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ABSTRACT 
 
 

Our laboratory has previously demonstrated that experimental peripheral 

inflammatory pain (PIP), induced by subcutaneous plantar injection of λ-carrageenan in 

Sprague Dawley rats, results in increased expression and activity of the ATP-dependent 

efflux transporter P-glycoprotein (P-gp) that is endogenously expressed at the blood-brain 

barrier (BBB). Increased P-gp functional expression was associated with a significant 

reduction in CNS uptake of morphine and, subsequently, reduced morphine analgesic 

efficacy. The present study examined whether the PIP-induced increase in P-gp 

functional expression was due to changes in intracellular trafficking (i.e., localization of 

P-gp), mediated by changes in the association of P-gp and caveolin-1, a key trafficking 

protein. These studies also determined if the drug diclofenac, a non-steroidal anti-

inflammatory (NSAID) that is commonly administered in conjunction with opioids 

during peripheral inflammatory pain (PIP), altered or modulated P-gp functional 

expression providing evidence of a drug-drug interaction. 

Confocal microscopy and subcellular fractionation revealed that under conditions 

of PIP, the disassembly of high-molecular weight P-gp-containing structures result in an 

increase in P-gp ATPase activity and changes in the localization of P-gp. Western blot 

analysis demonstrated further an increase in P-gp expression in rat brain microvessels 

following PIP induction and also after diclofenac treatment alone in the absence of PIP. 

Additionally, in situ brain perfusion studies showed that both PIP and diclofenac 

treatment alone increased P-gp efflux activity resulting in decreased radiolabeled-
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morphine uptake into the brain. This concurrent administration of NSAIDs and opioids in 

the presence of a pathophysiological stressor (i.e., pain/inflammation) may result in 

clinically significant drug-drug interactions that may impair the desired pharmacologic 

response and analgesic effects of opioids.  Such interactions can lead to significant 

modifications to pain management in clinical settings. Therefore: 

The central hypothesis of this work is that the pathophysiological stressor 

peripheral inflammatory pain (PIP) and the pharmacological agent diclofenac 

modulate P-glycoprotein functional expression at the BBB. 

 

This hypothesis may be broken down further into two parts: 

1) PIP induced changes in P-gp functional expression are mediated via changes in P-

gp intracellular trafficking. 

2) The non-steroidal anti-inflammatory drug Diclofenac, a drug commonly used to 

treat pain, modulates P-gp functional expression at the BBB thus decreasing 

morphine uptake into the CNS. 
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CHAPTER 1: INTRODUCTION AND OVERVIEW 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Parts of this introduction have been taken in large part from a review paper that has been 
accepted for publication in the journal Current Pharmaceutical Design: 
 
 Sanchez Covarrubias L, Slosky LM, Thompson BJ, Davis TP, Ronaldson PT (2013) 
Transporters at CNS Barrier Sites: Obstacles or Opportunities for Drug Delivery? Curr 
Pharm Des (in press). 
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1.1  General Introduction and Overview 
 
 

The blood-brain barrier (BBB) is a dynamic barrier that separates the central 

nervous system (CNS) from the systemic circulation. The blood brain barrier has two 

major functions: 1) to maintain CNS homeostasis and 2) to limit the entry of potentially 

harmful xenobiotics into the CNS, both of which are critical for proper neuronal function.  

In addition to restricting the entry of potentially neurotoxic substances, the BBB also 

limits the entry of many drugs into the brain parenchyma, thus making it difficult to 

achieve effective concentrations of therapeutic compounds in the CNS (Abbott et al., 

2006a; Hawkins and Davis, 2005; Ronaldson and Davis, 2013; Ronaldson, 2007).  

Access to the CNS is limited by the BBB via two principle mechanisms.  Firstly, 

entry into the CNS via the paracellular route is limited by a physical barrier comprised of 

a variety of tight junction protein complexes between the capillary endothelial cells of the 

BBB.  Secondly, transcellular transport of xenobiotics is limited by the expression of 

various selective transporters that are located at the luminal as well the abluminal 

membrane of the capillary endothelial cells (Hawkins and Davis, 2005; Ronaldson, 

2007).  Of the many transporters expressed at the BBB, P-glycoprotein (P-gp) has 

emerged as a major obstacle to effective drug delivery to the CNS, thus complicating the 

treatment of various CNS disorders, such as epilepsy (Potschka, 2010a).   

Efforts to circumvent P-gp in order to improve CNS drug delivery is complicated 

by several factors.  The ability of P-gp to efflux a vast array of structurally divergent 

therapeutics that range in mass from 300-4000 Da, makes development of drugs that can 

cross the BBB without interacting with P-gp challenging (Miller, 2010; Potschka, 2010a; 
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Sun et al., 2004; Ueno et al., 2010).  Compounding the issue is the fact that P-gp 

functional expression at the BBB has been found to be upregulated in a variety of 

pathophysiological disorders such as diabetes, traumatic brain injury, epilepsy, and 

peripheral inflammatory pain (Hartz et al., 2010; Maeng et al., 2007; Pop et al., 2013; 

Seelbach et al., 2007). Additionally, many therapeutic agents, such as rifampicin, 

ritonavir, dexamethasone, and morphine, have also been found to upregulate P-gp, even 

in the absence of a pathophysiological condition (Narang et al., 2008; Ott et al., 2009; 

Yousif et al., 2012; Zastre et al., 2009).   Thus, the development of P-gp inhibitors has 

been an area of intense research efforts; however, direct inhibition of P-gp has had 

limited success due to its ubiquitous expression throughout the body.  Additionally, 

current P-gp inhibitors require large doses to effectively block P-gp efflux activity, 

resulting in significant systemic toxicity (Choo et al., 2006; Kaye, 2008; Szakács et al., 

2006).   

In order to improve the ability to circumvent P-gp and improve CNS drug 

delivery, a better understanding of the molecular mechanisms underlying the 

upregulation of P-gp functional expression at the BBB due to both pathophysiologic 

conditions and pharmacological agents is needed.  The work presented in this dissertation 

examines changes in intracellular trafficking as a potential mechanism regulating the 

upregulation of P-glycoprotein functional expression at the BBB due to the 

pathophysiological stressor peripheral inflammatory pain and studied the effects of the 

non-steroidal anti-inflammatory pharmacological agent diclofenac, prescribed for the 

treatment of pain, on P-gp functional expression at the BBB.    
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The first chapter of this dissertation focuses on presenting an overview of the 

molecular, morphological, and physiological characteristics of the BBB.  Information on 

astrocytes, pericytes, microglia, and neurons is also presented with an emphasis on their 

role in the regulation of the BBB. An overview of the major ATP-binding cassette (ABC) 

transporters expressed at the BBB is also presented. Finally, a review of the literature 

examining the modulation of P-gp functional expression at the BBB by various 

pathophysiological conditions and pharmacological agents is also presented in this 

chapter as a means to introduce the reader to the central hypothesis. 

 The second chapter of this dissertation addresses the first part of the central 

hypothesis of the work presented: PIP induced changes in P-gp functional expression are 

mediated via changes in P-gp intracellular trafficking.  The data presented suggests that 

increases in P-gp functional expression at the BBB may be the result of changes in P-

glycoprotein association with caveolin-1, a key scaffolding protein that has been shown 

to co-localize with P-gp (Demeule et al., 2000; Jodoin et al., 2003).  The disassembly of 

high-molecular weight, disulfide-bonding P-gp-containing structures may allow for the 

release of P-gp from putative reservoirs, resulting in increased P-gp activity at the BBB. 

The second part of the central hypothesis, that the non-steroidal anti-inflammatory 

drug diclofenac, a drug commonly used to treat pain, also modulates P-gp functional 

expression at the BBB effectively decreasing morphine uptake into the CNS.  This aspect 

of the hypothesis is addressed in the third chapter. Upregulation of P-gp protein 

expression and transport of morphine reveal the potential for drug-drug interactions 

between NSAIDs and opioids during pain pathology and treatment. 
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A discussion of the major findings presented in this dissertation comprises chapter 4, 

the final chapter of this dissertation. Additionally, a discussion on the future directions of 

this work is also provided in the final chapter. 

 
1.2 Brain Barriers 

1.2.1  The Blood-Cerebrospinal fluid  (BCSF) Barrier 
 

The blood-CSF (BCSF) barrier is formed by the choroid plexus, the primary interface 

between the systemic circulation and the CSF.  It is comprised of fenestrated capillaries, 

which are joined together by tight junctions (TJs) that link adjacent choroid plexus 

epithelial cells and limit paracellular diffusion of hydrophilic substances (Engelhardt and 

Sorokin, 2009).   The structure of the choroid plexus consists of an external cuboidal 

epithelium that surrounds a vascular bed embedded in loose connective tissue.  The 

cuboidal epithelium is continuous with the ependyma, a thin epithelial membrane that 

lines the ventricular system of both the brain and the spinal cord (Strazielle and Ghersi-

Egea, 2000). Transendothelial electrical resistance (TEER) values for the BCSF barrier 

are significantly lower compared to TEER values across the BBB, which suggests that 

many solutes can permeate the BCSF barrier to a greater degree than at the BBB. For 

example, large substances such as peptides can cross the BCSF more efficiently (albeit 

still minimally) via limited paracellular diffusion due to incomplete TJs as well as 

reduced pinocytosis/exocytosis (Johanson et al., 2011).  

In addition to its barrier function, the choroid plexus produces CSF, which is secreted 

into the lateral, third and fourth ventricles, thus the choroid plexus plays a role in 
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regulating fluid pressure within the CSF (Abbott et al., 2006a).  CSF secretion is 

regulated by ion exchange across the epithelium and is driven activity of Na+-K+ ATPase 

and of carbonic anhydrase (Strazielle and Ghersi-Egea, 2000). CSF is continually 

secreted and reabsorbed into the circulation resulting in the total volume of the CSF being 

replaced four to five times per day. This results in a “sink effect” that reduces the steady 

state concentration of substances entering the CSF and brain (Davson et al., 1970; 

Saunders et al., 1999). The “sink effect” is much more pronounced for large molecular 

weight and hydrophilic drugs.  The CSF also contains approximately 0.3% plasma 

protein that totals between 15-40 mg/mL (Felgenhauer, 1974).  This is in direct contrast 

to the extracellular space of the brain, which does not contain detectable concentrations 

of plasma proteins (Azzi et al., 1990). 

The choroid plexus barrier and secretory functions are aided by expression of a 

variety of transporters, allowing for precise regulation of ion and nutrient content of the 

CSF, as well the removal of waste products and limited entry of potentially neurotoxic 

compounds (Engelhardt and Sorokin, 2009). Several transporters have been identified at 

the choroid plexus through the use of quantitative gene analysis in vivo biotinylation, 

immunohistochemistry, and Western blot analysis (Figure 1-2). These transporters 

include organic anion transporters (Oat 3, Oat 2) (Choudhuri et al., 2003; Tachikawa et 

al., 2012), peptide transporters (PEPT2) (Smith et al., 2004), organic cation transporters 

(Oct 3), organic anion polypeptide transporters (Oatp 1a1, Oatp 1c4, Oatp1a6, Oatp2a1, 

Oatp4a1) (78) , amino acid transporters (Lat1) (Roberts et al., 2008) , monocarboxylate 

transporters (MCT 3) (Philp et al., 2001), and multidrug resistance proteins (Mrp 1, Mrp 
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4) (Roberts et al., 2008).  Additionally, P-gp (Rao et al., 1999), BCRP (Halwachs et al., 

2011), and nucleoside transporters (Xia, 2007) are expressed at the BCSF barrier. 

 

 
 

Figure 1-1: Transporter systems expressed on at the BCSF barrier in choroid plexus epithelial cell 
 
 

 1.2.2 The Blood-Brain Barrier/Neurovascular Unit 
 
 The neurovascular unit (NVU) is comprised of cellular constituents (i.e., 

endothelial cells, astrocytes, microglia, pericytes, neurons) and the extracellular matrix 

(Ronaldson, 2012) (Figure 1-1). The concept of the NVU emphasizes that both brain 

function and dysfunction requires coordinated interaction between various NVU 

components. Disruption of any NVU component, either as a result of a physiological or 
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pharmacological stressor, can alter BBB integrity, subsequently modifying brain 

microvascular permeability (Oldendorf et al., 1977; Rolfe and Brown, 1997).  

 

 

 

 

 

 

Figure 1-2: Cross section of brain capillary endothelial cell.  Factors secreted by astrocytes and pericytes, 

as well as neuronal input help maintain tight junction integrity and function, allowing for limited 

paracellular permeability of substances into the CNS. 
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1.3 Morphology and Physiology of the BBB/NVU 
 
1.3.1 Key Features and Molecular Characteristics of the BBB 
 
 

The CNS is the most sensitive and critical organ system in the human body.  

Therefore, proper function requires precise regulation of the brain extracellular milieu.  

Additionally, CNS metabolic demands are considerable, with the CNS accounting for 

approximately 20% of oxygen consumption in humans (Rolfe and Brown, 1997). The 

interface between the brain and the systemic circulation must possess highly selective and 

efficient mechanisms that are capable of facilitating nutrient transport, regulating ion 

balance, and providing a barrier to potentially toxic substances.  Specifically, brain entry 

of some substances must be permitted while permeation of others must be limited.  This 

homeostatic function of the cerebral microvasculature occurs primarily at the level of 

brain microvascular endothelial cells, the principal cell type of the BBB. 

Compared to peripheral vasculature, BBB endothelial cells are characterized by 

increased mitochondrial content, exhibit minimal pinocytotic activity, and lack 

fenestrations (Fenstermacher et al., 1988; Oldendorf et al., 1977; Takakura et al., 1991). 

Increased mitochondrial content is essential for these cells to maintain various active 

transport mechanisms such as those utilized to transport ions, nutrients, and waste 

products into and out of brain parenchyma, thus contributing to precise regulation of the 

CNS microenvironment and ensuring proper neuronal function. Cell polarity of 

endothelial cells is ascribed to differing functional expression of transporter proteins and 

metabolic enzymes that are differentially expressed on the luminal and abluminal 

membranes (Figure 1-3), which further contributes to the high selectivity of the BBB 
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(Betz et al., 1980; Sanchez del Pino et al., 1995; Vorbrodt and Dobrogowska, 2003). Of 

the many transporters expressed at the BBB endothelium, several have been implicated in 

influx and/or efflux of drugs into the CNS.  Examples of efflux transporters include P-

glycoprotein (P-gp) (Bendayan et al., 2002), Breast Cancer Resistance Protein (BCRP in 

humans; Bcrp in rodents), Multidrug Resistance Proteins (MRPs in humans; Mrps in 

rodents).  Transporters that facilitate drug entry into the brain include organic anion 

transporting polypeptides (OATPs in humans; Oatps in rodents), organic anion 

transporters (OATs in humans; Oats in rodents), organic cation transporters (OCTs in 

humans; Octs in rodents), nucleoside transporters, monocarboxylate transporters (MCTs 

in humans; Mcts in rodents), and mechanisms for peptide transport.  

BBB function is regulated, both in health and disease, by a variety of circulating 

mediators that are found in blood.  Studies investigating effects of peripheral 

inflammatory pain (PIP) on BBB function found that PIP increased mRNA and protein 

levels of ICAM-1, a protein that plays an important role in immune-mediated cell-cell 

adhesive interactions (Huber et al., 2006).  Increased levels of ICAM-1 were associated 

with changes in levels of several cytokines in the systemic circulation including IL-10 

and INF-γ (Huber et al., 2006).  Additionally, BBB function has been found to be 

modulated via the TGF-β1/ALK-5 pathway. Under conditions of PIP, altered expression 

of tight junction (TJ) proteins and transporters was associated with decreased levels of 

TGF-β and decreased expression of ALK-5 expression. Change in TGF-β/ALK-5 

signaling was also associated with increased BBB paracellular permeability of 

radiolabeled sucrose, while altered expression of Oatp1a4 resulted in increased brain 
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delivery of taurocholate, an established Oatp substrate (Ronaldson et al., 2009; 

Ronaldson et al, 2011). Cytokines have also been found to modulate both efflux and 

influx transporters expressed at the BBB/NVU.  Studies investigating endothelin-1 (ET-

1) mediated signaling on blood-brain barrier P-glycoprotein-mediated transport revealed 

that exposure of rat brain capillaries to ET-1 produced a rapid and reversible reduction in 

P-gp transport activity (Hartz et al., 2004). ET-1 regulation of P-gp was found to act 

through the Endothelin B receptor and protein kinase C signaling (Hartz et al., 2004) 

 
1.3.2  Adherens Junctions (AJs) 
 
 Adherens junctions (AJs) are found throughout the CNS microvasculature and are 

responsible for intracellular adherence between adjacent endothelial cells (Hawkins and 

Davis, 2005).  AJs are composed of multiple protein components including vascular 

endothelium (VE) cadherin, actinin, and catenin (Vorbrodt and Dobrogowska, 2003).  

Cell-cell adhesion is mediated by homophilic interactions of VE-cadherin expressed on 

adjacent endothelial cells. Such interactions mediate calcium-dependent cell adhesion by 

binding to the actin cytoskeleton. Cytoskeletal binding occurs via catenin accessory 

proteins. Specifically, β-catenin links VE-cadherin to α-catenin, an interaction that 

induces the direct binding to actin (Oldendorf et al., 1977; Sanchez del Pino et al., 1995).  

 Disruption of protein-protein interactions within AJs can result in decreased BBB 

functional integrity. For example, VE-cadherin protein expression was decreased in 

cultured bovine brain endothelial cells subjected to hypoxia/aglycemia conditions 

(Ronaldson and Bendayan, 2006; Ronaldson et al., 2009). Hypoxia/aglycemic conditions 

also increased transendothelial permeability of the vascular marker 14C-sucrose in this 
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same in vitro model system (Abbruscato and Davis, 1999). Competitive inhibition of the 

catenin family member p120 using an epitope-tagged fragment corresponding to the 

juxtamembrane domain of VE-cadherin led to decreased interaction with VE-cadherin 

and a subsequent increase in permeability of albumin across confluent monolayers of 

bovine pulmonary artery endothelial cells. (Iyer et al., 2004). The p120 catenin protein is 

a critical mediator of cell-cell adhesion via its direct interaction with VE-cadherin and 

emphasizes the key role AJs in restricting paracellular permeability across the BBB. 

 
1.3.3 Tight Junctions (TJs) 
 

Although disruption of AJs can result in increased BBB permeability, TJs are 

primarily responsible for restricting paracellular permeability at the BBB (Hawkins and 

Davis, 2005; Zlokovic, 2008). TJs form the primary physical component of the BBB and 

function to greatly restrict paracellular entry of various endogenous and exogenous 

substances that can potentially be neurotoxic.  Such TJs impart a high trans-endothelial 

electrical resistance (TEER) across the BBB (1500 - 2000 Ω cm2) that restricts free flow 

of ions and solutes (Butt et al., 1990).  TJs are dynamic complexes of multiple protein 

constituents including junctional adhesion molecules (JAMs), occludin, claudins (i.e. 

claudin-1, -3, and -5), and membrane-associated guanylate kinase (MAGUK)-like 

proteins (i.e. ZO-1, -2 and -3) (Hawkins and Davis, 2005).   

 Several JAMs have been identified at the BBB including JAM-1, JAM-2, and 

JAM-3 (Hawkins and Davis, 2005). JAM-1 is believed to mediate early attachment of 

adjacent endothelial cells during BBB development through homophilic interactions and 

loss of JAMs is associated with BBB breakdown (Dejana et al., 2000; Hoffman et al., 
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2009; Ronaldson and Davis, 2012; Yeung et al., 2008). For example, studies in an 

immortalized human brain endothelial cell line (hCMEC/d3) showed that inflammatory 

stimuli triggered movement of JAM away from the TJ, an observation that directly 

correlated with increased dextran leak across the BBB (Haarmann et al., 2010).  Of 

particular note, JAMs are also implicated in the regulation of transendothelial migration 

of leukocytes (Dejana et al., 2000; Del Maschio et al., 1999).   

Monomeric occludin is a 60-65 kDa protein consisting of four transmembrane 

domains with two extracellular loops that span the intracellular cleft between the 

capillary endothelial cells (Furuse et al., 1993).  Occludin is highly expressed at the BBB 

and stains in a continuous pattern along cellular margins of the brain microvasculature 

(Lippoldt et al., 2000). Expression of occludin at the TJ is associated with increased 

TEER, a marker for TJ “tightness” (McCarthy et al., 1996). For example, Madin-Darby 

canine kidney (MDCK) cells expressing a COOH-terminally truncated chicken occludin 

exhibited an increase in paracellular leak of various sizes of FITC-dextran (i.e., 4 kDa, 40 

kDa, and 400 kDa). This increase in paracellular permeability was associated with 

discontinuous distribution of occludin at the TJ caused by deletion of the COOH-terminal 

domain of the protein (Balda et al., 1996; Yeung et al., 2008).  Functional TJ-associated 

occludin assembles into dimers and oligomers via disulfide bond formation (McCaffrey 

et al., 2007). Changes in relative amounts of oligomeric, dimeric, and monomeric 

occludin have been observed under pathological conditions such as PIP, primarily by  an 

increase in monomeric occludin and a decrease in oligomeric isoforms (Lochhead et al. 

2010). Such modulation of occluding oligomeric assemblies have been associated with 
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loss of BBB integrity and increased paracellular permeability to vascular markers (iw\.e., 

sucrose) and drugs (i.e., codeine) (Lochhead et al., 2010).  Similar results were observed 

under conditions of hypoxia and reoxygenation, a component of several 

pathophysiological conditions such as ischemic stroke (Lochhead et al., 2012). Taken 

together, studies clearly demonstrate that occludin is a critical regulator of BBB 

functional integrity, particularly as a restrictor of paracellular solute permeability (Furuse 

et al., 1993; Lippoldt et al., 2000; McCarthy et al., 1996). 

At least 24 claudins have been identified in mammalian tissues amongst which 

claudin-3 and -5 have been detected at the BBB endothelium (Bauer, 2004).  Claudins are 

20 – 24 kDa proteins that have similar membrane topology to occludin, but do not share 

sequence homology (Furuse et al., 1998).  The extracellular loops of the claudins interact 

through heterophilic and homophilic interactions between adjacent endothelial cells 

(Furuse et al., 1999).  Overexpression of claudin isoforms results in formation of TJ 

strands in fibroblasts.  Interestingly, expression of occludin does not promote formation 

of TJs.  Rather, studies have shown that occludin does not localize to the TJs unless 

claudins are already localized at the TJ (Kubota et al., 1999; Ronaldson and Davis, 2012). 

BBB functional integrity requires association of transmembrane TJ proteins with 

accessory proteins localized within the endothelial cell cytoplasm.  These include 

members of the MAGUK family, which includes TJ associated intracellular proteins ZO-

1, ZO-2, and ZO-3.  Such MAGUK proteins are necessary for clustering of TJ proteins to 

the cell membrane (Gonzalez-Mariscal et al., 2000).  ZO-1, the first protein identified to 

be directly associated with TJ complexes (Stevenson et al., 1986), is a 222 kDa 
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phosphoprotein that is expressed in both endothelial and epithelial cells (Howarth et al., 

1992). ZO-1 links TJ proteins, such as occludin, to the actin cytoskeleton, thus 

maintaining both stability and function of the TJs (Fanning et al., 1998).  This is 

evidenced by the observation that nicotine-induced reduction of ZO-1 expression at TJs is 

associated with increased permeability (Abbruscato et al., 2002). ZO-2, a 160 kDa, 

phosphoprotein, is localized at the TJs and has also been detected in non-TJ containing 

tissues (Hawkins and Davis, 2005; Mark and Davis, 2002). ZO-2 may share many 

functions with ZO-1 and may act as a “stand in” for ZO-1 under conditions in which ZO-

1 and TJ protein interactions are disrupted.  In a study using mouse epithelial cell clones 

that lacked ZO-1, there was upregulation in recruitment of ZO-2 to the TJs allowing for 

formation of morphologically normal TJs (Umeda et al., 2004). ZO-3 is expressed in 

some TJ-containing tissues; however, its role at the BBB has not been elucidated (Inoko 

et al., 2003). 

 

1.3.4 Pericytes 
 
 Pericytes are attached at regular intervals to the abluminal side of brain capillary 

endothelial cells and on the luminal side of the astrocyte endfeet (Hawkins and Davis, 

2005; Sa-Pereira et al., 2012). They have a round cell body, round nuclei (Dore-Duffy 

and Cleary, 2011; Sa-Pereira et al., 2012), and long processes that extend over the vessel 

walls of the brain capillaries (Dore-Duffy and Cleary, 2011).  Pericytes are multi-

functional cells that contribute not only to vascular contractility and immune responses 

but also to BBB functional integrity. The percentage of vasculature covered by pericytes 
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correlates with “tightness” of the junctions between endothelial cells, suggesting that 

pericytes play a role in maintenance of BBB TJ protein complexes (Sa-Pereira et al., 

2012) .This “tightening” role for pericytes has been demonstrated by the observation that 

vascular tissues with fewer pericytes (i.e., spinal cord) are leakier than vessels localized 

within cerebral cortex tissue (Kofler and Wiley, 2011). This may relate to the production 

of pericyte-derived angiopoietin, which has been shown to induce occludin expression at 

the TJ in an in vitro endothelial-pericyte co-culture model (Hori et al., 2004a). Similar 

findings have been reported at the blood-CSF barrier where pericyte-deficient mice 

displayed decreased expression of TJ proteins and increased solute leak at the choroid 

plexus (Kettenmann et al., 2011). Furthermore, in vitro endothelial-pericyte co-culture 

studies have shown that pericytes are required to ensure proper localization of 

endogenous BBB proteins (i.e., P-gp, utrophin) in brain microvascular endothelial cells 

(Al Ahmad et al., 2011).  Additionally, pericytes have been shown to induce BBB 

properties such as reducing paracellular permeability in utero brain development, which 

indicates that theses cells are critical mediators of BBB development (Daneman et al., 

2010). 

 Studies using bovine brain tissue have shown that pericytes express several 

transporters including several Mrp isoforms (Mrp1, Mrp4, and Mrp5) (Berezowski et al., 

2004). P-gp has also been shown to be localized to the pericyte plasma membrane in both 

human and rat brain tissue fixed in situ (Bendayan et al., 2006).  Recently the cholesterol 

efflux regulatory protein (CERP) has been identified in a primary culture of brain 

pericytes, where it was reported to mediate cholesterol efflux (Saint-Pol et al., 2012). 
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1.3.5 Astrocytes 
 
 Astrocytes are the most abundant cell type in the brain and display a fibroblast-

like morphology within grey matter (Raff et al., 1983);  however, this morphology can be 

influenced by their CNS location and associations with other cell types that are in close 

proximity (Abbott et al., 2006b). Astrocyte end-feet ensheathe over 99% of cerebral 

capillaries (Kacem et al., 1998), leading to critical cell-cell interactions that directly 

modulate and regulate BBB characteristics (Abbott et al., 2006b). Several studies have 

demonstrated that astrocytes play a vital role in maintenance, and perhaps induction, of 

BBB characteristics.  For example, Janzer and Raff (1987) injected purified astrocytes 

into the anterior eye chamber of adult rats and observed formation of capillaries and 

venules that demonstrated functional “tightness.”  “Tightness” was determined by 

intravenous injection of Evans’ blue, a dye that conjugates with albumin thereby forming 

a large molecular weight complex that cannot cross the intact BBB. In this study, 

astrocyte aggregates did not stain with the dye indicating a lack of staining indicating the 

presence of functionally tight capillaries and venules (Janzer and Raff, 1987). 

Additionally, male Fisher rats treated with 3-chloropropanediol exhibited decreased 

barrier function as a result of the loss of TJ proteins occludin and claudin-5 as well as 

cytoplasmic ZO-1.  Loss of these TJ proteins resulted in BBB leak of 10 kDa dextran and 

fibrinogen (300 kDa), suggesting a dramatic reduction in BBB functional integrity (Willis 

et al., 2004). Several inducing factors secreted by astrocytes have been identified, 

including TGF-β, GDNF and BFGF, which are involved in induction and regulation of 
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the BBB phenotype.  Additionally, astrocytes can regulate brain microvascular 

permeability via Ca2+ signaling involving astrocyte-endothelial gap junctions and 

purigenic transmission (Abbott et al., 2006b; Hawkins and Davis, 2005; Ronaldson and 

Davis, 2012).  Astrocytes play a critical role in preventing excitotoxicity induced by 

acute elevations of glutamate in the brain. This is mediated via expression of astrocyte 

glutamate transporters EAAT1 and EAAT2 that are responsible for glutamate uptake into 

the astrocyte cell, thus reducing glutamate levels in the parenchyma (Yi and Hazell, 

2006). 

 Various transporters and enzymes are expressed on astrocytes including P-gp, 

BCRP/Bcrp, and MRP/Mrp isoforms (Aronica et al., 2005; Pardridge et al., 1997; van 

Vliet et al., 2005) (figure 1-3). Expression of efflux transporters in astrocytes suggests 

that astrocytes may act a second barrier system to CNS drug penetration and distribution.  

Transporters expressed on astrocytes may work to sequester drugs within the astrocyte 

cell, thus limiting drug permeation into the brain parenchyma or they may concentrate 

drugs within the brain extracellular fluid.  (Ronaldson and Davis, 2012; Ronaldson et al., 

2008). 

 
1.3.6 Microglia 
 

Microglia, the primary immune cells of the brain, are ubiquitously distributed in 

the CNS and are activated in response to systemic inflammation, trauma, and several 

CNS pathophysiologies (Kettenmann et al., 2011; Kofler and Wiley, 2011).  Microglia 

present with a ramified morphology that is characterized by a small soma and fine 

cellular processes during their “resting state.”  Microglial activation in response to 
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pathophysiological stressors can trigger changes in cell morphology, which include 

reduced complexity of cellular processes and transition from a ramified morphology to an 

amoeboid appearance (Kettenmann et al., 2011). Activated microglia produce high levels 

of neurotoxic and pro-inflammatory mediators such as nitric oxide, peroxide, TNF-α, and 

proteases, all of which result in cell injury and neuronal death (Ronaldson and Davis, 

2012), As immune cells microglia scavenge apoptotic cells, tissue debris after trauma, or 

microbes (Ronaldson and Davis, 2012).  They can also act as scavengers of extracellular 

molecules such as amyloid-β (Kettenmann et al., 2011; Kofler and Wiley, 2011). 

Activation of microglia is associated with altered TJ protein expression and increased 

BBB permeability (Huber et al., 2006).   

Several transporter proteins are expressed by microglia, including P-gp, Bcrp, 

Mrp-4, and Mrp-5 (Figure 1-3).  Inflammatory events may affect mRNA/protein 

expression of these transporters (Berezowski et al., 2004).  For example, in vitro studies 

have shown that LPS-treated microglia express decreased mRNA/protein levels of 

several ABC transporters such as P-gp, Bcrp, Mrp2, Mrp4, and Mrp5 (Gibson et al., 

2012).  Expression of these transporters indicates that microglia may play a role in CNS 

drug permeation and distribution; however, more studies are required to elucidate the role 

of microglia in drug uptake into the CNS. 

 
 
1.3.7  Neurons 
 
 Modified BBB function has been observed in several CNS pathologies (i.e., 

inflammation, hypertension, ischemia) and is often accompanied by changes in cerebral 
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blood flow. Such changes imply that the cerebral microcirculation must be highly 

responsive to the metabolic requirements of CNS tissue and suggests a need for direct 

innervation of the brain microvasculature. Indeed, there is considerable evidence for 

direct innervation of both brain microvessel endothelial cells and associated astrocyte 

processes via distinct connections with noradrenergic (Ben-Menachem et al., 1982; 

Cohen et al., 1997), serotonergic (Cohen et al., 1996), cholinergic (Tong and Hamel, 

1999; Vaucher and Hamel, 1995) and GABAergic (Vaucher et al., 2000) neurons. For 

example, studies have shown that loss of direct noradrenergic input from the locus 

coeruleus results in increased BBB susceptibility to effects of acute hypertension, 

resulting in significantly increased permeability to 125I labeled albumin (Gibson et al., 

2012).  Additionally, stimulation of the parasympathetic sphenopalatine ganglion has 

been found to induce BBB opening resulting in an increase in delivery of 

chemotherapeutic agents (i.e., anti-HER2 monoclonal antibody, etoposide) to the brain 

(Yarnitsky et al., 2004).  In contrast, in a rodent model of traumatic brain injury (TBI), 

vagal stimulation following TBI resulted in a decrease in BBB permeability to FITC-

dextran as compared to animals subjected to TBI alone (Lopez et al., 2012).  It is 

noteworthy that many factors that modulate neuronal growth, development, and repair 

also regulate endothelial cell function. Within the CNS, VEGF supports neuronal growth 

and promotes neuronal migration in the developing CNS (Rosenstein et al., 2010). Under 

hypoxic conditions VEGF is upregulated and this upregulation is associated with 

increased BBB permeability (Davis et al., 2010). Thus, communication between neurons 

and endothelial cells may not simply regulate blood flow but BBB permeability as well. 
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1.3.8   Extracellular Matrix 

The extracellular matrix of the basal lamina interact serves as an anchor for the 

cerebral microvascular endothelium. The anchoring function of the extracellular matrix is 

mediated via interactions between endothelial integrin receptors, lamin, and other matrix 

proteins.  Disruption of extracellular matrix is associated with loss of barrier function, 

resulting in increased permeability.  Additionally, matrix proteins have been shown to 

influence the expression of TJ proteins, such as occludin, suggesting that the extracellular 

matrix plays a role in maintaining TJ protein integrity (Hawkins and Davis, 2005; 

Ronaldson and Davis, 2012).  
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Figure 1-3: Transport mechanisms expressed in cells comprising the neurovascular unit. A multitude of 
transporters are expressed on capillary endothelial cells, astrocytes, microglia, and neurons. Transporter 
systems aid in transport of nutrients, peptides, and ions into the brain parenchyma and as well as efflux of 
waste and potentially neurotoxic substance out of the brain. Arrows indicate the proposed direction of 
substrate transport. 
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1.4 Transport Across the BBB 
  

Several disorders of the CNS remain difficult to treat pharmacologically due to an 

inability of many drugs to attain efficacious concentrations in the brain.  In part, this is 

due to active efflux transport processes that restrict blood-to-brain drug uptake.  

However, drugs may still cross brain barriers (i.e. BBB, BCSF barrier) and accumulate in 

the CNS by various mechanisms that favor uptake including passive diffusion, carrier-

mediated transport, and endocytosis.  A brief description of each process is provided in 

this section (Figure 1-4). 

 

1.4.1 Passive Diffusion  

 Passive diffusion involves movement of solutes across biological membranes 

along their concentration gradient without expenditure of biological energy or 

involvement of a carrier protein.  Several factors influence a substance’s ability to 

passively diffuse: lipid solubility, polarity, molecular size, concentration in blood, and 

surface area available for diffusion.  In general, polar, hydrophilic substances cannot 

diffuse easily across membranes. There is a strong correlation between a substance’s lipid 

solubility and membrane permeability, with more lipid soluble substances being able to 

easily move across cell membranes. Although molecular size influences permeability, 

with smaller substances passing more easily, its influence on permeability is not as great 

as that of lipid solubility.  Size limitations of a compound can be overcome by lipid 

solubility, particularly in compounds that are highly hydrophobic (Habgood et al., 2000).  

Hydrogen bonding capability of a compound also influences passive diffusion across 
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biological membranes. Generally, the fewer the number of hydrogen bonds formed, the 

greater the ability of a compound to passively diffuse across a membrane (Wolka et al., 

2003).  Despite limitations imposed by their physicochemical properties, small, polar, or 

charged molecules (i.e., ions, water) can traverse biological membranes via aqueous 

channels traversing the lipid bilayer (Walsh, 2005).  Examples of drugs that can passively 

diffuse across biological membranes include opioids (i.e. morphine, heroin), 

diphenhydramine, and steroids (Au-Yeung et al., 2006; De Gregori et al., 2012; Walsh, 

2005). 

 

1.4.2 Carrier-Mediated Transport  

     Carrier-mediated transport involves interactions of a substrate with a transport/carrier 

protein, providing a route for diffusion of substances across a membrane with the 

direction of transport dictated by the solute concentration gradient. Such transport 

systems are utilized for transport of essential nutrients (i.e., glucose) into the brain as well 

as elimination of metabolic waste. A classic example of carrier-mediated transport is the 

Glut-1 transporter, which is localized to both the luminal and abluminal membrane of the 

BBB and whose transport is concentration-dependent (Roberts et al., 2008; Uldry and 

Thorens, 2004).  Transport by such carriers is often categorized according to requirement 

of a co-transport substrate, such as an ion, along with the substance being primarily 

transported (Wolka et al., 2003). CNS drugs may also be transported via carrier-mediated 

transport. For example, the sodium-independent large neutral amino acid transporter 
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(LAT-1) mediates transport of L-Dopa, the “gold-standard” therapeutic used for 

treatment of Parkinson’s disease (del Amo et al., 2008). 

 

1.4.3 Endocytosis 

Vesicular transport across the BBB occurs via receptor-mediated, adsorptive, or 

bulk-phase endocytosis (Abbott et al., 2006b; Simionescu et al., 2002; Wolka et al., 

2003).  Receptor-mediated endocytosis involves interaction of a substrate with a receptor 

expressed on the membrane surface.  Binding of a substrate triggers internalization of the 

substrate-receptor complex into the intracellular compartment where dissociation of the 

substrate from the receptor occurs (Pardridge, 2012). Internalization of the substrate-

receptor complex involves invagination of the luminal membrane, which encapsulates the 

complex in vesicles.  Vesicles then pinch off from the membrane and are internalized. 

Once internalized, the vesicles release their contents within the intracellular space or the 

vesicles fuse with the abluminal membrane after which their contents can be released 

directly into brain parenchyma (Pardridge, 2012).  Both the transport of the iron transport 

protein transferrin and insulin occur via receptor-mediated endocytosis (Fishman et al., 

1987; King and Johnson, 1985). In adsorptive endocytosis, cationic proteins bind to the 

luminal membrane of capillary endothelial cells via electrostatic interactions with anionic 

sites on the membrane.  These anionic sites are due to expression of acidic glycoproteins 

on the luminal membrane (i.e., glycocalyx) (Scherrmann, 2002; Tamai and Tsuji, 2000).  

Bulk-phase endocytosis does not require a receptor and involves uptake of 

substances that are solubilized in extracellular fluid. The attachment of clathrin to the 
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membrane creates clathrin cages on the cytoplasmic surface of the cell membrane. Cage 

formation is followed by invagination of the membrane and formation of a clathrin-

coated pit and subsequent generation of a closed vesicle. The vesicle detaches from the 

membrane via membrane fission. Similar to receptor-mediated endocytosis, the 

internalized vesicle may release its contents in the intracellular space or fuse to with the 

abluminal membrane (Boron, 2005). 

 

1.3.4 Active transport  

Active transport of substrates across the BBB is energy dependent and usually 

coupled to ATP-hydrolysis (Abbott and Romero, 1996; Abbott et al., 2006b).  Such 

processes enable movement of substances against their concentration gradient. There are 

a multitude of energy dependent transporters expressed at the BBB endothelium that 

work to transport essential nutrients, ions, and other endogenous compounds into the 

CNS. Additionally, other active transport mechanisms are responsible for 

restricting/regulating entry of potentially toxic substances (Abbott et al., 2006b). Many 

therapeutic drugs are transported by active transport processes in the CNS, including 

opioid analgesic drugs, opioid analgesic peptides, HMG CoA reductase inhibitors, HIV-1 

protease inhibitors, cardiac glycosides, antineoplastic agents, calcium channel blockers 

and antibiotics.  
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        Figure 1-4: Methods of xenobiotic transport across the blood-barrier 
 

 

1.5  ATP-binding Cassette (ABC) Efflux Transporters in the Brain 

1.5.1  ABC Superfamily of Transporters 

The ATP-binding cassette (ABC) transporter superfamily is among the largest and 

most ubiquitously expressed protein families known to date.  The ABC transporter 

superfamily consists of 48 genes, which are subdivided into 7 distinct subfamilies 

(ABCA –ABCG) (Dean et al., 2001b).  ABC transporters are involved in various 

physiological functions, such as maintenance of lipid bilayers, peptide transport, and 

sterol transport. Perhaps the most clinically relevant role of ABC transporters is their 

direct contribution to development of the multidrug resistance (MDR) phenotype (Dean 

et al., 2001b). The MDR phenotype is defined as the simultaneous resistance to several 
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structurally unrelated compounds that does not result from independent genetic mutations 

that confer resistance to a single xenobiotic (Gottesman et al., 1995).  

ABC genes are categorized as either full transporters or half transporters, with full 

transporters exhibiting the prototypical two transmembrane domains and two nucleotide 

binding domains.  Half transporters contain only one transmembrane domain and one 

nucleotide binding domain and are believed to homo- or heterodimerize in order to 

achieve functionality (Hyde et al., 1990).  All ABC superfamily members possess three 

highly conserved motifs known as the Walker A and Walker B motifs and the ABC 

signature C motif  (i.e., ALSGGQ) (Hennessy and Spiers, 2007; Zhou, 2008). The exact 

role of the ABC signature sequence is unknown, although it has been suggested that this 

domain may be involved in substrate recognition or ATP hydrolysis (Leslie et al., 2005). 

ATP hydrolysis is required by ABC transporters as a source of biological energy for 

transport of substances in a single direction across membranes against a concentration 

gradient (Dean et al., 2001b; You, 2007). 

  Members of subfamily ABCA play a role in phospholipid (i.e., cholesterol) 

trafficking across plasma membranes.  Loss of function of these transporters can result in 

development of dyslipidemia in affected individuals. For example, loss of function 

mutations in ABCA1, which plays a critical role in reverse cholesterol transport, leads to 

development of Tangier disease (Dean et al., 2001a; Santamarina-Fojo et al., 2001). 

Tangier disease is an autosomal recessive disorder characterized by a severe deficiency of 

high-density lipoprotein and apolipoprotein A-I as well as the accumulation of 

cholesterol esters throughout the body (Dean et al., 2001a; Puntoni et al., 2012).  Mutant 
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variants of the ABCA4 gene, which is localized to rod photoreceptors, have been 

detected in multiple ophthalmic disorders including Stargardt disease, recessive retinitis 

pigmentosum, and recessive rod-cone dystrophy (Dean et al., 2001a). 

    The ABCB subfamily consists of 11 members that are responsible for transport of 

various solutes such as drugs, peptides, phosphatidylcholine, and iron (Dean et al., 

2001a).   Perhaps the most well studied member of the ABCB family is P-gp, a major 

contributor to the MDR phenotype that is involved in cellular efflux of therapeutic 

agents. Other members of the ABCB subfamily include bile salt export protein 

(ABCB11) and transporter associated with antigen processing 1 and 2 (TAP1 and TAP2; 

also known as ABCB2 and ABCB3 respectively). Mutations in ABCB genes have been 

observed in various diseases including progressive familial intrahepatic cholestasis, 

ankylosing spondylitis, insulin-dependent diabetes mellitus, and celiac disease (Dean et 

al., 2001a). 

There are 13 members of the ABCC subfamily whose functions include ion 

transport, signal transduction, and toxin secretion (Dean et al., 2001a).  Disruption and/or 

loss of function of these transporters results in an array of pathophysiological conditions 

including hyperinsulinemic hypoglycemia (ABCC8) (Fournet et al., 2001; Glaser et al., 

2011) and Dubin-Johnson syndrome (ABCC2) (Wada et al., 1998). Additionally, cystic 

fibrosis results from a loss of function mutation in the CFTR transporter (ABCC7), a 

chloride ion channel (Cohen and Prince, 2012).  MRP/Mrp isoforms are also members of 

the ABCC subfamily and are associated with development of the MDR phenotype (Dean 
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et al., 2001a).  The ABCC family also includes sulfonylurea receptors (SUR) 1 and 2 and 

a truncated protein that does not mediate transport (ABCC13) (Dean et al., 2001a). 

 The ABCD subfamily consists of 4 genes (ABCD1-4) that encode half 

transporters found exclusively in peroxisomes. ABCD family members are believed to be 

involved in transport of coenzyme A esters of very-long-chain fatty acids (Wanders et al., 

2007).  Mutations in the ABCD1 gene results in the X-linked disease 

adrenoleukodystrophy, which is characterized by progressive demyelination and impaired 

cognition, vision, hearing, and motor function (Cappa et al., 2011). Unlike the other ABC 

subfamilies, the ABCE and ABCF subfamilies contain genes that contain nucleotide-

binding domains, but do not encode transmembrane domains. The OABP protein is the 

only known member of the ABCE subfamily and is responsible for recognizing 

oligoadenylate produced during viral infections (Tian et al., 2012).  The functions of 

ABCF1-3 have not been fully characterized; however, the hABCF1 has been found to be 

part of the ribosome complex (Dean et al., 2001a). Members of the human ABCG 

subfamily are comprised of six transporters, which includes ABCG2, also known as 

BCRP/Bcrp. BCRP/Bcrp plays a critical role in conferring the MDR phenotype and is 

known to be involved in efflux transport of several drugs. Other members of the ABCG 

subfamily include ABCG1, ABCG5, and ABCG8 that are involved in transport of sterols 

such as cholesterol (103). 

  In the CNS, the most studied members of the ABC superfamily are P-gp, 

MRP/Mrp isoforms, and BCRP/Bcrp as they are known to play a critical role in limiting 
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therapeutic drug entry into the brain thereby limiting the effectiveness of 

pharmacotherapy for treatment of neurological disease (Ronaldson, 2007; You, 2007).   

 

1.5.2 Breast Cancer Resistance Protein (BCRP/Bcrp) 

BCRP/Bcrp was originally identified in the MCF-7/AdrVp breast cancer cell line 

that was developed to study methods to overcome the MDR phenotype (Chen et al., 

1990).  Despite absence of P-gp or MRP-1, these cells exhibited ATP-dependent efflux 

transport of both adriamycin and rhodamine 123, suggesting the presence of a novel 

transporter protein (Lee et al., 1997; Nakagawa et al., 1992). This novel transporter was 

later cloned from the MCF-7/AdrVp cell line and subsequently named breast cancer 

resistance protein (Doyle et al., 1998). BCRP/Bcrp is comprised of 655 amino acids and 

has a molecular weight of approximately 72 kDa. It is commonly referred to as a “half-

transporter,” composed of six transmembrane domains (prototypical ABC transporters 

have 12 transmembrane domains), with the C- and N-termini located on the intracellular 

side of the plasma membrane (Doyle et al., 1998). In addition, 2-3 N-glycosylation sites 

are located on the extracellular loops of the protein.  These glycosylation sites do not 

appear to have any direct influence on functional capabilities of the transporter or on its 

cellular localization (Diop and Hrycyna, 2005; Mohrmann et al., 2005). It is believed that 

BCRP/Bcrp forms functional homo- or heterodimers, which is required for efflux activity 

(Graf et al., 2002; Graf et al., 2003). BCRP/Bcrp has been identified in several tissues 

types including liver, gastrointestinal tract, placenta, and testes (Fetsch et al., 2006).  

Within the CNS, BCRP/Bcrp is expressed at the luminal side of BBB capillary 
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endothelial cells, as well as in astrocytes and in microglia (Eisenblatter et al., 2003; Lee 

et al., 2007; Zhang et al., 2003). BCRP/Bcrp has also been detected at the rat choroid 

plexus but only at the mRNA level (Fujiyoshi et al., 2007). 

Despite studies demonstrating expression of BCRP/Bcrp within the CNS, there is 

still debate as to its functionality. In vitro studies using cultured rodent and human 

capillary endothelial cells have demonstrated BCRP/Bcrp transport activity (Hori et al., 

2004b; Zhang et al., 2003), but this functional expression might result from 

overexpression of BCRP/Bcrp in this cell culture system. Therefore, the transport activity 

reported might not be an accurate reflection of in vivo BCRP/Bcrp function (Cooray et 

al., 2004; Zhang et al., 2004).  In vivo studies have also shown conflicting data regarding 

functional expression of Bcrp.  Studies investigating efflux transport of 

dehydroepiandrosterone sulfate (DHEAS) and mitoxantrone across the mouse BBB 

concluded that Bcrp played only a minor role in the active efflux of these transport 

substrates (Eisenblatter et al., 2003; Fetsch et al., 2006).  This conclusion was based on in 

situ perfusion data acquired from both wild-type and P-gp knockout mice. Both studies 

demonstrated increased uptake of radiolabeled DHEAS and mitoxantrone when treated 

with the dual P-gp/Bcrp inhibitor GF120918 (i.e., elacridar), indicating the presence of a 

P-gp-independent efflux transporter.  However, transport studies using Bcrp knockout 

mice showed that brain uptake of radiolabeled DHEAS and mitoxantrone was 

comparable to uptake levels observed in wild-type mice.  Addition of GF120918 had a 

similar effect on substrate uptake into the brain in both Bcrp and wild-type mice. While 

these data may point to only a minor role for Bcrp in drug efflux transport at brain barrier 
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sites, the conclusions of the above studies may have been a function of the substrates 

used. For example, an earlier study by Breedveld and colleagues showed that clearance of 

intravenous imantinib, an established Bcrp substrate, was significantly decreased (~1.6 

fold) in Bcrp knockout mice compared to wild-type controls.  Furthermore, brain 

penetration of imantinib, measured at two hours post-administration, was significantly 

higher in the knockout mice (2.5 fold) than levels observed in the wild-type mice. 

Additionally, administration of elacridar increased brain penetration of imantinib in wild-

type mice, suggesting that efflux transport of this antineoplastic drug is mediated by Bcrp 

(Breedveld et al., 2005).  

There is significant overlap between the substrate profiles of BCRP/Bcrp and P-

gp (Table 1-1) (Staud and Pavek, 2005). In addition to physiological substrates such as 

steroid hormones, glutathione, and folic acid (Mao and Unadkat, 2005; Staud and Pavek, 

2005), BCRP/Bcrp also transports many structurally diverse therapeutic compounds.  

Among substrates transported by BCRP/Bcrp are chemotherapeutic agents (i.e., 

mitoxantrone), anthracyclines (i.e., etoposide, teniposide), and campothecin derivatives 

(i.e., topotecan, irinotecan) (Allen et al., 1999; Chen et al., 1990; Kellner et al., 1997; 

Nakagawa et al., 1992; Rabindran et al., 1998). 

 

1.5.3 Multi-drug Resistant/Associated Proteins (MRPs) 

 Similar to BCRP and P-gp, MRPs/Mrps function as efflux transporters, 

thus they contribute to the formation of the multi-drug resistance (MDR) phenotype.  The 

substrate profile of MRPs is more restrictive than that of BCRP or P-gp and generally 
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includes organic anions and their glucuronidated, sulfated, and glutathione-conjugated 

metabolites (Table 1-1) (Zhang et al., 2000).  There are 9 identified MRP/mrp isoforms 

(MRP/Mrp1-9) and of these 9 only MRP/Mrp 1-6 have been located at the BBB and 

BCSF barrier (Zhang et al., 2000).  The localization of the luminal membrane of capillary 

endothelial cells suggest that the MRPs/Mrps may play an important role in the extrusion 

of drugs out of the brain and into the blood. (Dallas et al., 2006; Zhang et al., 2000).  In 

addition to the luminal membrane of brain capillary endothelial cells, MRPs/Mrps have 

been shown to be expressed by other constituents of the neurovascular unit.  For example, 

Mrp1 and Mrp have been detected at the plasma membranes of astrocytes and microglia. 

In terms of protein structure, the MRP/MRPs differ with regards to the number of 

transmembrane domains.  For example, the structures of MRP/Mrp1-3 and MRP6/Mrp6 

contain only three transmembrane domains (TMD0, TMD1, TMD2) composed of 5, 6, and 

6 alpha helices, respectively.  In contrast, the structures of MRP4/Mrp4 and MRP5/Mrp5 

resemble the structure of P glycoprotein, consisting of only 2 transmembrane domains 

with 6 alpha helices each (Borst et al., 2000; Lee et al., 2004).  The cytoplasmic linker 

region, L0, is conserved amongst all the MRP/Mrp homologues but differs in terms of its 

location. For MRP/Mrp1-3 and MRP/Mrp6, L0 is located between TMD0 and TMD1.  The 

linker region is located TMD1 and the N-terminus for MRP4/Mrp4 and MRP5/Mrp5 

(Dallas et al., 2006) 
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1.5.4 P-glycoprotein (P-gp) 

P-gp is a 170-kDa efflux transporter encoded by the MDR gene (Gottesman et al., 

1995).  Two MDR isoforms have been identified in human tissues, MDR-1 and MDR-2 

(Chen et al., 1986; Roninson et al., 1986); however, P-gp expression in rodent tissues is 

encoded by three distinct mdr isoforms designated mdr-1a, mdr-1b, and mdr-2.  While 

over expression of MDR-1/mdr-1a/mdr1b confers the MDR phenotype (Gottesman et al., 

1995; Ueda et al., 1987), MDR-2/mdr-2 is primarily expressed in the liver and is 

involved in biliary transport of phosphatidylcholine (Gottesman et al., 1995; Smit et al., 

1993). In humans, the MDR1 gene product is 1280 amino acids in length and consists of 

two homologous halves, each containing six transmembrane domains (Figure 1-6). Each 

homologous half also contains one ATP-binding site. Two to four glycosylation sites 

have been located on the first extracellular loop. Studies using glycosylation-deficient P-

gp found lower levels of this transporter at the cell surface but transport function 

remained unaffected (Gribar et al., 2000).  Mature P-gp is phosphorylated on the linker 

region between the two homologous halves (TM6-TM7) (Gottesman et al., 1995). 

Phosphorylation may protect non-glycosylated P-gp from breakdown by endoplasmic 

reticulum proteases or from proteasomal degradation prior to glycosylation and 

trafficking to the plasma membrane. For example, in vitro studies have demonstrated that 

activation of Pim-1 kinase, a serine/threonine kinase, decreased P-gp degradation and 

increased cell surface expression (Xie et al., 2010), which suggests that phosphorylation 

may be a critical step in processing of a mature and functional P-gp transporter.  
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 Figure 1-5: Schematic of P-glycoprotein Structure 

 

 Since its initial discovery in Chinese hamster ovary cells that were resistant to 

colchicine (Ling and Thompson, 1974), P-gp expression has been observed in multiple 

tissue types, including kidney, liver, gastrointestinal tract, placenta, and testes (Juliano 

and Ling, 1976). In the brain, P-gp is localized to both the luminal and abluminal 

membranes of the BBB endothelium (Bendayan et al., 2006) and to the apical plasma 

membrane of choroid plexus epithelial cells (Rao et al., 1999). Expression of P-gp at the 

BBB likely evolved to protect the CNS from exposure to potentially neurotoxic 

xenobiotics and to maintain the precise homeostatic environment required for proper 

neuronal function (Sharom, 2007). The importance of P-gp’s role in CNS protection is 

highlighted by studies using mdr1a/mdr1b knockout mice. Mdr-1a/mdr1b null mice 
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showed a 100-fold increase in brain uptake of ivermectin, a neurotoxic pesticide, when 

compared to their wild-type counterparts (Schinkel et al., 1994).  Furthermore, 

mdr1a/mdr1b null mice displayed multiple symptoms of ivermectin toxicity (i.e., tremors, 

paralysis, coma, and death) that are directly attributed to increased brain penetration 

(Schinkel et al., 1994b). Similar observations were reported in collies where increased 

sensitivity to ivermectin was directly correlated to a complete absence of the mdr1 gene 

(Doran et al., 2005).  Additionally, P-gp expression has been detected in brain 

parenchyma cellular compartments such as astrocytes, microglia, and neurons (Golden 

and Pardridge, 1999; Lee et al., 2001; Ronaldson et al., 2004; Schlachetzki and 

Pardridge, 2003; Volk et al., 2004).  

P-glycoprotein has an immense substrate profile that renders it a formidable 

obstacle to CNS drug delivery. In fact, the number of compounds known to be P-gp 

substrates is continuously expanding as more and more research is done. P-gp substrates 

are generally non-polar, weakly amphipathic compounds that vary considerably in 

molecular size. For example P-gp is known to transport small molecule drugs such as 

daunorubicin (563.99 Da) as well as larger molecules such as actinomycin D  (1255.42 

Da) (Sharom, 2007). The list of known substrate categories includes, but is not limited to, 

antibiotics, calcium channel blockers, cardiac glycosides, chemotherapeutics, 

immunosupressants, anti-epileptics, anti-depressants, and HIV-1 protease inhibitors 

(Table 1-1) (Demeule et al., 2002; Sun et al., 2004).  Recent studies have demonstrated 

that many HMG CoA reductase inhibitors (i.e., pitavastatin, pravastatin) are transported 

across biological membranes by P-gp (Shirasaka et al., 2011a; Shirasaka et al., 2011b).  
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Studies have also shown that opioid analgesic drugs such as morphine and the opioid 

peptide DPDPE are directly extruded from brain tissue by P-gp (Chen and Pollack, 1997; 

1998; Ronaldson et al., 2011; Seelbach et al., 2007). Endogenous substrates of P-

glycoprotein may include cytokines, lipids, steroid hormones, and peptides (Sharom, 

2007). 

 Additionally, several substrates of P-gp have been found to be competitive 

transport inhibitors. Examples of such drugs include calcium channel blockers (i.e., 

verapamil), antipsychotics (i.e., chlorpromazine), immunosuppressive agents (i.e., 

cyclosporine A) and the cyclosporine A analog PSC 833 (i.e., valspodar) (Sharom, 2007). 

HMG CoA reductase inhibitors have also been found to block P-gp transport function 

and several studies are exploring the possibility of using these drugs to reverse P-gp 

induced drug resistance in tumor cells (Goard et al., 2010).  However, caution must be 

exercised with regards to pharmacological inhibition of P-gp for enhanced tissue 

delivery.  Specifically, the ubiquitous expression of P-gp throughout the body coupled 

with the large inhibitor doses required to effectively block P-gp has often resulted in 

significant systemic toxicity (Choo et al., 2006; Fletcher et al., 2010; Kannan et al., 

2009). 
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Table 1-1:  ABC Transporter Proteins and Selected Transport Substrates 

 

 

 

 

 

 

 

 
 Representative Substrates Referenc

es 

P-gp 
(ABCB1) 

morphine, digoxin, verapamil, dexamethasone, 
saquinavir, nelfinavir, saquinavir, paclitaxel, loperamide, 
actinomycin D 

(Ronaldson, 
2007; 

Seelbach et 
al., 2007; 
Sharom, 

2007) 

BCRP 
(ABCG2) 

doxorubicin, topotecan, methotrexate, imantinib, 
pitavastatin, cerivastatin, zidovudine, mitoxanthrone 

(Mao and 
Unadkat, 

2005; Robey, 
2007) 

MRP1 
(ABCC1) 

sulfate conjugates, LTC4, vincristine, daunorubicin, 
doxorubicin, etoposide, MTX, GSH, GSH conjugates, 
Glucuronide conjugates 

(Borst et al., 
2000; Dallas 
et al., 2006; 
Kruh and 
Belinsky, 

2003; Nies, 
2007) 

MRP2 
(ABCC2) 

bilirubin, cisplatin, prastatin, sulforhodamine 101 acid 
chloride (Texas Red), GSH, GSH conjugates, 
glucuronide conjugates 

MRP3 
(ABCC3) 

monoanionic and conjugated bile acids, MTX, etoposide, 
teniposide 

MRP4 
(ABCC4) 

cyclic nucleotides (cAMP, cGMP), nucleotide analogs 
(PMEA, PMEG), purine analogs, prostaglandins, MTX, 
unconjugated bile acids, sulfate conjugates, GSH, 
glucuronide conjugates 

MRP5 
(ABCC5) 

cyclic nucleotides (cAMP, cGMP), nucleotide analogs 
(PMEA), 
stavudine monophosphate, GSH 

MRP6 
(ABCC6) 

small peptides, etoposide, cisplatin, daunorubicin, 
doxorubicin, GSH conjugates 
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1.6   Modulation of P-glycoprotein at the BBB 

1.6.1  Pathophysiological Modulation of P-gp 

 Changes in  P-gp functional expression at the BBB is associated with various 

CNS and non-CNS disorders, such Alzheimer’s disease, Parkinson’s disease, epilepsy, 

diabetes, human immunodeficiency virus type-1 (HIV-1) encephalitis, and peripheral 

inflammatory pain (Bartels et al., 2008; Hartz et al., 2010; Liu et al., 2008; Maeng et al., 

2007; Potschka, 2010a; Ronaldson and Bendayan, 2006; Seelbach et al., 2007).  Increases 

in P-glycoprotein functional expression present a challenge to effective pharmacotherapy 

in CNS disorders since it is a barrier to drug entry into the brain.  One example is the 

upregulation of P-gp functional expression in epilepsy (Potschka, 2010a; van Vliet et al., 

2004; Volk et al., 2004; Volk and Loscher, 2005).  Several antiepileptic drugs, such as 

phenytoin, have been found to be substrates for P-gp, thus seizure-induced increases in 

functional expression result in limited entry of antiepileptics into the CNS (Potschka, 

2012; van Vliet et al., 2010).  

 Several studies have found that cyclooxygenase-2 signaling plays a role in 

seizure-induced upregulation of P-gp. Exposure of rat brain capillaries to excess 

glutamate (50µM, 75µM, 100µM), similar to what would occur during an epileptic 

seizure, resulted in a concentration-dependent increase in P-gp expression. P-gp activity, 

measured by changes in luminal accumulation of fluorescent-labeled cyclosporine A, was 

increased after glutamate exposure (Bauer et al., 2008).   This same study found that 

administration of indomethacin, a COX inhibitor, attenuated the seizure-induced increase 

of P-gp protein expression in brain capillaries from rodents in which seizures had been 
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induced by the administration of pilocarpine.  A later study also using the pilocarpine 

status epileptic rat model also demonstrated that COX-2 plays a role in seizure-induced 

upregulation of P-gp functional expression.   Administration of two highly selective 

COX-2 inhibitors, SC-58236 and NS-398, prevented the status epilepticus-associated 

increase in P-glycoprotein expression (van Vliet et al., 2010). More importantly, this 

study showed that inhibition of COX-2 signaling resulted in increased brain delivery of 

the antiepileptic drug phenytoin. 

 Several of the CNS disorders associated with increased P-gp functional 

expression have are characterized by modulations in pro and anti-inflammatory cytokines 

(Ronaldson and Bendayan, 2006; Vezzani et al., 2002).    For example, in vitro studies 

examining the ability of HIV-1 viral envelope glycoprotein gp20 to trigger an immune 

response in astrocytes found that gp20 increased levels of TNF-α, IL-1β, and IL-6 mRNA 

(Ronaldson and Bendayan, 2006).  Exposure of astrocyte cultures to TNF-α and IL-1β 

resulted in increased P-gp protein expression and transport of, saquinavir and digoxin, 

known P-gp substrates. Interestingly, exposure of the astrocyte cultures to the pro-

inflammatory cytokine IL-6 resulted in decreases P-gp expression and function 

(Ronaldson and Bendayan, 2006).  In this same study, exposure of astrocytes to gp20 

resulted in a decrease in P-gp expression. Other studies have found associations between 

TNF-α and modulations in P-gp functional expression.  Exposure of rat brain capillaries 

to TNF-α led to a decrease in P-gp-mediate transport (Hartz et al., 2004; 2006).  The 

TNF-α-mediated decrease was found to occur via activation of a TNF-R1 receptor, which 

triggered the release of endothelin-1 (ET-1), a potent vasoconstrictor. Release of ET-1 led 
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to the activation of ETB receptor signaling (Hartz et al., 2005).  Activation of the ETB 

receptor resulted in PKC activation via nitric oxide synthase (NOS), which resulted in P-

gp phosphorylation. P-gp phosphorylation led to a decrease in transport activity (Bauer et 

al., 2005). ET-1 mediated-decrease in P-gp transport function was found to be rapid and 

reversible (Hartz et al., 2004).  

Decreased P-gp protein efflux activity can also lead to adverse effects at the level 

of the CNS as it may result in increased entry of potentially neurotoxic substances or in 

the clearance of neurotoxic substance from the brain (Bartels et al., 2008; Hartz et al., 

2010).  For example, decreased P-gp efflux activity has been associated with decreased 

clearance of amyloid-β from the brain, thus increasing amyloid accumulation within the 

brain. Increased brain accumulation of amyloid- β (Aβ) is a hallmark of Alzheimer’s 

disease (Bartels, 2011) In a murine mouse model of Alzheimer’s disease, transgenic mice 

overexpressing human amyloid precursor protein (hAβ42) exhibited significantly reduced 

levels of P-gp protein expression and transport function within brain endothelial 

microvessels compared to wild-type controls (Hartz et al., 2010).  Induction of P-

glycoprotein functional expression via the administration of, pregnenolone-16α-

carbonitrile, a known inducer of P-gp functional expression, resulted in a significant 

increase in P-gp protein expression and function in brain microvessels harvested from 

transgenic mice, evidenced by decreased accumulation of fluorescent hAβ42 within the 

lumen of the brain microvessels (Hartz et al., 2010).  In another study, brain microvessels 

isolated wild-type mice treated with rifampicin, an antibiotic, and caffeine showed 

increased expression of P-gp protein (Qosa et al., 2012). Brain efflux index studies 
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(BEI%) were also conducted to study the effects of rifampicin and caffeine on Aβ 

clearance from the brain.  Mice treated with rifampicin and caffeine had higher BEI%, 

indicating a higher degree of efflux activity of P-gp, indicating greater clearance of Aβ 

from the brain (Qosa et al., 2012).  

 

1.6.2  Pharmacological Modulation of P-gp 

	  
Several studies have shown that administration of pharmacological agents can 

modulate P-gp functional expression.  Pharmacological agents that affect P-gp functional 

expression are varied and include antibiotics (i.e., rifampicin), glucocorticoids (i.e., 

dexamethasone), analgesics (i.e. morphine), and HIV-1 protease inhibitors (i.e., 

atazanavir, ritonavir) (Bauer et al., 2004; Bauer et al., 2006; Wang et al., 2010; Zastre et 

al., 2009).  Drugs may either modulate their own transport by P-gp (Yousif et al., 2012; 

Zastre et al., 2009) or them may interfere with the transport of other P-gp substrates 

(Bauer et al., 2004; Bauer et al., 2006; Chan et al., 2011a; Wang et al., 2010).  For 

example, rifampicin, a bactericidal antibiotic, was shown to increase P-gp protein 

expression in mouse brain capillary endothelial cells (Bauer et al., 2006).  This increase 

in protein expression was accompanied by increased P-gp transport as evidenced by an 

increase in increased fluorescence in the lumen of capillaries isolated from rifampicin-

treated animals that had been incubate in a solution containing fluorescent cyclosporine-

A, a substrate of P-gp (Bauer et al., 2006).   Rifampicin-induced increases in P-gp 

functional expression were found to occur via the activation of the xenobiotic receptor, 

pregnane x receptor (PXR), a nuclear receptor involved in xenobiotic and enobiotic 
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metabolism (Bauer et al., 2006; Timsit and Negishi, 2007).  Bauer and colleagues first 

reported modulation of P-gp expressed at the BBB via PXR, both in vivo and in vitro, in 

2004. Using RT-PCR, investigators were able to detect PXR mRNA in rat brain 

capillaries (Bauer et al., 2004).  Isolated rat brain capillaries were incubated with 

pregnenolone 16α-carbonitrile, a known PXR ligand, for 1, 3, or 6 h. Increased P-gp 

protein expression could be observed as early as the 3h time point. In addition to 

increased protein expression, increased transport function was also observed evidenced 

by a significant increase in the amount of fluorescent cyclosporine-A accumulated in the 

lumen of the brain capillaries (Bauer et al., 2004; Kliewer et al., 2002).  Brain capillaries 

harvested from animals dosed with the PXR ligand, dexamethasone also demonstrated 

increased P-gp protein expression and transport activity (Bauer et al., 2004). 

Several drugs have been found to be ligand/activators of PXR and thus modulate 

P-gp expression at the BBB. These drugs include barbiturates (i.e., phenobarbital), 

glucocorticoids (i.e. dexamethasone), HIV-protease protease inhibitors (i.e., ritonavir, 

atazanavir), and glucocorticoids (i.e., dexamethasone) (Narang et al., 2008; Zastre et al., 

2009).  In its inactive form, PXR is sequestered in the cytosol by the constitutive 

androstane receptor cytosolic sequestration protein (CCRP). Upon ligand binding by a 

drug, such as phenobarbital, PXR dissociates from CCRP translocates into the nucleus, 

where it forms a heterodimer with the retinoid x receptor. The PXR/RXR heterodimer 

binds to promoter regions found within the defined xenobiotic responsive enhancer 

module (XREM), thus activating gene transcription (Kliewer et al., 2002; Timsit and 

Negishi, 2007).    
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The constitutive androstane receptor (CAR) has also been shown to be involved in 

the regulation of P-gp at the BBB (Wang et al., 2010). Exposure of rat brain capillaries to 

the known CAR ligand, phenobarbital, resulted in an increase in P-gp protein expression. 

Additionally, increased accumulation of fluorescently labeled cyclosporine A was 

observed, indicating increased P-gp transport function at the BBB resulting from 

phenobarbital activation of CAR (Wang et al., 2010). The mechanism of CAR activation 

is very similar to that of PXR.   Like PXR, CAR is sequestered as a complex with CCRP 

and heat shock protein 90 (HSP 90) in the cytoplasm until activated by a ligand (Timsit 

and Negishi, 2007).  CAR activation requires dephosphorylation by phosphatase 2A 

(PPA2) and following phosphorylation and disassociation with CCRP and HSP 90 it 

translocates to the nucleus. Upon entry into the nucleus, CAR form a complex with RXR 

and binds to the phenobarbital-responsive enhancer module (PBREM), thus activating 

transcription (Timsit and Negishi, 2007) 

 There has been some controversy as to whether CAR is involved in the regulation 

of P-gp in human; however, studies have shown human CAR (hCAR) expression in 

human brain capillaries (Chan et al., 2011a).  Chan and colleagues (2011) detected hCAR 

mRNA, as well as CAR protein, in an immortalized human brain-derived microvascular 

endothelial cell line (hCMEC/D3).  This same study also found that activation of CAR by 

the ligand 6-(4-chlorophenyl)-imidazol[2,1-b]thiazole-5-carbaldehyde (CITCO) resulted 

in increased P-gp expression. These results contradict the finding of an earlier study 

where hCAR mRNA was not detected in brain microvessels isolated from epileptic or 

glioma patients (Dauchy et al., 2008).   
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In addition to activation of nuclear receptors, some therapeutics may alter P-gp 

functional expression via cyclooxygenase signaling.  For example, subchronic morphine 

treatment resulted in an increase in mdr1a mRNA levels and P-gp protein in isolated 

cerebral microvessels (Yousif et al. 2012). This modulation in P-gp expression was 

blocked by the administration of meloxicam, a COX-2 specific inhibitor (Yousif et al., 

2012). 
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CHAPTER 2: P-GLYCOPROTEIN TRAFFICKING AT THE BLOOD-BRAIN 

BARRIER ALTERED BY PERIPHERAL INFLAMMATORY PAIN 

HYPERALGESIA 

 

 

 

 

 

Taken in part from the manuscript of the same title: McCaffrey G,  Staatz WD, Sanchez-

Covarrubias L, Finch JD, Demarco K,  Laracuente ML, Ronaldson PT, DavisTP (2012). 

J Neurochem. 122:962-75. 
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2.1 Introduction 

Drug delivery across the blood–brain barrier (BBB) to the brain and CNS remains 

a major challenge in the treatment of numerous diseases and pathologies including 

epilepsy, Parkinson’s disease, Alzheimer’s disease, HIV-associated neurocognitive 

disease, mood and psychotic disorders, brain cancer, and peripheral inflammatory pain 

(Hartz et al., 2010; Miller, 2010; Pardridge, 2007; Potschka, 2010b; Ronaldson and 

Davis, 2011; Vangilder et al., 2011).a Endothelial cells that line microvessels of the brain 

and form the BBB are non-fenestrated (Reese and Karnovsky, 1967). This forces 

substances attempting passage from the peripheral circulation to the brain to take either 

the paracellular route (between endothelial cells) or the transcellular route. Paracellular 

diffusion of water-soluble substances and small ions is severely restricted by large, 

multiprotein tight junctional complexes that exist between apposing endothelial cell 

membranes and physically obliterate the interendothelial cleft.  Transcellular passage of 

blood-borne substances through microvascular endothelial cells into the brain is actively 

thwarted by efflux transporters embedded in the luminal membrane (Abbott et al., 2010; 

Hawkins and Davis, 2005). 

 P-glycoprotein, the predominant efflux transporter at the BBB, combines ATP 

hydrolysis with drug efflux to actively extrude drugs against steep concentration 

gradients (Miller, 2010). Designated ‘P-glycoprotein’ because of its ability to alter the 

permeability of biological membranes to xenobiotics (Juliano and Ling, 1976), P-

glycoprotein is capable of effluxing an impressive variety of structurally divergent 
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drugs that range in mass from approximately 300–4000 Da, including analgesics, anti-

cancer and immunosuppressive agents, psychotropics, antibiotics, anti-allergenics, anti-

epileptics, beta-blockers, steroid hormones, and HIV-1 protease inhibitors (Hartz and 

Bauer, 2010; Miller, 2010; Potschka, 2010b; Sun et al., 2004; Ueno et al., 2010). To 

overcome multidrug resistance and increase drug distribution and therapeutic effect, 

intense research has focused on the development of P-glycoprotein inhibitors. Results of 

clinical trials using P-glycoprotein inhibitors have not been encouraging because the high 

inhibitor doses necessary for effective transporter inhibition are associated with systemic 

toxicity (Choo et al., 2006; Fletcher et al., 2010; Kannan et al., 2009; Szakács et al., 

2006).   

P-glycoprotein expression and function are altered in many disease states (Bartels, 

2011; De Klerk et al., 2011; Roberts and Goralski, 2008), creating greater challenges to 

CNS pharmacotherapy. To preserve the protection afforded by basal P-glycoprotein 

expression and function, research efforts currently focus on therapeutic regulation of 

disease-related increases in P-glycoprotein activity (Potschka, 2010a; b). Pioneering work 

investigating transient, functional modulation of P-glycoprotein conducted by Miller and 

colleagues using a combination of in vivo and ex vivo studies on rat cerebral 

microvessels has identified multiple signaling pathways involved in regulation of P-

glycoprotein (Bauer et al., 2005; Miller, 2010; Miller et al., 2008). In addition, 

demonstration of a rapid reduction of P-glycoprotein efflux function at the BBB through 

endocytosis importantly highlighted the potential that therapeutic manipulation of a 
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trafficking pathway may have in temporarily reducing P-glycoprotein efflux activity at 

the luminal membrane (Hawkins et al., 2010). 

Previous studies by our group showed that functional expression of P-

glycoprotein is significantly increased 3 h after onset of peripheral inflammatory 

hyperalgesia in vivo, an effect that leads to enhanced efflux transport of morphine 

at the BBB (Seelbach et al., 2007). The observed decrease in brain uptake of morphine 

corresponds with a decrease in morphine-induced analgesia. These findings importantly 

demonstrate a decreased ability for morphine, a clinically relevant drug used specifically 

in pain states, to gain entrance into the brain under conditions of inflammatory pain. The 

basis of this study is to propose that a rapid increase in P-glycoprotein activity at the BBB 

may arise from dynamic changes in intracellular trafficking of P-glycoprotein within 

cerebral microvascular endothelial cells. This could occur if P-glycoprotein is stored 

within a putative reservoir under steady-state conditions and then released during 

stressful conditions to be trafficked to the luminal plasma membrane.  

Caveolin-1, a key trafficking protein capable of forming both caveolar and non-

caveolar oligomeric scaffolds (Lajoie et al., 2009), co-localizes with P-glycoprotein in 

caveolae isolated from rat brain capillaries (Demeule et al., 2000), and at the luminal 

endothelial membrane and the border of the luminal/abluminal compartments in human 

brain capillaries (Guo et al., 2010; Virgintino et al., 2002). Pioneering work by Beliveau 

and colleagues identified a caveolin-1-binding motif within the N-terminus of P-

glycoprotein, and showed that, in isolated rat brain capillary homogenate, a portion of 
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P-glycoprotein associates with a high molecular weight caveolin-1-containing complex 

(Jodoin et al., 2003).   Moreover, using rat brain endothelial cells in vitro, these 

researchers demonstrated that the physical interaction between P-glycoprotein with 

caveolin-1 is enhanced by tyrosine-14-phosphorylation of caveolin-1 and negatively 

regulates P-glycoprotein function (Barakat et al., 2007; Barakat et al., 2008).  

In this work, we hypothesized that a dynamic redistribution of P-glycoprotein 

between subcellular compartments of microvascular endothelial cells was associated with 

peripheral inflammatory pain. We investigated this hypothesis using the well-established 

and highly reproducible λ-carrageenan rat model of inflammatory pain (i.e. hyperalgesia), 

combined with confocal microscopy and subcellular fractionation of isolated cerebral 

microvessels, to investigate the constitutive and inflammation/pain-induced trafficking of 

P-glycoprotein within microvascular endothelial cells in vivo at the BBB. Our data 

demonstrate that under non-disease conditions P-glycoprotein trafficking is highly 

regulated, wherein the majority of P-glycoprotein is trafficked to membrane domains of a 

narrowly defined density that are enriched with caveolin-1, and that facilitates the 

sequestration of P-glycoprotein as a component of high molecular weight (> 250 kDa), 

disulfide-bonded structures. Our data show that peripheral inflammatory hyperalgesia 

(PIP) leads to a dramatic redistribution of P-glycoprotein and caveolin-1 between 

endothelial cell subcellular compartments at the BBB, and a significant increase in drug-

stimulated P-glycoprotein- dependent ATPase activity associated with plasma membrane 

domains identified to be at the luminal surface of cerebral microvessels. 
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2.2 Materials and Methods 

 Materials 

OptiPrep was purchased from Accurate Chemical (Westbury, NY, USA). EDTA-

free Complete Proteinase Inhibitor was obtained from Roche (Indianapolis, IN, USA). 

Criterion TGX 7.5% and 4–20% gels, Tris/Glycine/SDS running buffer, reducing agent 

tris(2-carboxyethyl)phosphine hydrochloride (TCEP), and Precision Plus All Blue 

prestained molecular weight standards were obtained from Bio-Rad (Hercules, CA, 

USA). Western Lightning Chemiluminescence Reagent Plus was purchased from Perkin 

Elmer (Waltham, MA, USA) and blue autoradiography film was bought from ISC 

Bioexpress (Kaysville, UT, USA). The mouse monoclonal antibody against P-

glycoprotein (C219) was purchased from ID Labs (London, ON, Canada). The rabbit 

polyclonal antibody against nucleoporin (sc-25523) was obtained from Santa Cruz 

Biotechnology (Santa Cruz, CA, USA). The rabbit polyclonal antibodies against 

caveolin-1 (3238) and tyrosine-14-phosphorylated caveolin-1 (pY14caveolin-1, 3251) 

were obtained from Cell Signaling (Danvers, MA, USA). The rat monoclonal antibody 

against multidrug resistance protein 4 (Mrp4, MC-273) was purchased from Kamiya 

Biomedical (Seattle, WA, USA). Pgp-Glo Assay Systems were purchased from Promega 

(Madion, WI, USA). All other chemicals and reagents were obtained from either 

Thermo-Scientific (Suwannee, GA, USA) or Sigma (St. Louis, MO, USA). 
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Animals and treatments 

All animal protocols abide by National Institutes of Health guidelines and were 

approved by the University of Arizona Institutional Animal Care and Use Committee. 

Female Sprague–Dawley rats (250–300 g; Harlan Sprague Dawley, Indianapolis, IN, 

USA) were housed under standard 12-h light/12-h dark conditions and given food and 

water ad libitum. Animals were randomly assigned to each treatment group. In the 

conscious state, rats were gently restrained and at time t = 0 min, each received an 

injection (100 µL, s.c.) of either saline (0.9% NaCl) or λ-carrageenan (3% w/v in saline) 

into the plantar surface of the right hind paw. Paw injection sites were swabbed with 70% 

ethanol before injection. Following injection, animals were placed in clean cages and 

closely monitored. Plethysmography was used to measure paw edema, and the 

Hargreaves radiant heat test (Hargreaves et al., 1988) was used to assess thermal 

hyperalgesia, as previously described (McCaffrey et al., 2008; Seelbach et al., 2007). 

 

Methods 

Microvessel Isolation and Fractionation 

Animals were anesthetized with sodium pentobarbital (64 mg/kg; i.p.), decapitated, and 

brains were immediately placed in ice-cold Buffer I (136.9 mM NaCl, 2.7 mM KCl, 1 

mM CaCl2-2H20, 1.5 mM KH2PO4, 8.1 mM Na2HPO4, 0.5 mM MgCl2-6H20, 5 mM 

glucose, 1 mM sodium pyruvate, pH 7.4) supplemented with 2 mM PMSF, 1 mM 

Na3VO4, 1 mM NaF, 1 mM Na4P2O7, Roche EDTAfree Complete Protease Inhibitor, 

and Sigma inhibitor cocktail. Cerebral microvessels were isolated as previously described 
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(Lochhead et al., 2010; McCaffrey et al., 2008; McCaffrey et al., 2007; McCaffrey et al., 

2009; Seelbach et al., 2007), with minor modifications. Briefly, following removal of 

choroid plexus and meninges, cerebral hemispheres (from four to six rats) were pooled, 

placed in 30 mL ice-cold Buffer I and homogenized on ice using a motor-driven Potter–

Elvehjem homogenizer set at low speed (serrated PTFE pestle, clearance 0.13–0.18 mm, 

30 up/down strokes). This initial brain homogenate was then transferred to a tight-fitting 

Dounce homogenizer, and homogenized on ice by hand (eight up/down strokes). Ten mL 

aliquots of homogenized brain tissue were then mixed with 15 mL of Buffer II (30% 

Ficoll in Buffer II) and centrifuged in a Sorvall SS-34 rotor for 20 min at 5800 g (4°C). 

Following careful removal of the supernatant, each pellet was supplemented with 10 mL 

of ice-cold Buffer III (1% bovine serum albumin in Buffer I), resuspended by gentle 

homogenization on ice (Potter–Elvehjem homogenizer, smooth PTFE pestle, clearance 

0.13–0.18 mm, two up/down strokes), and filtered by gravity through a 300-lm mesh 

filter, and then collected on a 40-lm mesh filter. Brain microvessels retained on the 40-lm 

mesh filter were resuspended in ice-cold Buffer III, concentrated by benchtop 

centrifugation for 10 min at 1500 g (4°C), and washed twice in Buffer IV (20 mM Tris-

HCl, 250 mM sucrose, pH 7.4) supplemented with 1 mM CaCl2, 1 mM MgCl2, 2 mM 

PMSF, 1 mM Na3VO4, 1 mM NaF, 1 mM Na4P2O7, Roche EDTAfree Complete 

Protease Inhibitor, and Sigma inhibitor cocktail. After removal of aliquots for confocal 

microscopy, final microvessel pellets were covered with 0.5–1.0 mL of Buffer IV and 

then stored at -80°C until use. 
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Rat cerebral microvessels were fractionated by an adaptation of the detergent-free 

method of (Macdonald and Pike, 2005), as previously described (Lochhead et al., 2010; 

McCaffrey et al., 2008; McCaffrey et al., 2007; McCaffrey et al., 2009), with minor 

modifications. Briefly, rat brain microvessel pellets were rapidly thawed, supplemented 

with 1–2 mL of Buffer IV (containing ions and proteinase/phosphatase inhibitors), and 

passed 20 times through a 21-gauge needle on ice. The protein concentration of each 

sample was determined using the Coomassie Plus Better Bradford Assay Kit. Aliquots of 

microvessel homogenate (containing equal amounts of protein) were adjusted to 2 mL 

with Buffer IV, mixed with 60% OptiPrep, and the resultant 30% OptiPrep-microvessel 

homogenate was overlayered with a discontinuous 5/10/15/20/25% OptiPrep gradient 

(prepared in Buffer IV without ions or proteinase/phosphatase inhibitors). The gradients 

were centrifuged in a Beckman SW-28.1 rotor for 90 min at 52 000 g (4°C). A Biocomp 

Gradient Station (Fredericton, NB, Canada) was used to collect 24 fractions (0.67 mL) 

from each gradient, starting from the top. Fractions were immediately aliquoted for 

measurement of refractive index and protein content, and sodium dodecyl sulfate–

polyacrylamide gel electrophoresis (SDS-PAGE)/Western blot, and stored at -80°C. 

 

SDS-PAGE/Western Bot 

Protein samples were mixed with 4X sample loading buffer (80 mM Tris-HCl. pH 

6.8, 8% SDS, 32% glycerol, and 0.12% bromophenol blue) supplemented with either 

water or the reducing agent tris(2-carboxyethyl)phosphine hydrochloride (TCEP), heated 

for 10 min (70°C), and upon cooling, benchtop centrifuged at maximum speed for 5 min 
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(21°C), separated by SDS-PAGE on 10-, 15- or 26-well Criterion TGX 7.5% or 4–20% 

precast gels using Tris-Glycine-SDS running buffer, and electrophoretically 

transferred to polyvinylidene difluoride (PVDF) membranes using Genie Electroblotters 

(Idea Scientific, Minneapolis, MN, USA). Blots were blocked for 1 h at 21°C in 5% non-

fat milk in 0.1% Tween-20-TBS buffer, and probed overnight at 4°C with primary 

antibodies to P-glycoprotein, caveolin-1, pY14caveolin-1, Mrp4 and nucleoporin (1 : 

1000). After washing, the blots were incubated for 1.5 h with the appropriate horseradish 

peroxidase-conjugated secondary antibodies (1 : 2000). Antibody specificity was 

routinely verified by control experiments in which the primary antibody was omitted and 

only secondary antibody was used. Protein bands were detected using Western Lightning	  

Chemiluminescence Reagent Plus and blue autoradiography film; a series of exposures 

were taken to ensure that non-saturated blots were used for quantification. Blot images 

were electronically scanned at a resolution of 1200 dpi using an Epson Perfection 610 

Scanner (Epson America, Inc., Long Beach, CA, USA) Mean pixel density of each band 

was determined using Adobe Photoshop and Image J software (Wayne 

Rasband, Research Services Branch, National Institutes of Mental Health, Bethesda, MD, 

USA). 

 

Measurement of ATPase Activity 

Quadruplicate 20-lL aliquots from selected density gradient fractions were assayed for 

verapamil-stimulated P-glycoprotein-dependent ATPase activity measured using a Pgp-

Glo Assay System from Promega (Madison, WI, USA) according to the manufacturer’s 
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instructions. 

 

Confocal Microscopy 

Immunofluorescence of rat brain microvessels (isolated as described above) was 

performed as previously described (Lochhead et al., 2010). Briefly, brain microvessels 

were incubated on glass slides at 21°C for 15 min to enable vessel adherence. This was 

followed by fixation in 4% paraformaldehyde for 10 min. The slides were blocked in 2% 

goat serum and 1% bovine serum albumin before incubation in mouse monoclonal anti-P-

glycoprotein antibody C219 (1 : 100) and either rabbit polyclonal antibody directed 

against caveolin-1 (1 : 1000) or rabbit polyclonal antibody directed against pY14-

caveolin-1 (1 : 100). Slides were incubated in the presence of both primary antibodies for 

90 min at 21°C. All slides were then incubated with appropriate AlexaFluor-conjugated 

secondary antibodies (i.e., AlexaFluor 488 goat anti-mouse IgG, AlexaFluor 568 goat 

anti-rabbit IgG; Invitrogen, Carlsbad, CA, USA) for 60 min at 21°C in the dark. All 

slides from control and treated rats were collected and processed in parallel. Primary 

antibody was omitted from slides in each treatment group as a negative control. All slides 

were imaged sequentially using a Zeiss LSM 510 meta-NLO confocal microscope (Zeiss, 

Oberkochen, Germany) using 40X or 100X oil-immersion objective lenses.  Filters were 

appropriately set to avoid bleed-through and to enhance the signal-to-noise ratio for each 

fluorophore. Images were obtained with a resolution of 2048 · 2048 and a pixel size of 

0.11 lm (for images acquired using a 40X lens) or 0.044 lm (for images acquired using a 

100X lens). For co-localization analysis, we utilized Manders’ overlap coefficient 



	  

72	  

because fluorescence intensities between P-glycoprotein and caveolin-1, and between P-

glycoprotein and pY14-caveolin-1, are likely to differ. Manders’ overlap coefficients, 

which indicate actual overlap of fluorescence signals and represent the true degree of co-

localization, were calculated using LSM Image Browser software (Carl Zeiss, 

Hamburg, Germany). Manders’ coefficient ranged from 0 (non-overlapping images) to 

1.0 (100% co-localization) between the two fluorophores. Background correction settings 

were the same for all images acquired to ensure that co-localization data could be 

accurately compared between treatment groups. 

 

Statistical Analysis 

Data are expressed as mean ± SE and analyzed using Student’s t-test. Significance was 

defined as p < 0.05. 

 

2.3 Results 

Characterization of λ-carrageenan Peripheral Inflammatory Pain Model 

Using in situ brain perfusion, we previously showed that P-glycoprotein efflux of 

morphine increases 3 h after onset of λ-carrageenan-induced peripheral inflammatory 

hyperalgesia (Seelbach et al., 2007). In this study, we used identical animal treatment 

conditions for induction of peripheral inflammatory pain, to determine if these λ-

carrageenan-induced increases in P-glycoprotein efflux function are associated with 

dynamic changes in intracellular trafficking of P-glycoprotein at the BBB. To confirm 

that injection of λ-carrageenan into the plantar surface of the rat hind paw evoked the 
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expected localized inflammatory response and associated hyperalgesia (Huber et al., 

2002; Ibuki et al., 2003), paw edema (indicator of inflammation), and thermal 

hyperalgesia (pain perceived via nociception), were measured using plethysmography 

and the Hargreaves radiant heat test (Hargreaves et al. 1988), respectively. Significant 

increases in paw swelling and thermal hyperalgesia (Figure 1-1) were observed only in 

the hind paw that was injected with λ-carrageenan. No changes in either paw swelling or 

paw withdrawal latency were detected in either hind paw of saline-injected animals, or in 

the contralateral paw of λ-carrageenan-injected animals. Collectively, these data 

confirmed that the λ-carrageenan pain model used in this study produced a reproducible 

and consistent inflammatory hyperalgesia specifically restricted to the right hind paw. 

Furthermore, the behavioral and physiological data obtained for animals used in this 

study corresponded to that reported in our previous study in which in situ brain 

perfusions showed increased P-glycoprotein function in vivo at the BBB after λ-

carrageenan treatment (Seelbach et al. 2007). 
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Figure 2-1: Physiological and behavioral characterization of peripheral inflammatory pain model. Female 
Sprague–Dawley rats received either saline or λ-carrageenan (3% in saline) into their right hind paws. 
Three hours post-injection, paw edema (a measure of inflammation) was determined by plethysmography, 
and paw withdrawal latency (a measure of inflammation-induced pain perceived by nociception) was 
measured using the Hargreaves radiant heat test. Injection of λ-carrageenan produced significant changes in 
(a) paw edema and (b) paw withdrawal latency. No changes in paw edema or paw withdrawal latency were 
observed in either the contralateral paw of λ-carrageenan-injected animals, or in the hind paws of saline-
injected animals. Bar graphs show mean ± SE; n ≥ 20 per group, *p < 0.001. Sal, saline; Carr, λ-
carrageenan. 
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Effect of λ-carrageenan on P-glycoprotein Co-localization with Caveolin-1 in 
Isolated Cerebral Microvessels 
 

To provide a global assessment of P-glycoprotein localization at the BBB, intact 

cerebral microvessels isolated from saline- and λ-carrageenan-injected animals were 

analyzed using confocal microscopy. The effect of λ-carrageenan on P-glycoprotein 

localization was characterized with respect to caveolin-1, a key scaffolding/trafficking 

protein that co-localizes with P-glycoprotein at the luminal membrane of brain 

microvessels (Demeule et al., 2000; Virgintino et al., 2002). Phosphorylation of caveolin-

1 at tyrosine-14 in vitro in rat brain endothelial cells promotes its physical interaction 

with P-glycoprotein. This negatively regulates P-glycoprotein transport activity (Barakat 

et al., 2007; Barakat et al., 2008). Therefore, in this study, double immunolabeling was 

performed. Microvessels from brains of either saline- or λ-carrageenan-injected animals 

were probed (side-by-side on the same slides) with antibodies directed against P-

glycoprotein and caveolin-1 (Figure 2-2a), or against P-glycoprotein and pY14caveolin-1 

(Figure 2-2b). Quantitative co-localization analysis was performed, in which the degree 

of protein overlap was determined by calculating a Manders’ co-localization coefficient, 

ranging from 0 (no overlap) to 1 (100% co-localization) (Bolte and Cordelieres, 2006). 

The Manders’ coefficients for co-localization of P-glycoprotein and caveolin-1 in whole 

brain microvessels from saline- and λ-carrageenan-treated animals were 0.417 ± 0.038 

and 0.203 ± 0.023, respectively (Figure 2-2c). These data showed that under non-pain 

conditions there was a substantial degree of P-glycoprotein and caveolin-1 co-localization 

within cerebral microvessels, and that λ-carrageenan-induced peripheral inflammatory 

pain reduced this by 51.3%. In contrast, Manders’ coefficients for P-glycoprotein and 
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pY14caveolin-1 in whole brain microvessels from saline- and λ-carrageenan-treated 

animals were calculated to be 0.216 ± 0.042 and 0.511 ± 0.036, respectively (Fig. 2-2c). 

These data demonstrated that hind paw injection of λ-carrageenan induced a 136.6% 

increase in co-localization of P-glycoprotein and pY14caveolin-1 at the BBB. Tyrosine-14-

phosphorylated caveolin-1 comprises a very small proportion of the total caveolin-1 pool, 

estimated in NIH-3T3 cells to be less than 1% (del Pozo et al., 2005). In summary, our 

co-localization data demonstrate that peripheral inflammatory hyperalgesia differentially 

promoted significant changes in the co-localization within brain microvessels of P-

glycoprotein with both caveolin-1, and the fraction of total caveolin that was 

phosphorylated at tyrosine-14. 

 

 

 

 

 

 

 

 

 

 

 

 



	  

77	  

 

 

 
Figure 2-2: λ-Carrageenan modulated the co-localization of P-glycoprotein and caveolin-
1. Intact cerebral microvessels isolated from saline- or λ-carrageenan-injected rats were 
imaged by confocal microscopy following immunostaining for (a) P-glycoprotein (P-gp, 
green) and caveolin-1 (cav-1, red), and (b) P-glycoprotein (green) and tyrosine-14 
phosphorylated caveolin-1 (pY14caveolin-1) (pY14cav-1, red). Manders’ co-localization 
coefficients, determined using 50 randomly chosen microvessels from each treatment 
group, revealed that λ-carrageenan treatment promoted a decrease in P-glycoprotein and 
caveolin-1 co-localization, and an increase in P-glycoprotein and pY14caveolin-1 co-
localization (c). Bar graphs show mean ± SE; n = 50 microvessels per 
group, *p < 0.001. Sal, saline; Carr, λ-carrageenan. Scale bar = 5 lm. 
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Effect of λ-carrageenan on P-glycoprotein Co-fractionation with Caveolin-1-

Enriched Membrane Domains 

To investigate the effect of peripheral inflammatory hyperalgesia on the 

association of P-glycoprotein with different membrane domains within microvascular 

endothelial cells at the BBB, subcellular fractionation of isolated cerebral microvessels 

was performed (Lochhead et al., 2010; Macdonald and Pike, 2005; McCaffrey et al., 

2008; McCaffrey et al., 2007; McCaffrey et al., 2009). Brain microvessels were 

homogenized under detergent-free conditions in the presence of divalent cations to 

preserve native protein–protein and protein–lipid interactions. Equal volume aliquots of 

microvessel homogenates, containing equal amounts of protein, were adjusted to 30% 

OptiPrep and overlayered with a discontinuous 5/10/15/20/25% OptiPrep gradient. 

Following centrifugation, twenty-two 0.67 mL fractions were machine-collected from the 

top of the gradient and routinely assayed for refractive index (to determine fraction 

density, ρ) and protein content. The density gradient used in this study was previously 

optimized to allow detection of changes in P-glycoprotein co-fractionation with 

membrane domains of steadily increasing density encompassing both low-density plasma 

membrane lipid rafts and caveolin-enriched membrane domains, and high-density, non-

raft caveolin-enriched membrane domains (data not shown). 

Fractionation of cerebral microvessels from saline- and λ-carrageenan-injected 

animals produced gradients with similar density and protein profiles (Fig. 2-3a). Fraction 

densities rose linearly from 1.046 g/mL (top of gradient, fraction 1) to 1.175 g/mL 

(bottom of gradient, fraction 22). Protein profiles for density gradients of fractionated 
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cerebral microvessels obtained from saline- and λ-carrageenan-treated animals were 

similar, showing a lesser amount of protein in the low-density fractions and the bulk of 

protein at the bottom of the gradient, as expected. Equal volume aliquots of gradient 

fractions were subjected to Laemmli TGX 4-20% SDS-PAGE under reducing conditions 

to identify changes in protein co-fractionation with membrane domains of different 

density. Western blots were probed using antibodies to P-glycoprotein, caveolin-1, and 

pY14-caveolin-1 (Fig. 2-3b), and band densities for each protein were calculated as a 

percentage of the sum of band densities across the gradient (Fig. 2-3c). Density gradients 

were screened using ‘equal volume’ aliquots of each fraction, as opposed to ‘equal 

protein’ aliquots, to avoid overestimation of proteins associated with low-density, lipid-

enriched membrane domains (Rudajev et al., 2005). Moreover, pairs of SDS-PAGE gels 

(one gel loaded with samples from saline-injected animals, and one gel loaded with 

samples from λ-carrageenan-injected animals) were routinely electrophoresed in the same 

apparatus, and blotted side-by-side onto the same PVDF membrane, to ensure identical 

conditions for electrophoresis, blotting, and antibody probing. 

Fractionation of cerebral microvessels from saline-injected animals revealed that, 

under normal conditions, the majority of P-glycoprotein immunostaining (77%) was 

associated with membrane domains of a narrowly defined density range (ρ = 1.127–1.132 

g/mL, fractions 15 and 16). In these blots, a greater amount of P-glycoprotein 

immunostaining was typically associated with the lower density fraction 15 than with the 

higher density fraction 16 (45% vs. 32% of total P-glycoprotein immunostaining). Lesser 

amounts of P-glycoprotein were also detected in other parts of the gradient, in both 
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higher density membrane domains and lower density membrane domains. Hind paw 

injection of λ-carrageenan dramatically altered the P-glycoprotein fractionation profile, 

most extensively within fractions 15–20, promoting a significant decrease in P 

glycoprotein in fraction 15 (from 45% to 12%), and significant increases in P-

glycoprotein in fraction 17 (from 9% to 17%), fraction 19 (from 4% to 24%), and fraction 

20 (from 0.4% to 5%). Increased amounts of P-glycoprotein immunostaining were also 

discernible in lower density membrane domains upon λ-carrageenan-treatment, and this 

was especially evident upon longer film exposure (data not shown). Collectively, these 

data revealed that the previously characterized increase in P-glycoprotein efflux activity 

at the BBB 3 h following the onset of peripheral inflammatory pain (Seelbach et al., 

2007) was associated with a dynamic redistribution of P-glycoprotein between 

microvascular endothelial cell subcellular compartments. 

Analysis of the fractionation profiles of caveolin-1 obtained using cerebral 

microvessels from saline-treated animals showed that, similar to P-glycoprotein, the bulk 

of this scaffolding/trafficking protein was associated with just two fractions (15 and 16). 

However, in contrast to P-glycoprotein, maximum immunostaining for caveolin-1 

typically was evident in the higher density fraction 16 (44%) with a lesser, but still 

prominent, amount of immunostaining (32%) associated with the lower density fraction 

15. Injection of λ-carrageenan in the hind paw promoted a distinct alteration in the 

caveolin-1 fractionation profile, causing a significant decrease in fraction 15 (from 32% 

to 6%, a significant decrease in fraction 16 (from 44% to 20%) and a significant increase 

in the higher density fraction 19 (from 6% to 47%). Tyrosine-14-phosphorylated 
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caveolin-1 (pY14- caveolin-1) in fractionated cerebral microvessels from saline-treated 

animals was also predominantly found in fraction 16 (51%), with the lower density 

fraction 15 containing 28% of the total immunostaining for this protein. λ-Carrageenan 

injection promoted significant decreases in immunostaining for pY14-caveolin-1 in 

fraction 15 (from 28% to 6%) and fraction 16 (from 51% to 8%), and significant 

increases in fraction 17 (from 13% to 34%) and fraction 19 (from 2% to 45%). 

Comparison of relative increases/decreases in protein band densities for all three proteins 

revealed that the extent of trafficking changes of subcellular compartments was not 

identically modulated by λ-carrageenan-injection. To provide additional characterization 

of the OptiPrep gradient used in this study, Western blots of gradient fractions were also 

probed for Mrp4 (ABCC4) and nucleoporin. The brain efflux transporter Mrp4 localizes 

to the microvascular endothelial cell luminal membrane (Leggas et al., 2004; Nies et al., 

2004). In human coronary artery smooth muscle cells, Mrp4 associates primarily with 

caveolin-1-enriched membrane domains (Sassi et al., 2008). In cerebral microvessels 

isolated from saline-injected animals, we found that Mrp4 co-fractionated with the bulk 

of P-glycoprotein in fraction 15, suggesting that a considerable quantity of 

immunodetectable P-glycoprotein in brain endothelial cells is localized to the luminal 

plasma membrane. However, unlike P-glycoprotein, Mrp4 trafficking remained 

unchanged following hind paw injection of λ-carrageenan, although there was a non-

significant trend for a slight increase in immunostaining for this efflux transporter. 

Immunostaining for the nuclear membrane marker nucleoporin was associated with high-

density membrane domains, fractions 19–22, at the bottom of the gradient. 
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Fig. 2-3: λ-Carrageenan modulated P-glycoprotein trafficking. Intact cerebral microvessels from either 
saline- or λ-carrageenan-injected rats were homogenized in a neutral pH, detergent-free buffer (containing 
MgCl2 and CaCl2 to stabilize lipid raft structures), and fractionated in a discontinuous 5/10/15/20/25/30% 
OptiPrep gradient (in the absence of MgCl2 and CaCl2). Fractions (0.67 mL) were machine-collected from 
the top of the gradient. (a) Mean densities ± SE (circles) and protein distribution ± SE (squares) for all 
gradients. Western blots of the first 22 fractions from representative gradients (for each animal treatment) 
for (b) P-glycoprotein (P-gp), caveolin-1 (cav-1), and pY14caveolin-1 (pY14cav-1). Samples were 
electrophoresed using Laemmli TGX 4–20% SDS-PAGE gels under reducing conditions. (c) Bar graphs 
showing changes in protein band density as a percentage of the total immunostaining across the gradient for 
P-glycoprotein, caveolin-1, and pY14caveolin-1, as determined by densitometry using NIH Image J 
software. Data are from at least three separate gradients (per animal treatment), each performed on a 
different day (n = 12–24 rats), *p < 0.05. Sal, saline; Carr, λ-carrageenan. 
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Effect of λ-carrageenan on Integrity of High Molecular Weight, Disulfide-Bonded P-

glycoprotein-Containing Complexes  

To investigate if high molecular weight protein complexes containing P-

glycoprotein were present in density gradient fractions, equal volume aliquots of density 

gradient fractions for each treatment condition were subjected to either reducing or non-

reducing SDS-PAGE/Western blot analysis. Electrophoresis was performed using a 

variety of gel compositions (Laemmli TGX 7.5%, 4–15% and 4–20%; Bis-Tris 10%, 4-

12%; Tris-acetate 3–8%) to select optimal conditions for detecting high molecular 

weight, P-glycoprotein- containing protein complexes within density gradient fractions, 

and to facilitate comparative analysis of our data with previously reported studies 

examining high molecular weight P-glycoprotein structures (Jodoin et al., 2003; 

Poruchynsky and Ling, 1994). Moreover, non-reducing and reducing SDS-PAGE, versus 

native PAGE alone, allowed determination of the susceptibility to disulfide-bond 

reduction of high molecular weight P-glycoprotein-containing structures. Studies using 

human wild-type P-glycoprotein expressed in P. pastoris show that, in the absence of 

reducing agent, higher order structures spontaneously form.  However, in the presence of 

reducing agent, oligomeric structures disassemble and ATPase activity doubles (Urbatsch 

et al., 2001). In preliminary experiments (data not shown), Western blot screenings of 

density gradient fractions 1–22 subjected to non-reducing SDS-PAGE using Laemmli 

TGX, Bis-Tris, and Tris-acetate gels, demonstrated that, as a group, samples from saline- 

and λ-carrageenan-injected animals exhibited high molecular weight P-glycoprotein- 

containing structures only within the density range encompassed by fractions 15–19. 
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Sharp resolution of the high molecular weight (> 250 kDa) protein band immunostained 

with the C219 antibody for P-glycoprotein was obtained using electrophoresis with 

Laemmli TGX 7.5% gels, and the validity of this protein complex was confirmed with 

two additional antibodies: Abbiotec 250820 (directed to the N-terminus of P-

glycoprotein) and Santa Cruz sc-1517 (directed to the C-terminus of P-glycoprotein). 

Therefore, to directly compare effects of reducing agent, and of experimental animal 

treatment, on the intensity of high molecular weight P-glycoprotein-containing structures, 

sets of non-reducing and reducing Laemmli TGX 7.5% SDSPAGE gels (loaded with 

samples from 15 to 20 from both saline- and λ-carrageenan-injected animals) were 

electrophoresed in the same apparatus, blotted side-by-side onto the same PVDF 

membrane and probed using the C219 antibody (Fig. 2-4). 

Prominent staining for high molecular weight P-glycoprotein-containing 

structures (> 250 kDa) was evident only in the lower density caveolin-1-enriched 

membrane domains (fractions 15 and 16) from fractionated cerebral microvessels from 

saline-injected animals (Fig. 2-4a, non-reduced blot).  λ-Carrageenan-injection 

dramatically reduced the amount of high molecular weight P-glycoprotein-containing 

structures in the low-density fraction 15 (Fig. 2-4b, non-reduced blot), shown to be 

enriched with the endothelial luminal membrane marker Mrp4 (Fig. 2-3b). High 

molecular weight P -glycoprotein-containing structures present in samples from both 

saline- and λ-carrageenan-injected animals could be reduced upon exposure of fraction 

aliquots to a hydrophilic reducing agent (Fig. 2-4c and d, reduced blots), indicating that 

the disulfide bonds stabilizing the high molecular weight complexes were readily 
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accessible to the external environment.  Collectively, these data revealed the presence, 

under non-pain conditions, of high molecular weight, disulfide-bonded P-glycoprotein-

containing structures that co-fractionate with a subset of caveolin-1-enriched membrane 

domains within microvascular endothelial cells at the BBB. Moreover, these data 

demonstrated that hind paw injection of λ-carrageenan disrupted the integrity of high 

molecular weight P-glycoprotein-containing structures that co-fractionate with 

endothelial luminal membrane domains, and suggested that disulfide bond reduction was 

involved. 
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Figure 2-4: λ-Carrageenan modulated integrity of high molecular weight, disulfide-
bonded P-glycoprotein-containing complexes. Intact cerebral microvessels from either 
saline- or λ-carrageenan-injected rats were homogenized in a neutral pH, detergent-free 
buffer (containing MgCl2 and CaCl2 to stabilize lipid raft structures), and fractionated in a 
discontinuous 5/10/15/20/25/30% OptiPrep gradient (in the absence of MgCl2 and 
CaCl2). Fractions (0.67 mL) were machine-collected from the top of the gradient. 
Western blots of fractions 15–20 from representative gradients (for each animal 
treatment) probed for P-glycoprotein. Samples from control (a, c) and experimental (b, d) 
animals were electrophoresed using Laemmli TGX 7.5% SDS-PAGE gels under non-
reducing (a, b) and reducing (c, d) conditions. Sal, saline; Carr, λ-carrageenan. 
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Effect of λ-carrageenan on High Molecular Weight P-glycoprotein-Containing and 

Caveolin-1-Containing Complexes  

Although sharp resolution of high molecular weight P-glycoprotein-containing structures 

was obtained using Laemmli TGX 7.5% gels, these gels were not as effective as the 

broader span 4–20% TGX gels in resolving high molecular weight complexes containing 

caveolin-1/pY14-caveolin-1 (data not shown). Therefore, to directly compare the effect of 

hind paw injection of λ-carrageenan on the extent of immunostaining for P-glycoprotein 

and caveolin-1 with high molecular weight structures associated with membrane domains 

present in the same density gradient sample, SDS-PAGE using 4–20% TGX gels was 

performed under non-reducing conditions wherein pairs of gels (one loaded with samples 

from saline-injected animals, and the other with samples from λ-carrageenan-injected 

animals) were electrophoresed in the same apparatus, blotted on the same PVDF 

membrane, and probed for pY14-caveolin-1, caveolin-1, and P-glycoprotein 

(Fig. 2-5). 

In non-reduced density gradient samples from saline-injected animals, 

immunostaining for high molecular weight (> 250 kDa) structures containing P-

glycoprotein was detected only in membrane fractions 15 and 16 (Fig. 2-5a). The absence 

of high molecular weight structures in fraction 19, which has considerably more protein 

than lower density fractions 15 and 16 (Fig. 2-3a), confirms that the appearance of higher 

mass bands in other fractions was not because of heavier sample loading. Blots of 

identical samples also exhibited discernible immunostaining for dimeric caveolin-1 in 

both fractions 15 and 16, but only fraction 16, which displayed the greater amount of 
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dimeric caveolin-1, was found to contain appreciable immunostaining for high molecular 

weight caveolin-1-containing structures (Fig. 2-5c).  Immunostaining for pY14-caveolin-1 

was only detected in fraction 16 on these non-reduced blots from saline-injected animals 

(Fig. 2-5d). Hind paw injection of λ-carrageenan dramatically reduced the amount of high 

molecular weight structures containing caveolin-1 and pY14-caveolin-1 in fraction 16 (Fig. 

2-5b, e and f). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-5: λ-Carrageenan modulated integrity of high molecular weight P-glycoprotein-
containing and caveolin-1-containing complexes. Intact cerebral microvessels from either 
saline- or λ-carrageenan-injected rats were homogenized in a neutral pH, detergent-free 
buffer (containing MgCl2 and CaCl2 to stabilize lipid raft structures), and fractionated in a 
discontinuous 5/10/15/20/25/30% OptiPrep gradient (in the absence of MgCl2 and 
CaCl2). Fractions (0.67 mL) were machine-collected from the top of the gradient. 
Samples were electrophoresed using Laemmli TGX 7.5% SDS-PAGE gels under non-
reducing conditions. Western blots of fractions 15–20 from representative gradients (for 
each animal treatment) were probed for P-glycoprotein (P-gp) (a, b), caveolin-1 (cav-1) 
(c, e), and pY14caveolin-1 (pY14cav-1) (d, f). Sal, saline; Carr, λ-carrageenan. 
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Effect of λ-carrageenan on P-glycoprotein-ATPase Activity Within Caveolin-1-

Enriched Membrane Domains 

To determine if the disassembly of high molecular weight P-glycoprotein-

containing structures within microvascular endothelial luminal membrane domains was 

accompanied by an increase in drug-transport capability of P-glycoprotein, density 

gradient samples from fraction15 (enriched with plasma membrane luminal domains) and 

from fraction 19 (enriched with nuclear membrane domains) were assayed for verapamil-

stimulated P-glycoprotein-dependent ATPase activity. As shown in Fig. 2-6, hind paw 

injection of λ-carrageenan significantly increased the ATPase activity of P-glycoprotein 

associated with endothelial luminal membrane domains. 
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Figure 2-6: λ-Carrageenan modulated luminal membrane P-glycoprotein-ATPase 
activity. Intact cerebral microvessels from either saline- or λ-carrageenan-injected rats 
were homogenized in a neutral pH, detergent-free buffer (containing MgCl2 and CaCl2 to 
stabilize lipid raft structures), and fractionated in a discontinuous 5/10/15/20/25/30% 
OptiPrep gradient (in the absence of MgCl2 and CaCl2). Fractions (0.67 mL) were 
machine-collected from the top of the gradient. Quadruplicate 20-lL aliquots from density 
gradient fraction 15 (enriched with plasma membrane luminal domains) and fraction 19 
(enriched with nuclear membrane domains) were assayed for verapamil-stimulated P-
glycoprotein-dependent ATPase activity. Data are from at least three separate gradients 
(per animal treatment), each performed on a different day (n = 12–24 rats), *p < 0.05. 
Sal, saline; Carr, λ-carrageenan. 
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2.4 Discussion 

In this study, we investigated the effect of peripheral inflammatory pain on P-

glycoprotein trafficking at the BBB in vivo. Our hypothesis was that a dynamic 

redistribution of P-glycoprotein between subcellular compartments of microvascular 

endothelial cells was associated with the identical stressor (injection of λ-carrageenan 

into the hind paw) that we previously reported promotes a 40% increase in P-

glycoprotein expression, a rapid increase in brain efflux of morphine by P-glycoprotein, 

and a corresponding decrease in morphine-induced analgesia (Seelbach et al. 

2007).  Although an increase in protein expression detected by Western blot analysis may 

reflect an actual increase in protein content because of an increase in transcription, it may 

also reflect a change in protein conformation wherein the antigenic site is made more 

accessible to the probing antibody. Such a change in conformation conceivably could 

occur following disassociation of monomeric P-glycoprotein from incorporation within a 

high molecular weight protein complex. A lack of correlation between not only mRNA 

and protein levels, but also between either mRNA or protein levels and activity, has been 

reported in many studies on P-glycoprotein analyzing the effect of inflammatory 

mediators or hypoxia (Pan et al., 2010; Poller et al., 2010; Robertson et al., 2009; von 

Wedel-Parlow et al., 2009). These studies emphasize the importance of analyzing 

trafficking and post-translational forms of regulation in the study of P-glycoprotein. Our 

current data show injection of λ-carrageenan induced, after 3 h, a localized, peripheral 

inflammatory 
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pain (i.e., hyperalgesia) that was accompanied by a dramatic alteration in P-glycoprotein 

trafficking at the BBB. Quantitative co-localization analysis of isolated, intact cerebral 

microvessels demonstrated that hind paw injection of λ-carrageenan differentially 

promoted significant changes in the co-localization of P-glycoprotein with both caveolin-

1 and tyrosine-14-phosphorylated caveolin-1 (pY14-caveolin-1).  Subcellular fractionation 

of isolated cerebral microvessels, combined with non-reducing and reducing SDS-PAGE 

and Western blot analysis of density gradient samples, revealed a constitutive 

sequestration of P-glycoprotein to membrane domains of a narrowly defined density that 

facilitated incorporation of P-glycoprotein within high molecular weight (> 250 kDa) 

disulfide-bonded structures. These P-glycoprotein- rich domains cofractionated with 

membrane domains enriched in monomeric caveolin-1 and pY14-caveolin-1, and with high 

molecular weight, disulfide-bonded structures incorporating both caveolin-1 and pY14-

caveolin-1.  Furthermore, λ-carrageenan-treatment of the hind paw disrupted this pattern 

of P-glycoprotein sequestration. An important consequence of the extensive and complex 

changes in P-glycoprotein trafficking induced by peripheral inflammatory hyperalgesia 

was a significant increase in drug-stimulated ATPase activity by P -glycoprotein 

associated with membrane domains that co-fractionated with membrane domains 

enriched with Mrp4, a marker of cerebral microvascular endothelial luminal membranes. 

Activation of P-glycoprotein-associated ATPase activity in the presence of a drug 

substrate has been previously shown to correlate with this transporter’s ability to 

translocate drugs across biological membranes (Gannon et al., 2009; Loo and Clarke, 

2000; Wei et al., 2011). Furthermore, the use of P-glycoprotein-associated ATPase 
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activity as a means of assessing the potential for functionally active P-glycoprotein is 

particularly appropriate when analyzing subcellular fractions containing membrane 

vesicles (Barakat et al., 2005; Lespine et al., 2007; Sharom et al., 1999). 

To examine P-glycoprotein trafficking at the BBB, we used confocal microscopy 

to provide a global assessment of P-glycoprotein localization within isolated, intact 

cerebral microvessels, and detergent-free, density gradient fractionation of cerebral 

microvessel homogenates to provide samples for a biochemical examination of P-

glycoprotein structure and ATPase activity associated with different subcellular 

compartments. Important criteria for concluding a protein has undergone a significant 

trafficking alteration that we took under consideration in this study were: (a) evidence of 

a change in co-localization with a key trafficking protein; (b) evidence of a change in co-

fractionation of different isoforms of the protein (e.g., monomers, oligomers) with 

membrane domains of different densities; and (c) evidence of a change in protein 

functional activity associated with a membrane domain exhibiting altered protein content 

and/or higher order structure. 

The main conclusion of the current work is that peripheral inflammatory pain 

promoted a significant change in P-glycoprotein trafficking at the BBB. This was based 

on the following principal observations: (a) quantitative co-localization analysis of intact 

cerebral microvessels showed significant changes in co-localization of P-glycoprotein 

and caveolin-1, and of P-glycoprotein and pY14-caveolin-1; (b) screening of density 

gradient fractions by reducing SDSPAGE/Western blot revealed significant changes in 

the distribution of P-glycoprotein, caveolin-1 and pY14-caveolin-1 between membrane 
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domains of different density; and (c) P-glycoprotein ATPase activity was increased in 

membrane domains that showed a dramatic reduction in high molecular weight P-

glycoprotein-containing structures, and that co-fractionated with membrane domains 

enriched in the endothelial luminal membrane transporter Mrp4. 

Evidence that the constitutive trafficking of P-glycoprotein at the BBB involved 

its sequestration in a storage pool, and that dynamic modulation of P-glycoprotein 

sequestration contributed to the rapid increase in P-glycoprotein activity following the 

onset of peripheral inflammatory hyperalgesia, was provided by the following 

observations: (a) Quantitative microscopic co-localization data from intact microvessels 

revealed that during steady state there was 41.7% co-localization between staining for P-

glycoprotein and for caveolin-1. (b) SDS-PAGE/Western blot analysis of density gradient 

samples from saline-injected animals showed that membrane domains enriched with P-

glycoprotein co-fractionated at the same density as membrane domains enriched with 

caveolin-1. These observations are in agreement with previous studies showing co-

localization between these two proteins in cerebral microvessels under normal conditions 

(Bendayan et al., 2006; Demeule et al., 2000; Guo et al., 2010; Virgintino et al., 2002). 

Moreover, they are consistent with the fact that P-glycoprotein contains within its N-

terminus a binding motif for caveolin-1 through which it physically interacts with 

caveolin-1 (Jodoin et al., 2003). (c) Quantitative microscopic examination showed that 

during steady state there was also approximately 21.6% co-localization of staining for P-

glycoprotein and for pY14- caveolin-1. These data are consistent with the fact that 

tyrosine-14-phosphorylation of caveolin-1 promotes the interaction of P-glycoprotein 
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with caveolin-1 (Barakat et al., 2007). (d) Density gradient fractionation profiles showed 

that under normal conditions, although P-glycoprotein could be detected across the 

density gradient, the bulk of P-glycoprotein was associated with plasma membrane 

domains of narrow density range, which co-fractionated with membrane domains 

enriched in high molecular weight, disulfide-bonded structures containing P-

glycoprotein, caveolin-1, and pY14-caveolin-1. These observations agree with previous 

studies showing P-glycoprotein is located not only at the plasma membrane but also in 

numerous subcellular locations including the nuclear envelope, cytoplasmic vesicles, 

Golgi complex, and rough endoplasmic reticulum (Bendayan et al. 2006). They are also 

consistent with the possibility that in a storage pool, the assembly of high molecular 

weight protein complexes could be used to increase the density of protein packing. 

Denser packing within a specific membrane domain would also allow a greater amount of 

stored P-glycoprotein to be released upon a particular signal. In addition, P-glycoprotein 

is reported to have a relatively long half-life (Muller et al., 1995; Wei et al., 2011; 

Yoshimura et al., 1989) and incorporation of this transporter within a high molecular 

weight structure may facilitate this by protecting it from proteolysis. (e) Quantitative 

microscopic co-localization data revealed that λ-carrageenan treatment decreased the 

global co-localization of P-glycoprotein with caveolin-1 by approximately half within 

intact cerebral microvessels. This observation is in agreement with our previously 

reported finding of increased P-glycoprotein function following the onset of peripheral 

inflammatory hyperalgesia (Seelbach et al. 2007), and the fact that the binding of P-

glycoprotein to caveolin-1 negatively affects P-glycoprotein function (Barakat et al. 
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2007). Consistent with this finding, density gradient fractionation profiles showed that 

the onset of peripheral inflammatory hyperalgesia was accompanied by a dramatic 

reduction of high molecular weight structures identified with antibodies to P-

glycoprotein, caveolin-1, and pY14-caveolin-1, and a significant increase in P-

glycoprotein ATPase activity, within the membrane domains in which these proteins are 

sequestered under normal conditions. The finding that high molecular weight structures 

incorporating P-glycoprotein, caveolin-1, and pY14-caveolin-1 are disassembled by 

disulfide-bond reduction reveals their susceptibility to a change in oxidative stress. 

Caveolin-1 oligomerization does not involve the formation of disulfide bonds between 

caveolin-1 molecules (Sargiacomo et al., 1995).  However, disulfide bonding amongst the 

proteins to which caveolin-1 binds may indirectly influence its incorporation into high 

molecular weight structures. P-glycoprotein is capable of forming disulfide-bonded, 

higher order structures, and P-glycoprotein activity is potentiated by treatment with a 

reducing agent, suggesting that disulfide bonds may perform an inhibitory role (Loo and 

Clarke 2000; Urbatsch et al. 2001). Because the minimal functional unit of P-

glycoprotein is believed to be a monomer (Loo and Clarke, 1996), the disassembly of 

high molecular structures containing P-glycoprotein would be expected to coincide with 

an increase in P-glycoprotein activity. 

The importance of P-glycoprotein as an obstacle to be overcome in drug delivery 

to the brain and CNS is underscored by the fact that this transporter is the preeminent 

molecular cause for pre-clinical and clinical drug failure (Miller et al. 2008). 

Microvessels at the BBB contain the highest levels of P-glycoprotein within the body 
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(Cordon-Cardo et al., 1989). Enrichment of P-glycoprotein at the luminal microvascular 

endothelial membrane (Beaulieu et al., 1997; Virgintino et al., 2002), combined with 

evidence from in vivo dosing studies that brain uptake of P-glycoprotein substrates is 

substantially increased in P-glycoprotein knockout animals (Schinkel et al., 1994a; Wang 

et al., 2004), strongly suggest that the primary biological role of this transporter is to act 

as ‘‘gatekeeper’’ to restrict entry into the brain and CNS of toxic substances and 

xenobiotics present in the systemic circulation. Evolutionary selection of P-glycoprotein 

to perform a critical ‘‘gatekeeper’’ role at the BBB implies development of regulatory 

mechanisms to control the expression and trafficking of P-glycoprotein to ensure that 

rapid increases in potentially harmful blood-borne substances caused by diet, 

environmental exposure, or external stressors would be countered with rapid increases in 

P-glycoprotein efflux activity at the brain microvascular luminal membrane. 

Energetically, an efficient and economical way to achieve selective augmentation of 

biologically active protein at the plasma membrane would be through the creation of a 

nearby storage pool from which appropriate amounts of posttranslationally processed, 

mature protein can be readily accessed. If P-glycoprotein is incorporated in a storage pool 

within microvascular endothelial cells, then understanding mechanisms promoting its 

sequestration and release could lead to identifying novel therapeutic targets for improving 

CNS pharmacotherapy during a disease state, which involves peripheral inflammatory 

pain where there is a pathological increase in P-glycoprotein function at the BBB. As an 

initial step in this approach, we undertook the current study with the overall aim of 

determining if P-glycoprotein undergoes a significant trafficking change following the 
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onset of peripheral inflammatory hyperalgesia induced by hind paw injection of λ-

carrageenan. 

Evidence in this article shows clearly that protein trafficking played an important 

role in the increase in potentially functional P-glycoprotein at the BBB endothelial 

luminal membrane during pain  (PIP) conditions. These pivotal findings have now 

engendered our current studies analyzing the biochemistry and protein–protein 

interactions of high molecular weight, P-glycoprotein-containing structures within 

caveolin-1-enriched membrane domains. Identification of therapeutic targets for 

maintaining the integrity of high molecular weight complexes storing P-glycoprotein 

would greatly enhance drug delivery to the brain during disease states such as peripheral 

inflammatory pain by preventing release of P-glycoprotein from subcellular stores. These 

results are the first observation that peripheral inflammatory pain leads to specific 

structural changes in P-glycoprotein responsible for controlling opioid drug delivery to 

the CNS. 
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CHAPTER 3: P-GLYCOPROTEIN MODULATES MORPHINE UPTAKE INTO 

THE CNS: A ROLE FOR THE NON-STEROIDAL ANTI-INFLAMMATORY 

DRUG DICLOFENAC 
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3.1 Introduction 

The blood brain barrier (BBB) is a critical and dynamic barrier that exists 

between the systemic circulation and the central nervous system (CNS). Primary roles of 

the BBB include protection of the CNS from potentially harmful neurotoxic substances 

and maintenance of the homeostatic environment within the CNS that is necessary for 

proper neuronal function.  In particular, the BBB greatly limits the ability of drugs to 

permeate brain parenchyma and achieve efficacious concentrations. This dynamic barrier 

tightly regulates drug access to the CNS via two principal mechanisms: i) a physical 

barrier comprised of tight junction protein complexes between capillary endothelial cells 

that limit paracellular diffusion; and ii) a biochemical barrier characterized by selective 

transporters localized to the luminal and abluminal membranes of the capillary 

endothelial cells and metabolizing enzymes that are expressed intracellularly (Abbott et 

al., 2006a; Hawkins and Davis, 2005; Ronaldson and Davis, 2013; Ronaldson, 2007; 

Shawahna et al., 2011).  BBB transporters include both influx and efflux transport 

proteins that play a critical role in barrier selectivity by determining what substances (i.e., 

drugs) are able to permeate the microvascular endothelium and access the brain. 

P-glycoprotein (P-gp) is perhaps the most prominent efflux transporter expressed 

at the BBB. Located on the luminal and abluminal membrane surface of brain 

microvascular endothelium (Bendayan et al., 2006), P-gp’s vast substrate profile renders 

it a formidable obstacle for effective drug delivery to the brain and efficacious treatment 

of CNS and non-CNS disorders such as epilepsy, HIV-1 encephalitis, Alzheimer’s 
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disease, and peripheral inflammatory pain (PIP) (Hartz et al., 2010; Potschka, 2012; 

Ronaldson et al., 2008; Seelbach et al., 2007).  Known substrates of P-gp include, but are 

not limited to, antibiotics, calcium channel blockers, cardiac glycosides, 

chemotherapeutics, immunosupressants, anti-epileptics, anti-depressants, and HIV-1 

protease inhibitors (Demeule et al., 2002; Sun et al., 2004). Additionally, previous studies 

have shown that opioid analgesic drugs (i.e., morphine), and opioid analgesic peptides 

(i.e., DPDPE), are directly extruded from brain tissue by P-gp (Chen and Pollack, 1997; 

1998; Ronaldson and Davis, 2011; Seelbach et al., 2007). Furthermore, 

pathophysiological stressors can up-regulate P-gp functional expression at the BBB, 

which leads to an even more formidable obstacle to effective CNS drug delivery. Our 

laboratory has demonstrated that λ-carrageenan-induced PIP significantly increases P-gp 

expression at the BBB, an effect that was directly correlated with both reduced CNS 

morphine uptake and decreased antinociception.  However, the exact peripheral signal 

linking PIP to P-gp expression and/or activity changes at the BBB has not been clearly 

elucidated. 

As polypharmacy becomes increasingly common, identifying drug-drug 

interactions involving P-gp has become critical.  The ability of P-gp to interact with a 

myriad of structurally diverse therapeutics makes it an ideal vehicle through which 

ineffective drug dosing and deleterious drug interactions may occur. For example, in vivo 

studies in rats with spontaneous recurrent seizures demonstrated that pharmacological 

inhibition of cyclooxygenase (COX)-2 signaling significantly induced P-gp expression in 

the brain and reduced CNS delivery of phenytoin, a known P-gp substrate (van Vliet et 
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al., 2010). Such interactions are highly probable in pharmacotherapy of pain due to the 

utilization of multiple therapeutics in pain management regimens.  For example, non-

steroidal anti-inflammatory drugs (NSAIDs) such as diclofenac are frequently 

administered concurrently with opioids (i.e., morphine) for treatment of post-operative 

pain as well as for cancer pain therapy (Oderda, 2012; Zech et al., 1995). Although 

NSAIDs have not been shown to alter P-gp mediated transport at the BBB, they have 

been reported to modulate other BBB transport systems. For example, Ibuprofen and 

ketoprofen were shown to reduce prostaglandin E2 transport mediated by multidrug 

resistance protein 4 at the murine BBB (Akanuma et al., 2010).  Based on this 

observation, it stands to reason that NSAIDs may also affect brain-to-blood transport 

mediated by other endogenous transporters at the BBB (i.e., P-gp), an effect that can lead 

to deleterious drug-drug interactions. Thus, it is vital to not only understand mechanisms 

regulating P-gp functional expression under pathophysiological conditions, but also those 

mechanisms that enable therapeutics themselves to modulate P-gp activity.  Such 

knowledge can offer insight into how drug-drug interactions can be avoided and/or 

mitigated.   

In the present study, we examined the effect of the commonly prescribed NSAID 

diclofenac on i) P-gp expression in rat brain microvessels; and ii) P-gp transport activity 

at the BBB by measuring brain uptake of [3-H]morphine using in situ brain perfusion. All 

of our research objectives were evaluated in the context of PIP. 
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3.2 Materials and Methods 

 Materials 

[3H]morphine (19.4 Ci/mmol; >96% purity) and morphine sulfate were gifts from 

the National Institute on Drug Abuse (NIDA) Division of Neuroscience and Behavioral 

Research.  Rabbit polyclonal antibody against P-gp (H-241; 200µg/mL), which 

recognizes amino acids 1040 – 1280 of  P-gp derived from both mdr1a and mdr1b, was 

purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse monoclonal 

antibody against P-gp  (C-219; 100µg/mL), which recognizes the highly conserved amino 

acid sequences VQEALD (C-terminal) and VQAALD (N-terminal) on mammalian P-gp, 

was purchased from ID Labs (London, ON, Canada). Unless otherwise stated, all drugs 

and chemicals were purchased from Sigma-Aldrich (St Louis, MO).  

 

Animals and Treatments   

The University of Arizona’s Institutional Animal Care and Use Committee 

(IACUC) approved all experimental protocols used in this study, which conform to 

National Institutes of Health (NIH) guidelines.  Female Sprague Dawley rats (Harlan, 

Indianapolis, IN) weighing 210 -290 g were housed under standard 12:12 h treatment and 

were provided food and water ad libitum.  For the 1-24 h time course, rats were given a 

100 µL subcutaneous (s.c.) injection of either 0.9 % saline or 3% λ- carrageenan into the 

plantar surface of the right hind paw.  At 1, 3, 6, 18, and 24 h post-paw injection, animals 

were anesthetized using an intraperitoneal (i.p) injection of sodium pentobarbital (64.8 

mg/kg) and were prepared for either microvessel isolation or in situ brain perfusion. For 
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studies requiring administration of diclofenac (30 mg/kg, i.p.), animals were injected 15 

minutes following injection of either 0.9% saline or 3% λ- carrageenan. Previous studies 

in our laboratory have determined that 30 mg/kg diclofenac was effective at attenuating 

the effects of λ-carrageenan on paw hyperalgesia and paw edema when measured 3 h post 

paw injection (Brooks et al., 2008). The human equivalent dose (HED) of 30 mg/kg 

diclofenac, is 4.8 mg/kg, which is an extremely low and non-toxic dose for humans. The 

therapeutic range of diclofenac in humans ranges between 100 to 200 mg/kg (Burke A, 

2006).  

 

Paw Edema & Hyperalgesia  

Paw edema formation caused by injection of 3% λ-carrageenan was measured 

using a plethysmometer (model 7141, Ugo Basile, Comerio-Varese, Italy).  Edema 

formation was measured by volume of electrolyte solution displaced by the hind paw.  To 

ensure consistency between measurements, the ankles of each rat were marked prior the 

insertion of the hind paw into the plethysmometer electrolyte solution.  The hind paw was 

inserted into the solution up to a set marked line and the paw volume was recorded.  

Measurements were taken for both the injected and contralateral paw at 1, 3, 6, 18, 24 h 

post paw injection.  For animals utilized in diclofenac experiments, measurements were 

taken only at the 3 h time point. All measurements were taken in triplicate to assure 

precision.   

Hyperalgesia was measured using the Hargreaves radiant heat method 

(Hargreaves et al., 1988).  Paw withdrawal latency was measured as time (seconds) taken 
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to remove the hind paw from the radiant heat source.  Rats were habituated to plexiglass 

boxes on an elevated glass table for 15 minutes prior to measurements.  Measurements 

were taken for both the injected and contralateral hind paw at 1, 3, 6, 18, and 24 h post-

paw injection. Measurements for animals in the diclofenac experiments were taken only 

at the 3 h time point. All measurements were taken in triplicate with a 2-5 min recovery 

period between measurements. 

 

Microvessel Isolation    

At appropriate time points, animals were anesthetized with sodium pentobarbital 

(64.8 mg/kg) and then decapitated and their brains harvested.  Brains were placed in ice-

cold cerebral isolation buffer (NaCl 103mM, KCl 4.7 mM, CaCl2 2.5mM, KH2PO4 1.2 

mM, MgSO4 1.2 mM, HEPES 15 mM), pH 7, with Roche Complete™ protease inhibitor 

cocktail (Indianapolis, Indiana). Meninges and choroid plexus were removed, and brain 

tissue was homogenized in 5 mL of ice-cold homogenization buffer (NaCl 103mM, KCl 

4.7 mM, CaCl2 2.5mM, KH2PO4 1.2 mM, MgSO4 1.2 mM, HEPES 15 mM, NaHCo3 

25mM, Glucose 10 mM, Na Pyruvate 1 mM, 64K Dextran 1g/10 0mL), pH 7.4, with 

protease inhibitor cocktail. At this time, 8 mL of cold 26% dextran was added to the 

homogenate and the mixture was vortexed and centrifuged at 5,800 x g for 10 minutes.  

After centrifugation, the supernatant was removed and the pellet was resuspended in 5 

mL of cerebral isolation buffer.  At this time, 8 mL of homogenization buffer was added 

and the sample was then centrifuged at 5,800 x g for 10 minutes. Following 

centrifugation, the supernatant was removed and the pellet was resuspended in 5 mL of 
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homogenization buffer.  The sample was then passed through a 70 µm mesh filter 

(Falcon, BD Biosciences, Bedford, MA).  The filtrate was centrifuged at 3300 x g for 10 

min.   The supernatant was discarded and pellets were either resuspended and prepared 

for confocal microscopy or resuspended in 6 M urea lysis buffer (6 mol/L urea, 0.1% 

Triton X, 10 mmol/L Tris, pH 8.0, 1 mmol/L dithiothreitol, 5 mmol/L MgCl2, 5 mmol/L 

EGTA, 150 mmol/L NaCl) containing protease inhibitor cocktail for western blot 

analysis. Protein concentrations were determined using bicinchoninic acid protein assay 

(Pierce; Rockford, IL, USA) and protein samples were stored at -20°C until used. 

 

Western Blot Analysis  

Microvessels treated with urea lysis buffer were analyzed for expression of P-gp. 

Samples (10 µg/lane) were electrophoresed on a 4-12% Bis-Tris Criterion gel (Biorad; 

Hercules, CA, USA) at 120 V for 2 h. The gel was then transferred onto a polyvinylidene 

difluoride (PVDF) membrane at 6 V for 30 min followed by 20 V for 3 h, while 

immersed in a methanol transfer buffer (192 mmol/L glycine, 25 mmol/L Tris base, 10% 

methanol). The membranes were incubated with SuperBlock™ blocking buffer 

containing 0.05% Tween 20 at room temperature for 1 h. Membranes were then 

incubated with the primary anti-P-gp H-241 antibody (1:1000) in SuperBlock™ blocking 

buffer containing 0.05% Tween 20 overnight at 4°C. Membranes were then washed with 

TBST (6 x 15 min) prior to a 1 h incubation with anti-mouse secondary antibody 

(Amersham, Piscataway, NJ, USA) diluted (1 : 5000) in SuperBlock™ blocking buffer 

with 0.05 % Tween 20. Membranes were developed and P-gp (170 kDa) was detected 
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using enhanced chemiluminescence (ECLplus) reagent (Amersham, Piscataway, NJ, 

USA). Membranes were stained for total protein with Ponceau S and the optical density 

(OD) of each band was normalized to the total protein in each sample (i.e., loading 

control) according to a previously published method (Romero-Calvo et al., 2010). Bands 

were quantitated and corrected for background using ImageJ densitometric software 

(Wayne Rasband, Research Services Branch, National Institute of Mental Health, 

Bethesda, MD).  All data was normalized to saline control values that are matched to 

treated animals from the same experimental day and reported as percent of control (% 

control). Rat liver homogenate was used as a positive control for P-gp expression. 

 

Confocal Microscopy   

Immunofluorescence of microvessels was performed as previously described 

(Lochhead et al. 2010). Briefly, rat brain microvessels were spread onto glass microscope 

slides and heat-fixed for 10 min at 95°C.   The slides were then immersed in 100% 

ethanol and blocked in 25% normal goat serum.  Immunostaining was done as previously 

described (Lochhead et al., 2010).  Primary antibodies for P-gp and von Willebrand 

factor (an endothelial cell marker) were used at dilutions of 1:100 and 1:500 respectively.  

Alexafluor 488-conjugated anti-mouse and Alexafluor 546-conjugated anti-rabbit IgG 

(Invitrogen Life Technologies, Carlsbad, CA) secondary antibodies were used at 1:1000.  

After washing in phosphate-buffered saline (PBS), slides were treated with ProLong™ 

gold antifade reagent (Invitrogen Life Technologies) and imaged on a Leica SP5-II 

resonant scanner confocal microscope (Leica Microsystems, Buffalo Grove, IL) using a 
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40X/1.25 NA PL Apo oil-immersion objective lens. Filters were appropriately set to 

avoid bleed-through and to enhance the signal-to-noise ratio for each fluorophore. Images 

were obtained with a resolution of 2048 x 2048 and a pixel size of 0.11 µm. 

Semiquantitative analysis of mean fluorescence intensity of P-gp was performed 

according to a previously published method (Lochhead et al., 2010).  Microvessels were 

randomly chosen from rats in each treatment group and the mean fluorescence intensity 

was analyzed from Leica Confocal Microscope image analysis software (Leica) with the 

data presented as % control. Background correction settings were the same for all images 

acquired to ensure that data could be accurately compared between treatment groups. All 

slides from control and treated rats were collected and processed in parallel. Primary 

antibody was omitted from slides in each treatment group as a negative control. 

 

In situ Perfusion    

The in situ brain perfusion technique was adapted from previously published 

methods (Takasato et al., 1984; Zlokovic et al., 1986) and utilized as previously 

described by our group (Bendayan et al., 2006; Ronaldson et al., 2009; Ronaldson et al., 

2011; Seelbach et al., 2007).  Briefly, 3 h after hind paw injection, rats were anesthetized 

with sodium pentobarbital (64.8 mg/kg. i.p.) prior to perfusion with [3H] morphine.  

Once anesthetized, rats were heperanized (10,000 U/kg) and carotid arteries were isolated 

and cannulated with silicon tubing.  The perfusion medium contained a modified 

mammalian Ringer solution [117mM NaCl, 4.7 mM KCl, 0.8 mM MgSO4
.H2O, 24.88 

mM NaHCO3, 1.2 mM KH2PO4, 2.5 mM CaCl2
.6H2O, 10 mM D-glucose, 39 g/l dextran 
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(MW 70,000) and 1 g/l Evans Blue] which was continuously bubbled with 95% O2/ 5% 

CO2.  The Ringer solution was filtered and warmed to 37°C before arterial infusion at a 

rate of 3.1 mL/min.  Once both carotid arteries were cannulated, [3H] morphine was 

infused into the perfusate inflow at a rate of 0.5 ml/min for 10 min, followed by a 2 min 

washout period in which the rat was perfused with Ringer with no radioactive tracer.  For 

P-gp inhibitor studies, the animals were perfused with Ringer solution containing 30 µM 

reversin 205 only for 10 minutes.  This was followed by a 10 min perfusion in the 

presence of both [3H] morphine and 30 µM reversin 205. Radiopurity of [3H] morphine 

was confirmed by HPLC coupled to radiomatic detection prior to all experiments. 

At the end of the perfusion, the rat was decapitated and the brain was harvested.  

The meninges and choroid plexus were removed and the brain was sectioned and placed 

into pre-weighed vials.  After weighing the vials, 1 mL of tissue solubilizer was added to 

each vial and allowed to dissolve the tissue for 48 h at room temperature.  Once 

solubilization was complete, 100 uL of 30% glacial acetic acid was added to each sample 

to quench luminescence.  Optiphase Supermix™ scintillation cocktail (1.5 ml) was then 

added to each sample.  Triplicate samples of 100 uL aliquots of the perfusion medium 

were treated in the same manner as the perfused brain samples.  All samples were then 

measured for disintegrations per minute (dpm) (1450 Liquid Scintillation and 

Luminescence Counter, Perkin Elmer; Waltham, MA).  The ratio of the concentration of 

[3H] morphine in tissue (Cbrain, in dpm/g) was compared to perfusate ( Cperfusate, in 

dpm/ml) and expressed as a percent ratio Rbrain = (Cbrain/Cperfusate) x 100%. 
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Statistical Analysis   

Prism software was used to perform statistical analysis. For PIP timecourse 

studies measuring changes in paw edema and hyperalgesia in the presence and absence of 

diclofenac, data are reported as mean ± SEM from at least nine animals per experiment.. 

For western blot analysis, data are presented as mean ± SEM from three separate 

experiments where each treatment group consisted of pooled microvessels from at least 

three animals. For confocal microscopy, data are reported as mean ± SEM from three 

separate experiments where each experiment analyzed pooled microvessels from at least 

three animals per treatment group. These analyses examined at least 50 individual 

microvessels per treatment group.  In situ brain perfusion data are presented as mean ± 

SEM. Statistical significance was determined using one-way ANOVA, followed by 

Tukey’s post hoc multiple-comparison analysis. A value of at least p < 0.05 was 

considered statistically significant. 

 

3.3 Results 

Characterization of λ-Carrageenan Peripheral Inflammatory Pain Model: 1-24 hour 

time course 

Our laboratory has previously investigated changes in BBB permeability within 

the context of PIP (Brooks et al., 2008; McCaffrey et al., 2012; Ronaldson et al., 2009; 

Seelbach et al., 2007); however, these studies only measured changes in paw edema and 

thermal hyperalgesia up to 3 h following λ-carrageenan injection. Therefore, we sought to 

examine these parameters over a longer time course to determine whether paw edema, an 
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indicator of inflammation, and/or thermal hyperalgesia, an index of pain, persisted 

beyond 3 h in our in vivo model. In the present study, paw edema was measured as the 

volume of electrolyte solution displaced by the hind paw (Figure 3-1A). Animals treated 

with λ-carrageenan demonstrated significantly higher volumes of electrolyte solution 

displaced as compared to saline treated animals, confirming presence of paw edema.  

Paw edema was observed at all time points (1, 3, 6, 18, and 24 h post-paw injection of λ-

carrageenan); however, the greatest increase of paw edema (1.8-fold) was observed at 6 

h.  Since the contralateral paw in all treatment groups showed no significant difference in 

volume of displaced electrolyte solution when compared to the saline control group, we 

were able to confirm that edema (i.e., inflammation) was primarily localized to the site of 

injection. 

Thermal hyperalgesia was observed in carrageenan-treated animals at 3, 6, 18, 

and 24 h following induction of PIP (Figure 3-1B). Hyperalgesia was greatest at the 6 h 

time point as exemplified by a 4.3 fold decrease in paw withdrawal latency.  Similar to 

our paw edema data, induction of hyperalgesia was restricted to the site of injection 

because contralateral (i.e., non-injected) paws of λ-carrageenan treated animals showed 

no difference in paw withdrawal latency when compared to saline injected controls. 

Taken together, these data demonstrate that indices of PIP (i.e., paw edema, thermal 

hyperalgesia) are present in vivo for as long as 24 h following injection of λ-carrageenan. 

Furthermore, our paw edema and thermal hyperalgesia are consistent with previous 

studies in our laboratory (Seelbach et al. 2007; Brooks et al. 2008; Ronaldson et al. 2009; 
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McCaffrey et al. 2012), which demonstrates both the reproducibility and the utility of the 

λ-carrageenan PIP model for in vivo studies on pain/inflammation. 

 

Figure 3-1: PIP induces paw edema and hyperalgesia.  A) Paw edema induced by λ-carrageenan injection 
into the plantar surface of the right hind paw was significantly increased at 1 h and was present up to 24 h. 
B) Thermal hyperalgesia induced by λ-carrageenan injection into the plantar surface of the right hind paw 
was initially observed at 3 h and remained unresolved up to 24 h (n = 9-12 animals/experiment; *p< 0.05). 
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Diclofenac Attenuates the Effects of Carrageenan on Paw Edema and Hyperalgesia 

 

All subsequent experiments were performed at 3 h post-injection of λ-carrageenan 

since our PIP time course showed that both paw edema and hyperalgesia first occurred at 

this time point (Figure 3-1).  In order to determine if formation of paw edema and onset 

of hyperalgesia could be attenuated by administration of an NSAID, a commonly used 

class of drugs used to treat pain/inflammation, we administered 30 mg/kg of diclofenac 

15 minutes following λ-carrageenan paw injection.  Diclofenac was administered after 

paw injection in order to more accurately reflect a clinical situation in which an NSAID 

might be used, such as treatment of pain/inflammation after an injury. Administration 

diclofenac prevented formation of both paw edema and hyperalgesia (Figure 3-2A and 3-

2B). This was reflected by the observation that right hind paws (i.e., λ-carrageenan 

injected) of λ-carrageenan/diclofenac treated animals showed no difference in 

displacement of electrolyte solution (i.e., 1.27 ± 0.36 mL) as compared to saline controls 

(1.30 ± 0.42 mL) 1.27 mL. Additionally, PIP animals administered diclofenac showed a 

significant attenuation in paw withdrawal latency as compared to control (Figure3-2B).  

In contrast, animals that did not receive diclofenac experienced significant paw edema 

and induction of hyperalgesia, an observation that further demonstrates the in vivo 

pharmacological effect of diclofenac on pain/inflammation.  
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Figure 3-2: Diclofenac administration following λ-carrageenan injection attenuates PIP-induced paw 
edema and hyperalgesia. A) Administration of diclofenac (30 mg/kg, i.p.) resulted in a significant decrease 
in paw edema in λ-carrageenan treated animals. B) Attenuation of λ-carrageenan -induced hyperalgesia was 
obtained with the administration of diclofenac (n = 9-12 animals/experiment; * p<0.05). 
 
 
 
 
 
 



	  

115	  

 P-glycoprotein Expression Changes After Carrageenan and Diclofenac Treatment 
 

Previous studies in our laboratory have shown that induction of PIP results in an 

increase in P-gp expression at the BBB (Seelbach et al., 2007; McCaffrey et al. 2012). 

However, the ability of a pharmacological agent that is commonly administered for 

treatment of pain/inflammation (i.e., NSAIDs) to modulate P-gp expression and/or 

activity had not been investigated prior to the present study. Therefore, we sought to 

determine whether diclofenac treatment could attenuate PIP-induced increases in P-gp 

expression at the BBB.  Consistent with our previous work, we observed increased P-gp 

expression in rat brain microvessels isolated from λ-carrageenan-treated animals as 

compared to saline controls (Figure 3-3). In animals subjected to PIP, administration of 

diclofenac did not have any effect on P-gp expression.  Of particular note, diclofenac 

treatment in saline treated animals resulted in a significant increase (1.9-fold) in brain 

microvascular P-gp expression.   

The ability of diclofenac to increase P-gp expression at the BBB was a novel 

finding that had not been reported previously in the literature. Therefore, a second 

method was required to confirm this increase in protein expression that was observed in 

our western blot analyses.  Confocal microscopy of fluorescent-labeled P-gp in intact 

microvessels was used to confirm that diclofenac itself caused an increase in P-gp at the 

BBB (Figure 3-4A).  Consistent with results of our western blot analyses, vessels isolated 

from λ-carrageenan-treated animals showed enhanced P-gp-associated fluorescence as 

compared to vessels from saline control animals, indicating increased P-gp protein 

expression (Figure 3-4B).  Diclofenac did not attenuate the λ-carrageenan-induced 
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increase in P-gp. In fact, diclofenac treatment alone resulted in an increase (2.2-fold) in 

relative fluorescence as compared to the saline control group. This increase was 

comparable to the 1.9-fold increase in P-gp protein expression that was detected by 

western blot analysis. 

 

Figure 3-3:  Diclofenac treatment increases P-glycoprotein expression in rat brain microvessels. 
Administration of diclofenac (30 mg/kg, i.p.) resulted in a significant increase in P-glycoprotein expression. 
Diclofenac treatment did not attenuate the λ-carrageenan -induced increase in P-glycoprotein expression (n 
= 3 animals per treatment group/ experiment; * p< 0.05). 
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Figure 3-4: Confocal microscopy of P-glycoprotein-associated fluorescence in rat brain microvessels.  A: 
Diclofenac treatment resulted in a significant increase in P-gp associated fluorescence as compared to 
saline controls (n = 50 microvessels per group, per experiment; *p<0.05). B: Relative P-gp associated 
fluorescence intensity in rat brain microvessels isolated from λ-carrageenan-treated rats in the presence and 
absence of diclofenac (n = 25 microvessels per group per experiment; vessels derived from at least three 
individual experiments, *p<0.05). 
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Changes in P-gp Transport Activity at the BBB – Brain Morphine Uptake  

  Since changes in protein expression do not always correlate with modifications in 

transport activity, we examined whether diclofenac was also capable of altering P-gp 

transport activity. These experiments were conducted using in situ brain perfusion, a 

technique that enables us to measure changes in the accumulation of an intact 

radiolabeled drug into the brain. Since morphine has been shown to be a P-gp substrate 

(Dagenais et al., 2004) and is considered to be the “opiate of choice” for pain treatment of 

moderate to severe pain resulting from pathophysiological conditions such as cancer 

(Hanks et al., 2001), we chose [3-H]morphine as the test substrate for our in situ brain 

perfusion studies. In PIP animals, a significant decrease in brain morphine uptake was 

observed (Figure 3-5).  In order to confirm that the reduction in morphine uptake was due 

to modified P-gp transport activity, we conducted in situ perfusion studies in the presence 

of the P-gp-specific inhibitory peptide reversin 205 (Sharom et al. 1999). In the presence 

of reversin 205, brain morphine uptake in PIP animals was increased as compared to λ-

carrageenan-treated animals that were not perfused with reversin 205.  These results 

indicate that BBB morphine transport is, in part, mediated by P-gp.  

Although diclofenac induced an increase in protein expression, it was unclear 

whether this NSAID could also result in an increase in P-gp mediated transport.  

Diclofenac-treated animals demonstrated decreased morphine uptake into the brain as 

compared to the saline control group, indicating increased P-gp transport activity (Figure 

3-6).  Interestingly, animals treated with both λ-carrageenan and diclofenac did not 

exhibit a reduction in morphine uptake, despite the fact that microvessels isolated from 
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this group had increased P-gp expression levels (Figure 3-3). Taken together, these data 

provide evidence that the commonly prescribed NSAID diclofenac has considerable 

effects on P-gp expression and activity at the BBB. Furthermore, these data imply a great 

potential for drug-drug interactions in patients administered NSAIDs and opioids for 

management of pain/inflammation. 

 

Figure 3-5: PIP induces changes in P-glycoprotein-mediated transport of morphine at the BBB.  As 
previously shown, λ-carrageenan treatment induced an increase in P-gp function as exemplified by 
decreased brain morphine uptake.  P-gp specific efflux of morphine was confirmed using the P-gp specific 
inhibitory peptide reversin 205 (n = 6-7 animals/ group; *p<0.05). 
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Figure 3-6: P-glycoprotein mediated transport activity was enhanced in rats administered diclofenac.  
Diclofenac treatment alone increased P-gp transport activity as measured by decreased morphine uptake 
into the brain  (n = 6-7 animals/ group; *p< 0.05). 
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3.4 Discussion 

P-gp is a formidable barrier to CNS drug delivery due to its vast substrate profile.   

Changes in P-gp protein expression and/or transport activity have been observed in the 

context of pathophysiological conditions such as epilepsy, HIV-1 encephalitis, 

Alzheimer’s disease, and PIP (Hartz et al., 2010; Potschka, 2012; Ronaldson et al., 2008; 

Seelbach et al., 2007). Additionally, altered P-gp functional expression in response to 

administration of pharmacological agents has been shown.  For example, in vivo 

administration of rifampin, a bactericidal antibiotic, resulted in an increase in P-gp 

functional expression in mouse brain capillary endothelial cells (Bauer et al., 2006). 

Additionally, increased P-gp activity was associated with decreased efficacy of 

methadone, an established P-gp substrate and CNS-acting synthetic opioid used to treat 

moderate to severe pain, as well as opioid addiction (Bauer et al., 2006).  Previous studies 

in our laboratory investigating effects of PIP on P-gp functional expression at the BBB 

also found significant increases in P-gp protein expression that were accompanied by 

decreased brain morphine uptake and, subsequently, decreased antinociception (Seelbach 

et al., 2007).   The purpose of the present study was to investigate the effect of 

diclofenac, a commonly used NSAID in treatment regimens for management of 

pain/inflammation, on P-gp functional expression, within the context of PIP. Such studies 

are critical to determine the implication of drug-drug interactions involving diclofenac 

and P-gp substrate drugs such as the opioid analgesic morphine, another therapeutic agent 

used for treatment of pain.   
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Administration of diclofenac attenuated the hyperalgesic response evoked by 

injection of λ-carrageenan.  Diclofenac treatment also mitigated the onset of paw edema 

caused by PIP. These data suggest that diclofenac effectively functioned as an NSAID, 

reducing both pain and inflammation in our in vivo PIP model. Despite effective 

resolution of pain/inflammation, diclofenac treatment did not reverse PIP-induced 

increases in P-gp expression in our cerebral microvessels.  Surprisingly, administration of 

diclofenac alone, in the absence of PIP, resulted in an increase in both P-gp protein, as 

measured by western blot analysis, and fluorescent-labeled P-gp expression, determined 

by confocal microscopy, in isolated brain microvessels. More importantly, the increase in 

protein expression, without a painful and/or inflammatory stimulus, was accompanied by 

an increase in functional P-gp efflux activity. This increase in efflux activity was 

functionally demonstrated by a decrease in [3H] morphine uptake into the brain.  

Although PIP has been shown to affect BBB paracellular permeability via disruption of 

TJ proteins, changes in morphine uptake into the brain are not likely to be the result of 

changes in paracellular transport. The physiochemical properties of morphine indicate 

that it traverses the BBB via a transcellular, not a paracellular pathway (Habgood et al., 

1998).  Additionally, decreased morphine uptake observed in animals treated with 

diclofenac alone can also be attributed to increased P-gp activity and not increased 

paracellular transport. Studies in our laboratory have shown that administration of 

diclofenac does not affect BBB paracellular transport of drugs that are good transport 

substrates (Ronaldson et al., 2011). Taken together with the results of our present 
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transport studies, these data imply that changes in morphine uptake are the result of 

modulation of a specific transport mechanism (i.e., P-gp) by diclofenac. 

Our data suggest that pharmacological modulation of P-gp can result in drug-drug 

interactions, which may lead to unwanted side effects. The potential for drug-drug 

interactions has increased as polypharmacy has become commonplace in clinical settings. 

Drug-drug interactions involving NSAIDs are particularly worrisome because these drugs 

are widely prescribed and/or available over-the-counter in pharmacies across the United 

States. Furthermore, NSAIDs and opioids are frequently co-administrated for 

management of pain resulting from a variety of conditions, such as post-operative pain or 

cancer pain (Hidaka et al., 2003; Zech et al., 1995).  In addition to the widespread use of 

NSAIDs, the use of opioids for pain management in the United States has dramatically 

increased by 149% from 1997 to 2007 (Ronaldson and Davis, 2011), thus raising the 

possibility of clinically significant drug-drug interactions between NSAIDs and opioids.  

The ability of diclofenac alone to upregulate P-gp functional expression is particularly 

alarming as it is currently the most prescribed NSAID, and ranks as the eighth largest 

selling drug in the world (Gan, 2010). Effective treatment of pain with opioid analgesics 

is not only contingent upon interaction with receptors in the periphery, but also through 

binding to opioid receptors in the CNS (Hamabe et al., 2007).  Thus, restriction of opioid 

transport by P-gp at the BBB can result in ineffective pain relief.  Administration of 

higher doses of opioids to maintain adequate concentrations within the CNS can lead to 

an increase in side effects associated with opioids, such as respiratory depression, 

constipation, and vomiting (Haas, 2002).  It is important to consider that clinical benefits, 
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such as a reduced need for opioids in pain management regimens, may also arise from 

NSAID-opioid interactions at the level of P-gp (Ronaldson, 2013). For example, 

Mogadam and colleagues recently reported decreased post-operative consumption of 

meperidine, an opioid analgesic, in patients that were administered diclofenac prior to 

surgery (Yeganeh Mogadam et al., 2012). In vitro studies have suggested that meperidine 

is a P-gp transport substrate (Mercer and Coop, 2011).  Although studies in mdr1a 

knockout mice showed no difference in meperidine antinociception (Hamabe et al., 

2006), a direct in vivo analysis of P-gp-mediated meperidine transport has not been 

undertaken. Furthermore, this study measured analgesic efficacy using only tail-pinch, a 

technique that may not have enough sensitivity to detect differences in meperidine 

analgesia in mice with differing P-gp activity at the BBB. When taken in the context of 

the study by Mogadam and colleagues (2012), our data suggest that modified opioid 

analgesic efficacy and/or reduced need for opioids in pain management regimens may 

reflect changes in CNS opioid delivery induced by NSAIDs (i.e., diclofenac). 

Several studies have implicated P-gp in limiting brain entry of, and analgesic 

efficacy of, several clinically used opioids. Mdr1a knock out mice demonstrated 

increased cerebral concentrations of morphine and enhanced morphine analgesic efficacy 

as compared to wild-type mice (Thompson et al., 2000). Additionally, ineffective 

morphine analgesia due to increased P-gp efflux activity has been observed under 

conditions of PIP (Seelbach et al., 2007). Although we are the first laboratory to 

demonstrate the ability of diclofenac to alter P-gp functional expression at the BBB, 

previous studies have demonstrated the ability of NSAIDs to modulate functional 
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expression of other transporters expressed at the BBB. Using the brain efflux index 

method, ibuprofen and ketoprofen were shown to reduce prostaglandin E2 transport 

mediated by multidrug resistance protein 4 at the murine BBB (Akanuma et al., 2010). 

The observations published in the study by Akanuma and colleagues (2010) points to the 

potential of NSAIDs to alter BBB transporter expression and/or activity.   

Diclofenac’s mechanism of action, namely pharmacological inhibition of 

cyclooxygenase (COX)-1 and -2 activity, indicates that COX signaling may play a role in 

regulation of P-gp functional expression at the BBB.  Several studies have shown the 

involvement of COX signaling in the regulation P-gp functional expression at the BBB. 

Using a rodent epileptic model, Bauer and colleagues showed that seizure-induced 

increases in P-gp expression could be attenuated by administration of selective COX 

inhibitors (Bauer et al., 2008).   Additionally, in vivo studies in rats with spontaneous 

recurrent seizures demonstrated that pharmacological inhibition of COX-2 signaling 

significantly induced P-gp expression in the brain and reduced CNS delivery to 

phenytoin, a known P-gp substrate (van Vliet et al., 2010). Subchronic morphine 

treatment resulted in an increase in mdr1a mRNA levels and P-gp protein in isolated 

cerebral microvessels (Yousif et al., 2012). This modulation in P-gp expression was 

blocked by the administration of meloxicam, a COX-2 specific inhibitor (Yousif et al., 

2012).   Since diclofenac’s mechanism of action is via COX-1/COX-2 inhibition, it is 

highly probable that signaling through this enzyme system is involved in regulation of P-

gp at the BBB, as observed in the present study. 
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 In summary, this study describes, in vivo, significant changes in P-gp functional 

expression that can be induced by diclofenac treatment. Our data also point to a potential 

for clinically significant drug-drug interactions involving NSAIDs such as diclofenac and 

P-gp substrate drugs such as morphine. Such interactions may result in inefficient pain 

management with opioids and/or potentially harmful adverse drug events. 
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CHAPTER 4: GENERAL DISCUSSION AND FUTURE DIRECTIONS 
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4.1 General Discussion and Conclusions 

 The primary functions of the blood-brain barrier (BBB) are to protect the CNS 

from potentially harmful xenobiotic substances and the maintenance of CNS 

homeostasis, both of which are critical for proper neuronal function.  Restricted access to 

the CNS in maintained via a physical barrier comprised of tight junction as well as the 

expression of a variety of efflux and influx transporters localized at the luminal and 

abluminal membranes of the capillary endothelial cells (Abbott et al., 2006a; Hawkins 

and Davis, 2005; Ronaldson and Davis, 2013). Of the transporters identified at the BBB, 

P-gp has emerged as the transporter that poses the greatest obstacle to effective CNS drug 

delivery.  This is due to its vast and structurally divergent substrate profile that includes 

analgesics, anti-cancer and immunosuppressive agents, psychotropics, antibiotics, anti-

allergenics, anti-epileptics, beta-blockers, steroid hormones, and HIV-1 protease 

inhibitors (Hartz and Bauer, 2010; Miller, 2010; Potschka, 2010b; Sun et al., 2004).   

 Modulation of P-gp functional expression by various pathophysiological 

conditions as well as many pharmacological agents contributes to P-gp’s ability to restrict 

entry of therapeutics into the CNS, resulting in ineffective treatment of CNS disorders 

such as epilepsy, HIV-encephalitis, and pain (Potschka, 2010a; Ronaldson et al., 2008; 

Seelbach et al., 2007).  Additionally, the ability of P-gp to be modulated by various 

pharmacological agents raises the possibility of drug-drug interactions that may result in 

unwanted side effects.  The issue of drug-drug interactions is becoming increasingly 

important as polypharmacy for the treatment of pain and other diseases/disorders 

becomes increasingly common.  Several studies have shown that pharmacological 
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modulation of P-gp can interfere with drug delivery and efficacy of another therapeutic 

agent (Bauer et al., 2004; Bauer et al., 2006; Chan et al., 2011a; Wang et al., 2010).  

Thus, the work presented in this dissertation examines the effects of both a 

pathophysiological condition (PIP) and a pharmacological agent (diclofenac) on the 

functional expression of P-gp at the BBB. 

  Our previous work has shown a significant increase in P-gp protein expression in 

rat brain microvessels 3 h after the induction of peripheral inflammatory pain (PIP) 

(Seelbach et al., 2007). This same study also demonstrated that induction of PIP resulted 

in an increase in P-gp transport activity, as evidenced by decreased uptake of [3-

H]morphine into the brain. More importantly this increase in transport activity was 

accompanied by a decrease in morphine antinociception, demonstrating P-gp’s ability to 

effectively restrict entrance of a clinically relevant drug into the CNS under conditions of 

inflammatory pain (Seelbach et al., 2007).  In chapter 2 of this thesis we investigated the 

hypothesis that this rapid increase in P-gp activity observed under PIP was the result of 

dynamic changes in intracellular trafficking of P-gp within cerebral capillary 

microvessels.  Additionally, we hypothesized that changes in P-gp trafficking would be 

associated with changes in P-gp’s association with caveolin-1, a key 

scaffolding/trafficking protein that has been shown to co-localize with P-gp at the luminal 

membrane of brain microvessels (Demeule et al., 2000; Virgintino et al., 2002). 

 Our study demonstrated that under conditions of PIP, P-gp co-localization with 

caveolin-1 within brain microvessels was significantly reduced.   This decrease in P-gp 

co-localization with caveolin-1 was accompanied by an increase in P-gp co-localization 
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with phosphorylated caveolin-1.   These changes in co-localization of P-gp with the 

phosphorylated and non-phosphorylated forms of caveolin-1 were accompanied by 

dynamic changes in the distribution of P-gp between microvascular endothelial cell 

subcellular compartments.  Under normal physiological conditions P-gp was observed to 

traffic to membrane domains that contained high molecular weight, disulfide-bonded P-

glycoprotein-containing structures.  These higher order structures of P-glycoprotein were 

observed to co-fractionate with membrane domains that contained both monomeric and 

higher order structures of disulfide-bonded P-gp that associated caveolin-1. Thus, the 

induction of PIP resulted in a shift in P-gp and caveolin-1’s distribution across the 

membrane domains. Additionally, PIP promoted the disassembly of higher order 

structures of P-gp, with an increase in the detection of the monomeric form of the protein.  

Disassembly of higher order P-gp structures was accompanied by an increase in P-gp 

ATPase activity, indicating increased P-gp transport activity. Together, this data suggest 

that under the stress of PIP, changes in protein trafficking and changes in P-gp protein 

structure play a role in the in the functional expression of P-gp at the blood-brain barrier.  

Additionally, these data suggest that under normal physiological conditions P-gp 

reservoirs are sequestered within disulfide bonded high-molecular weight structures that 

associate with caveolin-1.  Under conditions of PIP, these disulfide bonds are reduced 

and P-gp’s association with caveolin-1 also decreases.  These molecular changes may 

account for the rapid redistribution of P-gp and subsequent increases in ATPase activity 

at the luminal membrane of capillary endothelial cells.   
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Targeting these reservoirs of P-gp and preventing their trafficking to the 

membrane surface may be an alternative method of improving CNS drug delivery and 

may be more effective than direct inhibition of transporter activity.  Although P-

glycoprotein limits the entry of therapeutics, it plays important role in neuroprotection.  

Studies examining the brain uptake of the anti-parasitic ivermectin in Mdr1a/mdr1b 

knockout mice found that in the absence of P-gp, there was a 100-fold increase in brain 

uptake (Schinkel et al., 1994b). Increased ivermectin uptake resulted in ivermectin 

toxicity evidenced by a higher incidence of tremors, paralysis, and death in Mdr1a/mdr1b 

null mice (Schinkel et al., 1994b). These studies highlight the importance of maintaining 

a balance between improving CNS drug delivery by decreasing p-gp efflux activity while 

maintaining some protective P-gp function. Targeting P-gp trafficking may be a way to 

maintain basal levels of P-gp at the luminal side of the brain capillary endothelial cells 

while preventing the pathophysiological stress-induced increase in P-gp functional 

expression that affects opioid drug delivery to the CNS under conditions of pain. 

 In chapter 3, we examined the effect of the non-steroidal inflammatory drug 

diclofenac to alter the transport of morphine at the blood-brain barrier in the context of 

pain (i.e., PIP).  The administration of diclofenac after λ-carrageenan induced pain (PIP) 

resulted in a reduction in paw edema and thermal hyperalgesia.  These results are 

consistent with the known mechanism of diclofenac.  Increased protein expression in 

brain microvessels harvested from animals treated with λ-carrageenan was observed 

consistent with the results of previous studies (Seelbach et al., 2007).  In the absence of 

PIP, diclofenac treatment alone also resulted in a significant increase in P-gp protein 
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expression in brain microvessels.  Despite effective resolution (i.e. decrease) of PIP-

induced paw edema and hyperalgesia, diclofenac treatment did not reduce the PIP-

induced increase in P-gp protein expression.  Increased protein expression as a result of 

both PIP and diclofenac treatment alone was accompanied by an increase in P-gp 

transport activity evidenced by the reduction in [3-H]morphine, a known P-glycoprotein 

substrate (Dagenais et al., 2004), uptake into the brain.  Taken together, these data 

suggests that diclofenac, a commonly prescribed NSAID, affects both P-gp expression 

and function at the BBB. Additionally, these changes in P-gp functional expression point 

to the possibility of drug-drug interactions at the BBB that may result in ineffective 

treatment of pain or other disorders that may interfere with effective treatment of pain 

disorders with combinations of NSAIDs and opioids. 

 The effects of both PIP and diclofenac may be due to changes in arachidonic acid 

formation/accumulation. Under inflammatory conditions, such as PIP, arachidonic acid 

(AA) is released from membrane phospholipids via the conversion of phospholipids to 

AA by phospholipase A2 (Caughey, 2012).   AA formation during PIP may modulate the 

lipid microenvironment surrounding P-gp, which may affect its efflux function.  Several 

studies have investigated the biological function of membrane lipid raft microdomains.  

These membrane rafts have been found to be cholesterol-enriched lipid microdomains 

that contain a variety of proteins that are involved in signal transduction and membrane 

trafficking (Orlowski et al., 2006). Among the proteins identified within the cholesterol-

rich microdomain is caveolin-1 (Anderson, 1998).  It has also been shown that lipid rafts 

are enriched with AA (Pike et al., 2002). Thus, under PIP there may be a disruption of the 
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AA content within the lipid microenvironment surrounding P-gp, which may alter its 

function.  Changes in the lipid microenvironment have been shown to affect P-gp 

function.  For example, caveolin-1-induced reductions in plasma membrane cholesterol 

levels were associated with decreased P-gp transport activity in Hs578T breast cancer 

cells (Cai et al., 2004). 

Diclofenac also modulates AA through its inhibition of COX-mediated 

metabolism of AA. Inhibition of AA metabolism into prostaglandins shunts the 

metabolism of AA towards reactions involving lipoxygenase and the production of 

leukotrienes (Gan, 2010; Hudson et al., 1993; Kobayashi et al., 1993).  Leukotrienes, 

specifically leukotriene B4, have been found to be ligands for peroxisome proliferator-

activated receptor-gama (PPARγ) (Narala et al., 2010).  PPARs act as nuclear receptor 

proteins that function as transcription factors when they are activated by a ligand 

(Rosenson et al., 2012).  Nuclear receptor regulation of P-gp has been demonstrated in 

several in vitro and in vivo studies.  Activation of pregnane-x-receptor (PXR) and the 

constitutive androstane receptor (CAR), both nuclear receptors, has resulted in the 

modulation of P-gp expression and function at the BBB (Bauer et al., 2004; Chan et al., 

2011b; Narang et al., 2008).  Induction of human PXR in transgenic mice led to increases 

in  P-gp expression and efflux activity at the BBB.  Increased efflux activity led to a 

decrease in the antinociceptive effect of methadone, a known P-gp substrate (Bauer et al., 

2006). To date no studies have been conducted to link the activation of PPARs to 

modulations in P-gp functional expression at the BBB.  However, a recent study found 

that activation of PPARα resulted in a significant increase in breast cancer resistance 
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protein (BCRP) mRNA and protein expression in a cerebral microvascular endothelial 

cell culture system.  Down regulation of PPARα by small interfering RNA led to a 

reduction in BCRP mRNA and protein expression (Hoque et al., 2012).  The results of 

this study demonstrate that PPAR activation can lead to changes in the expression of 

efflux transporters. Interestingly, diclofenac has been found to be a PPARγ ligand 

(Adamson et al., 2002). This discovery lends itself to the possibility that diclofenac may 

play a more direct role in PPAR activation through direct binding to the nuclear receptor. 

	   To summarize, PIP-mediated increases in P-gp functional expression result from 

changes in intracellular trafficking of P-gp. Additionally, we demonstrate for the first 

time that the NSAID diclofenac alone can also increase P-gp protein expression and 

function resulting in a potentially clinically significant drug-drug interaction between 

diclofenac and morphine. 

 

4.2 Future Directions 

  The findings of the studies presented in this dissertation indicate that intracellular 

trafficking of P-gp plays a role in it’s ability to translocate the luminal membrane of 

capillary endothelial cells where it can properly function as an efflux transporter under 

conditions of PIP. Additionally, the ability the non-steroidal anti-inflammatory drug 

diclofenac to modulate P-gp functional expression at the BBB indicates that COX 

signaling may play a role in the regulation of P-gp.  The findings presented here raise 

several important questions regarding the regulation of P-gp by both a pathophysiological 

condition (i.e. PIP) and a therapeutic agent (i.e. diclofenac). Several avenues of inquiry 
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may now be followed that may help strengthen our understanding of P-gp regulation at 

the blood-brain barrier. Thus, I propose three logical directions that are experimentally 

feasible. 

1) Diclofenac inhibits both COX-1 and COX-2.  Therefore, investigating which 

cyclooxygenase plays a greater role in the increase in P-gp functional expression 

at the BBB would strengthen our understanding on the effects of diclofenac. 

2) Investigate whether other COX-1/COX-2 inhibitor drugs, such as naproxen or 

ibuprofen, exert similar effect on P-gp functional expression at the BBB, resulting 

in modulation of opioid delivery to the CNS. 

3) Investigate whether diclofenac or other NSAIDs affect intracellular trafficking of 

P-gp in brain microvessels, thus affecting P-gp functional expression at the BBB, 

as a mechanism of regulating P-gp. 
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and conditions"), at the time that you opened your Rightslink account (these are available at any
time at http://myaccount.copyright.com) 

Terms and Conditions 

1. The materials you have requested permission to reproduce (the "Materials") are protected by
copyright. 

2. You are hereby granted a personal, non-exclusive, non-sublicensable, non-transferable,
worldwide, limited license to reproduce the Materials for the purpose specified in the licensing
process. This license is for a one-time use only with a maximum distribution equal to the number
that you identified in the licensing process. Any form of republication granted by this licence must
be completed within two years of the date of the grant of this licence (although copies prepared
before may be distributed thereafter). The Materials shall not be used in any other manner or for
any other purpose. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the copyright
notice that appears in the Wiley publication in your use of the Material. Permission is also granted
on the understanding that nowhere in the text is a previously published source acknowledged for
all or part of this Material. Any third party material is expressly excluded from this permission. 

3. With respect to the Materials, all rights are reserved. Except as expressly granted by the terms
of the license, no part of the Materials may be copied, modified, adapted (except for minor
reformatting required by the new Publication), translated, reproduced, transferred or distributed,
in any form or by any means, and no derivative works may be made based on the Materials
without the prior permission of the respective copyright owner. You may not alter, remove or
suppress in any manner any copyright, trademark or other notices displayed by the Materials. You
may not license, rent, sell, loan, lease, pledge, offer as security, transfer or assign the Materials,
or any of the rights granted to you hereunder to any other person. 

4. The Materials and all of the intellectual property rights therein shall at all times remain the
exclusive property of John Wiley & Sons Inc or one of its related companies (WILEY) or their
respective licensors, and your interest therein is only that of having possession of and the right to
reproduce the Materials pursuant to Section 2 herein during the continuance of this Agreement.
You agree that you own no right, title or interest in or to the Materials or any of the intellectual
property rights therein. You shall have no rights hereunder other than the license as provided for
above in Section 2. No right, license or interest to any trademark, trade name, service mark or
other branding ("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto. 

5. NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR REPRESENTATION OF ANY
KIND TO YOU OR ANY THIRD PARTY, EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE
MATERIALS OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE MATERIALS,
INCLUDING, WITHOUT LIMITATION, ANY IMPLIED WARRANTY OF MERCHANTABILITY,
ACCURACY, SATISFACTORY QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES ARE HEREBY EXCLUDED BY
WILEY AND ITS LICENSORS AND WAIVED BY YOU. 

6. WILEY shall have the right to terminate this Agreement immediately upon breach of this
Agreement by you. 

7. You shall indemnify, defend and hold harmless WILEY, its Licensors and their respective
directors, officers, agents and employees, from and against any actual or threatened claims,
demands, causes of action or proceedings arising from any breach of this Agreement by you. 

8. IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR ANY OTHER PARTY OR
ANY OTHER PERSON OR ENTITY FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT,
EXEMPLARY OR PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN CONNECTION
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WITH THE DOWNLOADING, PROVISIONING, VIEWING OR USE OF THE MATERIALS REGARDLESS
OF THE FORM OF ACTION, WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY,
TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT LIMITATION,
DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR
CLAIMS OF THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED HEREIN. 

9. Should any provision of this Agreement be held by a court of competent jurisdiction to be
illegal, invalid, or unenforceable, that provision shall be deemed amended to achieve as nearly as
possible the same economic effect as the original provision, and the legality, validity and
enforceability of the remaining provisions of this Agreement shall not be affected or impaired
thereby. 

10. The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition of this
Agreement. No breach under this agreement shall be deemed waived or excused by either party
unless such waiver or consent is in writing signed by the party granting such waiver or consent.
The waiver by or consent of a party to a breach of any provision of this Agreement shall not
operate or be construed as a waiver of or consent to any other or subsequent breach by such
other party. 

11. This Agreement may not be assigned (including by operation of law or otherwise) by you
without WILEY's prior written consent. 

12. Any fee required for this permission shall be non-refundable after thirty (30) days from
receipt. 

13. These terms and conditions together with CCC’s Billing and Payment terms and conditions
(which are incorporated herein) form the entire agreement between you and WILEY concerning
this licensing transaction and (in the absence of fraud) supersedes all prior agreements and
representations of the parties, oral or written. This Agreement may not be amended except in
writing signed by both parties. This Agreement shall be binding upon and inure to the benefit of
the parties' successors, legal representatives, and authorized assigns. 

14. In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC’s Billing and Payment terms and conditions, these terms
and conditions shall prevail. 

15. WILEY expressly reserves all rights not specifically granted in the combination of (i) the
license details provided by you and accepted in the course of this licensing transaction, (ii) these
terms and conditions and (iii) CCC’s Billing and Payment terms and conditions. 

16. This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type was
misrepresented during the licensing process. 

17. This Agreement shall be governed by and construed in accordance with the laws of the State
of New York, USA, without regards to such state’s conflict of law rules. Any legal action, suit or
proceeding arising out of or relating to these Terms and Conditions or the breach thereof shall be
instituted in a court of competent jurisdiction in New York County in the State of New York in the
United States of America and each party hereby consents and submits to the personal jurisdiction
of such court, waives any objection to venue in such court and consents to service of process by
registered or certified mail, return receipt requested, at the last known address of such party. 

Wiley Open Access Terms and Conditions 

All research articles published in Wiley Open Access journals are fully open access: immediately
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freely available to read, download and share. Articles are published under the terms of the
Creative Commons Attribution Non Commercial License. which permits use, distribution and
reproduction in any medium, provided the original work is properly cited and is not used for
commercial purposes. The license is subject to the Wiley Open Access terms and conditions: 
Wiley Open Access articles are protected by copyright and are posted to repositories and websites
in accordance with the terms of the Creative Commons Attribution Non Commercial License. At
the time of deposit, Wiley Open Access articles include all changes made during peer review,
copyediting, and publishing. Repositories and websites that host the article are responsible for
incorporating any publisher-supplied amendments or retractions issued subsequently. 
Wiley Open Access articles are also available without charge on Wiley's publishing platform,
Wiley Online Library or any successor sites. 

Use by non-commercial users 

For non-commercial and non-promotional purposes individual users may access, download, copy,
display and redistribute to colleagues Wiley Open Access articles, as well as adapt, translate, text-
and data-mine the content subject to the following conditions: 

The authors' moral rights are not compromised. These rights include the right of
"paternity" (also known as "attribution" - the right for the author to be identified as such) and
"integrity" (the right for the author not to have the work altered in such a way that the
author's reputation or integrity may be impugned).

Where content in the article is identified as belonging to a third party, it is the obligation
of the user to ensure that any reuse complies with the copyright policies of the owner of that
content.

If article content is copied, downloaded or otherwise reused for non-commercial research
and education purposes, a link to the appropriate bibliographic citation (authors, journal,
article title, volume, issue, page numbers, DOI and the link to the definitive published
version on Wiley Online Library) should be maintained. Copyright notices and disclaimers
must not be deleted.

Any translations, for which a prior translation agreement with Wiley has not been agreed,
must prominently display the statement: "This is an unofficial translation of an article that
appeared in a Wiley publication. The publisher has not endorsed this translation."

Use by commercial "for-profit" organisations 

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee. Commercial
purposes include: 

Copying or downloading of articles, or linking to such articles for further redistribution,
sale or licensing;

Copying, downloading or posting by a site or service that incorporates advertising with
such content;

The inclusion or incorporation of article content in other works or services (other than
normal quotations with an appropriate citation) that is then available for sale or licensing, for
a fee (for example, a compilation produced for marketing purposes, inclusion in a sales
pack)

Use of article content (other than normal quotations with appropriate citation) by for-profit
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organisations for promotional purposes
Linking to article content in e-mails redistributed for promotional, marketing or

educational purposes;
Use for the purposes of monetary reward by means of sale, resale, licence, loan, transfer or

other form of commercial exploitation such as marketing products
Print reprints of Wiley Open Access articles can be purchased from:

corporatesales@wiley.com

Other Terms and Conditions: 

BY CLICKING ON THE "I AGREE..." BOX, YOU ACKNOWLEDGE THAT YOU
HAVE READ AND FULLY UNDERSTAND EACH OF THE SECTIONS OF AND
PROVISIONS SET FORTH IN THIS AGREEMENT AND THAT YOU ARE IN
AGREEMENT WITH AND ARE WILLING TO ACCEPT ALL OF YOUR
OBLIGATIONS AS SET FORTH IN THIS AGREEMENT. 

v1.7
If you would like to pay for this license now, please remit this license along with your
payment made payable to "COPYRIGHT CLEARANCE CENTER" otherwise you will be
invoiced within 48 hours of the license date. Payment should be in the form of a check
or money order referencing your account number and this invoice number
RLNK500977759.
Once you receive your invoice for this order, you may pay your invoice by credit card.
Please follow instructions provided at that time.

Make Payment To:
Copyright Clearance Center
Dept 001
P.O. Box 843006
Boston, MA 02284-3006

For suggestions or comments regarding this order, contact RightsLink Customer
Support: customercare@copyright.com or +1-877-622-5543 (toll free in the US) or +1-
978-646-2777.

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable
license for your reference. No payment is required.


