area of injury, thus 

leading to edema and swelling that worsens the stroke injury [263]. Furthermore, both 

treatments require the patient to be present in the clinic at the time of the stroke, thus there is 

a narrow time window (~3-5 hours) where patients can benefit from these treatments [58, 

304]. Thus, there is high demand to discover novel therapeutics that can be delivered to 

patients in a quick and efficient manner, while boasting minimal side effects. It would be ideal if 

there was a treatment that could be given to the patient right when the stroke is occurring 

either by a loved one or by emergency medical personnel on the way to the hospital. In this 

section we discuss novel treatments that are currently being discovered, and how they can be 

used to enhance the treatment of ischemic stroke. 
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Oxygen Scavengers:  

 

The use of tempol showed a significant decrease in sucrose uptake after animals were 

subjected to hypoxic stress and reperfusion. Additionally, the tight junction expression was also 

recovered as indicated by occludin oligomerization and localization. This is theorized because 

tempol prevents the disulfide bridge breakdown of occludin monomers, thus maintaining the 

occludin oligomer structure [68]. Furthermore, the drug tempol can be utilized as a dual agent 

for both occudlin assembly and P-gp/caveolin-1 reservoir assembly as it is mediated by disulfide 

bond formation. Thus, the oxidative scavenger properties of tempol can prove to be beneficial 

in the recovery of these complexes during ischemic stroke [75]. Tempol being an oxygen 

scavenger was one of the first considerations our lab had when considering a therapeutic for 

the treatment of ischemic stroke. It was this consideration that led us to study the effects of 

statins, HMG-co reductase compounds that have anti-oxidative properties in the setting of 

ischemic stroke [167]. 

 

 
Figure 12: Effects of Tempol on hypoxia-reoxygenation (H/R). Tempol reveres H/R stress by inhibiting ROS activity, thus 

preventing occludin oligomeric collapse. Furthermore, sucrose “leak” is modulated by tempol, indicating its barrier protective 

properties [68, 58]. 

Statins: 

 

Statins have shown significant clinical success for the treatment of ischemic stroke 

because of better patient neurological outcomes [224, 264, 265]. Despite this, the mechanism 

in which statins exhibit their neuroprotective effects are unknown. Thus, there is an urgent 

need to discover the mechanism related to how statins are neuroprotective and vascular 

protective at the blood brain barrier. This can be critical to understanding how statins can be 

modified to improve their bioavailability and effects, either by formulaic modifications to 

improve distribution, or by chemical modifications to improve their efficacy. The main statin 

given to patients is atorvastatin, or Lipitor ©. As an HMG-Co Reductase inhibitor, it is normally 

used to treat cardiovascular issues specifically by reducing the cholesterol level, thus preventing 

atherosclerotic vessels and thrombus formation [266, 267]. Our lab is interested in the 
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mechanistic effects’ statins have on the blood brain barrier, specifically on tight junctions and 

transporters, in the setting of ischemic stroke.  

 

Statins, such as simvastatin and atorvastatin, are lipophilic and readily cross the BBB 

[268]. However, lipophilicity is not the only factor that determines if a compound enters the 

brain. Due to their relatively large size, statins need additional mechanisms to permeate the 

brain [316]. The uptake of statins is significantly enhanced with transporters like Oatp1a4. For 

instance, our lab has shown inhibiting Oatp1a4 transport significantly reduces brain uptake of 

atorvastatin, pravastatin, and rosuvastatin [114, 317]. Statins also have pleiotropic effects that 

are independent of their cholesterol lowering effects [269]. For instance, statins have shown to 

have antioxidative and anti-inflammatory properties [249, 270, 271]. There is growing evidence 

that shows statins have a direct effect on the endothelium, and thus may confer vascular 

protectiveness [249, 270, 271, 272]. Statins inhibit the conversion of 3-Hydroxl-3-

methylglutaryl-CoS to Mevalonate. This inhibition further prevents the conversion of 

Mevalonate to isoprenoid, which consequently convert to farnesyl pyrophosphate (FPP) and 

geranylgeranyl pyrophosphate (GGPP) [231]. FPP and GGPP are critical lipid proteins involved in 

the post translational modifications of Rho, Rac, and Ras small GTPase adaptor proteins. These 

adaptor proteins influence the cytoskeleton of the cell, which in turn impact membrane 

stability. Isoprenylation has been linked to subcellular localization and membrane trafficking of 

cytoplasmic proteins [273]. Interestingly, isoprenoid inhibition by simvastatin decreased Ras 

and Rho, which lead to significant alterations in the cytoskeleton [232, 233]. This alteration 

leads to an increase in eNOS expression, a vasodilator and inhibitor of adhesion molecule 

immune cell recruitment [224, 274]. The upregulation of eNOS by statins via isoprenoid 

inhibition potentially explains the mechanism of statins on the vasculature. Additionally, 

atorvastatin has found a protective role in inflammation by inhibiting the production of IL-1B, 

MMP9, ERK, and NF-kB [249, 253, 254, 255], which are known to cause barrier dysfunction. 

Finally, statins have been shown to have vascular protective properties via the inhibition of 

endothelin 1, a vasoconstrictor [234]. 
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Figure 13: The alternate pathway of HMG-CoA and its production in isoprenoid lipids. HMG-CoA reductase (statins) inhibit the 

conversion of HMG-CoA to Mevalonate, thus inhibiting the production of Ras and Rho adaptor proteins. Image courtesy of 

opticianonline.net. 

Statins has shown preclinical and clinical relevance. The infarct size is significantly 

reduced in rats when treated with a statin before and after a MCAO surgery [103, 277]. 

Although the mechanism is unknown, it is predicted that statins are exhibiting their 

neuroprotective and vascular protective effects via the scavenging of oxygen radicals [275, 

276]. For instance, Sprague-Dawley rats showed a significant decrease in infarct size via 

inhibition of gp91phox and p47phox, subunits of NADPH oxidase derived superoxide [103, 250]. 

Additionally, high doses of atorvastatin (80 mg/kg) have been shown to reduce oxidative 

damage, as well as enhance GSH levels in the CNS [275], thus suggesting statins are 

neuroprotective. Although statins are sometimes noted for their neurotoxicity at higher doses, 

it has been found that statins do not compromise viability of neurons below 1 uM [268]. 

Although there is considerable evidence to justify atorvastatin is neuroprotective, it remains to 

be seen if statins are vascular protective.  
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Figure 14: Male Sprague-Dawley rats administered Atorvastatin (10 mg/kg) subcutaneously 48, 24, and 2 hours prior to MCAO 

(an experimental stroke model). Infarct size is significantly reduced as indicated by the white area [103]. 

Despite the limited literature, there are still several key studies that indicate vascular 

protection in statins. In a study with human cardiac microvascular endothelial cells (HCMECs) 

simvastatin via ERK5 activation promoted ZO-1 localization and reduced endothelial cell 

permeability [248]. Additionally, multiple sclerosis (MS) patients on simvastatin and lovastatin 

experienced a decrease in BBB permeability and leukocyte migration [247]. Furthermore, 

atorvastatin prevented BBB disruption in ischemic mice by preventing Rac-1 production. Rac-1 

is an oxidase protein produced from the isoprenoid pathway that promotes ROS production 

[250, 251]. Thus, atorvastatin’s antioxidative properties may be due to its ability to inhibit small 

GTPase proteins that promote oxidation. Atorvastatin administered to Wister rats treated with 

L-Name, a compound used to increase blood flow and induce vascular lesions, decreased BBB 

permeability of evans blue and restored ZO-1 and occludin expression [252]. Finally, male 

Sprague-Dawley rats in cerebral ischemia showed a significant increase of claudin-5 expression 

at high doses (20 mg/kg) of atorvastatin, resulting in decreased BBB permeability [249]. These 

studies indicate a definite trend towards vascular protection. Our lab is also investigating the 

effects of atorvastatin on tight junction expression at the BBB and hope to elicit this matter 

further. 

 

Research Methods:  

 

Methods for studying the BBB have progressed significantly since the 1900s when the 

idea of the BBB was first introduced [148]. The first model of the BBB was synthesized in the 

1970s [149]. Since then, there have been many improvements. There are several approaches 

we can use to study the BBB in the context of stroke. These applications include in vitro and in 

vivo methods and make the study of the BBB precise. In vitro methods to expose endothelial 

cells to stroke conditions include Oxygen Glucose Deprivation (OGD) or OGD-reoxygenation 

while ischemic stroke can be modeled in animals via middle cerebral artery occlusion. In vitro, 

the ability of therapeutics to protect endothelial cells from ischemic damage can be measured 

using an MTT assay to assess cell viability or a transwell permeability assay to evaluate 

paracellular “leak.” In vivo, BBB integrity can be measured by isolating brain microvessels and 

assessing relative localization and/or expression of tight junction constituent proteins and by in 
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situ perfusion where paracellular diffusion of vascular tracers can be evaluated.  We will discuss 

these methods in detail and address their strengths, as well as limitations. 

 

In Vitro:  

 

One of the most common cell types for studying the stroke paradigm are mouse brain 

endothelial cells (bEnd3). These cells are immortalized, show continued growth, and have a 

quick doubling time (26-30 hours) [155]. Furthermore, bEnd3 cells have been shown to express 

critical tight junctions and transporters needed to study the BBB [155, 278]. Cells are cultured in 

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with glucose, except when they 

are being experimented for hypoxic stress. In this case, normal DMEM media would be replaced 

with DMEM without glucose (OGD media) to stimulate nutrient deprivation [279]. Cells are 

grown to confluency on a 96-well plate or a T75 flask prior to every experiment. The container 

is chosen based on the experimental needs. 96-well plates are used for measuring cell viability, 

while T75 flasks are reserved for protein analysis. Cells will be grown in sterile incubating 

conditions of 37oC and humidified 5% CO2, in which media is replaced every 2-3 days. Rat tail 

collagen is used as an adherence base for the endothelial cells to grow and proliferate. This 

stimulates a BBB like in vivo setting [260]. Cells are removed from their culture flask with 0.25% 

trypsin-EDTA during expansion and seeding protocols. Immediately prior to OGD 

experimentation, the DMEM media is replaced with the Glucose deprived DMEM media. 

 

Oxygen Glucose Deprivation: 

 

In vitro methods for studying stroke include the Oxygen Glucose Deprivation-

Reoxygenation model (OGD-R). Glucose and oxygen are both necessary for cellular respiration. 

Cells are then placed in a sterile sealed nitrogen gas chamber sufficiently deprived of O2 (<1%) 

at 37o C. Cells are exposed to these hypoxic conditions for a set period. The deprivation of 

oxygen and glucose in cells simulates the nutrient deprivation of an individual experiencing an 

ischemic injury [279]. By accessing changes in cell viability, protein expression, and localization, 

one can get a better understanding of stroke at the molecular level [125]. There are two 

subcategories of OGD: OGD and OGD-R. The key difference between the two is the OGD 

experiment does not include the reoxygenation phase, which is typically 24 hours [58, 283], 

while the OGD-R model does. The reoxygenation phase is after the OGD condition, in which the 

stressed cells are placed back in a normal incubator (37oC; 5% CO2) with standard glucose 

media. Reoxygenation should exacerbate or enhance cell death because it is a significant 

component of edema in stroke, thus clinically relevant [281]. During the reoxygenation phase, a 

compound can be added to the cells to access its protective effects. A compound is typically 

given after the OGD stress, immediately prior to reperfusion, as this is the most clinically 

relevant phase in drug intervention [83, 282]. This experimental set up mimics the “rescue” 

paradigm seen clinically, which is to salvage recoverable tissue [83, 122]. For instance, people 

are administered statins shortly after their stroke because it improves patient outcome and 

protects their neurons [264, 265]. After the 24-hour reperfusion, the samples can be accessed 

for cell viability, protein analysis, or immunofluorescence. Experimental evidence in our lab 

demonstrated that 12-hour OGD was sufficient to reduce cell viability to 46%. 
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MTT Assay:  

 

The MTT Assay is a high throughput assay commonly used for assessing cell viability 

[284]. MTT or 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide is a colorimetric 

assay that acts as an indicator for cell viability by assessing cellular mitochondrial activity in a 

redox reaction. The tetrazolium dye is reduced by NADPH dependent cellular oxidoreductase 

enzymes to an insoluble purple solid, Formazan. MTT assay is a useful tool for accessing 

mitochondrial activity due to its ability to form soluble crystals, which can be measured as 

direct indicators of cell viability. The intensity of the purple color is a direct indication of cellular 

activity due to the increase of enzymes in the cell. Lighter purple indicates less cell viability, 

while darker purple indicates greater viability [284]. MTT is useful for studying stroke because it 

allows one to access the effects of OGD-R on the endothelium. Additionally, compounds can be 

tested in response to OGD-R for potential therapeutics. One can test the protective qualities of 

a compound by measuring changes in cell viability. By accessing the viability of bEnd3 

endothelial cells when exposed to OGD-R, we can see the impact of statins and other 

therapeutic compounds. Thus, allowing one to find the ideal therapeutic and concentration 

[284]. 

 

Typically, a 50% reduction in cell viability is significant to access barrier changes and 

therapeutic efficacy [285]. Cells are counted using a hemocytometer with 1:6 trypan blue. This 

is to ensure the same cell density for every experiment. Cells will be seeded on a 96-well plate 

(~7,000 cells) and grown to confluency. Afterwards, the cells will be treated with OGD media 

and incubated in an <1% O2 deprivation chamber at varying time points. After the OGD time 

frame, OGD media will be aspirated and replaced with DMEM-glucose. Following, .5 mg/mL 

MTT solution is added to the suspension media for another 4 hours. Finally, the media is 

pipetted out and the crystals are dissolved and incubated with Dimethyl Sulfoxide (DMSO) for 5 

minutes. Absorbance will be read at 595 nM on a spectrophotometer plate reader as indicated 

by the manufacturer’s instructions. In the OGD-R experiments, the MTT reagent is added 4 

hours prior to the completion of the 24-hour reoxygenation step. We found that 12-hour OGD 

was sufficient to induce significant cell death (46%) without ablating the cells completely from 

the well (Figure 14). 
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Figure 15: A reduction of 46.4% was observed in 12-hour OGD. This significant reduction verifies the proof of concept. 

Reperfusion enhances the reduction in cell viability, which allows for therapeutics to be accessed for efficacy. 

Transwell Permeability Assay:  

 

A transwell permeability assay is a sufficient tool for studying barrier structures. Utilizing 

the OGD-R model, we can access permeability changes in the monolayer by issuing a radio 

labeled 14sucrose above the monolayer. Alternatively, we can access pharmacological uptake of 

transporters by utilizing radiolabeled compounds. This allows us to get a better understanding 

of barrier dynamics (ie, changes in tight junction and transporter expression) in response to an 

ischemic state. First, cells are grown on the Transwell membrane inserts and seeded at a 60,000 

cell/cm2 density and grown to full differentiated confluency on the monolayers. If accessing 

paravascular “leakage”, one can add radiolabeled 14sucrose and measure the amount of 

sucrose that leaks over a given period of time [286, 287]. Alternatively, if accessing transport, 

radiolabeled compounds, such as [3H] Atorvastatin, are prepared in transport buffer and then 

warmed to 37oC [114]. Immediately following, the drug is then placed in one of the monolayer 

sides, based on preference for apical or basolateral end. The presence of radioactivity in the 

brain is measured over 10 minutes using a liquid scintillation counter to access permeation into 

the brain. This measurement proves as a direct correlation to permeability because greater 

presence of drug in the brain means greater uptake. Similarly, to study the effects of signaling, 

agonists or antagonists can be added 6 hours prior to the administration of [3H] Atorvastatin to 

access drug to drug interactions. This application can be applied to other statins as well to test 

efficiency of uptake, as indicated by the permeability coefficient. For a detailed review on this 

protocol, please refer to the Ronaldson paper “Transport Properties of Statins by Organic Anion 

Transporting Polypeptide 1A2 and Regulation by Transforming Growth Factor-B Signaling in 

Human Endothelial Cells” [114]. 



 35

In Vitro Limitations:  

 

Limitations to in vitro methodologies include the MTT assay being a highly sensitive cell 

assay. Therefore, it is critical that cell growth is controlled as closely as possible. An adaptation 

to ensure cell growth isn’t an issue is to plate an equal number of cells in each well to ensure 

even distribution and growth. Furthermore, the confluence the experiment is ran at can play a 

significant factor in the time points needed to induce substantial cell death [288]. Thus, it is 

critical experiments are ran at equal conditions throughout the time points and concentrations 

tested. Furthermore, hypoxic insult does not completely translate to a stroked condition in vivo 

[289, ]. This is because in vitro assays typically lack the complete expression of the 

neurovascular unit, which express vital proteins and transporters that affect the endothelial 

cells [289]. Furthermore, BBB models invitro typically experience lower trans endothelial 

electrical resistance values (TEER) then in vivo, indicating different BBB integrity properties [78, 

290]. Finally, in vivo stroke displays a prominent immune response recruitment that is not 

typically expressed in vitro. As discussed previously, the immune response in ischemic stroke 

plays a critical role in the development of apoptosis and tissue death. Thus, it is critical to factor 

in this component of stroke when studying in vitro [78]. Although due to its limitations, in vitro 

study of stroke via the OGD-R model provides a robust and mechanistic manner to study BBB 

properties, giving us valuable insight to the individual interactions occurring at the cellular level 

[78, 289].  

 

In Vivo: 

 

Animal models in vivo allow us to address the limitations observed in the in vitro models 

of stroke. By introducing the component of blood flow, animals can be treated 

pharmacologically after reperfusion is established. This allows one to better understand the 

vascular effects of a compound in an ischemic state. Middle Cerebral Artery Occlusion is a 

primary model for the study of ischemic stroke in animals. Through the introduction of a 

filament into the cerebral microvasculature, we can replicate a realistic ischemic stroke that is 

experienced by humans. Paracellular leak or uptake of compounds can then be assessed. 

Finally, using a technique developed by our lab, we can harvest enriched microvessels to 

accesses tight junction and transporter expression and localization. 

 

Middle Cerebral Artery Occlusion:  

 

Using the rat model, we can mimic a clinically relevant model of stroke and test 

therapeutics in response to this stroke [305]. The primary model for studying stroke in vivo is 

the Middle Cerebral Artery Occlusion (MCAO) [61]. The general idea is the Common Carotid 

Artery (CCA) is occluded, and then a suture is inserted into the Internal Carotid Artery (ICA) until 

it reaches the Middle Cerebral Artery (MCA) [62]. The animal is anesthetized under isoflurane 

and placed on a heating pad at 37o C to maintain physiological temperature. Next a small 

incision is made to access the blood vessels. The occipital and superior thyroid arteries are then 

isolated and cauterized. After that, the external carotid artery (ECA) and the bifurcation point of 

the ECA, internal carotid artery (ICA), and the common carotid artery (CCA) are tied off. The 
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CCA and ICA are then ligated off from the ECA with clamps, and a small nick is introduced into 

the ECA. A filament is then inserted into the ECA that passes through the suture point up until 

the Middle Cerebral Artery (MCA) [79]. A laser doppler tool is then used to ensure the occlusion 

was successful. Afterwards, the animal is allowed to rest on a heat pad and reperfusion is 

reestablished after 1 hour by the removal of the filament [150]. The establishment of 

reperfusion after the removal of the filament ensures our in vivo model is clinically relevant. 

Behavioral assays, such as the rotarod and grip-strength test, can be performed to evaluate the 

sensorimotor consequences of the ischemic injury on the animal [151]. Afterwards, the animal 

can be sacrificed and harvested, and infarct volume can be measured. Finally, using the micro 

vessel isolation technique developed by the Ronaldson Lab, which allows for the enrichment of 

microvessels, one can access tight junction expression and localization via western blot analysis 

and immunofluorescence, respectively. BBB permeability can also be measured in this model 

using the in situ brain perfusion approach. 

 

 
Figure 16: Schematic diagram of MCAO in which the filament is inserted into the MCA to occlude the blood vessel for a set 

period of time and potentiate stroke like conditions [79]. 

In Situ Brain Perfusion:  

 

In situ brain perfusion is another technique used to measure BBB properties in a 

diseased state, specifically the permeability of the barrier [65]. An animal is directly canulated 

with silicone tubing into the common carotid arteries leading to the brain. A perfusate 

containing the compound of interest is then introduced into the system [63]. A syringe pump 

maintains a constant flow rate of 3.1 mL/min at 95-105 mmHg. The perfusate used in our lab is 

an erythrocyte-free modified mammalian rat ringer at pH 7.4. The solution is warmed to 37o C 

prior to perfusion and oxygenated with 95% O2/5% CO2 [107]. Compounds are often 

radiolabeled or attached with a fluorescein isothiocyanate (FITC) label to measure brain uptake 

[63, 65]. 14Sucrose or small molecule dextrans can be added at 10 µCi/mL to the perfusate to 

access barrier leak. The small molecule sucrose is a good molecule to access BBB permeability 

because sucrose does not typically cross the BBB under normal physiological conditions [291, 

292]. If the barrier is “leakier” from the treatment, then the amount of radiolabeled uptake in 
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the brain will increase [65, 293]. The perfusate is then measured at various time intervals to 

determine uptake kinetics and permeability coefficients which can be calculated. Animal brains 

can then be processed using a TS2 tissue solubilizer and 2 mL of Optiphase SuperMix liquid 

scintillation cocktail from PerkinElmer Life and Analytical Sciences. Finally, radioactivity is 

measured using a 1450 Liquid Scintillation and Luminescence Counter from PerkinElmer. For a 

more detailed explanation on the dual-artery in situ brain perfusion model, including coefficient 

calculations, please refer to “CNS Delivery of Peptides Across the BBB Using the Dual-Artery In 

Situ Brain perfusion Model” [65]. 

 

This technique is highly useful as it offers a direct view of compounds flowing into the 

brain from the blood. Advantages of this technique include direct access of brain perfusion 

through the cerebral arteries, time intervals of uptake, and saturation uptake of a transporter 

through concentration modifications of the compound of interest [64]. For instance, the large 

soluble protein albumin can bind to various substrates and affect their rate of transport [152]. 

Additionally, changes in tight junction expression can be correlated with uptake change, 

indicating BBB leak and permeability [67]. Leak is important to consider because a compound 

can enter the brain to provide a neuroprotective effect but may impede the barriers’ function 

in the process, thus limiting its therapeutic utility [146]. 

 

 
Figure 17: In Situ Brain Perfusion schematic. Blood vessels leading to the brain are cannulated to access paracellular diffusion of 

radiolabeled or FITC labeled compounds into the brain parenchyma, thus indicating BBB permeability or “leak” [65]. 

Microvessel Isolation:  

 

The Microvessel Isolation technique (MVI) was developed by the Ronaldson lab [87]. It is 

a technique that allows for the enrichment of microvessels, thus allowing for enhanced analysis 

of proteins commonly found in the blood brain barrier [87]. Furthermore, this method allows 

for the purification of endothelial cells, while isolating the other types of cells commonly found 



 38

in the neurovascular unit. This purification allows for the enrichment of proteins commonly 

found in endothelial cells, which include tight junctions and transporters. Through the series of 

multiple centrifugation steps, proteins highly expressed in endothelial cells like tight junctions 

and transporters can be identified [87]. This allows one to be ensured they are receiving ample 

protein in their analysis, allowing for reliable and replicable results [87]. These multiple spins 

are achieved through a dextran gradient that aids in the separation of the endothelial cells from 

the remainder of the neurovascular unit [87]. The benefit of this technique is that it is simple 

and reproducible. This protocol was adapted for Sprague-Dawley rats.  

 

First brain microvessel buffer (BMB) is prepared by mixing D-mannitol, EGTA, and 2-

amino-2-(hydroxymethyl)-1,3-propanediol (Tris Base) in deionized water. After contents are 

thoroughly stirred, pH the solution to 7.4 using HCl. Next, 26% dextran is prepared by mixing in 

the dextran with the BMB solution. Protease inhibitor is added prior to the extraction of the 

animal brain to ensure longevity of the microvessel samples. After the animal is anesthetized 

with ketamine and xylazine, the rat’s brain is harvested. After harvesting, the cerebrum is 

removed, and the sample is placed in BMB buffer to soak. The brain is then placed on white 

filter paper and the brain is gently rolled side to side, while removing any meninges that adhere 

to the brain. 5 mL of BMB are then added to the sample and the sample is homogenized. After 

homogenization, 8 mL of dextran are added to the tube containing the sample and it is inverted 

and vortex until thoroughly mixed. The sample is then placed in a centrifuge for 30 minutes at 

5,000 g at 4 oC. After centrifugation, the supernatant is removed and 5 mL of BMB, as well as 8 

mL of dextran is added similarly as described above to the pellet. After the sample is 

reconstituted, it is placed again in the centrifuge for 30 mins at 5,000 g 4 oC. This step can be 

repeated up to four times to ensure higher quality micro vessel samples with each subsequent 

spin. Finally, the samples are placed in 5 mL of BMB buffer, and ultracentrifugation is done at 

150,000 g for 1 hour at 4 oC. After the supernatant is removed, the samples can be resuspended 

in BMB buffer and stored for later use. For a detailed description of the MVI protocol, please 

refer to the paper titled “A Simple and Reproducible Method to Prepare Membrane Samples 

from Freshly Isolated Rat Brain Microvessels” [87]. After samples are harvested, protein analysis 

can be performed with western blot and immunofluorescence microscopy. 

 

 
Figure 18: The enrichment of microvessels through subsequent spins that enhance the amount of protein observed specifically at 

the blood brain barrier. PECAM-1 is an endothelial cell marker that shows through subsequent dextran spins microvessel protein 

expression is enhanced [87]. 
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Western Blot:  

 

Western blot allows for the visualization and quantification of proteins using antibodies 

that bind to that specific protein [306]. Using western blot analysis, we can assess tight junction 

and transporter protein expression in the endothelial cell. For instance, our lab has proven that 

during PIP, a direct increase in Occludin expression as well as OATP1a4 functional expression is 

observed [68, 108]. Furthermore, this technique allows us to observe expression changes in 

response to therapeutics. Microvessels harvested from animals, or cell lysates can be analyzed. 

Cell lysates will be collected using Radioimmunoprecipiation assay (RIPA) buffer. First, a BCA 

standard curve is developed using Bradford reagent from Sigma-Aldrich to ensure equal 

concentrations of protein are examined in each sample.  Samples are diluted with deionized 

water, B-mercaptoethanol (BME), and 4x Laemmli buffer to ensure the proteins are 

investigated in their simplest form. The gel is ran for two hours at 120 V while submerged in 

running buffer. Afterwards, the proteins are transferred to blotting paper by the assembly of a 

“transfer sandwich” in 10% MeOH transfer buffer for 30 minutes at 6 V, and 2 hours at 20 V 

following. The membrane will then be incubated in primary antibody overnight at 4o C. The 

following day, the membrane will be washed in TBST and incubated in secondary antibody and 

horse radish peroxidase West Pico solution for analysis.   

 

Immunofluorescence:  

 

Immunofluorescence offers a valuable tool for accessing tight junction localization and 

expression at the blood brain barrier. By accessing changes in localization, one can deduce 

changes in BBB function. Furthermore, one can observe other cellular changes in respect to the 

endothelial cell [154]. First, we plate some of the microvessel sample or cell lysate onto a 

confocal slide and allow it to dry for 30 mins. Slides can either be stored in the freezer for later 

use or analyzed right away. Next barriers are drawn around the microvessels to indicate the 

area of interest with an ImmEdge pen. Then the slides are fixed for 20 minutes in 4% 

formaldehyde. The slides are then washed three times for five minutes with Phosphate-

Buffered Saline (PBS). The slides are then blocked for 1 hour in a mixture of PBS, .1% Tx-100, 

and 5% goat serum or in bovine serum albumin. Afterwards, the slides are incubated overnight 

with primary antibody. Following the next day, the slides are then washed with PBS three times 

for 5 mins. The slides are incubated with an AlexaFluor 488 goat anti-mouse or anti-rabbit 

secondary. The slides are incubated for 20 minutes after in DAPI solution to shown nuclei 

staining. Finally, the slides are washed 3 times for 5 mins each with PBS and covered with 

ProLong Gold for imaging. 

 

In Vivo Limitations:  

 

Limitations include the animal being affected by circadian rhythms, which can affect the 

protein expression of the animal based on the time of day [294]. Thus, it is critical to perform all 

experiments within the same time frame daily to ensure this factor is not an issue. Additionally, 

biological variables, such as sex, play a role in hormone regulation which effects the vasculature 

in stroke [295]. Furthermore, the MCAO surgery is a highly invasive procedure [296]. It is 
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difficult to access if changes in protein expression are due to the surgery itself or the occlusion. 

Thus, it is important to have a sham animal as a base line to access the surgery itself is not 

inflicting a change on tight junction expression itself. Limitations to in situ brain perfusion 

include the possibility that brain uptake is changing due to alterations in cerebral blood flow by 

the perfusate, however our lab has debunked this theory by measuring cerebral blood flow 

before and after hypoxic stress in a rat in vivo model [66].  

 

Both methods allow for the precise understanding of the BBB. We discussed various 

research methods for studying the BBB in the context of stroke. We have delineated their 

differences and discussed how they complement one another. Both methods allow for the 

precise understanding of the BBB. Mastery of these techniques will allow us to propose novel 

therapeutics to treat the ischemic injury and increase patient outcome. In the next section we 

will discuss how we can apply these research methods in the context of statins. 

 

Application of Research Methods: 

 

There have been many advancements in our knowledge of the BBB over the past 

decade. Many of these advacements have allowed us to achieve an improved understanding of 

the barrier in disease states; however, there are still many unanswered questions in regards to 

BBB dynamics in the setting of stroke. Over the past several years, several drugs have shown 

effectiveness in preclinical stroke studies but none of these have shown clinical effectiveness 

via successful Phase III trials. In contrast, statins are routinely administered to stroke patients 

due to the fact that this class of compounds can improve neurological outcomes. As mentioned 

previously, these properties of  statins can result from neuroprotective effects. The pleiotropic 

nature of statins may also point towards vascular protective effects. Here, we discuss how 

vascular protective (i.e., BBB protective) effects of statins can be demonstrated in a laboratory 

setting and the impact that such studies can have on the therapeutic utility of statins for stroke 

in the clinic. 

 

Application of In Vitro methods: 

 

The first step is to assess the effects atorvastatin has in vitro on the BBB under stressed 

OGD-R conditions. Experiments indicating cell viability, and transwell permeability will allow us 

to get a better understanding of the statins’ effects on the endothelial cell in an ischemic state. 

The experiment will test the concentrations of atorvastatin ranging from 0.2 nmol, 2 nmol, 20 

nmol, and 200 nmol. Concentrations of Atorvastatin are determined from a log scale for the 

cMax value [156]. The control would be healthy bEnd3 cells that were not treated with 

atorvastatin. Additionally, sucrose at 200 nmol would be added to another set of OGD-R treated 

cells as a negative control. This is to ensure the aspect of adding a compound is not having an 

impact on the assay. Cell viability and permeability assays studies in OGD-R cells with 

Atorvastatin will allow us to ellucidate this matter. Cells are exposed to <1% O2 OGD-R 

conditions for 12 hours with 24 hour reperfusion immeditely following. The 12-hour timepoint 

is chosen as indicated previously due to its significant reduction in cell viability. Treatment is 

added to the cells immeditely following the 12 hour OGD phase, right before the 24 hour 
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reperfusion. The cells can then be accessed for cell viability with the MTT assay, and 

paracellular leak with the transwell permeability assay. These results in vitro will guide our in 

vivo studies to verify our observations, and save time and costs where necessary. 

 

Application of In Vivo Methods: 

 

The development of statins as a vascular protective therapy requires that these drugs 

can be administered quickly and safely to stroked patients. The MCAO model allows us to 

access reperfusion and accurately access the effects of atorvastatin on the vasculature. 

Immeditately following the MCAO stroke, Animals will be administered an atorvastatin dose of 

2 mg/kg, which was determined to be a standard equivalent dose of a rat in human [297]. 

Additionally, .2 mg/kg and 20 mg/kg will be administered for a low and high dose respectively. 

We decided to administer the drug intravenously for several reasons. Statins currently are 

taken orally; there is no other formulations currently available on the market [298]. This poses a 

difficulty because the patient experiencing a stroke is typically unconscious and unable to 

swallow a pill. An intravenous formulation is clinically relevant because it can be injected 

directly into the blood stream and allow for quicker access to the brain [298, 299]. Additionally, 

this formulation can be administered to a patient in an emergency by a paramedic or loved one, 

thus adding to its clinical relevance. Additionally, many studies investigated the drug 

intraperitoneally [249, 300], but not intravenously. The administration of atorvastatin 3 hours 

post surgery is chosen because this is within the time frame BBB dysfunction occurs post stroke 

[58]. As a control, animals will be administered a vehicle without the drug to account for 

changes that may occur when injecting a substance. We will treat the animals with the various 

doses of atorvastatin, then induce a stroke in them via MCAO. Afterwards, to access “leakage” 

we will cannulate the animal and measure the uptake of sucrose. Additionally, SHAM animals 

will also be cannulated to allow for our control. The goal of this experiment is to access if 

atorvastatin is reducing the amount of paracellular diffusion into the brain. A reduction in 

diffusion, as accessed by the time intervals of uptake, indicates the compound is vascular 

protective. 

 

Following 24-hours post stroke, rats are euthanized with a ketamine/xylazine mix and 

harvested for Microvessel Isolation. After processing, samples will be analyzed using western 

blot and immunoflourscence. Western blot will be ran for MCAO stroked animal samples with 

and without the atorvastatin treatment. This allows us to correlate the changes we see in tight 

junction expression between the two experimental groups, thus see if atorvastatin is impacting 

the vasculature. An alteration in tight junction expression of claudin-5 or occludin compared to 

the SHAM animals could indicate vascular protectiveness of statins. Samples are heated at 37o C 

for 30 mins prior to loading. This will be to ensure adequate separation of tight junctions as 

they tend to dimerize and oligomerize. After heating, samples are loaded onto an SDS-Page. We 

use a tris base gradient of 4%-12% SDS-polyacrylamide gel transferred to a PVDF membrane. 

We chose this gradient to analyze the lower kDa tight junction, claudin-5 (~19 kDa). Protein 

density will be analyzed using chemiluminescence Biorad Imager and Image-J for quantification. 

All antibodies will be purchased from Invitrogen-Thermofischer Scientific, Sigma Aldrich, or 

abcam. For analysis of tight junction expression, antibodies will include anti-Claudin 5 1:20,000, 
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-Occludin 1:3,000, -GAPDH 1:2,000, -mouse 1:8000, and -rabbit 1:8000 diluted in Super Block 

buffer with 10% TWEEN. Similarly, tight junction localization will be accessed using 

immunofluorescence. Localization of tight junctions allow us to access if atorvastatin is 

recovering tight junction oligomer formation. Relative expression of tight junctions in respect to 

other tight junctions indicates vascular protection. 

 

Additional timepoints of statin treatment: 1, 6, 12, and 24 hours, will also be tested to 

determine the optimal time point of administration, as well as acute and chronic effects of 

statins. Finally, experiments will be repeated in females to account for biological factors. Sex 

difference has been considered a factor in ischemic stroke as demonstrated by our group and 

others [301, 302, 303]. These results will give us a holistic understanding of the effects 

atorvastatin has on the vascular in a pathological state. We can build a better understanding of 

the vascular effects of statins by accessing changes in tight junction expression, localization, 

and leak. These results can then be extended further to study other statins and their effects on 

the vasculature. The optimal statin can then be modified chemically or biologically to be 

optimized for drug delivery and safety. This ensures the individual can get their stroke treated 

in the most efficient and beneficial manner. In the next section we discuss the predicted 

outcomes we expect to find by applying these methods. 

 

Expected Results:  

 

By applying the research methods mentioned above, we can determine effects of statins 

and develop hypotheses on their role in the vasculature. Based on a sound body of literature 

that have investigated the effects of statins on the vasculture previously, we can predict the 

results we expect to see. In accessing cell viability in vitro, we would expect an increase in cell 

viability. This is because of the studies previously that have shown statins increased tight 

junction expression in response to ischemic states in vivo. Our study would be the first to 

address these changes in the bEnd3 cell line representative of the barrier. This increase in 

endothelial cell viability would be due to the increase eNOS expression induced by atorvastatin. 

This is one of their proposed protective mechanisms, as statins have been shown to reduce 

infarct volume by increasing eNOS levels in MCAO mice [116]. In addition to the increase in cell 

viability, we would expect a decrease in 14Sucrose “leak” between the bEnd3 monolayers, as 

accessed by the permeability assay. We predict reduced solute permeability between the 

monolayers because atorvastatin is tightening the barrier through eNOS derived effects [224]. 

 

In vivo, we expect a decrease in tight junction expression of the SHAM animals who 

underwent an MCAO surgery. However, atorvastatin should increase the tight junction 

expression as it is facilitating barrier formation [247, 248, 249]. Furthermore, localization of 

tight junction complexes can be used to confirm this expression is indicative of an increase in 

barrier integrity. Oligomeric structures of tight junctions are thought to be a primary 

component in barrier formation. The antioxidant drug tempol has shown to preserve occludin 

oligomeric assembly in animals exposed to H/R stress [68]. Consequently, tempol also 

modulated the uptake of [14C] Sucrose [68, 125]. We expect these results to be consistent with 

our findings in the transwell permeability assay and in situ. We predict that atorvastatin will 
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have similar effects on barrier function, and as a result, preserve oligomeric complexes and 

maintain a reduction in barrier permeability. Taken together, we are excited to explore these 

new mechanistic properties of atorvastatin, as they offer a vascular protective and 

neuroprotective alternative to treating ischemic stroke. 

 

Conclusion:  

 

A detailed understanding of BBB changes in stroke provides us with critical knowledge 

that allows us design novel therapeutic strategies. Of particular note, protection of the BBB in 

stroke is critical to limit neurological injury and to prevent cerebral edema, processes that 

greatly contribute to patient mortality. This therapeutic objective requires a detailed 

understanding of how tight junction protein complexes are modified in stroke and how these 

changes cause paracellular “leak.” By doing so, we can develop novel treatments that maintain 

the selective permeability of the BBB, while permitting the uptake of certain substances that 

can provide a therapeutic benefit. Clearly, statins are effective drugs for treatment of stroke. An 

expansion in the understanding of statin pleiotropic effects with regards to the cerebral 

microvascular can open new avenues for development of stroke therapeutics. For example, 

statin molecular scaffolds can be utilized to design novel drugs with improved efficacy for 

stroke treatment. Indeed, this new frontier for neuropharmacology requires integration of BBB 

biology and statin pharmacology as outlined in this dissertation. 
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