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ABSTRACT 

P-glycoprotein (Pgp; ABCB1) is a well known 

transporter involved in energy-dependent-drug efflux 

activity.  At the brain capillary endothelium, its luminal 

membrane location is ideal for its ascribed role in the 

physiological efflux of a wide array of structurally and 

functionally diverse compounds from the brain.  This is a 

critical issue in regards to the delivery of central 

nervous system (CNS)-acting therapeutics.  Moreover, a 

dysregulation of Pgp has been implicated in specific CNS 

disease states, including Alzheimer’s disease, epilepsy, 

and brain cancer where an upregulation of Pgp has been well 

established as a mediator of multi-drug resistance.  

Inflammation is a common component in all of these 

conditions.  Previously our laboratory has reported changes 

in BBB molecular and functional properties during 

inflammatory pain (Huber et al. 2001b).  This has led us to 

investigate the effects of peripheral inflammatory pain on 

Pgp efflux transport properties at the BBB, in vivo.  In 

the present study we examined the effects of λ-carrageenan-

induced inflammatory pain (i.e. hyperalgesia; CIP) on the 

molecular and functional properties of Pgp at the BBB.  
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Western blots using enriched fractions of isolated rat 

brain microvessels revealed that Pgp expression at the BBB 

was increased by CIP and that this increase occurred 

predominantly within the membrane region of the cell.  

Additionally, both in situ brain perfusions and whole body 

antinociceptive profiling of the Pgp substrate and opioid 

analgesic, [3H] morphine, indicate that changes in Pgp at 

the BBB, mediated by peripheral inflammation, can impact 

brain uptake of morphine.  To further elucidate the 

mechanism(s) behind the rapid upregulation (3 h) of Pgp at 

this region, we explored regulation of Pgp at the plasma 

membrane.  Our findings show that CIP induces a movement of 

Pgp within these domains and that Pgp co-localizes with 

caveolin-1 and clathrin, key structural proteins associated 

with caveolae and clathrin-pit lipid rafts, respectively.  

Our data indicate for the first time that peripheral 

inflammatory pain induces functional and molecular changes 

in Pgp, a critical efflux transporter, at the BBB in vivo 

and that these alterations may be mediated in part via a 

proteolipidic re-organization mechanism.  
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1.1 Introduction 

1.1.1 Overview 

The central nervous system (CNS), composed of the 

brain and spinal cord, is the most critical and sensitive 

system in the human body.  The specialized properties of 

the CNS require a highly regulated internal environment to 

support the brain’s 1) high energy requirements 2) 

specialized metabolic needs and 3) unique vulnerabilities 

to toxic compounds (Rolfe and Brown 1997; Daneman and 

Barres 2005; Hawkins and Davis 2005).  Brain homeostasis is 

controlled by precise regulation of the CNS 

microenvironment via maintenance of strict ion gradients 

and extracellular fluid.  Cerebral capillaries comprise a 

major site of the blood-brain barrier (BBB)- a highly 

dynamic structure that serves as a partition between the 

blood in the periphery and the brain.  The BBB is present 

in all brain structures except those of the 

circumventricular organs (CVOs); i.e. the area postrema, 

median eminence, neurohypophysis, subfornical organ, pinal 

gland, lamina terminalis, organum vasculosum, and choroid 

plexuses (Davson and Segal, 1996).  The lack of a normal 

BBB within CVOs enables constant contact with endocrine 

factors, neurotrophic factors, and other signaling 
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molecules circulating in the bloodstream.  These sensory 

interactions play a critical role in the detection and 

integration of humoral and neural information between the 

periphery and autonomic processing centers in the brain 

(Davson and Segal, 1996).   

This dissertation focuses primarily on the BBB at the 

level of the brain capillary endothelium, the largest 

surface area for blood-brain exchange, and its role in 

maintaining brain homeostasis.  The unique properties of 

the BBB are maintained by the close interaction and 

coordination of surrounding cellular constituents of the 

neurovascular unit (NVU), a concept that will be discussed 

in more detail in the next sections of this thesis.  

Barrier disruption has been observed in a number of 

pathophysiologies including, Alzheimer’s disease (Kalaria 

et al. 1996; Bell et al. 2007), hypoxia/ischemia 

(Abbruscato and Davis 1999; Mark and Davis 2002) (Witt et 

al. 2003; Witt et al. 2007; , hypoxia/aglycemia (Brown et 

al. 2003), epilepsy (Oby and Janigro 2006), diabetes 

(Hawkins et al. 2007b; Hawkins et al. 2007a), HIV-1 

encephalitis (Dallasta et al 1999), and peripheral 

inflammatory pain (Huber et al. 2001b; Huber et al. 2002; 

Hau et al. 2004b) (Brooks et al. 2005; Brooks et al. 2006).  
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These observations highlight the importance of the BBB in 

providing an optimal environment for neuronal function and 

an increased need to understand BBB regulation under normal 

physiological and pathophysiological states.   

 

1.1.2 Blood-brain barrier   

Although protective in nature, the BBB/NVU can act as 

a formidable obstacle in the treatment of CNS disease 

states by limiting the entry of a wide variety of 

neurotherapeutic compounds from gaining access to their 

target sites within the brain parenchyma (Cecchelli et al. 

2007).  This is an important issue as over 1 billion people 

worldwide suffer from some type of disorder which falls 

under the CNS disease umbrella (i.e depression, 

schizophrenia, stroke, epilepsy, multiple sclerosis, 

bacterial and viral infections, brain tumors, Alzheimer’s 

disease (and other forms of dementia), Parkinson’s disease, 

Huntington’s disease, etc. (WHO, 2007).  As the U.S. 

population ages (current population projections estimate 

20% of the U.S. population will be over the age of 65 by 

2030) the prevalence of many age-related CNS disease states 

is expected to increase (AOA, 2007; Pardridge 2006).  

Therefore, a better understanding of the properties of the 
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BBB holds promise in improving the treatment of 

neurological diseases.   

 

1.1.3 Historical background 

The concept of the blood-brain barrier (BBB) emerged 

in the late 19th century after a series of experiments by 

the German bacteriologist Paul Ehrlich (Ehrlich 1904).  In 

his studies Ehrlich noted that the injection of water-

soluble aniline dyes into the circulatory system stained 

all tissues expect for those in the brain and spinal cord.  

This observation provided the first experimental evidence 

of a barrier system surrounding the brain (Hawkins and 

Davis 2005).  Unfortunately, Ehrlich incorrectly attributed 

his observations to an innate inability of the nervous 

system tissue to take up the dye (Ehrlich 1904; Hawkins and 

Davis 2005).  Subsequent studies by Edwin Goldmann (a 

student of Ehrlich’s) challenged his mentor’s conclusion.  

Goldmann’s studies were two part- in the first set of 

experiments trypan blue dye was intravenously administered 

and tissue staining was observed.  Similar to what Ehrlich 

reported, Goldmann noted staining in all tissue except that 

of the nervous tissue (Goldmann 1909).  In follow up 

studies Goldmann performed a simple yet elegant experiment 
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in which he injected trypan blue directly into 

cerebrospinal fluid and observed staining only within 

nervous tissue, thus providing the first unequivocal 

evidence that there was indeed a barrier between blood and 

brain tissue (Goldmann 1913).  Furthermore (and contrary to 

what his mentor proposed) Goldmann’s second set of 

experiments demonstrated that the inability of the dye 

stuff to stain CNS tissue following systemic administration 

was not the result of atypical staining properties of the 

nervous tissue but rather the result of a physiological 

barrier.  In 1900, Lewandowsky was the first to propose the 

concept of the blood-brain barrier while studying the 

limited penetration of Prussion blue reagents (iron salts 

and potassium ferrocyanate) into the brain following 

intravenous injection (Lewandowsky 1900).   

Over the next half century there remained much 

controversy and debate over the existence of a structural 

BBB (Dobbing 1961).  Much of this debate was resolved with 

the advent of electron microscopy in the 1960’s.  Early 

electron microscopy studies by Reese and Karnovsky employed 

the use of a horseradish peroxidase protein (hrp) tracer.  

Hrp was an ideal candidate for these studies, as it is a 

relatively large molecule with a molecular weight of 43,000 
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and cell entry is limited to either pinocytotic or 

paracellular based mechanisms (Karnovsky 1967).  

Intravenous injection of hrp resulted in a rapid uptake of 

hrp into the walls of capillaries in skeletal and cardiac 

muscle, however its distribution within the cerebral cortex 

was confined within capillary lumina (Reese and Karnovsky 

1967).  Ultrastrucutral analysis localized the BBB to the 

level of brain capillary endothelium characterized by tight 

junctions, “uninterrupted, circumferential belts” 

responsible for preventing the intracellular passage of 

protein stuffs (Reese and Karnovsky 1967).  Subsequent 

studies confirmed the location of the BBB to cerebral 

capillary endothelia and not surrounding basement lamina or 

astrocytic processes (Brightman and Reese 1969).  

 

1.2 Morphology and physiology of the BBB/NVU 

1.2.1 Key features  

It is now well established that the BBB, composed of a 

monolayer of endothelial cells lining cerebral capillaries, 

is a unique barrier system that limits the blood-to-brain 

passage of small polar molecules and macromolecules (Reese 

and Karnovsky 1967; Oldendorf 1971).  It is a highly 

dynamic structure and subject to regulation during normal 
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physiological and pathophysiological states.  This 

regulation occurs on many levels and involves modulation of 

BBB components, such as tight junctions (TJs) (Huber et al. 

2002; McCaffrey et al. 2007), adherens junctions (AJ) 

(Abbruscato and Davis 1999), ion channels (Hom et al. 

2007), efflux transporter (Seelbach et al. 2007), enzymatic 

systems (Brownson et al. 1994), and alterations of surface 

protein targets (Huber et al. 2006).  As an example of this 

dynamic nature- the pathophysiological regulation of TJ 

proteins at the BBB is highly complex and suggests 

differential regulation between proteins.  Studies 

examining the affects of peripheral inflammation on TJ 

regulation at the BBB highlight this concept by showing 

decreased expression of occludin but increased expression 

of claudins under these conditions, corresponding with BBB 

“loosening” and increased paracellular transport of the 

vascular tracer [14C] sucrose (Huber et al. 2002; Brooks et 

al. 2006).  TJ modulations also occur under conditions of 

hypoxic/ischemic and reperfusion injury both in vivo and in 

vitro (Mark and Davis 2002; Witt et al. 2003; Witt et al. 

2007).  Witt et al (2007) showed that animals subjected to 

hypoxic insult (6% oxygen for 1 h) followed by 36 h of 
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reoxygenation developed vasogenic brain edema associated 

with increased BBB permeability, in a biphasic manner.  

These findings were in agreement with previous studies that 

demonstrated increased paracellular permeability to [14C] 

sucrose and corresponding alterations within the expression 

of key TJ proteins in brain endothelial cell cultures (Mark 

and Davis 2002; Witt et al. 2003).  The precise mechanisms 

responsible for these changes are unknown, however recent 

studies have began to explore the role of Ca+2 (Hawkins et 

al. 2004), nitric oxide (Mark et al. 2004), and PKC 

signaling (Fleegal et al. 2005), as well as TJ protein 

membrane trafficking and oligomeric assembly (McCaffrey et 

al. 2007) in these events.  Meanwhile, enzyme- and efflux 

transporter-inducing drugs have been shown to limit the 

treatment effectives for their corresponding neurological 

disorder (Loscher and Potschka 2005b).  Experimental models 

of status epilepticus showed increased protein expression 

of the efflux transport proteins MRP1, MRP2, and BCRP at 

the BBB endothelium within the parahippocampal cortex (PHC) 

(van Vilet et al. 2005).  At the BBB these proteins 

actively transport drug (substrate) against a concentration 

gradient and out of the cell.  Increased MRP1/MRP2/BCRP 

protein expression reported in this study corresponded with 
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decreased phenytoin brain uptake within the PHC region (Van 

Vliet et al. 2005).  Taken together these examples 

highlight the unique nature of the BBB. 

The human BBB consists of an estimated 100 billion 

capillaries totaling 400 miles in length and 20 m2 of 

combined surface area (Zlokovic and Apuzzo 1998; Pardridge 

2003).  At the cortical regions these capillaries are 

spaced a distance of 40 µm apart from each other (Zlokovic 

and Apuzzo 1998; Pardridge 2003).  This highly branched and 

densely packed microvascular network effectively ensures 

that each neuron is optimally perfused (Zlokovic and Apuzzo 

1998) and provides the third largest drug exchange surface 

in the body, after the intestine and lung (Pardridge 2007).  

This occurs in a system which, despite its large number of 

individual capillaries, constitutes a mere 0.1% of total 

brain volume, or just 1 ml in an adult human brain of 1200-

1400 g (Pardridge 2003).  Properties of the BBB are 

maintained by the close interaction and coordination of 

endothelium with surrounding perivascular cellular 

constituents, leading to the concept of the neurovascular 

unit (NVU) (Hawkins and Davis 2005; Abbott et al. 2006).  

Figure 1.1 provides a cartoon representation of a cross 
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section of a cerebral capillary highlighting the anatomical 

location of the BBB at TJ and supporting cells comprising 

the NVU (i.e. pericytes, astrocytes, and capillary 

endothelium surrounded by a supporting basement membrane). 

 
Figure 1.1 Cartoon representation of the neurovascular unit 

(NVU).  Two apposing brain microvessel endothelial cells (BMEC) making 
up the blood-brain barrier (BBB) are tightly joined at the region of 
the tight junction (TJ).  Supporting periovascular astrocytes (A), 
pericytes (P), and neurons (N) closely interact with the BMECs at the 
level of the basement membrane (BM).  (Not included in this 
illustration are various biotransformation/enzyme systems, carrier- and 
receptor-mediated transporters, and efflux transporters).  Source: 
(Calabria and Shusta 2006). 
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 Recent work has unveiled a vastly complicated system of 

communication between endothelium and its neighboring 

cells, involving a multitude of cellular signaling events 

and processes.  The close interaction and communication 

between these four cell types contribute to BBB phenotype 

and will be discussed in the sections to follow. 

 

1.2.2 Pericytes 

 Pericytes are found surrounding capillary walls in 

organs throughout the body where they perform a multitude 

of general and tissue specific functions, including 

angiogenesis, microvascular contractibility, and blood flow 

regulation on the microvascular level (Lok et al. 2007).  

Structurally, pericytes are characterized by their 

elongated cytoplasmic projections composed of contractile 

proteins (Balabanov and Dore-Duffy 1998).  Pericytes reside 

within the basal lamina along the abluminal membrane 

surface and communicate with apposing endothelium via gap 

junctions, TJs, and adhesion plaques at points of contact 

(Balabanov and Dore-Duffy 1998; Dore-Duffy 2003).  At the 

BBB pericytes are believed to be important for maturation, 

remodeling, immune response, and maintenance of BBB 
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phenotype via a complex interaction between endothelium, 

pericytes, and supporting basal lamina (Hirase et al. 2004; 

Kose et al. 2007).  Results from in vitro co-culture 

studies confirm that pericytes are critical components in 

establishing specialized properties of the BBB and suggest 

that pericytes impact BBB permeability via the release of 

soluble factors, such as endothelin-1 and nitric oxide (Lai 

and Kuo 2005; Rider et al. 2006; Nakagawa et al. 2007).  

More recently, it has been suggested that cerebral 

capillary pericytes mediate capillary constriction and 

consequently help regulate local blood supply.  In vivo 

two-photon laser imaging studies of CNS pericytes in mice 

have provided convincing evidence for their role as 

modulators of local cerebral blood flow in response to 

neuronal activity (Hirase et al. 2004).  In these studies 

the GABAA antagonist bicuculline was injected into the deep 

layers of the somatosensory cortex of anestitized mice 

stimulating neuronal activity (associated with 

corresponding Ca+2 release).  CNS populations of pericytes 

were labeled using the dextran-conjugated fluorescent 

calcium indicator Calcium Green I (a dye that appears 

selective for pericytes and not surrounding capillary 

endothelium or smooth muscle surrounding arterioles) and 
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pericyte excitability was experimentally measured via 

action potential-like Ca+2 spikes.  Population bursts of 

neuronal activity were closely associated with pericyte 

activity, as imaged by changes in fluorescent intensity of 

Calcium-Green loaded pericytes under these conditions 

(Hirase et al. 2004).  Also, pericytes express receptors 

for numerous vasoactive substances and studies by Peppiatt 

et al (2006) have shown pericyte-mediated increases in 

capillary constriction of cerebellar slices exposed to 

norepinephrine.  Mutations that induce loss of pericytes, 

or induce pericyte injury, show devastating pathology in 

the increased formation of microaneurysms and cerebral 

hemorrhage (Lindahl et al. 1997).   

 

1.2.3 Astrocytes 

 First named for their star-shaped appearance, 

astrocytes have long been viewed as “ancillary” or 

supporting cells of the CNS.  However, today they are 

viewed as critical components of the NVU that provide 

structural and functional support to the endothelial cells 

of the BBB (Gebhart and Goldstein 1988; Abbott et al. 

2006).  Astrocytes account for 40% of the cells present in 

the brain and upward estimates of 99% of the abluminal 
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surface of cerebral microvasculature are ensheathed by 

perio-astrocytic end-feet processes (Lok et al. 2007).  In 

the brain, astrocytes have been attributed to such 

functions as glutamate uptake and release, free radical 

scavenging, water transport, and ion buffering (Abbott et 

al. 2006; Dallas et al. 2006).  Additionally, astrocytes 

have been attributed to regulation of cerebral microvessel 

diameter and regulation of brain microcirculation (Lok et 

al. 2007).  Astrocytes are able to mediate these events via 

a complex crosstalk of endothelial cell-astrocyte-neuron 

signaling, which include the synthesis and secretion of a 

number of factors such as, transforming growth factor-β TGF-

β), glial-derived neurotrophic factor (GDNF), basic 

fibroblast growth factor (bFGF) and angiopetin-1 (Abbott et 

al. 2006).  Furthermore, numerous metabolic, 

biotransformation, and active transport systems have been 

localized to astrocytes (Ronaldson et al. 2004; Lee et al. 

2007).  The importance of astrocyte-endothelial cell 

communications has been illustrated in numerous 

endothelial-cell/astrocyte co-culture systems (as reviewed 

by (Abbott et al. 2006)).  One example involves studies by 

Mizuguchi et al (1997) which demonstrated an upregulation 
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of key endothelial metabolic enzymes when cultured with 

astrocytes.  Similarly, Schroeter et al (1999) showed 

increased expression of endothelial antioxidant enzymes in 

astrocyte co-cultures.  Studies by Willis et al (2004) in 

which astrocytes were selectively destroyed in vivo by the 

systemic injection of the metabolic toxin 3-

chloropropanediol, showed early astrocyte loss in brainstem 

and midbrain nuclear lesions (independent of inflammation).  

Astrocyte loss was preceded by both neuronal damage and BBB 

breakdown.  Interestingly, these events were reversible 

with a marked degree in vascular repair after six days 

(Willis et al. 2004a; Willis et al. 2004b).   Additionally, 

a number of astrocytic mediators have been shown to be 

important regulators of specialized BBB properties (i.e. 

physical, metabolic, enzymatic) and to function in CNS 

immune response (Rubin and Staddon 1999; Abbott et al. 

2006) (Eddleston and Mucke 1993).  For example, in the 

brain angiotensinogen is produced and secreted by 

astrocytes (Sherrod et al. 2005).  Angiotensinogen (AGT) is 

cleaved into angiotensin II (AngII) and acts on angiotensin 

receptors expressed within the BBB endothelium.  This 

interaction mediates a variety of cell signaling events, 

including threonine-phosphorylation of occludin and 
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subsequent trafficking of this protein into cholesterol-

enriched membrane microdomains within the plasma membrane 

surface of the BBB endothelium, a location necessary for 

the formation of tight junctions (Wosik et al. 2007). AGT 

knock-out animals display alterations within occludin 

localization patterns at the BBB corresponding to both a 

reduction in overall occludin protein expression at this 

level as well as reduced movement into plasma membrane 

domains.  Furthermore, these changes in occludin were 

associated with increased BBB permeability to serum protein 

plasminogen (Wosik et al. 2007).  Astrocyte-expressed AGT 

is reduced by proinflammatory cytokines in vitro and within 

multiple sclerosis (MS) lesions, strongly suggesting that 

dysregulation within astrocyte-endothelial signaling may 

have serious consequences in neuropathology.  Astrocytes 

may become reactive following brain injury or infection 

(Eddleston and Mucke 1993) and activated-astrocytes have 

been shown in a number of CNS pathophysiologies (i.e. 

Alzheimer’s disease, epilepsy, and HIV-encephalopathy that 

have been associated with BBB dysfunction (Dallas et al. 

2006; D’Ambrosio et al. 2004; Kramer-Hammerle et al. 2005; 

Alexander et al. 2007).   
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1.2.4 Neurons 

Classically considered to be the most important cell-

type in the nervous system, neurons play a vital role in 

neurotransmission and overall CNS function (Ludwig and 

Pittman 2003).  Neuronal projections, originating from 

subcortical areas, directly innervate the NVU at the 

basement membrane where they affect neurovascular tone by 

the release of vasoactive mediators (Lok et al. 2007).  

Metabolically, neurons are active and express a variety of 

metabolic enzymes and transport proteins including efflux 

transporters (as reviewed by (Dallas et al. 2006).  More 

importantly perhaps, is that neurotransmitter receptors are 

found expressed within BBB endothelial cells, including 

nicotinic acetylcholine receptors (Abbruscato et al. 2002; 

Hawkins and Davis 2005), NMDA, and AMPA/KA receptors 

(Andras et al. 2007), and dopaminergic receptors (Choi et 

al. 2006).  The influence of neurovascular coupling and 

post-synaptic events are highlighted by recent 

microdialysis studies examining hemodynamic responses 

following dopaminergic stimulation. In these studies brain 

region specific activation of D1 and D5 dopamine receptors 

localized to the microvasculature were responsible for 

positive hemodyanmic changes (i.e. increased blood flow) 
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following dopamine “release” stimulation (i.e. amphetamine 

treatment) (Choi et al. 2006). Other groups have examined 

how neuronal intervention impacts the molecular and 

functional properties of the BBB endothelium.  NMDA and 

AMPA/KA are iontropic glutamate receptors that mediate the 

depolarizing action of glutamate (Watkins and Jane 2006).  

Excessive glutamate stimulation of these receptors in 

cultured brain microvascular endothelial cells (BMECs) 

resulted in decreased occludin expression, preceded by 

alteration in protein phosphorylation patterns and cellular 

redistribution (Andras et al. 2007).  Studies by Abbruscato 

et al (2002) and Hawkins et al (2005) examining stimulation 

of nAChR by nicotine showed alterations within expression 

and/or distribution patterns of key TJ proteins.  These 

changes correspond with increased BBB permeability in vitro 

and in vivo, respectively (Abbruscato et al. 2002; Hawkins 

et al. 2004; Hawkins and Davis 2005), and highlight the 

importance of neuronal input in the maintenance of BBB 

integrity.             

 

1.2.5 Basal lamina 

Cerebral capillaries are surrounded by a supporting 

basal lamina, which is complex in structure and composed of 
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collagens and extracellular proteins (Hawkins and Davis 

2005; Abbott et al. 2006).  Close contact between basal 

lamina and apposing endothelium is maintained via 

interaction of extracellular proteins with endothelial 

integrin receptors (Hawkins and Davis 2005).  Extracellular 

matrix composition appears to be both tissue-type specific 

and dependent upon the presence of matrix 

metallioproteinases (MMP), serine proteinases, and their 

inhibitors at the level of the neurovascular unit (NVU).  

Little is known regarding the precise mechanisms involved 

in basal lamina- endothelial communication, however 

remodeling of extracellular matrix by MMPs (secreted by 

blood vessels, neurons, microglial, and/or inflammatory 

cells) results in BBB disruption coupled with vasogenic 

edema and leukocyte infiltration (Asahi et al. 2001).  

Similarly, extracellular matrix breakdown is associated 

with a number of neuropathologies (Yong et al. 1999; 

Rosenberg et al. 1992; Rosenberg et al. 1993), in which 

pharmacological inhibition of MMPs reduces the level of 

tissue damage (Rosenberg et al. 1998).  MMP upregulation at 

the BBB occurs under conditions of streptozotocin induced 

diabetes (Hawkins et al. 2007a) and is responsible for 

vasogenic edema following cerebral ischemia via its ability 
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to degrade (i.e. breakdown) the tight junctions (Rosenberg 

and Yang 2007).  This increase in MMP activity corresponds 

with an increase in BBB permeability via a loss of TJs.  

These findings demonstrate the importance of cell-matrix 

components in influencing endothelial properties and 

further highlight the intricate nature of the NVU (Hawkins 

and Davis 2005). 

 

1.3 Anatomy and Physiology of the BBB Endothelium  

1.3.1 Overview 

 The anatomical basis of the BBB rests at the level of 

the cerebral capillary endothelium (Hawkins and Davis 

2005).  The endothelial cells composing the BBB can be 

characterized by their high mitochondrial content, minor 

pinocytotic activity, lack of fenestrations, the presence 

of tight junction (TJ) protein networks, and efflux 

transport systems (Fenstermacher and Kaye 1988; Ishizaki et 

al. 2003; Pardridge 2006).  The presence of TJ between 

adjacent endothelial cells creates a high transendothelial 

electrical resistance (1,500-2,000 Ω*cm2), effectively 

limiting paracellular diffusion between intracellular 

clefts (Crone and Christensen; Butt et al. 1990a; Hawkins 

and Davis 2005).  The TJs have been described as fulfilling 



 39

a gate function (i.e. a regulated passage of ions, water, 

and molecules through the paracellular pathway) and a fence 

function (i.e by maintaining polarity between the luminal 

and abluminal surfaces of the cell).  Meanwhile, increased 

mitochondria support a high metabolic potential and low 

pinocytotic activity restricts brain entry via 

transcellular routes (Oldendorf 1977; Ishizaki et al. 

2003).  Other distinguishable features include the presence 

of select enzymatic, ion/nutrient channel transport, and 

efflux transport systems localized to both luminal and 

abluminal membrane surfaces (Abbott et al. 2006).  These 

elements enable proper waste and nutrient processing and 

contribute to the restricted brain penetration of a number 

of substances (Abbott et al. 2006).  Figure 1.2 illustrates 

the multitude of proteins expressed at the BBB in a cartoon 

format.  This illustration highlights BBB physical (TJ, 

AJ), metabolic (efflux transporters).  Multiple 

accessory/adaptor proteins link transmembrane proteins to 

the actin cytoskeleton and key intracellular signaling 

proteins (protein kinases, G proteins, etc.) (Matter and 

Balda 2003)).   
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 Figure 1.2 Cartoon representation of the BBB endothelium.  This 
figure illustrates the many physical, metabolic, and signaling proteins 
located at the BBB.  Adapted from (Fleegal et al. 2005).   
 

Meanwhile, interactions with surrounding cellular 

constituents of the neurovascular unit (i.e. astrocytes, 

pericytes, and neurons) provide structural/nutrient support 

and functions in the maintenance of BBB phenotype, as 

previously described.  The unique properties of the BBB 

endothelium distinguish it from other endothelium in the 

body, such as liver, kidney, etc, which lack these 

specialized features.  
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1.3.2 Transport across the BBB 

Transport across the BBB is restricted.  However,  

selective transport of necessary ions and nutrients occurs 

via diffusion (paracellular or transcellular), carrier-

mediated transport, receptor-mediated, adsorptive, and 

fluid-phase endocytosis (and as reviewed (Wolka et al. 

2003; Abbott et al. 2006).  Figure 1.3 provides a cartoon 

representation of passive and facilitated transport 

mechanisms at the BBB.   

 

 
Figure 1.3  Transport mechanisms at the BBB.  Source: (Abbott et al. 
2006) 
 

Paracellular diffusion between endothelial clefts may occur 

for some small, water-soluble compounds.  However, passive 
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passage is greatly restricted by the presence of tight 

junctions (TJ) and other physical barrier components 

(please refer to section 1.3.3 Tight Junctions).  Highly 

lipophilic compounds with low hydrogen binding affinity may 

transverse the endothelium via a transcellular route of 

entry if they are not substrates for any of the multi-drug 

resistance (MDR) transporters at this location (please 

refer to section s 1.3.6 Efflux Barrier and 1.4 P-

glycoprotein).  Carrier-mediated processes enable the 

select uptake of metabolic constituents such as glucose, 

amino acids, nucleosides (please refer to 1.3.4 Other 

components of the BBB).  Endocytosis is limited at the BBB, 

however, it is necessary for the brain uptake of important 

compounds like iron-which occurs via a transferrin-receptor 

mediated endocytic pathway.  Endocytotic mechanisms are 

also important in cell surface protein and/or receptor 

recycling mechanisms, discussed in more detail (and in the 

context of Pgp) within section 1.4.4 Regulation of Pgp; 

subheading Membrane microenvironment.  Pinocytotic activity 

is limited at the BBB, however regulated absorptive 

transcytosis is essential for the delivery of several 

compounds to the brain as well as for the trafficking and 

recycling of cell membrane surface receptor and transporter 
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proteins (the interested reader is referred to several 

excellent reviews on this topic (Abbott et al. 2006) and 

(Wolka et al. 2003)for more specific information on this 

topic.     

 

1.3.3  Physical barrier   

 BBB tightness is maintained via a junctional complex 

composed of tight junction (Huber et al. 2001a), adherens 

junctions (Rubin 1992), gap junctions (Beyer and Berthoud 

2002) desmosomes (Schmelz and Franke 1993) which mediate 

adhesion and communication between apposing endothelium.  

TJs appear to be the most important element in restricting 

passive hydrophilic transport (Bazzoni et al. 2000) and 

therefore this dissertation will focus on the molecular 

basis of the TJ when discussing paracellular permeability.  

The interested reader is referred to the review by Ueno 

(2007) for further discussion regarding some of these other 

elements.     

TJs form the most apical element of the junctional 

complex.  Ultrastructurally, they are composed of an 

intricate complex of transmembrane, accessory, and 

cytoplasmic proteins that form very tight associations with 

TJs located on apposing endothelium, which are 
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“pentalaminar” in appearance (Brightman and Reese 1969; 

Nagata 1977; Tsukita et al. 2001; Hawkins and Davis 2005).  

Freeze fraction studies demonstrate TJs to be arranged as 

paired networks of eight to twelve parallel intramembranous 

junctional strands (i.e. TJ strands) (Nagy et al. 1984; 

Tsukita et al. 2001).  TJ strands are composed of a 

particle spanning inner leaflet (P-face) and complementary 

grooved-shaped external (E face) leaflet.  Cohesive 

interactions between TJ strands of apposing endothelium 

effectively seal the lateral intracellular space thereby 

restricting passive paracellular permeability in what is 

referred to as TJ “barrier” function.  It should be 

mentioned that TJs also contribute to the polarity 

properties of the endothelium (i.e. “fence function”), by 

restricting the movement of proteins and lipids between the 

apical and basolateral surfaces (Abbott et al. 2006).   

It is now well established that TJs are highly dynamic 

structures capable of responding to a series of 

physiological, pathological, and pharmacological 

challenges.  Alterations in barrier integrity have been 

demonstrated under a variety of conditions, including 

hypoxia and reoxygenation stress (Abbruscato and Davis 

1999; Mark and Davis 2002; Brown et al. 2003; Witt et al. 
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2003; Witt et al. 2007), hypoxic/aglycemia (Brown and Davis 

2005), mannitol osmotic shock (Brown et al. 2004a), and 

peripheral inflammation (Huber et al. 2001b; Hau et al. 

2004a; Brooks et al. 2005; Brooks et al. 2006).  Regulation 

of BBB paracellular permeability involves a series of 

complex signaling mechanisms (including both outside-in and 

inside-out signaling events) that impact TJ structural 

properties (Abbott et al. 2006; Bazzoni 2006).  For 

example, with the use of dual in vivo/ex vivo and in vitro 

BBB modeling Witt et al (2005) demonstrated that BBB 

breakdown under conditions of hypoxic stress is regulated 

through NFkB and hypoxia-inducible factor (HIF)-1 

activation mechanisms.   

In addition to their role in effectively limiting 

passive paracellular transport, TJ intracellular 

signaling/communication mechanisms also help control cell 

polarity, growth, and differentiation (Gonzalez-Mariscal et 

al. 2003), although the mechanisms responsible for their 

regulation under pathophysiology remain poorly understood.  

Using sophisticated and lipid-raft “friendly” techniques of 

subcellular fractionation, McCaffrey et al (2007) has 

recently shown that the TJ proteins occludin and claudin-5 

function as “tightly packed” homodimeric or oligomeric 
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assemblies within the BBB plasma membrane in vivo.  

Oligomeric assembly requires disulfide bond formation 

within transmembrane regions of these proteins, as well as 

caveolin-dependent trafficking and signaling mechanisms. 

Findings derived from this study strongly suggest that 

physically distinct lipid-raft microdomains (such as 

caveolae-like domains) may influence the assembly of these 

structures and ultimately impact BBB integrity.  

Additionally, other groups have shown that TJ proteins are 

both associated with and regulated by their unique 

cholesterol- and sphingolipid-enriched environment (Nusrat 

et al. 2000; Lambert et al. 2005; Lynch et al. 2007).  The 

dynamic interactions occurring between cholesterol and 

sphingolipids within specialized membrane rafts (or 

membrane microdomains) have been shown to impact liquid-

ordered fluidity, which is involved in regulating lateral 

vesicular movement (trafficking) and cell signaling 

(function) of proteins localized within these domains 

(Insel et al. 2005; McCaffrey et al. 2007).  Selective 

siRNA-targeted loss of the key caveolae scaffolding 

protein, caveolin-1, within brain microvessel endothelial 

cells (BMEC) resulted in a concomitant decrease in ZO-1 and 

occludin, as well as a dissociation of occludin from the 
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cytoskeletal framework (Song et al. 2007).  Similarly, 

changes in the AJ proteins, vascular endothelium (VE) 

cadherin and β-catenin were also shown.  Together these 

changes corresponded with an increased endothelial 

permeability to the chemokine CCL2, a marker of CNS 

neuroinflammation and potent stimulator of monocytic 

transendothelial migration.  A role for caveolae-like 

lipid-raft mechanism in this increased permeability to CCL2 

was confirmed as these affects were attenuated by 

introduction of cavtratin- a synthetic peptide encoding the 

caveolin-1 scaffolding domain (Song et al. 2007).   

In summary regulation of the physical barrier 

component of the BBB is multifaceted and highly complex yet 

critical in maintaining BBB integrity and overall CNS 

homeostasis.  In the following sections, key components of 

the physical barrier will be highlighted.                 

 

Claudins 

The major transmembrane proteins at the BBB are 

occludin, claudin, and junctional Adhesion protein A (JAM-

A).  First discovered less than 10 years ago, claudins are 

small (20-27 kDa), four transmembrane spanning proteins 
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with two extracellular loops, and a highly conserved short 

C-terminal intracellular tail that maintains a PDZ binding 

motif (Furuse et al. 1998; Hamazaki et al. 2002; Gonzalez-

Mariscal et al. 2003).  Homotypical dimmer formation 

between claudins on the surface of adjacent endothelial 

cells is a key factor in occluding the intracellular space 

between them (Ishizaki et al. 2003).  It has been proposed 

that claudins may assemble into multimers by homophilic and 

heterophilic side-by-side and head-to-head interaction, 

however this remains an area of debate (Van Itallie, 2006). 

Meanwhile, the PDZ domain is involved in association of 

claudin with intracellular TJ accessory proteins, such as 

Zonula occludins (Yokoyama et al. 1999).  Claudins are 

considered the “backbone” of the TJ for their role in 

promoting TJ formation and maintenance of TJ integrity, as 

first described by Kubota (1999) and colleagues.  These 

studies demonstrated TJ reconstitution following over 

expression of exogenous claudin in L-fibroblasts (cells 

that normally do not express a TJ) (Kubota et al. 1999).  

Additional studies have shown the first extracellular loop 

domain of claudins to be involved in the charge selective 

paracellular passage of small ions (Van Itallie et al. 
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2006), further highlighting the multifaceted nature of this 

key TJ protein.       

Claudins are highly conserved across species and with 24 

reported isoforms in and a widespread expression profile 

throughout the body (Furuse et al. 1989).  Claudins also 

display a tissue specific pattern of distribution, 

suggesting unique regulatory roles (Tsukita et al. 2001).  

Claudin isoforms -3 and -5 are expressed at the BBB 

(Hawkins et al. 2004; Brooks et al. 2005; Brooks et al. 

2006), with claudin-5 considered the major claudin isoform 

represented at this location (Yokogawa et al. 1999; Furuse 

and Tsukita 2006).  Claudin-5 knockout mice presented 

normal blood vessel development and morphology at birth.  

However, tracer experiments and magnetic resonance imaging 

displayed an increased BBB permeability to small molecules 

(Hoechst dye; < 800 D) with no change in permeability of 

larger markers (microperoxidase) in these animals.  These 

findings suggested claudin-5 knockout resulted in a size-

selective loosening of the barrier and, as these animals 

were incapable of survival past one-day, it was suggested 

that this small opening may have contributed to their 

limited vitality (Nitta et al. 2003).  While these findings 

confirmed the importance of claudin-5 at the BBB they were 
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surprising in that claudin-5 loss did not have a major 

effect on TJ morphology (i.e. there was not a complete BBB 

breakdown).  It was postulated that other claudins may be 

upregulated as a compensatory response under the conditions 

of this knockout model (Nitta et al. 2003).   

 Accumulating evidence from numerous studies indicates 

that claudin interactions may result in the formation of 

extracellular aqueous pores and increased paracellular 

permeability (Tsukita et al. 2000) and as reviewed by 

(Furuse and Tsukita 2006).  These findings are largely 

derived from studies performed in epithelial cultures (and 

are far less described at the BBB), however, they are 

powerful in their suggestion that claudins may function in 

size-selective barrier opening.  Hawkins et al (2005) 

demonstrated that acute (1 day) exposure to nicotine at a 

pharmacologically relevant dose resulted in a decreased 

expression in claudin-3 and an increased expression in 

claudin-5 at the BBB endothelium.  Using techniques of in 

situ brain perfusion, these changes in claudin expression 

correlated with a significant increase in the BBB influx 

rat for the vascular tracer 14C sucrose.  Similarly, 

increased 14C sucrose brain uptake has been associated with 

increased claudin 5 expression at the BBB in studies of 
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peripheral inflammatory pain (Huber et al.; Huber et al. 

2002; Hau et al. 2004a; Brooks et al. 2005; Brooks et al. 

2006).   

 

Occludin 

Occludin was the first integral transmembrane TJ protein 

identified and originally viewed as being the primary 

backbone of the TJ and essential for a well developed TJ 

(Ando-Akatsuka et al. 1996).  However, studies of occludin-

deficient embryonic stem cells dispelled this notion, as 

intact TJs still formed in the absence of occludin (Saitou 

et al. 1998).  Although the absence of occludin did not 

prevent barrier formation occludin still plays a vital role 

in TJ integrity.     

Structurally, occludin is composed of four membrane 

spanning domains with two extracellular loops, and three 

intracellular domains; consisting of a long carboy-terminal 

cytoplasmic domain, a short amino-terminal cytoplasmic 

domain, and a short intracellular loop (Tsukita et al. 

2001).  Occludin is slightly larger than claudin, with a 

molecular weight of 65-82 kDa.  Both the first 

extracellular loop and the C-terminal tail maintain highly 

conserved consensus sequences that are believed to be 



 52

involved in cell adhesion, TJ permeability (via 

intracellular ZO-1 and F-actin associations), and cell 

regulatory signaling events (Bazzoni 2006).  The highly 

conserved N-terminus domain is the site for occludin 

degradation signaling, as this region maintains binding 

site sequences for ubiquitination proteins.  It has also 

been proposed that occludin may interact with itself 

through this domain to form multimeric oligomeric 

structures (McCaffrey et al. 2007).  Presently, occludin is 

considered an important player at the TJ, were it 

contributes to both TJ gate and fence function, in addition 

to functioning as an important signaling molecule (although 

this role is less ascribed) (Bamforth et al. 1999; Barrios-

Rodiles et al. 2005).    

Occludin maintains numerous phosphorylation sites (C-

terminus region) believed to be important in its regulation 

and membrane localization (Sakakibara et al. 1997; Andreeva 

et al. 2001).  In general it has been reported that highly 

phosphorylated forms of occludin localize to the TJ, 

whereas non- or less- phosphorylated forms localize within 

the cytoplasm.   

Protein kinase C (PKC)-mediated serine phosphorylation of 

occludin in MDCK cell monolayers induced a redistribution 
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of occludin to the membrane (Andreeva et al. 2001).  

Meanwhile, phosphorylation at the C-terminus tail is 

believed to regulate paracellular permeability of the 

endothelium (Hirase et al. 2001).  Others have supported 

the importance of occludin phosphorylation in regulating 

occludin function, however the molecular mechanism behind 

these events are less understood (reviewed by (Bazzoni 

2006). 

 In addition to its participation in tight junction 

assembly, occludin may play a role in immune response 

(Hirase et al. 1997a; Huber et al. 2002).  Occludin 

disruption at the BBB is associated with severe 

pathological consequences, best described by occludin 

knockout models.  Occludin knockout mice presented as 

phenotypically normal at birth.  However, with continued 

growth maturation a number of severe pathologies developed 

including, mineral deposition in the brain (as reviewed 

(Bazzoni 2006).  Decreased expression of occludin has been 

associated with disrupted barrier function in a number of 

experimental models of disease including, stroke 

(hypoxia/reoxygenation injury), aglycemia, diabetes, and 

inflammatory pain (Huber et al. 2002; Mark and Davis 2002; 

Witt et al. 2003; Brown et al. 2004b; Brooks et al. 2005; 
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Hawkins et al. 2006; Brooks et al. 2006; McCaffrey et al. 

2007). 

 

Junctional adhesion molecule (JAM A) 

JAM A (previously known as JAM, JAM-1, and F11R) is a 40 

kDa member of the immunoglobulin superfamily.  JAM 

transverses the membrane a single time and boasts a single 

extracellular region, transmembrane domain, and cytoplasmic 

tail.  The extracellular domain maintains two 

immunoglobulin (IgG)-like domains and is bridged by 

disulfide bonds (Tsukita et al. 2001).  Unlike occludin and 

the claudins, JAM lacks the PDZ domain (Tsukita et al. 

2001) although there is some contention on this point 

(Ebnet et al. 2000).  At the level of the TJ, JAM is 

believed to play a role in junctional adhesion by 

maintaining cell-cell contacts with adjacent cells and in 

transendothelial monocyte extravasation (Martin-Padura et 

al. 1998).   

 

Cytoplasmic proteins 

 Cytoplasmic accessory proteins link the transmembrane 

proteins to the actin cytoskeleton.  The best known/most 

studied cytoplasmic proteins making up the TJ include 
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members of the membrane-associated guanylate kinase (MAGUK) 

family including, the zonula occludins (ZO-1, ZO-2, and ZO-

3) and the non-MAGUK proteins,  7H6 antigen, cingulin, AF6, 

and symplekin (Duelli et al. 2000).  Numerous studies have 

supported a functional role of these proteins in TJ 

organization and linkage to the actomyosin cytoskeleton 

(Starzinski-Powitz et al. 1998; Cordenonsi et al. 1999; 

Ebnet et al. 2000; Bazzoni et al. 2000).  Details regarding 

the intracellular signaling mechanisms, synthesis, 

assembly, and regulation of these protein complexes remain 

an area of ongoing investigation. However, the cellular 

location and association patterns of these cytoplasmic 

proteins are critical in maintaining BBB integrity.  

Studies examining the effects of nicotine treatment on BBB 

properties highlight this idea (Hawkins and Davis 2005).  

In these studies both chronic and acute nicotine treatment 

increased BBB permeability to [14C] with no changes in total 

protein expression for several key TJ proteins.  However, 

immunofluorescence imaging of isolated intact cerebral 

microvessels demonstrated an alteration within ZO-1 

distribution, suggesting that alterations within ZO-1 

cellular distribution negatively impact BBB integrity 

leading to increased BBB paracellular permeability.  
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Similarly, modulations in cytoplasmic proteins ZO-1 and ZO-

2 have been reported under experimental conditions of 

diabetes (Hawkins et al. 2007b) and stroke (Hom et al. 

2007).     

 

Adheren’s junctions 

Adherens junctions (AJ) are formed by clusters of 

transmembrane protein belonging to the cadherin family.  

Cadherin’s link to catenins and promote anchoring to the 

actin cytoskeleton.  The AJ protein E-cadherin is a Ca+2 

dependent cell-cell adhesion molecule that associates with 

cytoskeletal elements like the zonula occludins and F-actin 

via its interaction with α-catenin (Hirase et al. 1997b).  

E-cadherin expressed in BBB endothelium is largely 

influenced by surrounding perivascular astrocytes and has 

been shown to be down regulated by hypoxia/aglycemia 

(Abbruscato and Davis 1999) suggesting that AJ mechanisms 

contribute to BBB properties as well.  Further discussion 

of AJ goes beyond the scope of this dissertation.  

Interested readers are directed to the following excellent 

reviews on this topic by Bazzoni and Dejana (2003), 
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“Endothelial Cell-to-Cell Junctions: Molecular Organization 

and Role in Vascular Homeostasis”.   

 

1.3.4  Other components of the BBB  

Enzymatic barrier  

 The BBB is also the sight of a number of key drug 

metabolizing and antioxidant enzymes, including several 

phase I (i.e. functionalization) and phase II (conjugation) 

enzyme systems that may impact drug bioavailably (Ghersi-

Egea et al. 1988) and as reviewed by (Egleton and Davis 

2005; de Boer and Gaillard 2006).  Accumulating evidence 

from studies in liver and intestine suggest that these 

enzymatic systems may work in concert with efflux transport 

systems (Pgp, MRP, BCRP) systems to confer additional 

cellular protection (Schuetz et al. 2000).  For a more in-

depth coverage of this topic please refer to the following 

review of this topic by Egleton (2005) “Development of 

Neuropeptide Drugs that Cross the Blood-Brain Barrier.” 

 

Ion and nutrient transporters 

 As described above, the presence of TJs, lack of 

fenestrations and limited pinocytotic activity largely 

restrict passive paracellular transport across the BBB.  
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These unique properties also restrict the entrance of ions 

and hydrophilic molecules that are essential for life, such 

as glucose, amino acids, and other critical metabolic 

constituents (as described by Fleegal et al. 2005).  

Meanwhile, precise ion regulation is critical for cerebral 

physiology and metabolic homeostasis.  Therefore, it is 

important to mention (albeit briefly) the vital role of the 

numerous ion channels and transport systems located at the 

BBB.  

Ion transport systems control endothelium ion 

concentration, pH, and cell volume, which are important in 

the function/regulation of cerebral microvasculature.  

Precise regulation of the ion environment is critical, as 

ions are involved in signal transduction mechanisms for a 

vast array of cellular events, including regulation of 

vascular tone, hemodynamics, cell proliferation, and 

angiogenesis (as reviewed by (Bazzoni 2006).  The 

dysregulation of key ions (i.e. Ca+2, Na+, K+) leads to 

disruptions within brain homeostasis and contributes to 

neuronal degeneration.  For example, Ca+2 excitotoxicity 

within the CNS has been shown to be a contributing factor 

in the pathology of numerous CNS disease states, including 

ischemia-reperfusion trauma, Huntington’s Disease, and 
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amyotrophic lateral sclerosis (Won et al. 2002; Fan et al. 

2007; Garbuzova-Davis et al. 2007). Meanwhile, 

pathophysiological modulations of key BBB ion transporter 

and exchanger systems have been demonstrated in 

hypoxia/stroke.  These modulations have been associated 

with disruptions in osmotic and ion balance, corresponding 

to subsequent cerebral vasogenic and cytotoxic edema (Hom 

et al. 2007; O'Donnell and Kearon 2007; Foroutan et al. 

2005).  

 Numerous receptor- and carrier-mediated transport 

systems have been described at the BBB, including 

transporters for glucose (GLUT1) (Mueckler et al. 1985), 

small neutral amino acids (LAT1) (Boado et al. 1999), 

insulin growth factor (IGF1R) (Kondo et al. 2004), and the 

transferrin receptor (Li et al. 1999).  These transport 

systems are localized to the membrane surfaces of the 

endothelium.  Their physiological function involves moving 

essential molecules across the BBB from blood to brain and 

(in the converse direction) removing metabolic waste 

products and other toxins from the brain.  From a drug-

delivery perspective, a good deal of research has centered 

on attempts at “high jacking” these systems to enhance the 

transport and distribution of neurotherapeutics (proteins, 
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genes, and interference RNA) into the brain (Pardridge 

2007).  Another strategy employed to increase drug delivery 

into the brain involves manipulation of proteins comprising 

the efflux barrier.  Efflux transport systems superimposing 

the BBB are the primary focus of this dissertation and will 

be discussed in full detail below.       

 

1.3.5 Efflux transport barrier 

The BBB has always served as a major obstacle in the 

delivery of therapeutics to the brain for the treatment of 

neuropathologies.  Many promising drug candidates are 

“tossed out” early on in the drug development process, as 

they are unable to bypass the BBB and reach their target 

sites within the brain parenchyma (Pardridge 2007).  Early 

attempts at correlating drug entry with certain basic 

physiochemical properties, such as lipophilicty and 

molecular weight, using octanol/water partition coefficient 

correlations provided a few generalized rules regarding 

transport across the BBB (Levin 1980).  Specifically, a 

good BBB permeability correlation may exist for small (< 

499-600 Da), hydrophobic compounds (excluding the influence 

of degree of protein binding and ionization state of the 

molecule).  The larger a molecule and the more lipophobic 
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it is, the lower its BBB permeability.  However, 98% of all 

small lipophilic compounds fail to transverse the BBB and 

enter the brain (Pardridge 2006).  One key proponent in 

limiting BBB permeability is the efflux transport barrier- 

composed of members of the ATP binding cassette (ABC) 

superfamily of transmembrane proteins.  Members of this 

family, which boast 49 to date, are classified on the basis 

of sequence homology as well as functional similarities 

(http://nutrigene.4t.com/humanabc.htm). ABCs are 

transmembrane proteins which contain two highly conserved 

motifs (Walker A and Walker B) within their ATP binding 

domain and a consensus ALSGGQ sequence within the linker 

portion of the protein (Leslie et al. 2005).       

 Significant advances in the understanding of active 

efflux transporters at the BBB have been made in recent 

years.  P-glycoprotein (Pgp; ABCB1), encoded by the multi-

drug resistance (MDR) gene was the first efflux transporter 

to be characterized and is perhaps the best studied to 

date.  First discovered for its role in conferring drug 

resistance in chemotherapeutic resistant cell lines, Pgp 

has since been recognized as playing a pivotal role in 

protecting susceptible tissue from a variety of endogenous 

and exogenous toxicants.  Functional evidence for the 

http://nutrigene.4t.com/humanabc.htm
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involvement of Pgp in BBB protection has been well 

described (see reviews by (Bauer et al. 2005; Loscher and 

Potschka 2005a).  Section 1.4 of this introduction covers 

Pgp in depth.  At the BBB Pgp is just one of a proposed 

multitude of efflux pumps localized to this region 

(Pardridge 2007).  Others include the multi-drug resistant 

related/associated protein (MRP; ABCC family), breast 

cancer resistance protein (BCRP; ABCG2), the organic-anion 

transporters (OAT), organic-cation transporters (OCT), 

organic-anion transporting polypeptide (OATP), 

equilibrative nucleoside transporter (ENT), and 

concentrative nucleoside transporter (CNT) (Bauer, 2005; 

Dean et al. 2001).  Many of these efflux transporters (i.e. 

Pgp, MRP -1, -2) have been shown to work in concert with 

the Phase I and Phase II biotransformation enzymes, but 

this remains to be described at the BBB.   Meanwhile, 

organic anion transporters, OATP2 and OAT3 are proposed to 

couple with MRP2 and OATP2 to drive organic anions into 

endothelial cells along an ion gradient (Bauer et al. 

2005).  This coupling requires a basolateral localization 

of OATP2 and OAT3 and a luminal membrane localization of 

MRP2 and OATP2.  Other ABC proteins localized to the BBB 

(OAT, OATP, and CAT) are involved in both the influx and 
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efflux of substrate compounds across the BBB.  They are 

proposed to be involved in the movement of pharmaceutics, 

steroid and drug conjugates, peptides, etc. and play a 

critical role in brain homeostasis (Dallas et al. 2006; 

Ueno 2007).  The remainder of this introduction is focused 

on three key ABC efflux transport subfamilies localized to 

the BBB (i.e. MRP, BCRP, and Pgp- with a pronounced 

emphasis on Pgp).  Together, these transporters are 

involved in restricting BBB permeability to a broad range 

of anionic (MRP-2, MRP-4), cationic (Pgp, BCRP), and 

uncharged (members of all three subfamilies) substrate 

compounds.  Figure 1.4 provides a cartoon illustration of 

several efflux transporters present at the BBB.  Membrane 

localization will be discussed in more detail in the 

following sections. 
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Figure 1.4 Drug transporters at the BBB.  BCRP, Pgp, and MRPs utilize 
the energy of ATP to efflux lipophillic/cationic drugs out of the cell.  
Oatp and Oat 3 transport negatively charged/anionic substrates via 
established ion gradient.  Pgp’s role at the abluminal membrane is less 
described.  
 

Multi-drug resistant related/associated protein (MRP)    

The MRP family of proteins was first described in a 

non-Pgp expressing doxorubicin-resistant lung cancer cell 

line in the early 1990’s (Cole et al. 1992).  Cell culture 

studies that followed, demonstrated differential MRP 

expression (mRNA) within lung, stomach, kidney, testis, 

ovary, pancreas, and brain-albeit relatively low levels 

(Flens et al. 1996).  The field virtually exploded and by 
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1996 another 12 members of the MRP subfamily had been 

discovered.  Structurally, MRP isoforms -4, -5, -8 and 

possibly -9 contain two six-membrane transmembrane segments 

(i.e. TM1 and TM2) connected by an intracellular linker 

domain.  Meanwhile, the remaining MRP isoforms are proposed 

to contain an additional five-transmembrane segment (TM0) 

on the N-terminal region of the protein that maintains an 

extracellular N-terminus extension (as reviewed by 

(Schinkel and Jonker 2003; Begley 2004; Dallas et al. 

2006).  Figure 1.5 provides a schematic representation of 

MRP isozyme specific secondary structure. 

 

   

 Figure 1.5 MRP secondary structure.  Proposed secondary structure 
for MRP isoforms 1,2,3,4, and 5.  Source: (Schinkel and Jonker 2003) 
 

Functional evidence suggests MRPs are involved in the 

efflux of anionic and neutrally charged substrates from the 

cell.  Many MRP substrates are the products of glucuronide 

and glutathione phase II metabolism, thus leading some 
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investigators to refer to the MRPs as Phase III 

biotransformation enzymes (Leier et al. 1994; Jedlitschky 

et al. 1996; Jedlitschky et al. 1997).  Their ascribed 

physiological function suggests that they act in concert 

with Phase II biotransformation systems to clear toxic 

metabolites from the body and confer cellular protection.   

Nearly 15 years after the initial discovery of MRP, a 

great deal of controversy still remains regarding tissue-

specific expression and function of individual isoforms.  

Much of this discussion stems from the inconsistencies 

within experimental factors including, antibody-

specificity, tissue-type examined, model system used (in 

vitro versus in vivo), and species studied (as reviewed by 

Dallas (2006)).  Species (and even gender) differences in 

metabolism, substrate specificity, and protein expression 

have been described for other enzyme systems, such as the 

cytochrome P450 isozymes.  Therefore, it is likely that 

numerous differences in MRP expression profiles exist at 

the BBB as well.  Attempts to localize MRP to the luminal 

membrane of the BBB have resulted in evidence for the 

expression (mRNA or protein) of MRP isoforms 1-6 (Potschka 

et al. 2001; Graff and Pollack 2004; Loscher and Potschka 

2005a).  This remains an area of heated debate, however 
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most investigators do support the localization of MRP1, 

MRP2, MRP4, and MRP5 to this region (Miller et al. 2000; 

Xiang et al. 2000; Leggas et al. 2004; Nies, 2004; Bronger 

et al. 2005).   

Controversy surrounding the subcellular localization 

of the MRPs within the BBB is another issue altogether.  A 

large part of this discrepancy is due to the type of 

experimental system used in examining MRP efflux pump 

distribution.  Some studies have localized MRP to the BBB 

via mRNA detection methods, which does nothing to explain 

pump location with the cell.  Others have localized MRP to 

the BBB using immortalized and/or primary cultures of brain 

microvessel endothelial cells, but have been unable to do 

so in freshly isolated brain capillaries.  Additionally, 

cross contamination with surrounding members of the NVU 

(i.e. astrocytes, pericytes, and neurons) add another level 

of complexity to the situation, as MRPs have been localized 

to these cell types as well.  Cultures of individual 

endothelial cells do not have to worry about this 

contamination, however culture conditions (i.e. with or 

without NVU constituents) have been shown to impact drug 

transporter expression (Dallas et al. 2006).  There is also 

evidence that supports the idea that a number of MRPs are 
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expressed at such low levels under basal conditions that 

they are virtually undetectable and it is only upon 

pathogenic stimulus that they can be detected by current 

molecular techniques (Aronica et al. 2005; Hoffmann and 

Loscher 2007).  To date (and with all the above points 

taken into consideration) MRP isoforms -1, -3, and -5 have 

been immunolocalized to the basolateral membrane surface 

and MRP isoforms -1, -2, and -4 to that of the luminal 

surface of the BBB as reviewed by Dallas et al (2006).  

Functional evidence for the role that individual MRPs play 

in BBB protection is supported by a number of MRP inhibitor 

studies (in vitro and in vivo), as well as from MRP 

knockout/deficient animals (Buchler et al. 1996; Paulusma 

et al. 1996; Gutmann et al. 1999; Potschka and Loscher 

2001b, 2001a).  The details of these studies go beyond the 

scope of this dissertation and the interested reader is 

referred to the following reviews by (Dallas et al (2006) 

“MRP Expression in the Central Nervous System”) and Loscher 

and Potschka (2005) “Role of drug efflux transporters in 

the brain for drug disposition and treatment of brain 

disease” for a more in-depth discussion of the functional 

role of MRPs in cellular defense.              

   



 69

Breast cancer resistance protein (BCRP)   

  BCRP (also known as MXR; ABCG2) is the most recently 

characterized ABC transporter.  Its common name is derived 

from the MCF- human breast carcinoma cell line in which it 

was discovered (Doyle et al. 1998).  Structurally, BCRP is 

a six-transmembrane half transporter thought to 

homodimerize (Kage et al. 2002) or heterdimerize into 

multioligomeric structures (Chen et al. 2004) in order to 

function.  Figure 1.6 provides a schematic representation 

of BCRP’s projected secondary structure. 

   

 Figure 1.6  BCRP secondary structure. 
 

Similar to Pgp and MRPs, BCRP expressed at a number of 

execratory and barrier tissues and is proposed to be 

involved in drug bioavailability.  It confers drug 

resistance to a number of neutral and cationic compounds, 

including (but not limited to) mitoxantrone, prazosin, 

methotrexate, flavopiridol, doxorubicin, topotecan, and 

more recently cannabinoids (Begley 2004; Cisternino et al. 

2004a) and as reviewed by (Doyle and Ross 2003).  Many of 
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these compounds are also recognized by Pgp, suggesting that 

both transporters function analogously in cellular 

protection.  This substrate overlap phenomena has also 

complicated the exploration of BCRP-related substrates, and 

remains an area of ongoing investigation.  

In the brain, BCRP is expressed predominantly within 

cerebral microvasculature.  In fact, studies in mice 

suggest that BCRP mRNA transcript levels are 700 times 

greater in cerebral capillaries, as compared to whole brain 

(Cisternino et al. 2004b).  At the BBB, BCRP has been 

localized to the luminal membrane surface of capillary 

endothelium, as well as in surrounding neurons and 

astrocytes (Ronaldson et al. 2004; Loscher and Potschka 

2005b).  Its physiological role at this location has been 

described in mdr1a (-/-) mice using techniques of in situ 

brain perfusion.  In these studies BCRP inhibition was 

associated with decreased BBB permeability to prazosin and 

mitoxantrone (Cisternino et al. 2004b).  These and similar 

findings have suggested that BCRP confers a cytoprotective 

role.  Pathophysiological modifications in BCRP have been 

reported in the parahippocampal cortex region following 

experimental induced status epilepticus in rats (Van Vliet 

et al.  2005).  These modulations appeared primarily within 
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astrocytes and neurons, however they were able to 

negatively impact the delivery of the antiepileptic drug 

phenytoin at this location.  At the BBB, investigations in 

BCRP (-/-) animals showed limited effects on the transport 

of dehydroepiandrosterone sulfate and mitoxantrone out of 

the brain (Lee et al. 2005) suggesting that BCRP maintains 

a minimal role in drug efflux at this site under normal 

physiology.   Interestingly, the levels of BCRP mRNA were 

three times as high in the cerebral microvessels of Pgp 

deficient mice as compared to wild type, strongly 

suggestive of a compensatory upregulation in BCRP to 

counterbalance the loss of Pgp (Cisternino et al. 2004b).   

 

Substrate selectivity 

 There is considerable substrate overlap amongst the 

three major ABC transporter subfamilies localized to the 

BBB endothelium (Pgp, MRPs, and BCRP).  Shared recognition 

has been demonstrated for many antinoeoplastic agents, 

steroids, and immunosuppressant drugs (Schinkel and Jonker 

2003; Cascorbi 2006).  From a physiological perspective 

this may serve as an adaptive response to ensure cellular 

protection from a variety of harmful substances.  

Unfortunately, it may also contribute to increased drug 
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resistance and related difficulties in drug development.  

The mechanisms responsible for pump-substrate recognition 

and elimination are poorly understood but may involve 

specific physio-chemical properties such as, lipid 

solubility, charge, molar refractivity, and hydrogen 

bonding potential (as reviewed by (Hennessy and Spiers 

2007).  This topic remains an active area of ongoing 

research.  Even with the large amount of substrate overlap 

demonstrated, each ABC subfamily maintains a slightly 

different substrate specificity profile and a few 

generalizations can be made.  The MRP family is responsible 

for the transport of hydrophobic anionic (and some 

uncharged) compounds.  MRP1 preferentially recognizes 

glutathione-S-conjugates and has been proposed to work as a 

drug-glutathione co-transporter (Dallas et al. 2006).  Pgp 

and BCRP recognize mostly highly lipophillic, 

positively/cationic and some uncharged substrates.  

However, exceptions to this rule have been reported (de 

Graaf et al. 1996).   
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1.4 P-glycoprotein 

1.4.1 Historical background 

The first experimental evidence for drug resistance 

was documented in 1950 by the oncologist Joseph H. 

Burchenal (Burchenal et al. 1950).  These early studies 

described resistance to 4-amino-N10-methyl-

pteroylglutaminic acid in of mouse leukemia model 

(Burchenal et al. 1950).  Later acquired drug resistance 

was reported against actinomycin D in HeLa cell lines 

(Goldstein et al. 1960) and again in Chinese Hamster Ovary 

(CHO) cells (Biedler and Riehm 1970).  Observations by Dano 

et al (1973), in which he described an active outward 

transport of daunorubicin in cells that were already cross-

resistant to anthracycline and vinca-alkaloid 

chemotherapeutics, supported the idea of multiple-drug 

resistance.  The phrase “multiple drug resistance (MDR) 

phenotype” was used to describe an acquired cellular 

resistance amongst a broad range of structurally and 

functionally unrelated compounds (Biedler and Riehm 1970).  

Shortly thereafter, the gene encoding the protein 

responsible for MDR phenotype was discovered in a 

colchicine resistant cell line and it was appropriately 
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named permeability-glycoprotein or P-glycoprotein (Juliano 

and Ling 1976).  

Significant advances in the understanding of active 

efflux transporters at the BBB have been made in recent 

years.  We now know Pgp to be a 170 kDa ATP binding-

cassette (ABC) efflux transport protein encoded by the MDR1 

gene in humans and mdr1a/mdr1b genes in rodent species 

(Roninson et al. 1986; Devault and Gros 1990).  Human and 

rodent forms of Pgp display a high degree of homology and 

structural overlap between them (van der Bliek, 1988).  

Other Pgp isoforms exist in humans (Zhang et al. 1996) and 

rodents (Hsu et al. 1989), however their functions are 

unrelated to multidrug resistance (Schinkel 1997; Bauer et 

al. 2005) and they will not be discussed in this 

dissertation.  The abundance, cell membrane location, and 

ability to efflux a variety of structurally unrelated 

substrates against their concentration gradient and out of 

a cell make Pgp a formidable obstacle in drug 

bioavailability (as reviewed by (Begley 2004; Bauer et al. 

2005).   

*
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1.4.2 Molecular and functional properties 

Structure 

Pgp is a 170 kDa polypeptide composed of two 

homologous (and highly conserved) six transmembrane 

segments interconnected by a central cytoplasmic linker 

domain (Schinkel and Jonker 2003; Hennessy and Spiers 

2007).  Figure 1.7 provides a schematic representation of 

Pgp’s projected secondary structure.   

 

 
Figure 1.7 Pgp secondary structure.  Pgp maintains 2 

transmembrane domains (TMD1/2) each composed of 6 transmembrane 
spanning segments and a nucleotide binding domain (NBD1/2).  The 
extracellular loop of the first transmembrane segment is N-
glycosylated.  Source (Schinkel and Jonker 2003)   

 

Recent high resolution crystal structures have been 

obtained for this pump via its Staphylococcus aureus 

bacterial homolog Sav 1866.  Cross-Fourier analysis of 

these structures show two confirmations for this pump- an 

inwardly facing MgATP bound state and a hydrolysis driven 

outward state.  The homologous transmembrane domains 

interact with one another to form a central pore pocket or 
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“central cavity” in the protein, suggested to act as a 

“drug translocation pocket” (Dawson and Locher 2006, 2007).  

Therefore, Pgp’s drug transport capabilities are dependent 

upon energy produced by the hydrolysis of MgATP.  These 

findings support previous genetic, biochemical, and 

structural data of bacterial and human homologues 

(Rosenberg et al. 1997; Loo et al. 2003)  Figure 1.8 

provides a (a) ribbon and (b) cartoon representation of Sav 

1866.  ATP hydrolysis mediates domain swapping, subunit 

twisting and substrate transport out of the cell against 

its concentration gradient.   

  

Figure 1.8 Pgp substrate translocation.  Backbone ribbon 
representation (a) and cartoon representation (b).  ATP hydrolysis 
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mediates conformational change and substrate efflux.  Source (Dawson 
and Locher 2006) 
 

   Intracellular nucleotide binding domains located in 

the region following transmembrane domains six and twelve, 

are highly conserved.  Experimental amino acid 

substitutions/modifications in this region demonstrate a 

complete eradication of Pgp drug transport capabilities 

(Kim et al. 2006; Carrier et al. 2007).  The ability of Pgp 

to extrude drugs is just as effective when a single 

nucleotide binding site is occupied as when both are 

phosphorylated, leading to the believe that drug transport 

“is carried out by an alternative working of the two 

nucleotide sites” (Sauna and Ambudkar 2001; Orlowoski et 

al. 2006).  This idea has been supported experimentally by 

vanadate-trapping experiments (Senior and Bhagat 1998).       

The extracellular loop of the first transmembrane 

domain maintains three glycosylation sites.  Experimental 

modifications at this region have resulted in diminished 

pump activity with no change in substrate binding 

recognition patterns.  Thus, it has been proposed that the 

N-terminal glycosylation sites are important in targeted 

protein trafficking within the cell, as well as protein 

stability.  Pgp also maintains multiple serine, tyrosine, 
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and threonine phosphorylation sites within the 

intracellular linker domain region (Barakat et al. 2007).  

Phosphorylation at this region has been linked to 

regulation of drug transport by Pgp and will be discussed 

in more detail in section 1.4.5 Regulation of Pgp of this 

dissertation. 

  

Function 

Even the simplest organisms- bacteria, fungi, 

protozoa, metazoa- express Pgp-like multidrug transporters 

and maintain similar drug transport potentials (Schinkel 

1997; Hollande et al. 2003).  Bacterial multidrug resistant 

pumps confer resistance to the same toxic compounds 

recognized by their mammalian counterparts (Schinkel 1997).  

At times this can be problematic- for example, structural 

analogs of Pgp expressed in bacteria have been implicated 

in antibiotic resistance (van Veen et al. 1998).  However, 

its broad species expression and evolutionary conservation 

have proven advantageous for structure/function studies of 

this pump, as described in the above paragraphs.  Findings 

derived from this work have already provided a better 

understanding of the mechanisms behind Pgp substrate 

recognition and transport capabilities.  A pivotal finding, 
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as the sheer number of drug substances recognized by Pgp is 

extraordinary.  Pgp has been shown to confer resistance to 

a broad array of structurally and functionally unrelated 

drug compounds, this list includes therapeutics used in the 

treatment of cardiovascular diseases, antivirals, anti-

neoplastic agents, antibiotics, immunosuppressants, opioid 

drugs.  Table 1.1 provides a comprehensive list of a 

variety of structurally divergent and functionally diverse 

substrate compounds for Pgp.   

Table 1.1  

Select Pgp-substrate and inhibitor compounds___________________                     

Antineoplastic agents    HIV protease inhibitors 

Vinca alkaloids      Amprenavir  

 Taxanes       Indinavir 

 Anthracyclines      Nelfinavir 

 Anthracenes      Ritonavir (weak) 

 Epipodophyllotoxins     Sqauinavir 

 Actinomycin D     Lopinavir  

Methotrexate (weak)    Cardiac drugs 

 Topotecan (weak)     Digoxin 

Histamine receptor antagonist    Quinidine 

 Cimetidine      Verpamil 

Immunosuppressive drugs    Lipid-lowering agent 

 Cyclosporin A     Lovastatin 

 Tacrolimus (FK506)    Pravastatin 
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Table 1.1 cont  

Steroids      Anti-diarrheal agents 

 Aldosterone      Loperamide 

 Hydrocortisone    Anti-gout agent 

 Cortisol      Colchicine 

 Corticosternoe    Antibiotic 

 Dexametasone     Erythromycin 

.       Anti-Parasitic 

Dopaminaergic      Ivermectin 

 Domperidone      Abamectin 

Anti-bacterial     Anti-fungal 

 Rifampin       Ketoconazole   

Progesterone antagonist   Adcridonecarboxamide derivative 

 Mefipristone (RU486)    Xenova (XR- 5944 

Cyclopropylibenzosuberane   Opioids 

 LY335979      Morphine (weak) 

Amebicides       Methadone  

 Emetine      Morphine-6-glucoronide 

Antiepieptic agents     Fentanyl 

 Phenytoin      Asimadoline 

 Carbamazepine     Research Tools  

 Lamotrigine      Rhodamine 123 

 Phenobarbital     Hoechst 3342  

  

Source:  (Schinkel and Jonker 2003; Bauer et al. 2005; Loscher 2005; 

Hennessy and Spiers 2007)  

 



 81

This broad substrate recognition profile renders Pgp a 

formidable obstacle in drug adsorption, distribution, 

elimination and development.  Thus, the physiological 

function of Pgp can be supposed, in light of the vast array 

of substances it recognizes and its degree of conservation 

across species, to confer cellular protection against a 

host of exogenous and endogenous toxicants.  Recently, Pgp 

has been described in the literature as playing a role in 

Phase 0 of biometabolism for its ability to excrete parent 

compounds prior to their undergoing Phase I and/or Phase II 

metabolism (Scherrman 2005).  (Meanwhile, the MRPs are 

considered to be involved in Phase III metabolism (as 

described above)).   

The first experimental evidence confirming Pgp’s 

physiological role in cytoprotection was discovered by 

accident.  A viable strain of mdr1a (-/-) knockout mice had 

been generated with no obvious abnormalities or 

malformations.  However, these animals were extremely 

sensitive to the neurotoxic effects of the antiparasitic 

agent (invermectin) used to clean their cages following a 

mite infestation (Schinkel et al. 1994).  Invermectin 

normally does not pass the BBB and enter the brain, however 

in mdr1a(-/-) mice even low levels are fatal (Schinkel et 
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al. 1994; Schinkel 1999).  Subsequent Pgp knockout studies 

demonstrated increased sensitivity to vinblastine, 

cyclosporin A, and digoxin with brain concentrations five-, 

twenty-, and fifty- fold greater, respectively (Schinkel et 

al. 1995a; Borst and Schinkel 1997).  Similar findings were 

observed for a host of other drugs identified as Pgp 

substrates by in vitro assays (Owen et al. 2001; Uhr et al. 

2002; Doran et al. 2005).  In this way Pgp knockout animals 

have proven invaluable in achieving a better understanding 

of the molecular and functional properties of this pump.  

Recent progress in Pgp research, using both in vitro and in 

vivo techniques, have implicated Pgp in impeding the 

transport of numerous bulky (more than two aromatic rings), 

hydrophobic and cationic therapeutic compounds as reviewed 

(Schinkel and Jonker 2003; Begley 2004; Bauer et al. 2005) 

and presented in Table 1.1 above.   

 

Genetic polymorphisms  

Genetic differences/mutations in the Pgp gene (mdr1) 

have been identified within several species populations.  

For example, a spontaneous mutation in the mdrla gene 

exists in a subpopulation of CF-1 mice (Lankas et al. 1997) 

and in two breeds of the collie lineage (Neff et al. 2004).  
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Both of these groups have shown severe sensitivity to 

invermectin and several antineoplastic agents (Lankas et 

al. 1997; Mealey et al. 2003; Neff et al. 2004), suggesting 

gene disruption (and potentially polymorphisms) are 

clinically relevant issues.  In the human population 

several “high frequency” single nucleotide polymorphism 

(SNPs) have been identified, with varying frequencies 

amongst different racial/ethnic populations.  Figure 1.9 

provides a schematic representation of Pgp secondary 

structure highlighting the location of several high 

frequency SNPs.   
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Figure 1.9 Pgp polymorphisms.  High frequency Pgp single 
nucleotide polymorphisms (SNPs).  Several SNPs are found in conserved 
transmembrane, cytoplasmic, and intracellular locations, including 
nucleotide biding domain.  Source: (Ieiri et al. 2004).   

 

In some instances these high frequency polymorphisms 

have been described to impact Pgp expression and/or drug 

transport properties (Loscher 2005).  For example, genetic 

polymorphisms in C1231T, G2677T, and C3435T have been 

associated with altered drug metabolism and treatment 

outcome in acute myeloid leukemia (van der Holt, 2007).  

More recently 3-high frequency alleles in the Korean  

population (C3435T, G2677T/A, and C1236T) have shown 
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differences in patient response to the selective serotonin 

reuptake inhibitor (SSRI), paroxetine (Fukui et al. 2007) 

and allelic variations were responsible for almost a 40% 

difference in plasma levels of the histamine H1 receptor 

antagonist fexofenadine, indicated for the treatment of 

seasonal allergic rhinitis (Drescher et al. 2002).  

However, other groups have reported differences in 

polymorphic Pgp expression and/or drug transport activity 

but (and perhaps more important) no association with 

clinical outcome (as reviewed (Ieiri et al. 2004).  

Discrepancies like these have been attributed to 

differences in methodologies as well as genetic 

heterogeneity (Annese et al. 2006).  Recent meta-analysis-

based reports (in which huge amounts of Pgp polymorphism 

data are pooled together) suggest that the association of 

two or more alleles (heliotypes) are more important than 

individual SNPs in predicting drug response (Johne et al. 

2002; Chowbay et al. 2003) and as reviewed (Chowbay et al. 

2005).  Also, mutations in ABC transporters have been 

described in several human pathologies including, retinal 

degeneration, cystic fibrosis, neurological disease, 

cholesterol and bile transport defects, anemia, and 

inflammatory bowel disease (Dean et al. 2001).  In regards 
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how Pgp polymorphisms may impact Pgp function, a host of 

genetic and epidemiological studies have suggested a link 

between 3435TT MDR1 genotype and increased incidence of 

Parkinson’s disease following exposure to pesticides (Pgp 

substrates).  The Pgp polymorphism C3435T has been 

associated with decreased basal Pgp function and 

expression, suggesting that the low expression/function of 

this SNP increases individual susceptibility to damaging 

environmental toxins (Drozdzik et al. 2003; Kamel and 

Hoppin 2004) and as reviewed (Loscher 2005).  In summation 

polymorphisms in the mdr1 gene may be a critical factor in 

the outcome of pharmacotherapy.  This remains an active and 

exciting area of Pgp research.  The interested reader is 

directed to the following excellent reviews on this topic, 

Ichiro (2004) “The MDR1 (ABCB1) Gene Polymorphism and its 

Clinical Implications” and Annese (2006) “Multidrug 

resistance 1 gene in inflammatory bowel disease: a meta-

analysis”.        

Pgp is multifaceted and involved in several cellular 

regulatory roles in addition to its drug efflux 

capabilities.  Additional functions include roles in 

apoptosis, differentiation, chloride channel activity, 

cholesterol esterification (and metabolism), and immune 
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function (Johnstone et al. 2000; Idriss et al. 2000; Begley 

2004).  It is also important to mention that recent studies 

have identified a role for Pgp in the transport of 

endogenous steroid hormones, opioids, and secretion of 

cytokines (Uhr et al. 2002; Muller et al. 2003; Muller et 

al. 2004; Thoeringer et al. 2007; Hoffmaster et al. 2005), 

suggesting that it plays a role in hypothalamic-pituitary-

axis (HPA) activation.  These multiple processes signify 

the importance of this pump in normal physiology and hint 

at potential regulatory roles in disease.      

 

Localization 

Pgp is expressed within normal excretory and barrier 

tissues throughout the body including, kidney, intestine, 

liver, blood-testis, blood-retinal, and blood-brain 

barriers (Chen et al. 1986; Thiebaut et al. 1987; Gottesman 

and Pastan 1993) as well as within the cells of the 

lymphatic system (Moon et al. 2007).  Like many 

ubiquitously expressed proteins, Pgp displays a tissue-

dependent distribution/expression profile in mammals.  

Studies in male Sprague-Dawley rats examined Pgp 

distribution patterns within whole tissue, isolated 

capillaries, and luminal membrane of the endothelium for 
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brain, heart, and lung tissue.  In brain tissue Pgp 

capillary expression was enriched (400-500-fold) as 

compared to whole brain.  Interestingly, luminal membrane 

expression of Pgp was 17-fold more concentrated than whole 

capillary levels at the BBB.  Meanwhile, luminal membrane 

enrichment was not demonstrated for either heart or lung 

capillaries (Belanger et al. 1997).  These findings suggest 

that the luminal surface of the capillary endothelium is 

the major site of Pgp expression/localization within the 

brain.   

At the BBB, Pgp (mdr1a gene product) has been 

localized to several cellular and subcellular sites, 

including both luminal and abluminal plasma membrane 

surfaces, plasmalemmal vesicles, nuclear envelope, 

endoplasmic reticulum, and in caveolar compartments (Boado 

et al. 1999; Demeule et al. 2000; Bendayan et al. 2002).  

However, this is an area of great contention due to the 

difficulty in detecting Pgp in tissue, antibody 

sensitivities, and technical/experimental differences.  

Also, Pgp’s broad subcellular localization may be partially 

explained by Pgp protein processing, in which synthesis 

occurs in the endoplasmic reticulum, protein modifications 

in the Golgi apparatus, and vesicle trafficking to the 
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membrane surface (Loo and Clarke 1999), however this does 

not account for its subcellular localization to the nuclear 

membrane (Babakhanian et al. 2007).  It is possible that 

Pgp confers nuclear protection at this location.   

Pgp’s location along the luminal membrane surface of 

the BBB is well accepted, as numerous immunohistochemistry, 

immunofluorescence, and membrane isolation studies have 

confirmed this (Jette and Beliveau 1993; Miller et al. 

2000).  Pgp has also been localized (although much weaker) 

within perivascular astrocyte, neurons, and brain 

parenchyma (Dallas et al. 2003; Schlachetzki and Pardridge 

2003; Ronaldson et al. 2004; Volk et al. 2005), where 

increased Pgp expression has been associated with seizures 

(Volk et al. 2005).  While the expression of Pgp at all of 

these locations is important to consider, its location 

along the luminal membrane of cerebral microvessels 

strategically positions it for immediate interaction with 

drug substrates in the blood (Matheny et al. 2001; Begley 

2004), effectively limiting brain uptake.  Coupled with its 

broad substrate specificity and high luminal membrane 

expression profile, Pgp’s location at this site is 

responsible for the limited uptake of neuropharmaceuticals 
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into the brain.  Pgp’s role as a key efflux transporter at 

the BBB will be described in more detail below.  

 

1.4.3 Pgp at the BBB 

 Pgp functions as a “gatekeeper to the CNS” by 

restricting the passage of a multitude of structurally 

divergent and functionally diverse endogenous and exogenous 

compounds across the BBB and into the CNS (Thiebaut et al. 

1987; Cordon-Cardo et al. 1989; Schinkel et al. 1995b) and, 

as described above.  It is the predominant transporter at 

this location and recognizes an estimated 50% of all 

commercial catalogued chemicals as substrates for efflux 

(Scherrmann 2005).  Numerous in vivo and in vitro studies 

in which Pgp function has been knocked out (either 

genetically or by pharmacological inhibition) show dramatic 

increases in either unidirectional transfer coefficient 

(Kin) (Mayer et al. 1996; Cisternino et al. 2004a) or the 

brain-to-plasma ratio (Fellner et al. 2002) of Pgp-

substrate drugs.  These findings hold tremendous 

implications for individuals suffering from CNS-related 

disorders.  For example, metastatic brain tumors (MBTs) 

(derived from non-small-cell/small-cell lung cancer, 
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breast, melanoma and other systemic cancers) account for an 

estimated 150,000 new cases annually in the United States 

(Nussbaum et al. 1996; Gerstner and Fine 2007).  Treatment 

options remain limited for this condition due the presence 

of Pgp at the BBB, as Pgp recognizes many antineoplastic 

agents as substrate (see Table 1.1).  Early work by Toth 

(1996) showed that Pgp-mediated resistance within BBB 

endothelial cells in tumor (rather than the tumor itself) 

largely accounted for the restricted brain entry of many 

highly lipophillic antineoplastic agents and were hence 

responsible for poor patient outcome.  Many attempts have 

been made at bypassing this barrier.  Studies in nude mice 

implanted intracerebral human U-118 MG glioblastoma 

displayed a 90% reduction in tumor volume (as visualized by 

MRI) following intravenous administration of the potent 

second generation Pgp inhibitor Valspodar (PSC833) and the 

chemotherapeutic paclitaxel (Fellner et al. 2002).  

Unfortunately, cancer related clinical trials of many 

promising Pgp inhibitor candidates have proven 

disappointing, as a result of poor inhibitor-selectivity 

and high incidence of adverse side effects (described in 

more detail below).  While antineoplastic agents are 

important Pgp substrates, Pgp is also responsible for the 
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limited CNS distribution of several medically important 

compounds.  Therefore, the research of many groups is 

directed at delineating the mechanistic pathways 

responsible for Pgp regulation in order to predict and 

manipulate this pump for improved clinical effectiveness 

towards neuropharmaceuticals.      

 

1.4.4 Regulation of Pgp 

Regulation of Pgp is a vastly complicated and highly 

controlled process, involving regulation at both protein 

(direct inhibition, membrane trafficking, targeted-

degradation, post-translation modifications) and message 

(mRNA stability and processing, gene transcription and 

amplification) levels.  The next few paragraphs will 

describe findings from a compilation of studies in which 

direct, short-term, and long-term regulators of Pgp were 

examined.   

 

Direct Regulation (Pgp Inhibition) 

 The development of most Pgp inhibitors was the direct 

efforts of cancer researcher, as Pgp is found highly 

expressed in tumor cells- making Pgp a target protein for 
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further investigation.  Inhibition of Pgp drug transport 

capabilities held great promise in the enhanced delivery of 

antineoplastic agents and subsequent tumor reduction.  One 

key strategy in modulation Pgp activity at the BBB is via 

direct inhibition.  First generation Pgp inhibitors 

(verapamil, quinidine, quinine, cyclosporin A, amiodarone, 

and nifedipine) were drugs indicated for other conditions 

but demonstrated Pgp inhibition (and severe toxicity) at 

high doses (Ford 1996; Lonard and Smith 2002).  Second 

generation inhibitors (valspodar, biricodar, dex verapamil) 

and third generation inhibitors (elacridar, tariquiar, 

zosuquidar, and laniquidar, OC144-09) are analogs of first-

generation inhibitors developed to increase potency, 

selectivity, and reduce toxicity (Choo et al. 2000; van 

Zuylen et al. 2000; Leonard et al. 2002; Kemper et al. 

2003; Kemper et al. 2004; Hennessy and Spiers 2007).  First 

and second generation Pgp-inhibitors are Pgp substrates 

which mediate inhibition by interfering with Pgp-ATPase 

activity, Pgp-substrate binding, or both (Hennessy and 

Spiers 2007).  Meanwhile, third generation inhibitors are 

not Pgp-substrates (Martin et al. 1999).  Third generation 

inhibitors induce allosteric changes in the pump (and hence 

impede drug transport) by interacting at distinct binding 
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sites on the protein (Martin et al. 1999).  Initial Pgp 

inhibition studies in animals were promising as 

brain/plasma ratios increased for digoxin (Mayer et al. 

1997), nelfinavir (Choo et al. 2000), cyclosporin A (Didier 

and Loor 1995) and many others when coadministered with a 

Pgp inhibitor (Begley 2004; Loscher 2005).  Unfortunately 

most Pgp inhibitor Phase III clinical trials proved 

disappointing, as little difference was shown in regards to 

clinical outcome.  First generation inhibitors were shelved 

for their low potency, lack of specificity, and adverse 

side effects.  These non specific interactions were 

affecting multiple disposition processes in the body, 

leading to alterations in pharmacokinetic and 

pharmacodynamics profiles for both the co-administered 

cancer drug and Pgp inhibitor.  Toxic affects of these 

compounds were severe (as reviewed (Schinkel and Jonker 

2003).  Post-study interpretation and analysis were 

complicated, as it was impossible to determine if increased 

drug tissue concentration resulted from direct Pgp 

inhibition at the tissue site or indirectly through non-

specific biotransformation enzyme-inhibition mechanisms 

leading to increased circulating plasma levels of the drug.  

Another potentially complicating factor could be 
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differences in Pgp across species.  Studies examining the 

transport of antiepileptic compounds found significant 

interspecies differences in MDR transport properties, in 

vivo (Baltes et al. 2007).  Second and third generation 

inhibitors were more potent and selective for Pgp.  Less of 

the toxic inhibitor needed to be administered.  However, 

cross-reactivity with key cytochrome P450 metabolizers 

produced unacceptable toxicity (and even death) leading to 

the early termination of some phase III clinical trials 

(Advani et al. 2001).  Another issue with the 3rd generation 

inhibitors is that they don’t cross react with other MDR 

transporters, which could be problematic if other MDRs are 

upregulated as a compensatory mechanism.  Taken together 

these findings have suggested that manipulating Pgp by 

direct inhibition is not an easy/straightforward task in 

humans and to date not an “achievable goal” in patients 

receiving cancer chemotherapy (Leonard et al. 2002; Thomas 

and Coley 2003).  More recent strategies are focused on 

manipulating short- and long-term Pgp regulatory 

mechanisms.    
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Phosphorylation  

 Rapid response to an acute stimulus is important for 

normal physiology.  There are a number of ways in which a 

cell can induce rapid (seconds-minutes) and short-term 

changes in protein expression and/or localization.  Post-

translational phosphorylation modifications are known to 

regulate enzyme activity and mediate downstream signaling 

cascades (Azzi et al. 1992).  Protein kinase enzymes 

actively phosphorylate proteins/enzymes by transferring a 

phosphate group from ATP to a hydroxyl group on a serine, 

threonine, or tyrosine residue.  In this way they act as a 

cellular “on/off” switch regulating a diverse array of 

cellular process, including growth, differentiation, 

movement, death, etc.  Dysregulated kinase activity has 

been associated with several pathophysiologies.  Pgp 

maintains 35 potential sites for PKC/PKA phosphorylation 

(Idriss et al. 2000).  Protein kinase C (PCK) belongs to a 

family of kinases originally classified by their dependence 

on phospholipids and diacylglycerol (DAG) (Idriss et al. 

2000).  The PKC family is composed of several subfamilies, 

classified as conventional (Ca+2; DAG dependent), novel (Ca+2 

independent), and atypical (Ca+2; DAG independent).  To 

date, several studies have examined the PKC-mediated 
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phosphorylation of Pgp.  In studies of MC-7 human breast 

cancer cells, Pgp functional activity was enhanced 10-fold 

by PKCα (conventional) and decreased 10-fold by PKCσ 

(novel) phosphorylation (Blobe et al. 1993).  These 

findings were supported by another group that measured 

ATPase activity following stimulation by the same PKC 

isozymes when co-expressed in Sf9 cells (Idriss et al. 

2000).  Chambers et al (1990) demonstrated rapid (within 

15-30 minutes) regulation of Pgp transport function in 

their cell system.  Contrary to that, Milller et al (1998) 

showed a significant reduction in Pgp transport activity 

within minutes following PKC stimulation of Pgp in renal 

proximal tubules.  To summarize findings from several in 

vitro studies, PKC-mediated modulation is dependent upon 

isozyme tissue expression patterns and cellular stimulus.  

There is also ex vivo evidence supporting the role of PKC-

mediated downregulation of Pgp function (Hartz et al. 2006) 

suggesting that perhaps these mechanisms may one day be 

manipulated to increase CNS drug delivery.   
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Membrane Microenvironment 

   Classically, the plasma membrane has been considered 

to be a fluid structure physically shielding the 

intracellular milieu from the extracellular environment. 

Over the last few years a renewed interest has presented 

itself regarding the dynamic role of the plasma membrane in 

cell signaling events.  Current research findings suggest 

that Pgp functional activity may be dependent upon the 

membrane microenvironment.   

The plasma membrane is host to numerous protein 

signaling systems, such as G-protein coupled receptors and 

phosphorylation proteins (i.e. kinases) that mediate 

downstream signaling events via a cascade of second 

messenger signaling enabling cells to communicate with one 

another.  More recently, the focus has shifted to 

incorporate the existence of dynamically regulated plasma 

membrane domains, termed “lipid rafts” or “membrane rafts” 

(Brown et al. 2006; McDonald et al. 2004; Orlowski et al. 

2006).  Lipid rafts are small (10-200 nm), highly regulated 

structures, composed of sphingolipid- and cholesterol.  

Physiochemically these structures maintain reduced 

fluidity, as compared to the rest of the membrane (Storch 

et al. 2007).  This is a critical point, as Pgp has been 
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localized within cholesterol-enriched domains and plasma 

membrane composition has been shown to impact its 

functional activity both in vitro and in vivo (Romsicki and 

Sharom 1999; Troost et al. 2004b; Troost et al. 2004a).  In 

fact, applying techniques of dielectrophoresis and flow 

cytometry Coley et al (2007) demonstrated that biophysical 

modulations in cytoplasmic conductivity and membrane 

potential were the most significant factors impacting drug 

resistance.  This concept has been manipulated in the 

development of next generation Pgp inhibitors (Garcion et 

al. 2006).  Pgp- caveolae raft association has been shown 

to be dependent upon cellular cholesterol levels (Bacso et 

al. 2004).   Caveolae are small (50-100 nm) specialized 

lipid rafts characterized as “flask-shaped cell surface 

invaginations” that may meditate endocytosis in a clathrin-

independent way (Simons and Ehehalt 2002; Cheng and Jaggar 

2006; Ueno 2007).  Caveolae are present all along the 

plasma membrane, where they function in transcytosis of 

macromolecules between cellular compartments (Lee and 

Bendayan 2004).  Caveolae are enriched with signal 

transduction molecules, (Src- kinases, PKC, MAP kinase, and 

PI3 kinase), glycosyl-phosphatidylinositol receptors 

(folate receptor), signaling receptors (insulin, 
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bradykinin, and endothelin receptors) (Anderson 1998).  It 

has been suggested that caveolae form by clustering of 

lipid rafts at the cell surface (Simons and Ehehalt 2002).  

Caveolins are the principal protein constituents of 

caveolae.  There are three isoforms of caveolin (i.e. 

caveolin -1, -2, -3).  In the brain caveolin-1 and 

caveolin-2 are expressed predominantly within capillary 

endothelium as well as within astrocytes and pericytes 

albeit much weakly (Virgintino et al. 2002b).  Whereas 

localization of caveolin-3 is limited to astrocytes 

(Virgintino et al. 2002b).  Caveolin-1 is a 22 kDa key 

regulatory constituent of caveolae.  Its role in cell 

signaling, protein trafficking, and cholesterol/lipid 

homeostasis is well described (Orlowski et al. 2006) and it 

has been implicated in several cancer (including brain 

cancer)-related disease states (Regina et al. 2004).  

Interestingly, caveolin-1 has been shown to interact with 

Pgp at the BBB (Jodoin et al. 2003; Barakat et al. 2007).  

These interactions have been implicated in regulation of 

Pgp functional activity and transporter localization 

(Demeule et al. 2000; Virgintino et al. 2002b; Jodoin et 

al. 2003; Barakat et al. 2007).  Recently it has been shown 

that phosphorylated caveolin-1 (Src-regulated) is able to 
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phosphorylate the tyrosine-14 residue of Pgp within an 

immortalized rat brain endothelial cell line.  Pgp 

phosphorylation at this site decreased Pgp drug transport 

capabilities (Barakat et al. 2007). Similarly, decreased 

Pgp function was reported following caveolin interaction in 

cerebral bovine endothelial cells (Jodoin et al. 2003).  On 

the contrary, caveolae and caveolar constituents are up-

regulated in multidrug-resistant cancer cells (Lavie et al. 

1998), suggesting that Pgp regulation by these processes 

may be tissue (and/or) condition dependent.   

 It is well established that caveolae and clathrin-

coated vesicles are associated with endocytotic and 

pinocytotic transport as well as cell signaling (Conner and 

Schmid 2003).  Pgp has been shown to co-localize with 

caveolae (described above) and clathrin-coated pit vesicles 

at the BBB in a number of BBB model systems, including 

bovine endothelial cell/astrocyte coculture systems, 

isolated human microvessels, and isolated rat microvessels 

(Demeule et al. 2000; Bendayan et al. 2002; Virgintino et 

al. 2002b; Jodoin et al. 2003).  Surface Pgp undergoes 

constitutive membrane recycling (t1/2 = 20min), as 

demonstrated by antibody-tagged kinetic studies in vitro, 

via a clathrin-coated pit mechanism (Kim et al. 1997).  
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Clathrin (180 kDa) is the main protein constituent of 

clathrin triskelions.  Clathrin forms a surrounding coat 

composed of three clathrin heavy and three clathrin like 

chain coats.  These assemblies form along the cytoplasmic 

side of the membrane surface and resemble polygonal lattie-

shaped cage formations (~120 nm) that invaginate/”pinch 

off” a portion of the plasma membrane (Conner and Schmid 

2003; Ueno 2007).  Clathrin-coat endocytosis of surface 

membrane receptors/proteins may be constitutive or ligand-

induced.  Similar to caveolae, clathrin-coats are host to a 

wide array of structural and signaling-related support 

proteins (Conner and Schmid 2003; Benmerah and Lamaze 

2007).  Once invaginated into the membrane clathrin-coated 

pits move into distinct early-endosomal compartments 

differentiated by cargo destination.  Early endosomes 

containing clathrin-pits targeted for degradation are 

sorted to late endosomal and lysosomal compartments.  Those 

targeted for membrane re-insertion are sorted to recycling 

endosomes (Lakadamyali et al. 2006).  This is a highly 

regulated process in which the precise mechanisms are 

poorly understood.  Clathrin-coat mediated endocytosis of 

Pgp has been described.  Studies in intestinal carcinoma 

cells subjected to biochemical and molecular modulation of 
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clathrin-mediated trafficking demonstrated intracellular 

“trapping” of the Pgp associated with increased danorubicin 

accumulation (Kim et al. 1997).  These findings suggested 

that clathrin-mediated endocytotic trafficking of Pgp is a 

highly regulated process and dysregulation of this pathway 

could impact drug delivery.  Moreover, yeast two-hybrid 

screens have identified Pgp as a binding partner for HS-

associated protein X-1 (HAX-1) (Ortiz et al. 2004).  HAX-1 

is 42 kDa clathrin-pit associated protein that has been 

shown to regulate the trafficking of non-PDZ containing 

proteins.  Pulse chase experiments following siRNA 

knockdown of HAX-1 in Madin-Darby canine kidney cells 

(MDCK) demonstrated increased apical membrane expression of 

bile salt export protein (BSEP) which was independent of 

translation, post-translation modifications, or increased 

membrane delivery (Ortiz et al. 2004).  As Pgp is a binding 

partner for HAX-1, clathrin-like lipid rafts may be another 

way in which Pgp can be rapidly modulated. 

 

Transcriptional Regulation 

Gene transcription events lead to increased protein 

production, a process that may take several hours and last 

over the course of several days.  Regulation of Pgp has 
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been demonstrated to occur under a variety of stress-

evoking stimuli.  Experimental studies examining the 

effects of various endogenous and environmental stimuli, 

such as cytotoxic agents, heat shock, irradiation, 

genotoxic stress, and immune activation (Shen et al. 1986; 

Ohga et al. 1996; Sukhai and Piquette-Miller 2000; Hennessy 

and Spiers 2007) have “paved the way” in regards to our 

current understanding of Pgp regulatory mechanisms on the 

level of transcription.  Located on the long arm of 

chromosome 7 (q21.12) the mdrl gene encoding Pgp extends 

over 1000 base pairs and consists of a well-defined (and 

TATA box-independent) promoter region,  upstream regulatory 

sequences, and 28 exons (Chowbay et al. 2005; Hennessy and 

Spiers 2007); GeneBank. Figure 1.10 Provides a schematic 

representation of the human MDR1 gene.  Promoter element 

distribution along the gene sequence is shown.   

 

 Figure 1.10 Promoter region of the human MDR1 gene.  Source: 
(Hennessy and Spiers 2007) 
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Pgp regulation on the transcriptional level is a complex 

process involving numerous transcription factors. The human 

MDR gene maintains putative binding sites for several 

transcription factors, AP-1, Sp-1, AP-2, NF-Y, and NF-IL6, 

GC, YB-1, MEF-1, EGR1, and HSF1 (as reviewed by (Sukhai and 

Piquette-Miller 2000; Labialle et al. 2002; Hennessy and 

Spiers 2007) that initiate transcriptional regulation.  The 

MDR1 promoter region also maintains a steroid xenobiotic 

receptor (SXR) element that recognizes pregnane xenobiotic 

receptor/retinoid xenobiotic receptor-α heterodimers 

(PXR/PXRα) (Labialle et al. 2004; Hennessy and Spiers 

2007).  Depending upon the conditions of the cellular 

milieu, intracellular signaling events induce translocation 

of transcription factors and (or) steroid response elements 

into the nucleus- where they bind and initiate and/or 

repress MDR1 gene transcription and ultimately affecting 

Pgp expression and function properties.  For example, 

rifampin-induced hPXR activation (and MDR1 gene induction) 

resulted in increased Pgp expression and reduced 

permeability to methadone (Bauer et al. 2006).  

Additionally, increased mRNA stability has been reported 
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for this gene product following cytotoxic stress (Tchenio 

et al. 2006) and tissue regeneration (Goto et al. 2002), 

suggesting post-translational control of MDR1 gene product.  

Studies utilizing techniques of short interfering RNA 

(siRNA) targeted MDR1 gene degradation has shown a 

reduction in Pgp expression with increased drug sensitivity 

in vitro (Fisher et al. 2007; Lim et al. 2007).  In vivo 

delivery of MDR1 targeted siRNA in cisplatin-resistant 

squamous cell carcinoma tumor-bearing mice demonstrated 

suppressed tumor growth and enhanced chemotherapeutic 

effect (Jiang et al., Epub ahead of print).  The utility of 

siRNA targeted MDR1 gene silencing is promising for the 

improved pharmacotherapy of a multitude of 

pathophysiologies characterized by upregulated Pgp (Lee and 

Bendayan 2004).   

 

Cytokine Regulation 

Cytokines are soluble polypeptide cellular signaling 

molecules that encompass neutrophins, interleukins, growth 

factors, colony stimulating factors, interferons, and 

chemokine signaling families.  They are involved in an 

immense range of activates including, embryo development, 

cellular growth and differentiation, neuro-endocrine 
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activation, circadian rhythm, long term potentiation, 

synaptic plasticity, fever, and innate and adaptive immune 

response (de Boer and Gaillard 2006).  Cytokine signaling 

mechanisms are vastly complicated and dependent upon 

species examined, tissue type, and nature of stimulus (de 

Boer and Gaillard 2006).  Cerebral capillary microvessels 

express receptors for many cytokines along the endothelium 

surface (de Boer and Gaillard 2006) and binding 

interactions at this site have been shown to induce BBB 

modulations (Laflamme and Rivest 1999; Ibuki et al. 2003).  

One effect of cytokine signaling is the induction of 

cyclooxygenase-2 (COX-2) at this site.  COX-2 is a key 

enzyme in the production of prostaglandins form arachidonic 

acid involved in immune response.  Increases in COX-2 (and 

corresponding endothelium-derived prostaglandin-E2 (PGE2) 

levels) have been associated with Pgp upregulation both in 

vitro and in vivo (Ibuki et al. 2003; Nardone et al. 2004; 

Sorokin 2004).  Other cytokine-stimulated signaling 

increases in Pgp have also been examined.  Freshly isolated 

rat brain capillaries exposed to the pro-inflammatory 

cytokine TNF-α demonstrated rapid (and reversible) 

decreases in Pgp functionally activity (Hartz et al. 2004, 
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2006) via TNF-α receptor-1 (TNF-R1) mediated release of 

endothelin-1 (ET-1).  ET-1 is itself a potent 

vasoconstrictor.  When ET-1 interacts at the ET-1 B 

receptor (ETBR), PKC is activated via a nitric oxide 

synthase (NOS) mechanism (Bauer et al. 2006).  PKC-mediated 

Pgp phosphorylation negatively influences Pgp function 

(Hartz et al. 2004) (and mentioned above).  Chronic/long 

term exposure to TNF-α induced Pgp upregulation via mdr1a 

gene induction mechanisms (Bauer et al. 2006).  Similar 

studies investigated the short term effects of the potent 

inflammogen, lipopolysaccharide (LPS), on Pgp properties 

within rat brain capillaries.  Results from these studies 

suggested that LPS (acting through a toll-like receptor) 

activated the ETBR pathway leading to PKC-mediated 

downregulation of Pgp functional activity (Hartz et al. 

2006).  Several other studies describe Pgp upregulation at 

the BBB following inflammatory stress (Tan et al. 2002; 

Goralski et al. 2003).   Studies by Zhao et al (2002) in 

mice treated with Shiga-like toxin II (derived from 

Escherichia coli 0157:H7) demonstrated short-term increases 

in brain/plasma concentration ratios of the Pgp-substrate 

doxorubicin, suggesting decreased Pgp-mediated transport 
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activity following initial insult.  Treatment with the TNF-

α inhibitor pentoxifylline prevented the Shiga-like toxin 

induced downregulation in Pgp (Zhao et al. 2002).  All 

together these studies suggest that immune-mediated 

modulations within Pgp properties at the BBB may influence 

drug disposition.                            

 

Tissue-Specific Regulation 

  Interestedly, Pgp appears to be regulated in a 

tissue-specific manner.  In a study of endotoxin-injected 

mice, Pgp expression and/or transcription levels were 

elevated in kidney and decreased in the liver.  These 

changes correlated with a marked (3-fold) increase in renal 

clearance of the Pgp substrate doxorubicin and a 50% 

reduction in hepatic clearance, suggesting that endotoxin-

mediated inflammation differentially regulates Pgp at these 

locations with functional ramifications (Hartmann et al. 

2005).  More recently studies by Choo et al (Choo et al. 

2006) examined differential drug sensitivity related to Pgp 

inhibition.  Using two different Pgp inhibitors researchers 

examined the distribution profile of the antidiarrheal (and 

Pgp-substrate) loperamide and found the Pgp at the BBB was 
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more resistant to inhibition than at other tissue sites.  

While the mechanisms responsible for greater resistance to 

inhibition at the BBB are largely unknown the authors of 

this study (Choo et al. 2006) speculated on the influence 

of a number of factors including, potential structural 

differences (Trambas et al. 2001), cell-specific 

differences in caveolae levels (e.g. cholesterol 

microenvironment) which may impact transporter-inhibitor 

interactions (Demeule et al. 2000; Troost et al. 2004b; 

Gayet et al. 2005), and higher basal levels of Pgp at the 

BBB (Ambudkar et al. 1999).     

 

1.4.5 Pathophysiological considerations 

  While an understanding of Pgp function at the BBB 

under normal physiological conditions is important it is 

also important to understand how Pgp function is modulated 

under pathophysiological conditions, in which changes in 

Pgp expression impact drug delivery to the brain.  

Alterations within Pgp function have been reported for a 

number of pathophysiological disease states, including 

diabetes (Liu, 2006), epilepsy (Tishler et al. 1995), 

Parkinson’s disease (Drozdzik et al. 2003; Kamel and Hoppin 

2004), Alzheimer’s disease (Matheny et al. 2001; 
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Vogelgesang et al. 2002), HIV-encephalitis (Langford et al. 

2004), ischemia/reperfusion injury (Ramos et al. 2004), 

depression (Muller et al. 2003), and brain tumors (Fellner 

et al. 2002) to name but a few.  Many of the above 

mentioned disease states maintain an inflammatory 

component, and immune activation has been associated with 

increased BBB permeability and associated cytoarchitecture  

changes both in vitro and in vivo (Huber et al. 2001b; 

Huber et al. 2002).  Additionally, inflammation is often 

associated with pain.  Pain itself is a complex and highly 

subjective interaction involving neuronal, hormonal, and 

immunological systems with an emotional component (Wolka et 

al. 2003).  Pain is protective in nature, were it serves to 

either warn of danger (hot surface) or as a protective 

mechanism by limiting additional injury to an already 

damaged site.  However, abnormal/persistent pain negatively 

impacts the physical, mental, and psychological health of 

millions of individuals and costs an estimated $100 

billion/ year in lost workday productivity, healthcare 

visits, etc (NIH, 1998; Ortho-McNeal Pharmaceutical, 1997).  

In the United States alone pain is estimated to negatively 

impact the quality of life of over 75 million people, of 

which approximate 50 million cases are attributed to 
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conditions of chronic pain and the remaining 25 million to 

acute, postoperative or post-injury induced pain (National 

pain survey, 1999).  With the U.S. population rapidly 

approaching 300 million (AOA, 2007) this suggests that 

almost one out of every third person is living with some 

type of pain condition and serves as the primary impetuses 

for our studies examining the effects of peripheral 

inflammatory pain on properties at the BBB.      

 

1.4.6 Peripheral inflammatory pain 

Animal models of pain  

Animal models of pain have greatly aided our 

understanding of pain mechanisms.  Many different animal 

models for pain exist, and can be broadly categorized as 

either neuropathic or nociceptive.  Neuropathic pain arises 

from nerve damage whereas nociceptive pain arises from the 

activation of nociceptors by noxious stimuli (Bennett 

2001).  Nociceptors, located within the peripheral 

terminals of primary sensory neurons, may be stimulated by 

a wide array of noxious factors including mechanical 

pressure, extreme temperature (hot, cold), tissue trauma 

and inflammation.  Thus, nociceptive pain can arise from 

short-lasting noxious stimulus or from secondary changes 
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associated with inflammation and include exposure to 

microbial cell wall fragments or toxins (lipopolysaccharide 

form bacteria and zymosan from yeast cell walls, chemical 

irritants, and autoimmune reactions (Marchand et al. 2005).  

In the literature there are a number of well-represented 

experimental models for nociceptive inflammatory pain.  In 

general models of inflammatory pain display similar 

underlying commonalities in regards to their ability to 

mediate the classical signs of inflammation, i.e. cell 

migration, edema, fever, erythema, pain and hyperalgesia 

(i.e. a heightened sensitivity to a normal non-noxious 

stimulus) (Sung et al. 2007; Bennett 2001).  Nociceptive 

pain models differ from each other on the basis of their 

initial response time and duration as well as by the 

specific human pathology that they are attempting to mimic.  

For example, λ-carrageenan, a red seaweed extract, has been 

used to study oral facial pain (Yeo et al. 2004), muscle 

pain (Yokoyama, 2007), lung pleura (Cuzzocrea et al. 2000), 

and to test analgesics when administered subplantarly 

(Winters et al. 1962).  The λ-carrageenan model is popular 

for its relatively rapid onset, well characterized nature 

in the literature, and high reproducibility.  Intraplantar 
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injection of λ-carrageenan rapidly induces the formation of 

edema (Winters et al. 1962; DiRosa et al. 1971), thermal 

hyperalgesia (Hargreaves et al. 1988), mechanical allodynia 

(Kayser and Guilbaud 1987; Joris et al. 1990) and increased 

production of c-fos protein in the dorsal horn of the 

lumbar spine (Draisci et al. 1991).  Peripheral activation 

of inflammatory hyperalgesia involves activation of mast 

cells, macrophages, and neutrophils.  Migration of these 

immune cells to the site of injury results in the 

activation of several proinflammatory agents (i.e. 

bradykinin, histamine, tachykinins, complement) and 

reactive oxygen and nitrogen species.  Immune cell 

activation produces pro-inflammatory cytokines, like IL-1β, 

IL-6, TNFα  (Heinrich et al. 1990).  These pro-inflammatory 

cytokines act either directly on nociceptors or indirectly 

by inducing the release of other mediators, such as 

prostaglandins produced by the enzyme cyclooxygenase (COX)-

2 (Guay et al. 2004).  Recent reports by Oka et al (2007) 

show an elevation in the circulating levels of the pro-

inflammatory cytokine IL-6 following CIP, suggesting that 

peripheral cytokines may act as messengers communicating 

inflammatory information to the CNS.  There is also 
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evidence for a central component, mediated by signals 

derived from nociceptive stimulation that travel up the 

spinalthalamic track and are routed to pain processing 

centers in the brain (Vazquez et al. 2007); Campos, 2007 

[submitted].  Studies by Huber et al (2006) have shown 

microglial activation and ICAM-1 upregulation as early as 3 

h post λ-carrageenan hind paw injection.  These findings 

corresponded with reported modulations within BBB 

paracellular-based integrity under these conditions (Huber 

et al. 2001b; Huber et al. 2002; Hau et al. 2004a; Huber et 

al. 2006).   

Other well-characterized nociceptive inflammatory pain 

models known to induce changes in BBB integrity include 

subcutaneous plantar injection of formalin (Huber et al. 

2001b) and chronic freud’s adjuvant (Huber et al. 2001b; 

Brooks et al. 2005; Brooks et al. 2006).  Subcutaneous 

injection of formalin (35% w/w solution of formaldehyde) 

into the plantar surface of the hindpaw mediates a classic 

biphasic immune response.  Onset of inflammation and/or 

hyperalgesia is rapid occurring as early as 1 h post 

injection, followed by a period of quiescence and the 

second phase of immune activity (Raboisson and Dallel 
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2004).  Complete freud’s Adjuvant (CFA), a mineral oil 

emulsion containing heat-killed tuberculosis bacteria, may 

be used as a model of nociceptive inflammatory pain when 

injected subcutaneously into the plantar surface of the 

hind paw (Brooks et al. 2005; Brooks et al. 2006).  In 

general CFA has a more prolonged time course of action and 

is considered a chronic model of inflammatory pain (Brooks 

et al. 2005; Brooks et al. 2006).  Hind paw injection of 

CFA also induces modulations within BBB paracellular based 

properties, leading to increased expression of claudins -3 

and -5 and decreased occludin expression (Brooks et al. 

2005; Brooks et al. 2006).  Meanwhile, a number of other 

compounds have been shown to cause inflammation and/or 

hyperalgesia, including, mustard oil (Han et al. 2007), 

acetic acid (Zhao et al. 2007), and bee venom (Lok et al. 

2007), although their affects on the BBB are less 

described.             

 

Pain mechanisms 

Perturbations initiated by tissue injury (or infection) 

are associated with the activation of immune cells (mast 

cells, macrophages, and neutrophils) to produce and release 

cytokines and other pro-inflammatory mediators, (Marchand et 
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al. 2005).  Many of these cytokines including, IL-1α , IL-1β, 

-2, -4, -6, -8, -10, -13, type 1 interferons IFN-α and –β, 

and tumor necrosis factor-α (TNF-α), are involved in 

eliciting systemic responses, such as fever, inactivity, 

appetite loss, and hyperalgesia.  Acting on nociceptors in 

the periphery these cytokines go on to stimulate the 

production (either directly or indirectly) of chemokines, 

prostaglandins, interleukins and other proinflammatory 

factors that signal up the spinathalamic tract to the pain 

processing regions in the brain (Dinarello 1991; Hopkins and 

Rothwell 1995; Elmquist et al. 1997).  Cyclooxygenase (COX) -

2 like enzymes are best known for producing prostaglandins, 

signaling factors involved in fever, loss of appetite, and in 

our situation hyperalgesia.  Following carrageenan-induced 

peripheral inflammation COX-2 is up-regulated at the site of 

inflammation (Hay et al. 1997) as well as within in the 

spinal cord (Prochazkova, 2006) and brain (Guay et al. 2004), 

suggesting that both peripheral and central components are 

involved in mediating hyperalgesia.   

In summary experimental models of peripheral 

inflammatory pain demonstrate alterations in BBB integrity 

(both a molecular and functional) that may be the result of 
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either peripheral or central-mediated mechanisms (Huber et 

al. 2001b; Huber et al. 2002; Hau et al. 2004a; Brooks et 

al. 2005; Brooks et al. 2006; Huber et al. 2006) and as 

reviewed in detail (Wolka et al. 2003).  As the brain is 

largely considered to be an immune-privileged site, 

perturbations in BBB integrity may contribute to altered 

brain homeostasis leading to impaired neuronal function and 

exacerbation of disease.  Additionally, many of the drugs 

indicated in the treatment of pain states must bypass the 

BBB in order to reach their site of action within the CNS 

and therefore supporting the need to study the effects of 

peripheral inflammatory pain on BBB mechanisms and efflux 

transporter mechanisms in particular.   

 

1.5 Objectives and Hypothesis  

The blood brain barrier (BBB) is a dynamic barrier system 

that functions in maintaining overall brain homeostasis.  

Changes in BBB cytoarchitecture and permeability are 

associated with a number of pathophysiologies, including 

peripheral inflammation (Huber et al. 2001).  Studies in 

our laboratory using the λ-carrageenan model of inflammatory 

pain (CIP) have demonstrated that peripheral inflammatory 
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hyperalgesia modulates key tight junction proteins at the 

blood-to-brain, corresponding with increased paracellular 

permeability to the vascular impermeant marker 14C sucrose 

and 3H codeine (Huber et al. 2002; Hau et al. 2004).  These 

findings were critical in demonstrating the importance of 

physical barrier properties in maintaining brain 

homeostasis in pathology.  However, less is known regarding 

the regulation of transcellular based mechanisms under 

these conditions.  One key proponent in limiting 

transcellular passage of lipophilic compounds across the 

BBB is the efflux transport protein, P-glycoprotein (Pgp).  

Pgp is responsible for the restricted brain entry of a wide 

variety of functionally diverse and structurally unrelated 

compounds including, antineoplastic agents, 

immunosuppressive drugs, lipid lowering agents, 

antibiotics, HIV protease inhibitors, and opioids like 

morphine used clinically in the management of specific pain 

states (Hennessy et al. 2007).  The major hypothesis of 

this study is that peripheral inflammatory hyperalgesia 

alters the expression, localization, and functional 

activity of the BBB efflux transporter, Pgp, resulting in 

altered opioid (morphine) uptake across the BBB in vivo.  
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In order to investigate this hypothesis, the following 

specific aims were addressed.    

 

Specific Aim 1:  Examine alterations in BBB Pgp expression 

and localization, during peripheral inflammatory 

hyperalgesia using the λ-carrageenan inflammatory pain (CIP) 

model . 

  

Specific Aim 2:  Investigate alterations in BBB Pgp 

functional activity in vivo under conditions of CIP. 

 

Specific Aim 3:  Investigate potential mechanisms 

responsible for rapid modulation of Pgp at the BBB under 

conditions of CIP.     
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Chapter 2: PERIPHERAL INFLAMMATORY HYPERALGESIA MODULATES MORPHINE 

DELIVERY TO THE BRAIN: A ROLE FOR P-GLYCOPROTEIN 

 

Taken in part from the manuscript of the same title by Seelbach et al., 
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2.1 INTRODUCTION 

Located at the level of cerebral capillary 

endothelium, the blood-brain barrier (BBB) serves as a 

physical and metabolic barrier system separating the 

central nervous system (CNS) from the peripheral 

circulation (Reese and Karnovsky 1967; Huber et al. 2001b). 

The primary role of the BBB is protective, mediated by the 

combined presence of tight junctions (TJs) and membrane 

transport systems (Huber et al. 2001b; Fricker and Miller 

2004; Bauer et al. 2005; Hawkins and Davis 2005; Hawkins et 

al. 2005).  The endothelial cells of the brain 

microvascular capillaries form a continuous/ non-

fenestrated membrane comprised of TJs that help to limit 

passive paracellular diffusion and provide a high 

transendothelial electrical resistance (1,500-2,000 Ω*cm2).   

(Crone and Christensen 1981; Butt et al. 1990b).  In 

addition to its physical barrier properties, the BBB also 

serves as a metabolic barrier with selective transport and 

efflux systems embedded within both luminal and abluminal 

membrane surfaces (Abbott et al. 2006).  These elements 

enable proper waste and nutrient processing and contribute 

to the restricted brain penetration of a number of 

substances (Abbott et al. 2006).  Together, these BBB 
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properties maintain the highly regulated environment 

necessary for proper neuronal function.    

Previously, using the λ-carrageenan model of peripheral 

inflammatory pain, we have shown that TJ alterations 

contribute to increased BBB permeability to [14C] sucrose 

(Huber et al. 2002; Huber et al. 2001).  These studies were 

critical in demonstrating the dynamic nature of the 

physical component of the BBB in response to conditions of 

inflammatory pain.  However, CNS integrity is maintained by 

a combined effort of physical, transport, and enzymatic 

systems at the BBB.  In this study we examine the effects 

of peripheral inflammatory hyperalgesia on key 

transcellular-based transport mechanisms at the BBB.  

Transcellular systems, such as ATP binding cassette (ABC) 

efflux transporters, play a significant role in the 

maintenance of CNS homeostasis by preventing a variety of 

endogenous and exogenous compounds from gaining CNS access 

(Begley 2004).  Although protective in nature, efflux 

transporters often impede the delivery of therapeutics to 

their site of action within the CNS, thereby limiting their 

efficacy.  In view of this, assessing the potential 

alterations in BBB efflux transport under conditions of 
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peripheral inflammatory hyperalgesia is critical in order 

to understand drug distribution to the CNS for individuals 

suffering from such conditions.  

P-glycoprotein (Pgp) is the best characterized member 

of the ABC family of efflux transporters located at the 

BBB.  Encoded by the MDR1 gene in humans and the 

mdr1a/mdr1b genes in rodent species, Pgp is a 140-170 kDa 

transmembrane ATP-dependent multi-drug efflux pump which 

has been implicated in the altered tissue distribution of 

numerous therapeutics (Cornwell 1991; (Juranka et al. 1989; 

Begley 2004).  In murine BBB, mdr1a Pgp has been localized 

to the luminal membrane surface (Cordon-Cardo et al. 1989).  

There it has been shown to be important in limiting the CNS 

delivery of a number of structurally and functionally 

unrelated compounds, including cancer therapeutics, 

antibiotics, anti-HIV drugs, and analgesics (Lee et al. 

2001; Matheny et al. 2001; Begley 2004).   

 Modulations in Pgp function have been associated with 

various CNS pathologies.  For example, increased expression 

of Pgp within BBB capillaries has been reported for 

pharmacoresistant conditions of temporal lobe epilepsy 

(Potschka et al. 2001; Volk et al. 2005; Abbott et al. 
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2006).  Because Pgp confers resistance to anti-epileptic 

drugs, such as phenytoin, the ineffectiveness of 

pharmacological drugs for this condition has been linked to 

a seizure induced upregulation in Pgp (Potschka and Loscher 

2001a; Volk et al. 2005).  In Alzheimer’s disease, where 

Pgp acts as a β-amyloid efflux pump (Lam et al. 2001), 

increased accumulation of β-amyloid within the brain 

correlates with decreased Pgp expression (Vogelgesang et 

al. 2002).  Furthermore, experimentally induced 

inflammation has been shown to modulate Pgp expression 

(mRNA/protein) and is associated with altered drug 

disposition in liver and intestine (Goralski et al. 2003; 

Kalitsky-Szirtes et al. 2004).   

Inflammation is a major component of many disease 

states and is associated with altered 

pharmacokinetics/pharmacodynamics of numerous therapeutics 

(Slaviero et al. 2003).  Currently no studies have examined 

Pgp modulation at the BBB under the influence of peripheral 

inflammatory hyperalgesia.  The purpose of the present 

study was to assess the influence of λ-carrageenan-mediated 

peripheral inflammatory hyperalgesia on Pgp regulation 

(expression and function) at the brain endothelium, and to 
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determine the impact of these changes on morphine 

analgesia.  Morphine, a clinically relevant opiate 

indicated in many pain states (Schaible and Vanegas 2000), 

is a substrate for Pgp-mediated efflux at the BBB (Thompson 

et al. 2000).  Knowledge gained from this study is critical 

in achieving a better understanding of BBB functional and 

structural modulations within disease states, which may 

have an impact on brain homeostasis, neuronal regulation, 

and therapeutic drug indices.    
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2.2 MATERIALS AND METHODS 

2.2.1 Materials 

[3H] morphine (19.4 Ci/mmol; > 96 % purity) and 

morphine sulfate were gifts from the National Institute on 

Drug Abuse Division of Neuroscience and Behavioral Research 

(NIDA).  Radiopurity of [3H] morphine was confirmed by HPLC 

in our laboratory prior to all experiments.  Primary 

antibody C219 (anti-Pgp; 106 µg/ml) was purchased from DAKO 

(Glostrup, Denmark) for Western blot and from Signet 

(Dedham, MA) for confocal microscopy.  Conjugated anti-

mouse IgG-horseradish peroxidase and anti-mouse IgG were 

purchased from Amersham (Springfield, IL).  All other 

chemicals, unless otherwise stated, were purchased from 

Sigma (St. Louis, MO).   

2.2.2 Animals and treatments 

All animal protocols in this study were approved by 

the University of Arizona Institutional Animal Care and Use 

Committee and abide by NIH guidelines.  Female Sprague-

Dawley rats (250-275 g) (Harlan Sprague Dawley, 

Indianapolis, IN) were housed under standard 12:12 h 

light/dark conditions with access to food and water ad 

libitum.  Rats were anesthetized under halothane gas 

(Stoelting Co., Wooddell, IL), then injected (100 µl; s.c.) 
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into the plantar surface of the right hind paw with either 

saline (0.9%, vehicle control) or λ carrageenan (3% diluted 

in 0.9% saline).  Post-injection, animals were housed in a 

clean cage to prevent infection and routinely monitored.  3 

h post-injection, animals were anesthetized with sodium 

pentobarbital (60 mg/kg; i.p.) and either assessed for 

morphine brain uptake (in situ brain perfusion) or their 

brains were harvested for isolation of microvessels to be 

used for Western blot analysis and/or confocal microscopy.  

Terminal whole blood samples were obtained from those 

animals used for cerebral microvessel isolations.   

2.2.3  λ-Carrageenan-elicited behavioral assessment assays   

λ-Carrageenan-induced hind paw swelling was measured 

using a plethysmometer (model 7141; Ugo Basile, Comerio-

Varese, Italy).  Measurements were taken for injected and 

contralateral hind paws over time (0-3 h).  Briefly, prior 

to initial scoring, the regio tarsi (ankles) were marked 

for consistent foot-to-ankle measurements pre- and post-

injection.  Hind paw was inserted into the plethysmometer 

up to the marked line and paw volume recorded.   

The Hargreaves radiant heat method (Hargreaves et al. 

1988) was applied to measure hind paw sensitivity to a 
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noxious thermal stimulus (model 7375; Ugo Basile, Comerio-

Varese, Italy).  Rats were habituated to individual 

plexiglass boxes elevated on a glass table for 20 min prior 

to exposure of hind paw (midplantar surface) to a linearly 

increasing infrared (IR) heat source (23.5 - 37°C; 0-15 

sec).  Instrument cut-off was set to 15 sec to avoid tissue 

damage.  Paw withdrawal latency was measured as time (sec) 

taken to remove hind paw from heat source.  Each animal 

received 3 measurements per hind paw, with a 2-5 min 

recovery period between measurements.   

λ-Carrageenan treated animals which had either paw 

volume or paw withdrawal latency of greater than the mean ± 

2 standard deviations were excluded from this study.  Five 

λ-carrageenan treated animals were removed from the study 

based on these criteria.       

2.2.4 Leukocyte differentials, total counts, and hematocrit 

Three hours post-injection, blood was drawn (0.5 ml) from 

the ascending venous route into heparinized tubes (BD 

Vacutainer; Franklin Lakes, NJ).  Whole blood was used for 

either leukocyte differential, total leukocyte count, or 

hematocrit analysis.  For leukocyte differentials, whole 

blood was smeared onto a glass slide and stained (fixative, 
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xanthene dye, thiazine dye (Hema; Biochemical Sciences, 

Swedesboro, NJ) for 30 sec each followed by ddi-H2O rinse in 

coplin jars.  Leukocyte differentials were counted with a 

light microscope (Nikon TE3000; Japan) using an oil 

objective (x60).  Percent differentials were assessed out 

of a total 100 counts per slide, 2 slides per animal.  For 

total leukocyte counts, red blood cells were lysed in a 2% 

acetic acid and 1% aqueous crystal violet diluting solution 

and the remaining leukocytes were counted using a Nikon 

(Japan) TMS light microscope.  For hematocrit, whole blood 

was drawn into 75 mm Mylar wrapped capillary tubes 

(Drummond, Broomall, PA) by capillary action and tube ends 

sealed with CristasealTM (AlC International, Cologno 

Monzese, MI Italy), The samples were then centrifuged (10 

min) in a Jouan (Model A13) hematocrit centrifuge (St. 

Herblain, France) and hematocrit was determined.  

2.2.5 Rat cerebral microvessel isolation 

Cerebral microvessels were isolated from rat brain for 

analysis of Pgp protein expression and localization, as 

follows.  Animals were treated and anesthetized as 

described above.  Following decapitation, brains were 

removed from the skull and immediately immersed in ice-cold 

isolation buffer A (103 mM NaCl; 4.7 mM KCl; 2.5 mM CaCl2; 
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1.2 mM KH2PO4; 1.2 mM MgSO4; 15 mM HEPES; pH 7.4) with 

Complete Protease InhibitorTM (Roche; Indianapolis, IN).  

Choroid plexus, meninges, cerebellum, and brain stem were 

removed, and brains were homogenized in 5 ml of isolation 

buffer B (103 mM NaCl; 4.7 mM KCl; 2.5 mM CaCl2; 1.2 mM 

KH2PO4; 1.2 mM MgSO4; 15 mM HEPES; 25 mM NaHCO3; 10 mM 

glucose; 1 mM Na pyruvate; dextran (MW 64K) 10g/L; pH 7.4) 

with Complete Protease InhibitorTM.  Following 

homogenization, 7 ml of 26% dextran was added to the 

homogenate, and sample was centrifuged (5,800x g; 4°C) for 

10 minutes.  The supernatant was discarded; pellet was 

resuspended in 10 ml isolation buffer B and filtered 

through a 70 µm mesh filter (Becton Dickinson; Franklin, 

NJ).  Filtered homogenates were re-pelleted by 

centrifugation (1500x g; 10min) and either smeared on 

slides for confocal analysis or resuspended in 0.5 ml of 6M 

urea lysis buffer (6M urea, 0.1% Triton X, 10mM Tris, pH 

8.0, 1mM dithiothreitol, 5mM MgCl2, 5mM EGTA, 150mM NaCl) 

with Complete Protease InhibitorTM for protein expression 

analysis.  Protein concentrations were determined using 

bicinchoninic acid protein assay (Pierce; Rockford, IL) and 

protein samples were either immediately used or stored at –
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40°C.  Microvessel enrichment was routinely confirmed via 

Western blot and confocal analysis of endothelial, glial / 

astrocytic, and neuronal specific markers. Results from 

these studies confirmed that the isolated microvessels 

showed no evidence of glia/astrocytes or neuronal 

contamination. 

2.2.6 Western blot analysis 

       Protein isolated from microvessels was analyzed for 

expression of Pgp.  Cerebral microvascular protein samples 

(40 µg) were electrophoresed on a 7.5% Tris-HCl Criterion 

gel (Biorad; Hercules, CA.) at 90 V for 2.5 hrs.  The gel 

was then transferred to a nitrocellulose membrane (Biorad; 

Hercules, CA) at 240 mAmps for 1 hr at 4 °C, while immersed 

in a low methanol transfer buffer (192 mM glycine, 25 mM 

Tris base, 5% methanol).  The membranes were incubated 

overnight with 5% non-fat milk/PBST blocking buffer ((g/l): 

8.5 NaCl, 0.455 NaH2PO4, 0.95 NaHPO4, with 0.2% Tween 20) at 

4°C.  Blots were then incubated with the primary anti-Pgp 

C219 antibody diluted (1:1000) in a 2% non-fat milk/PBST 

blocking buffer overnight at 4°C.  Membranes were washed 

with 5% non-fat milk/PBST blocking buffer (3 x 15 minutes) 

prior to a 1 hour incubation with anti-mouse secondary 
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antibody (Amersham, Piscataway, NJ) diluted (1:1500) in 2% 

non-fat milk/PBST blocking buffer. Membranes were developed 

and Pgp (150 kDa) was detected using enhanced 

chemiluminescence (ECLplus) reagent (Amersham, Piscataway, 

NJ).  Semi-quantitation of protein was performed with Scion 

imageTM and gel staining (Gelcode; Pierce, Rockford, IL) was 

used as a loading control.  Banding pattern localization of 

Pgp was confirmed with rat liver lysate positive control 

(Santa Cruz Biotechnology; Santa Cruz, CA).   

2.2.7 Confocal microscopy 

Following microvessel isolation as described above, non-

urea digested cerebral microvessels were spread onto glass 

microscope slides and allowed to air dry (15 min, 25ºC).  

Microvessel slides were fixed with 3% formaldehyde / 0.2% 

glutaraldehyde in PBS (10 min, 25 ºC).   Slides were then 

washed (5x) with PBS, permeabilized with 0.1 % Triton-X-100 

(30 min), re-washed in PBS (5x), and blocked in 1% BSA in PBS 

for 30 min at 25ºC.  Slides were incubated in primary anti-

Pgp antibody, C219 (1:200; 1% BSA/PBS) for 1 h at 37ºC.  

Slides were then rinsed (5x; PBS) followed by incubation in 

AlexafluorTM 488-conjugated anti-mouse IgG (R&D Systems; 

Minneapolis, MN) (1:2000; 1% BSA/PBS) for 1 hour (37ºC).  

Slides were washed (5x; PBS) and cover-slipped with 
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Vectashield (Vector laboratories Inc; Burlingame, CA.).  

Images were acquired using an LSM 510 confocal laser scanning 

microscope under an x63 oil-immersion objective and data was 

analyzed by LSM 5 software (Zeiss, Thornwood, NY USA).  

Images of vessels (~ 5 µm in diameter) collected from both 

treatment groups were stained in parallel and collected under 

uniform instrument settings.  Positive immunoreactivity to 

Pgp within microvessels was confirmed by phase contrast 

imaging.   

2.2.8 In situ brain perfusion   

The protocol used for in situ brain perfusion is an 

adaptation of previously reported studies (Zlokovic et al. 

1986; Preston et al. 1995; Smith et al. 1984).  Three hours 

post-injection, animals were anesthetized with sodium 

pentobarbital (60mg/kg, i.p.) and heparinized (10,000 U/kg; 

i.p).  The common carotid arteries were exposed and 

cannulated using silicone tubing connected to a perfusion 

circuit system; jugular veins were cut to allow for drainage.  

Perfusion was performed using an oxygenated (95% O2:5% CO2) 

erythrocyte-free modified mammalian Ringer’s solution (117 mM 

NaCl; 4.7 mM KCl; 0.8 mM MgSO4; 1.2 mM KH2PO4; 2.5 mM CaCl2, 

10 mM D-glucose, 3.9% dextran (mol. wt. 60,000), and 1 g/L 



 135

bovine serum albumin (type IV), warmed to 37°C).  Evans blue 

(55 mg/L) was added to the Ringer’s solution to serve as a 

gross visual marker of BBB integrity.  Once the desired 

perfusion pressure (100-120 mmHg) and flow rate (3.1 ml/min) 

were reached, [3H]-morphine (10 µCi per 20 ml Ringer) was 

bilaterally infused via a slow-drive syringe pump at a rate 

of 0.5 ml/min (Model 22; Harvard Apparatus, Holliston, MA) 

into the in-flowing Ringer’s perfusate.  This established a 

final perfusion flow rate of 3.6 ml/min per hemisphere.  

Venous outflow samples were collected to confirm [3H] 

morphine stability throughout the course of the perfusion.  

In several different groups the in situ brain perfusion was 

terminated at set time points (2.5, 5, 10, 15, and 20 min) 

and the animal sacrificed and brain removed.  For Pgp 

inhibition experiments, cyclosporin A (30 mg/ml in 100% EtOH) 

was added directly to the ringer and the system was allowed 

to perfuse for one minute prior to introduction of isotope.  

Following perfusion, a sample of perfusate was collected from 

each cannula as a reference.  Meninges and choroid plexus 

were removed from the extracted brains.  Cerebral hemisphere 

sections were separated and along with perfusate samples 

solubilized with 1 ml tissue solubilizer (TS-2, Research 
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Products International; Mount Pleasant, IL) for 2 days.  

Following brain tissue solubilization, samples were prepared 

for liquid scintillation counting with the addition of 100 µl 

30% acetic acid and 2 ml Optiphase supermix liquid 

Scintillation Cocktail (Perkin Elmer; Boston, MA).  

Radioactivity was measured on a Beckmann LS 6000 SE Counter 

(Beckman Instruments, Fullerton, CA) and data was presented 

as the ratio of radioactivity in the brain to that in the 

perfusate (Rbr):  

     Rbr = (Ctissue / Cperfusate)   (1) 

Multiple-time data was best fit to a non-linear least-

squares regression model, using the following equation, as 

described previously (Smith 1996; Lockman et al. 2003):   

Rbr = (Kin / kout)(1 – e-koutT)      (2) 

Where, Rbr is the brain/perfusate ratio, T is time in 

minutes, Kin is the calculated uptake transfer constant, and 

kout is the brain efflux rate coefficient estimated from 

equation 2.  The ratio effective volume of distribution at 

steady state was calculated using the following equation, 

as described by Lockman et al (2003): 

    Vbr = (Kin/kout)   (3) 
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All kinetic parameters were calculated by Sigma Plot software 

(SPSS, San Rafael, CA) using regression wizard. 

2.2.9 [3H] Morphine stability studies 

Venous outflow samples collected during in situ brain 

perfusion studies were analyzed for morphine parent and 

metabolite content using HPLC.  Morphine (and potential 

metabolites) was extracted from venous outflow samples using 

a 1:1 ratio of venous outflow to acetonitrile.  The samples 

were briefly vortexed and centrifuged at 2,000 g for 15 min 

(25ºC) to remove any precipitate.  The samples (100 µl) were 

combined with non-radioactive codeine (15 µg /50 µl) as an 

internal standard, loaded onto a Rheodyne injector port 

(Rohnert Park, CA), and injected onto a reverse phase column 

(5-µm, Altex Ultrasphere-ODS C-18, 25 cm x 4.6 mm i.d).  

Morphine (and potential metabolites) were eluted using a 

mobile phase composed of 0.01 M KH2PO4, MeOH, H3CN, isopropyl 

OH (420, 30, 20, 20; V/V/V/V) isocratically pumped (Perkin 

Elmer  series 410 LC Pump, Boston, MA) at 1.0 ml/min (37ºC) 

for 30 min.  Scintillant (Flo-Scint III; Perkin Elmer, 

Boston, MA) was delivered by a β-ram micropump (IN/US Systems 

inc., Concord, CA) for radiochemical detection.  UV 

absorbance (215 nm) was also detected using a LC-95 
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UV/visible spectrophotometer detector (Perkin Elmer, Boston 

MA).  Peaks corresponding to morphine were identified by 

injecting known standards of both [3H] morphine and non-

radiolabeled morphine sulfate (NIDA, Bethesda, MD).  

Retention times for morphine were 6.8 - 7.1 min.  All data 

were acquired using Win-Flow Radio-HPLC software program 

(Lablogic IN/US Systems inc., Concord, CA).  [3H] Morphine 

stability within venous outflow samples was determined by the 

appearance of its peak at the correct retention time, as well 

as its ability to co-elute at the same retention time as 

unlabeled morphine sulfate (15 µg /50 µl) spiked with [3H] 

morphine under identical run conditions.  

2.2.10 Morphine administration 

Morphine sulfate (5 mg/ml) was dissolved in sterile 

0.9% saline.  Either morphine or 0.9% saline (vehicle 

control) was administered as a single bolus dose (i.p; 100 

µl) 3 h post-hind paw injection, as previously described.   

2.2.11 Antinociceptive analysis 

A radiant-heat tail flick analgesia meter (model 33; 

IITC Scientific Products, Woodland Hills, CA) was used to 

measure the sensitivity of the tail to a noxious thermal 

stimulus.  Animals were gently placed into a plexiglass 
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restrainer containing a tail opening on the distal end.  

Tails were placed directly on the heat simulator source, 2-

5 cm above the tail tip.  Beam intensity was normalized to 

a baseline latency of 5-6 sec; cutoff was set to 15 sec to 

avoid tissue damage.  All tail flick measurements were 

performed at the same time of day to avoid the effect of 

circadian rhythm on morphine antinociception (Karakucuk et 

al. 2006).  Baseline tail flick values were obtained 24 h 

prior to test day, in order to acclimate the animals to the 

testing environment.  On test day, serial tail flick 

measurements were taken over a period of 2 hours following 

morphine (or saline control) administration.  For each time 

point examined, all measurements were recorded in duplicate 

with a 1 min recovery interval between tests.  Raw tail 

flick data were converted to area under the curve (AUC) 

using the trapezoidal method for statistical comparisons 

between groups.   

2.2.12 Statistical analysis 

Data are expressed as mean ± S.E.  Statistical 

differences between experimental groups for Western blot, 

leukocyte, and erythrocyte analyses were determined using 

Student t-test.  Paw volume and paw withdrawal data were 

analyzed using 2-way analysis of variance (ANOVA) which 
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assessed the overall influence of hind paw treatment 

(right-λ-carrageenan injected and left-non injected or 

right-saline injected and left-non injected), time, and the 

interaction between (treatment x time) on hind paw 

parameters.  Differences in [3H] morphine brain uptake 

patterns were analyzed using a two-way ANOVA to determine 

significance between treatment groups, perfusion time 

period, and interactions between (treatment x perfusion 

time period).  The effect of CsA dose on [3H] morphine brain 

uptake was evaluated using one-way ANOVA, whereas, 2-way 

ANOVA was used to determine significance between treatment 

(λ-carrageenan or saline), CsA, and interactions between 

(treatment x CsA).  Antinociceptive data was also analyzed 

using two-way ANOVA to determine significance between 

treatment, AUC, and interactions between (treatment x AUC).  

Pairwise comparisons for all significant groupings were 

performed using Tukey’s post hoc analysis.  Significance 

was defined as p<0.05.  For 2-way ANOVA analysis, a post 

hoc general contrast comparison using Scheffe’s F statistic 

was used for appropriate comparisons.  F values are 

presented as [(df (numerator), df (denominator) = F, p].  
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All statistical analyses were performed using Sigma Stat 

2.03 statistical software (SPSS, San Rafael, CA)     
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2.3 RESULTS 

λ-Carrageenan-induced edema and thermal hyperalgesia   

       λ-Carrageenan induced paw edema and hyperalgesia were 

accessed by plethysmometry and Hargreaves’ plantar test 

analysis over a 3 h time course.  Hind paw injection of λ-

carrageenan induced significant hind paw swelling (F(3,160) 

= 49.099, p<0.001) with an increased level of swelling over 

time ((F(3,160) = 12.104, p<0.001); Figure 2.1 A).  Paw 

volume remained unchanged within the contralateral paw of 

the λ-carrageenan-injected animals, nor was it affected by 

saline.   

 Hargreaves analysis (Hargreaves et al. 1988) 

demonstrated a significant decrease in paw withdrawal 

latency for the λ-carrageenan-injected paw ((F(3,36) = 

28.941, p<0.001), whereas the contralateral paw of the λ-

carrageenan-injected animal remained unchanged (Figure 2.1 

B).  As with paw volume, paw removal latency within the λ-

carrageenan-injected hind paw continued to increase over 

time (F(3,36) = 6.295, p<0.001).  Paw latency remained 

unaffected for either paw of the saline controls.    
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Figure 2.1 Hind paw injection of 3% λ-carrageenan promotes 
paw edema formation and thermal hyperalgesia over time.  
Hind paw injection of λ-carrageenan (filled inverted 
triangle) generates significant edema (A) and thermal 
hyperalgesia (B), whereas the contralateral paw remained 
unchanged.  Hind paw was unaffected by saline treatment 
(filled circles).  Graph shows mean ± SE; n > 4 per group, 
*p<0.001 vs treatment groups and #p<0.001 vs time.  
 

 



 144

Systemic leukocyte and erythrocyte evaluation after λ-

carrageenan treatment 

λ-Carrageenan (3 h) treatment significantly increased 

(p<0.01) the number of circulating neutrophils, compared to 

saline controls (6.3 ± 1.7% vs 28 ± 4.3%, saline vs λ-

carrageenan, respectively) (Figure 2.2 A).  Concomitantly, 

there was a significant reduction (p<0.01) in lymphocyte 

populations following λ-carrageenan treatment (87 ± 1.2 vs 

68 ± 5.2%, saline vs λ-carrageenan, respectively) (Figure 

2.2 A).  No significant change was demonstrated for 

monocytes, eosinophils, or basophils.  Hematocrit analysis 

demonstrated no change in percentage of packed red blood 

cells after λ-carrageenan treatment, as compared to saline 

control (Figure 2.2 B).  Similarly, total leukocyte count 

analysis demonstrated no difference between groups (Figure 

2.2 C). 
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Figure 2.2 Whole blood cell profiling in the systemic 
circulation following λ-carrageenan induced inflammatory 
hyperalgesia (3 h).  λ-Carrageenan (open bars) caused a 
significant shift in leukocyte populations, as shown by an 
increase in levels of circulating neutrophils with a 
concomitant decrease in circulating lymphocytes.  Whole 
blood cell analysis indicate no alterations in either 
hematocrit (B) or total leukocyte counts C) following λ-
carrageenan treatment.  Values are expressed as means ± SE; 
n = 6 per group, *p<0.05 **p<0.01, versus individual saline 
matched control.  
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Pgp expression and localization at the BBB after λ- 
carrageenan treatment   

Following λ-carrageenan treatment (3 h), Pgp expression 

significantly increased (p<0.001) in isolated cerebral 

microvessels as compared to saline controls (143 ± 7.7 and 

100 ± 6.8%, respectively) (Figure 2.3).  Liver lysate 

positive control confirmed Pgp banding in the region of 150 

kDa.   

Representative confocal micrographs suggest a 

qualitative increase in staining intensity for Pgp within 

brain microvessels (4-7 µM, diameter) isolated from λ-

carrageenan treated animals (3 h), as compared to saline 

controls (Figure 2.4) supporting the Western blot data.  No 

qualitative difference in localization pattern between 

groups was apparent (Figure 2.4).  Phase contrast 

micrographs and merged images demonstrate Pgp staining 

within brain microvessels, as well as confirming 

microvessel purity (i.e. no evidence of glia/astrocyte or 

neuronal contamination). Cerebral microvessels incubated in 

the absence of primary or secondary antibodies, revealed no 

fluorescence under the confocal microscope (data not 

shown). 
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Figure 2.3 λ-Carrageenan-induced peripheral inflammatory 
hyperalgesia alters Pgp protein expression at the BBB.  
Representative Western blot analysis showing expression of 
Pgp (A) in saline (filled bar) and λ-carrageenan (open bar) 
treatment groups (B).  Cerebral microvessels were isolated 
3 h post-injection of saline or λ-carrageenan and Pgp 
expression was measured using Western blot analysis.  Pgp 
protein expression significantly increased (40%) in λ-
carrageenan-treated groups.  Graph shows means ± SE 
percentage control of normalized optical density; n = 6 per 
group, *p<0.05.   Liver lysate positive control confirmed Pgp 
banding in the region of 150 kDa.   
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Figure 2.4 Pgp localization within cerebral microvessels 
remains unaffected by λ-carrageenan treatment.  Pgp cerebral 
microvessel localization was imaged using confocal 
microscopy 3 h post-injection of saline (A) or λ-carrageenan 
(B).  Representative images were taken with an LSM 510 
laser scanning confocal microscope under a 63x oil-
immersion lens using identical instrument settings.  Phase 
contrast micrographs show the microvessel purity, and the 
merged micrograph demonstrates Pgp expression within the 
vessel.  Microvessel diameters ranged from 4-10 nM; (n > 
6).  Arrows denote nuclei.   
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λ-Carrageenan alters [3H] morphine brain uptake in situ 

In order to examine the functional ramifications of 

Pgp upregulation, a multiple-time uptake in situ brain 

perfusion study was performed.  Figure 2.5 A illustrates 

the time course of [3H] morphine brain uptake, 3 h post-hind 

paw-injection of either λ-carrageenan or saline control.  

Multi-time brain uptake data was best fit to a non-linear 

regression model (equation 2).  This fit provided R2 values 

of 0.95 (saline) and 0.85 (λ-carrageenan), respectively.  

Calculated Kin values for [3H] morphine were similar between 

groups, with values of 10.8 ± 3.84 µl/min/g and 10.0 ± 4.56 

µl/min/g; saline and λ-carrageenan, respectively.  

Meanwhile, kout estimations for [3H] morphine increased by 

nearly one-third for λ-carrageenan (0.18 ± 0.06 min-1), as 

compared to saline (0.12 ± 0.03 min-1).  Of significance, 

the calculated brain distribution volume at steady state 

(Vbr) was lower (p<0.001) after λ-carrageenan treatment 

(56.1 ± 6.5 µl/g), as compared to saline controls (87.4 ± 

9.3 µl/g).   

Concurrently, two-way ANOVA analysis of multi-time 

data showed a significant difference within net [3H] 
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morphine brain uptake between groups (F(1,134) = 12.494, 

p<0.01) after allowing for differences in time.  

Comparisons between groups at discrete perfusion time 

periods demonstrated a maximal difference in [3H] morphine 

brain uptake at 15 min of perfusion time.  These 

differences corresponded to a λ-carrageenan-mediated 26% 

decrease in [3H] morphine brain uptake (Figure 2.5 B).  HPLC 

analysis of venous outflow revealed a single peak (RT = 7 

min) corresponding to morphine retention, confirming 

morphine’s ability to remain metabolically intact 

throughout the course of our perfusions and validating the 

use of equation 2 (Figure 2.6).   
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Figure 2.5  Non-linear multi-time brain uptake analysis of [3H] 
morphine following λ-carrageenan induced inflammatory 
hyperalgesia (3 h).  Each data point represents mean ± SE, (n> 
4).  Rbr corresponds to the ratio of radioactivity in the brain to 
the perfusate. Rbr’s increased in a non-linear manner and were 
best fit to a non-linear regression model (R2= 0.85 and R2 = 0.95; 
λ-carrageenan and saline control, respectively).  Results 
demonstrate an increase in the efflux coefficient (kout) with a 
concomitant decrease in net brain uptake of [3H] morphine in rats 
treated with λ-carrageenan (open circles), as compared to saline 
controls (closed circles).  Calculated brain distribution volume 
at steady state (Vbr) were significantly lower (p<0.001) following 
λ-carrageenan treatment (56.1 ± 6.5 µl/g), as compared to saline 
control (87.4 ± 9.3 µl/g).  Comparisons between treatments 
demonstrated significance within 15 min and 20 min perfusions.  
Insert: Statistical comparisons between groups at the 15 min time 
point demonstrate a 26% decrease in morphine brain uptake 
following λ-carrageenan treatment.  Statistical analysis was 
performed using two-way ANOVA followed by Tukey’s post-hoc 
analysis; *p<0.001, #p<0.01.   
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Figure 2.6 [3H] Morphine remains intact during the course of 
our in situ brain perfusion studies.  Representative HPLC 
analysis of perfusate collected from venous outflow for 
saline (A) and λ-carrageenan (B) animals over the course of 
a 20 min in situ brain perfusion experiment.  
Chromatographs for treatment groups (A and B) reveal a 
single peak (RT 7 min) at a region co-localizing with 
morphine standard (C) but not the predominant morphine 
metabolite at the brain, morphhine-3-glucoronide (M3G).    
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Role of Pgp in λ-carrageenan mediated decrease in [3H] 

morphine brain uptake 

To investigate the role of Pgp regulation under 

conditions of peripheral inflammatory hyperalgesia, we 

examined the effect of Pgp inhibition on morphine brain 

uptake using the immunosuppressant drug, and efflux pump 

modulator, CsA.  The data presented in figure 2.7 A showed 

that when introduced to the Ringer’s perfusate directly, 

CsA dose-dependently increased (p<0.01) morphine brain 

uptake as determined with in situ brain perfusion methods.  

This elevation in morphine levels was most pronounced at 

CsA concentrations of 5-10 µM, thus subsequent studies were 

performed using an 8 µM dose.  This dose did not affect 

paracellular permeability in either saline or λ-carrageenan 

treated animals, as measured by [14C] sucrose permeability 

(Figure 2.7 C).    

Single time uptake analysis of [3H] morphine in the 

presence of CsA (8 µM) was conducted for a 15 min brain 

perfusion, as this was the perfusion time demonstrating 

maximal differences in [3H] morphine between treatment 

groups (Figure 2.7).  CsA mediated inhibition of efflux 

transport dramatically increased (F(3,76) = 33.844, 
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p<0.001) the levels of [3H] morphine in the brain (Figure 

2.7 B).  In animals treated with λ-carrageenan (3 h), brain 

levels of [3H] morphine increased by 65% (p<0.001) in the 

presence of CsA.  Saline control groups demonstrated a 

similar trend, as [3H] morphine brain levels increased by 

35% (p<0.05) following the introduction of CsA (8 µM).    
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Figure 2.7 Pgp inhibition reverses λ-Carrageenan induced 
decreases in morphine brain uptake.  Initial Cyclosporin A (CsA) 
dose response studies in naïve rats demonstrate a dose-dependent 
and significant increase in [3H] morphine brain uptake (A).  
Single time uptake analysis of [3H] morphine brain uptake 
demonstrates a significantly enhanced BBB permeability in the 
presence of CsA (8 µM) for both groups (B).  Data represent mean 
± SE; n = 2-3 per group (A) or n = 5 per group (B).  Rbrain (Rbr) 
corresponds to the ratio of radioactivity in the brain as 
compared with radioactivity in the perfusate media after 15 min 
in situ brain perfusion with [3H] morphine. CsA had no 
significant affect on [14C] sucrose BBB permeability (C).   
Statistical analysis was performed using a one-way ANOVA (A) or 
two-way ANOVA (B) followed by Tukey’s post-hoc analysis.  
*p<0.05, **p<0.01 versus appropriate control.  
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λ-Carrageenan alters morphine antinociception 

A radiant heat flick test was used to determine 

whether morphine analgesia was altered by λ-carrageenan-

induced inflammatory hyperalgesia.  Raw data was presented 

as tail flick latency over time and subsequently converted 

into area under the curve (AUC) for statistical 

comparisons.  Morphine (5 mg/kg, i.p; 100  µl) produced 

significant analgesic effects in both λ-carrageenan and 

saline (control) hind paw-injected treatment groups 

(F(3,92) = 67.207, p<0.001), as demonstrated by an increase 

in time to flick the tail and subsequently and increased 

AUC.  Moreover, λ-carrageenan injected animals displayed a 

significant loss (p<0.05) of morphine analgesia, as 

compared to saline matched controls (Figure 2.8).  Tail 

flick analysis demonstrated no difference in latency 

between λ-carrageenan and saline vehicle controls, 

indicating that λ-carrageenan injection into the hind paw 

did not alter nociception in the tail (Figure 2.8 B). 
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Figure 2.8 λ-Carrageenan induced inflammatory hyperalgesia 
reduces morphine efficacy. The antinociceptive effects of 
morphine are presented as tail flick latency (sec) over 
time (min) (A) and area under the curve (AUC) for the tail 
flick test (B).  AUC calculations were performed using the 
trapezoidal method.  3 h after hind paw injection of λ-
carrageenan (or saline control), rats were administered 
morphine (5 mg/kg,100 µl i.p.) or saline (100 µl, i.p.) 
vehicle control.  Data represent mean ± SE, (n = 6 per 
group).  λ-carrageenan animals treated with morphine display 
a significantly decreased response to morphine analgesia, 
as compared to saline animals treated with morphine.  There 
was no difference in tail flick antinociception at any time 
point between non-morphine treated saline and λ-carrageenan 
rats.  Significance was determined using a two-way ANOVA 
followed by Tukey’s post hoc analysis and denoted as 
*p<0.05 versus control and #p<0.001 within morphine 
treatment groups. 
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2.4 DISCUSSION 

Hind paw injection of λ-carrageenan has been used 

extensively as a model of inflammatory pain (Winters et al. 

1962; Ren and Dubner 1999; Huber et al. 2006).  In our 

current study, animals that underwent hind paw injections 

of λ-carrageenan also displayed hyperalgesia to normally 

non-noxious heat stimulus and for clarity will be referred 

to as a model of carrageenan induced inflammatory pain 

(CIP).  Our findings suggest that increased protein 

expression of Pgp by CIP in BBB endothelial cells (from 

isolated brain microvessels) corresponds with both 

decreased morphine BBB permeability and antinociception.  

Moreover, inhibition of Pgp reverses the CIP mediated 

decreases in morphine brain uptake.  While the exact 

mechanism(s) leading to upregulation of Pgp within cerebral 

microvasculature following CIP remain to be determined, 

results from the present study suggest that 

pathophysiological modulation of this transporter may be 

contributing towards a restricted passage of morphine 

across the BBB. 

It was reasonable to suspect that the CIP-mediated 

increases in BBB endothelial Pgp expression may alter drug 
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disposition, as it has been established that infection 

and/or pathophysiological regulation of Pgp impacts drug 

bioavailability (Bauer et al. 2005; Kalitsky-Szires et al. 

2004).  For example, disease state modulations of 

intestinal metabolic enzymes and drug transporters have 

been reported to alter pharmacokinetic profiles (Kalitsky-

Szirtes et al. 2004).  Furthermore, there is considerable 

evidence that Pgp is modulated by inflammatory stimuli 

(McRae et al. 2003).  Reports from these studies are 

variable and suggest that regulation of Pgp by inflammatory 

stimuli is a complicated process that may be tissue- or 

cell-type specific, as well as dependent upon both time and 

type of inflammatory model used (McRae et al. 2003; Hartz 

et al. 2004).  The BBB studies by Tan et al (2002) report 

an increase in brain endothelial Pgp expression under 

conditions of T lymphocyte-mediated cytotoxicity.  

Meanwhile, Goralski et al (2003) report a decrease in total 

brain Pgp mRNA levels following localized CNS inflammation.  

Therefore, it is likely that peripherally-mediated 

inflammatory events can also modulate drug efflux 

mechanisms at the BBB as we now describe.   

In previous studies using the CIP model we have shown 

altered BBB integrin leukocyte function-associated 
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molecule-1 (ICAM-1) expression and brain microglial 

activation (Huber et al. 2006).  ICAM-1 is an adhesion 

molecule whose upregulation indicates endothelial cell 

activation (Durieu-Trautmann et al. 1994).  In addition, 

although λ-carrageenan treatment in our model had no affect 

on total leukocytes, the shift in leukocyte populations 

suggest stimulation of immunological processes.  This 

finding is in agreement with previous studies that show an 

association between CIP and both increased 

polymorphonuclear leukocyte turnover rate and increased 

neutrophil (MPO) immunoreactivity (Huber et al. 2006).  

Additionally, neutrophils are associated with the systemic 

release of pro-inflammatory cytokines (i.e. IL-6, IL-1β, 

TNF-α) (Heinrich et al. 1990; Sukhai and Piquette-Miller 

2000) that have been shown to modulate Pgp function and 

expression (McRae et al. 2003; Sukhai and Piquette-Miller 

2000; Hartz et al. 2006).  Taken together, these data 

suggest that brain endothelial Pgp is modulated by CIP-

mediated stress evoking stimuli and as a result these 

changes may impact drug delivery into the CNS.   

To investigate Pgp functional activity at the BBB 

following CIP, the opiate morphine was selected on the 
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basis of its physiochemical properties which indicate a 

transcellular route of passage (Habgood et al. 1998), as 

well as for its clinical use in the treatment of pain.  

Additionally, morphine has been reported to be a moderate 

substrate of Pgp (Dagenais et al. 2004), a characteristic 

that enabled us to utilize techniques of in situ brain 

perfusion to quantitatively assess differences in [3H] 

morphine following CIP.  Although morphine metabolism at 

the BBB is unlikely to occur to any appreciable degree 

during the short course of our perfusion, specific 

biotransformation enzyme systems located at the BBB may be 

involved in metabolizing morphine.  We have confirmed via 

HPLC analysis that metabolism of [3H] morphine at the BBB 

did not occur over the course of the perfusion.  We further 

confirmed by HPLC analysis that [3H] morphine breakdown did 

not occur during the perfusion.  Thus, Pgp functional 

activity at the BBB following CIP was indirectly examined 

via morphine brain uptake.    

 For the in situ method, the vascular concentration of 

[3H] morphine is always several magnitudes higher than the 

brain concentration.  Thus diffusion and concentration 

gradients favor a blood-to-brain direction of transport.  

Using multi-time uptake we would expect a linear transport 
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of morphine into the brain.  From Figure 5 however it is 

apparent that morphine transport deviates from linear, 

which indicates an energy dependent efflux mechanism and 

thus bi-directional transport (Lockman et al. 2003).  It is 

important to note that a deviation from linearity does not 

always imply alterations in efflux.  The Kout coefficient 

provides an approximation of the overall loss/efflux of 

morphine from the brain.  In the current study, in situ 

brain perfusion enabled us to measure the transport of 

morphine across the BBB as accumulated radioactivity in the 

brain.  Metabolism of morphine within the brain would not 

impact our kinetic analysis unless the metabolite was to 

travel in a brain-to-blood direction via a non-Pgp 

mechanism.  HPLC analysis of radioactive venous outflow 

samples showed that no morphine metabolites were present, 

thus brain-to-blood transport of potential morphine 

metabolites did not occur during the relatively short 

course of our perfusion.  Therefore, any deviation from 

linearity seen in our study (Fig. 5) is the direct result 

of active efflux of our parent compound.  Similar patterns 

of uptake have been described for other drugs displaying an 

efflux component (Murakami et al. 2000; Lockman et al. 

2003).  Using the non-linear kinetic model we observed that 
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an efflux mechanism for morphine is active at the BBB.  

Under conditions of CIP there is a reduction in net brain 

uptake of [3H] morphine, highlighted by a significant 

decrease in the estimated brain distribution volume at 

steady state (Vbr).  The apparent Kin values obtained in this 

study for saline controls (~ 10.8 µl·g-1/min) are similar to 

previously published reports (Dagenais et al. 2004).  

Decreased morphine uptake in the brain is not likely 

attributed to changes in cerebral blood flow  (CBF), as 

previous studies have reported an increase in CBF under 

identical conditions of CIP (Huber et al. 2001b).  These 

findings indicate that blood-flow dependent mechanisms are 

not responsible for the decrease in morphine uptake (as we 

see a decrease in morphine uptake at a time when CBF 

increases) and, that CIP-mediated alterations within efflux 

based mechanisms at the BBB result in altered transport of 

morphine into the brain. 

The multiple-time-uptake in situ brain perfusion study 

provided a complete profile of morphine brain uptake 

kinetics, revealing a significant efflux component.  This 

increase in efflux (kout) results in a significant reduction 

in net morphine brain uptake between groups (Fig. 5).  
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Morphine is a known substrate for the efflux transporter 

Pgp, thus this data strongly suggests that Pgp can be 

modulated by CIP.  However, to better elucidate the 

involvement of Pgp in morphine brain uptake under CIP 

conditions, we investigated the effects of Pgp inhibition 

on BBB transport.  Based on our multiple-time uptake study 

(Fig. 5) we chose to examine the effects of CsA-mediated 

Pgp inhibition on morphine uptake between saline and 

carrageenan groups at the 15 min time point.  CsA is a 

broad spectrum inhibitor that blocks Pgp function by 

impeding its ability to interact with substrates and 

hydrolyze ATP (Aouali et al. 2005).  CsA was added directly 

to the perfusion media in order to avoid any adverse 

systemic side effects of CsA that might complicate our 

study.  Initial comparisons of morphine uptake between 

saline and carrageenan treated groups corroborated our 

earlier findings, in which we showed a significant 

difference (p<0.001; t-test) between groups.  The addition 

of CSA to the perfusate significantly increased the uptake 

for both saline and carrageenan treated animals.  However, 

due to the stringency of the statistical test required for 

the comparisons of a 2-way ANOVA we were unable to detect 
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any significant differences between the saline and λ-

carrageenan groups using single time point analysis.  This 

emphasizes the importance of carrying out full kinetic 

analysis of transport, as shown in Figure 5, when 

investigating the effects of disease states on 

transporters. 

Pgp inhibition studies suggest that CIP-mediated 

modulations of this transporter in the brain endothelium 

may contribute directly to alterations in morphine brain 

uptake (Figure 7B).  While basal levels of morphine 

increased in the presence of CsA for both treatment groups, 

the increase is greater following CIP.  In addition, no 

difference in morphine uptake was observed between the 

treatment groups once Pgp function was inhibited.  If the 

changes in morphine brain uptake following CIP were 

unrelated to Pgp, we would still expect to detect 

significant differences between groups following inhibition 

of this transporter.  Even though there is strong evidence 

supporting a relationship between Pgp mediated-modulations 

and altered morphine uptake under hyperalgesia, we cannot 

exclude the possibility that other cellular events may be 

occurring to mediate these changes.  For example, CsA may 
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mask the effects of an alternative pathway responsible for 

changes in morphine uptake under these conditions. However, 

it can be assumed that the changes mediating modulations in 

morphine transport reported in this study are occurring via 

transcellular based mechanisms, as paracellular 

permeability to the vascular membrane-impermeant marker 

[14C] sucrose remains unchanged in the presence of CsA 

(Figure 2.7 C).   

Previously, our laboratory has demonstrated increased 

BBB permeability to [14C] sucrose and [3H] codeine under 

identical conditions of CIP (i.e. 3 h post-hind paw-

injection of 3% λ-carrageenan) (Brooks et al. 2005; Hau et 

al. 2004; Huber et al. 2001).  These increases in BBB 

permeability are paralleled to modulations within TJ 

molecular cytoarchitecture.  In particular our laboratory 

has observed decreased expression of the TJ protein 

occludin and alterations within key TJ protein-protein 

interactions (Huber et al. 2002).  Together, these findings 

demonstrate an increased paracellular opening following 

CIP.  Additionally, based on similarities in molecular 

weight (sucrose, 342 Da; codeine, 300 Da; and morphine, 258 

Da) and chemical structure (between morphine and codeine), 
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we would expect analogous modulations in brain uptake for 

all three compounds after CIP.  Our findings suggest that 

the decrease in morphine brain uptake observed in this 

study is due to an upregulation in BBB Pgp, for which 

codeine is not a substrate (Oldendorf et al. 1972; Xie et 

al. 1999).  These data corroborate that morphine is a 

substrate for Pgp-mediated efflux at the BBB (Callaghan and 

Riordan 1993; Von Roenn et al. 1993) and is consistent with 

an upregulation in Pgp.   

The presence of Pgp at the BBB is imperative for the 

maintenance of brain homeostasis, where it serves a 

protective role in restricting xenobiotic entrance (Bauer 

et al. 2005).  In a hostile environment, such as when BBB 

paracellular integrity is compromised, an upregulation of 

Pgp within the endothelial cells of the brain may function 

as a response mechanism in protecting the brain 

microenvironment.  An upregulation in Pgp following CIP is 

consistent with this supposition.  Under these conditions 

BBB integrity has been breached and paracellular opening 

between endothelial cells occurs (Huber et al. 2002; Hau et 

al. 2004).  Our results suggest that the upregulation of 

Pgp under these circumstances may serve as a physiological 

compensatory response, where the ultimate goal is CNS 
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protection.  Additionally, these findings suggest that 

distinct BBB properties may be regulated differentially 

under identical conditions of compromised BBB, such as 

inflammatory hyperalgesia.          

In conjunction with molecular studies, behavioral 

studies are important for predicting the functional 

magnitude of CIP induced changes in regard to morphine 

analgesia.  In order to produce both analgesic and euphoric 

effects, morphine has to gain access to its CNS active 

sites within the brain.  The role of Pgp in limiting the 

analgesic efficacy of clinically used opioids has been 

studied extensively (Thompson et al. 2000; Dagenais et al. 

2004; Dagenais et al. 2001), and previous reports have 

indicated that the analgesic potency of morphine is 

markedly increased following genetic or chemical disruption 

of Pgp at the BBB (Thompson et al. 2000; Dagenais et al. 

2001).  These studies support our current findings by 

suggesting that CIP mediated modulations in Pgp at the BBB 

impact the onset, duration, and magnitude of morphine 

analgesia.   

 In our current study, we report a decrease in morphine 

antinociception following CIP.  Previous studies by 

(Ossipov et al. 1995) reported an increase in morphine 
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antinociception following CIP.  This discrepancy may be 

explained in part by gender differences, as female Sprague-

Dawley rats were utilized in this study and male rats of 

the same strain were utilized by Ossipov et al (1995).  The 

well documented effects of sex differences in opiate 

responses strongly suggest that it is the most important 

factor contributing to variations in antinociceptive 

response (Kest et al. 2000; Fillingim and Gear 2004).  The 

majority of animal studies suggest that male rodents 

exhibit larger analgesic responses to µ-opioid agonists than 

females (Kest et al. 2000).  Interpretation of human 

studies are more complicated (and controversial), however 

women have been reported to consume significantly less µ 

opioid analgesia than men (Kest et al. 2000; and Fillinigim 

et al. 2004).  Irregardless of species a difference in 

opioid antinociception between sexes is well accepted.  

Interestingly, Pgp activity has been shown to be modulated 

by several synthetic progestins in vitro and ex vivo 

(Frohlich et al. 2004), suggesting that hormonal status may 

impact Pgp expression and regulation, resulting in 

different nociceptive profiles.   
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Gender-related differences in activity and expression 

have been shown to occur in drug metabolizing enzymes that 

are regulated in concert with Pgp (Frohlich et al. 2004; 

Salphati et al. 1998).  It has been reported that basal 

expression levels of Pgp in the liver are 40% lower in male 

Sprague Dawley rats as compared to females (Salphati and 

Benet 1998).  Additionally, the level of Pgp regulation in 

response to drug treatment varied according to gender.  At 

the level of the BBB, studies by Dagenais et al (2001) have 

examined the influence of gender on initial brain uptake of 

selected Pgp substrates, including morphine.  Results from 

these studies suggest that Pgp expression and/or function 

at the BBB is modestly up-regulated in female mice as 

compared to males, suggesting that Pgp at the BBB may be 

differentially regulated by sex hormones.  Therefore, these 

results suggest a plausible explanation for the 

dissimilarities in morphine antinociception between our 

current study and previous reports.   

While the exact mechanism of Pgp upregulation has not 

yet been fully elucidated, the literature suggests that Pgp 

activity can be regulated by a variety of factors, 

including cytokine signaling events (Bauer et al. 2005; 

Scotto et al. 2003).  Inflammation results in the release 
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of numerous proinflammatory and regulatory cytokines which 

are widely recognized as contributing to the pathology of 

acute and chronic disease states.  Binding interactions of 

these circulating cytokines within cerebral 

microvasculature have been shown to induce molecular 

changes in the endothelial cells of the BBB (Laflamme et 

al. 1999; Ibuki et al. 2003).  One change in particular 

involves the induction of the enzyme cyclooxygenase-2 (COX-

2).  COX-2 is a key enzyme in the production of 

prostaglandins from arachidonic acid that mediate 

inflammatory responses, as well as regulate a number of 

intracellular signal transduction pathways (Sorokin 2004).  

Hind paw injection of λ-carrageenan has been shown to 

mediate an induction of microvascular COX-2 levels (Ibuki 

et al. 2003; Guay et al. 2004).  Increased COX-2 production 

has been associated with increased endothelium-derived 

prostaglandin-E2 (PGE2) production, which has been linked to 

the development of multi-drug resistance (MDR) phenotype 

(i.e. upregulation of Pgp) (Nardone and Rocco 2004; Sorokin 

2004).  Increased brain endothelial COX-2 expression, and 

corresponding increases in cerebrospinal fluid PGE2 levels, 

have been demonstrated 3 h post- λ-carrageenan paw injection 
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(Ibuki et al. 2003).  This time scale (3 h) is consistent 

with increased Pgp expression and restricted morphine brain 

uptake shown in our current study under similar conditions 

of CIP.  In addition to PGE2, several other signaling 

pathways have been associated with modulations in Pgp, such 

as protein kinase C (PKC), protein kinase A (PKA), mitogen 

activated kinase (MAPK) and stress activated protein kinase 

(SAPK) (Scotto et al. 2003; Nwaozuzu et al. 2003).  Complex 

interactions of these activated intracellular kinase 

pathways results in the induction of various transcription 

factors, which may culminate in rapid modulation of Pgp at 

the transcriptional level (Sukhai and Piquette-Miller, 

2000; Scotto et al. 2003).  While an understanding of Pgp 

gene regulation is still in its infancy, the mdr1a gene 

maintains binding site sequences for numerous “stress-

responsive” transcription factors (Scotto et al. 2003), 

which are downstream mediators of the above signaling 

pathways.   

In addition to its inflammatory component, it has been 

suggested that CIP may regulate BBB properties through a 

centrally-mediated mechanism (Huber et al. 2006).  The 

exact mechanisms and signaling pathways involved in these 

changes are unknown; however, nociceptive transmission and 
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pain processing involve N-methyl-D-Aspartate (NMDA) 

receptor activation.  NMDA receptor regulation (via excess 

levels of glutamate) has been implicated in numerous CNS 

disease states displaying MDR phenotype, including epilepsy 

(Meldrum 1994).  Additionally, it is important to recognize 

that Pgp activity may be modulated by regulatory mechanisms 

independent of protein expression, such as phosphorylation 

and cellular location.  At the BBB, Pgp has been localized 

to plasma membrane surfaces as well as several subcellular 

sites (Bendayan et al. 2006).  Recent evidence in the 

literature (Orlowski et al. 2006) suggests that subcellular 

localization and trafficking of Pgp within endothelial 

cells contributes to its function.  Multiple cellular 

locations are consistent with the many cellular roles that 

have been ascribed to Pgp, such as lipid trafficking and 

metabolism, immune response, cell 

proliferation/differentiation, and xenobiotic 

detoxification (Johnstone et al. 2000).  While our current 

studies were unable to quantitative movement of Pgp within 

the cell, an overall qualitative increase in Pgp expression 

within the cytoplasm of the vessel is apparent.  The 

meaning of this increase in relation to drug resistance is 

complex and largely unknown.  Classically it has been 
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thought that Pgp must be localized to the apical membrane 

in order to exert its efflux pump function.  However, this 

ideology is being challenged as correlations between 

intracellular Pgp and drug resistance emerge.  Examining 

the movement of Pgp within the cell following CIP is 

currently an area of ongoing investigation within our 

group.  Meanwhile, phosphorylation sites and processes may 

impact Pgp transport mechanisms (Idriss et al. 2000).  

Therefore, it is likely that multiple signaling pathways 

are contributing to modulations in Pgp under conditions of 

CIP and further studies are required to characterize these 

exact mechanisms.  

 In the current study we demonstrated that λ-carrageenan 

induced peripheral inflammatory hyperalgesia increased Pgp 

expression within brain endothelium.  The increase in Pgp 

correlated with a decreased penetration of morphine into 

the brain, as well as a reduction in morphine-induced 

antinociception.  Morphine is a substrate for Pgp-mediated 

efflux, as well as a clinically relevant opioid analgesic 

used in the treatment of various pain states.  Clinical 

implications derived from studies examining the effects of 

peripheral inflammatory pain on BBB-based transport 
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mechanisms suggest that pathophysiological considerations 

are important in prescribing dosing regimes for CNS-acting 

therapeutics.   
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CHAPTER 3:  ACUTE REGULATION OF PGP AT THE BBB BY PLASMA 

MEMBRANE MICRODOMAIN CONSTITUENTS UNDER CONDITIONS OF λ-

CARRAGEENAN MEDIATED-PERIPHERAL INFLAMMATORY PAIN 
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3.1 INTRODUCTION 

Multidrug resistance (MDR) is major problem in the 

treatment of a vast array of human disease states, where 

drug resistance decreases the chance of providing 

successful treatment against a disease.  One important 

contributor to MDR phenotype is the increased cellular 

expression of active drug efflux pumps, such as P-

glycoprotein (MDR1, ABCB1).  Although protective in nature, 

efflux transporters greatly restrict the intracellular 

accumulation of a wide variety of functional diverse and 

structurally divergent drugs used in the clinic today, 

including cancer therapeutics, antibiotics, anti-HIV drugs, 

and analgesics, as reviewed by a number of excellent 

reviews (Bauer et al. 2005; Loscher 2005; Hennessy and 

Spiers 2007).   

Pgp is an ATP-dependent drug efflux pump highly 

expressed along the luminal surface of the blood brain 

barrier (BBB) endothelium (Cordon-Cardo et al. 1989; Jette 

and Beliveau 1993).  The BBB is a metabolic and 

physiological barrier system involved in the maintenance of 

cerebral homeostasis.  Localized to the level of the brain 

capillary microvascular endothelium, the BBB is composed of 

specialized endothelial cells surrounded by pericytes, 
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astroglial processes, and supporting extracellular matrix 

(i.e. the neurovascular unit).  The endothelial cells of 

the BBB form a continuous/non-fenestrated membrane 

comprised of tight junctions (TJ) and adherens junctions 

that limit passive paracellular diffusion by providing a 

high transendothelial electric resistance (1,500-2,000 

Ω*cm2) (Crone and Christensen 1981; Butt et al. 1990b).  The 

BBB is also characterized by the lack of vesicular 

transport and high metabolic activity (Abbott et al. 2006).   

The presence of Pgp at this location has been 

implicated in the limited distribution of CNS acting 

therapeutics from blood to brain compartments (Schinkel et 

al. 1994; Schinkel 1999).  Its dysregulation at this 

location has been associated with a number of CNS disease 

states.  For example, the function and expression of Pgp is 

impaired in the BBB of streptozocin (STZ)-induced diabetic 

rats (Liu, 2006), pilocarpine-induced epileptic rats 

(Tishler et al. 1995), and within the cortical and striatal 

neurons of rats exposed to ischemic insult (Ramos et al. 

2004).  Meanwhile, Pgp’s role in mediating MDR phenotype is 

acutely apparent in the treatment of psychosis disorders, 

where the brain penetration of a number of anti-psychotics 

and anti-depressants are dependent upon levels of Pgp at 
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the BBB (Muller et al. 2003) as well as in the treatment of 

brain tumors (Toth et al 1996; Fellner et al. 2002; Demeule 

et al. 2001).  As Pgp levels continue to increase in 

response to protein pump-drug substrate interactions, 

subsequent dosing regimes need to be periodically 

readjusted.      

While it is well accepted that pathophysiological 

stressors contribute to modulations within Pgp, less is 

known regarding the precise mechanism(s) responsible for 

these changes.  Previous studies by our group using the 

carrageenan model of inflammatory pain (CIP) have 

demonstrated that Pgp expression and functional activity 

are increased under conditions of carrageenan-induced 

peripheral hyperalgesia (Seelbach et al. 2007).  These 

findings were pivotal as they described 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.  Morphine is a Pgp 

substrate that must bypass the BBB in order to gain access 

to its CNS active sites and elicit its classical euphoria 

and analgesic effects.  Furthermore, these increases in Pgp 

properties supersede concurrent paracellular based opening 

of the tight junction (TJ) cleft under similar conditions 
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of CIP (Huber et al. 2002; Hau et al. 2004) suggesting that 

Pgp upregulation serves as a physiological compensatory 

response to breached BBB integrity.  Additionally, these 

findings highlighted the significance of rapid Pgp 

regulatory mechanisms in limiting CNS drug bioavailability.  

Pgp regulation has been shown at to be highly complex and 

present at many levels, however recent studies have began 

to examine the relationship between Pgp localization within 

detergent resistant membranes (DRM) and regulation of its 

drug efflux properties.  These studies have shown that at 

the BBB (human and rat) Pgp co-localizes to caveolae-like 

DRM where it physical interacts with caveolin-1, in vitro 

and in vivo (Demeule et al. 2000; Virgintino et al. 2002a; 

Virgintino et al. 2002b).  Caveolin-1 is a structural 

component of caveolae-flask-shaped membrane invaginations 

that maintain numerous functions in the cell including 

protein trafficking, signal transduction, and 

cholesterol/lipid homeostasis (Anderson 1998) and caveolin 

deficient animals present a wide range of abnormal 

phenotypes (Soazig et al. 2005).  Caveolin-1-associated 

modulations in Pgp activity at the level of the cerebral 

capillary endothelium have been reported in vitro, 

following drug treatment (Demeule et al. 2000) and siRNA 
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knockdown of caveolin-1 (Barakat et al. 2007), suggesting 

that interactions of Pgp with key lipid raft mediator 

proteins directly (and rapidly) impact the drug transport 

capabilities of this pump.  Additionally, Src-mediated 

phosphorylation of caveolin at the Tyr-14 residue appears 

to influence Pgp activity at the BBB (Barakat et al. 2007). 

Others have reported that phosphorylation of caveolin-1 at 

Tyr-14 and Ser-88 residues alters cell shape, which may be 

important in the activation and migration of inflammatory 

cells (Li et al. 1996).  Clathrin is the major constituent 

of clathrin coated pits, which are involved in endocytosis 

and early endosome cell surface receptor recycling 

mechanisms (Henderson and Conner 2007).  Clathrin-pit 

mediated endocytosis has been shown to be the predominant 

endocytotic mechanism for the removal of Pgp from the 

plasma membrane surface, contributing to a membrane surface 

t1/2 of about 20 minutes for this pump (Kim et al. 1997).   

Alterations within membrane lipid composition have 

been reported to impact the regulation of dopaminergic and 

cannabanoid receptor signal transduction and membrane 

trafficking mechanisms (McFarland et al. 2004; Kong et al. 

2007).  Therefore, we propose that altered interactions 

between Pgp and caveolae and/or clathrin-pit lipid-raft 
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microdomains at the BBB may contribute to the previously 

described rapid upregulation of this efflux pump and 

diminished morphine brain uptake under conditions of CIP 

(Seelbach et al. 2007).  The aim of the current study was 

to examine trafficking patterns of Pgp within plasma 

membrane microdomains, under conditions of CIP in vivo.  As 

well as, to investigate alterations within the interaction 

of Pgp with key lipid raft proteins (caveolin-1 and 

clathrin) present in these domains.  We feel that by 

investigating the mechanism(s) responsible for rapid 

increases in Pgp function/expression under conditions of 

inflammatory hyperalgesia we may achieve a better 

understanding of common underlying regulatory mechanism(s) 

responsible for upregulation of this pump in other diseases 

with an inflammatory and/or pain component.  These findings 

hold serious significance in relation to achieving a better 

understanding of Pgp regulation in disease.     
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3.2 METHODS 

3.2.1 Materials 

  Primary antibody C219 (anti-Pgp; 50 µg/µl) was 

purchased from Covance Inc. (Berkeley, CA).  Primary 

antibodies p-caveolin-1 (Tyr 14), caveolin-1 (H-97), and 

clathrin HC (C-20) (200 µg/ml) were purchased from Santa 

Cruz Biotechnology Inc. (Santa Cruz, CA).  Conjugated anti-

mouse and anti-rabbit IgG-horseradish peroxidase were 

purchased from Amersham (Springfield, IL) and conjugated 

donkey anti-goat IgG horseradish peroxidase was purchased 

from Santa Cruz Biotechnology.  OptiPrepTM was purchased 

from Accurate Chemical (Westbury, NY).  TBS SuperblockTM 

buffer was purchased from Pierce (Rockford, IL).  All other 

chemicals, unless otherwise stated, were purchased from 

Sigma (St. Louis, MO). 

3.2.2 Animals and Treatments 

 All animal protocols in this study were approved by 

the University of Arizona Institutional Animal care and Use 

Committee and abide by NIH guidelines.  Female Sprague-

Dawley rats (250-275 g) (Harlan Sprague Dawley, 

Indianapolis, IN) were housed under standard 12:12 h 

light/dark conditions with access to food and water ad 
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libitum.  Rats were gently restrained and injected (100 µl, 

s.c.) into the plantar surface with either λ-carrageenan (3% 

in 0.9% saline) or saline vehicle control.  Three hours 

post hind paw injection, animals were anesthetized with 

sodium pentobarbital (60 mg/kg; i.p.), transcardially 

perfused (0.9 % saline), and brains were harvested for 

coronal slicing or cerebral microvessel isolation.   

3.2.3 Behavioral assays 

 λ-carrageenan induced hind paw swelling was measured 

using a plethysmometer (model 7141; Ugo Basile, Comerio-

Varese, Italy), as previously described (Seelbach et al. 

2007).  Briefly, the regio tarsi (ankles) were marked for 

consistent foot-to-ankle measurements, hind paw was 

inserted into the plethysmometer, and paw volume recorded.  

Increases in paw volume (swelling) was calculated as 

percent difference in volume displacement measurements 

between injected and contralateral hind paws of an 

individual animal (3 h post-injection).   

     Thermal hyperalgesia was assessed using the 

Hargreaves radiant heat method (Hargreaves et al. 1988), as 

previously described (Seelbach et al. 2007).  Briefly, 

animals were habituated to individual plexiglass boxes 



 185

elevated on a glass table for 20 min prior to exposure of 

hind paw (midplantar surface) to a linearly increasing 

infrared (IR) heat source (23.5 – 37ºC; 0-15 sec).  

Instrument cut-off was set to 15 sec.  Paw withdrawal 

latency measurements were recorded in triplicate for both 

injected and contralateral hind paws, with a 2-5 min 

recovery period between measurements.  Increased 

sensitivity to thermal stimulus was calculated as the 

percent difference in withdrawal latency between injected 

and contralateral hind paw of an individual animal (3 h 

post-injection).              

 λ-carrageen treated animals which had either paw volume 

or paw withdrawal latency of greater than the mean ± 2 

standard deviations were excluded from this study.     

3.2.4 Rat cerebral microvessel isolation 

 Cerebral microvessels were isolated form rat brain for 

sub-cellular fractionation and/or immunoprecipitation 

studies.  Animals were treated and anesthetized as 

described above.  Following transcardiac perfusion with 

0.9% saline, brains were removed from the skull and 

immediately immersed in either ice-cold isolation buffer A 

(103 mM NaCl; 4.7 mM KCl; 2.5 mM CaCl2; 1.2 mM KH2PO4; 1.2 
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mM MgSO4; 15 mM HEPES; pH 7.4 with Complete Protease 

InhibitorTM (Roche; Indianapolis, IN) for subsequent 

immunoprecipitation and W. blot analysis or buffer A 

supplemented with 2 mM PMSF, 1 mM sodium vanadate in EDTA-

free Complete Protease InhibitorTM for fractionation 

analysis.  Choroid plexus, meninges, cerebellum, and brain 

stem were removed, and brains were homogenized in 5 ml of 

isolation buffer B (103 mM NaCl; 4.7 mM KCl; 2.5 mM CaCl2; 

1.2 mM KH2PO4; 1.2 mM MgSO4; 15 mM HEPES; 25 mM NaHCO3; 10 mM 

glucose; 1 mM Na pyruvate; dextran (MW 64K) 10 g/L; pH7.4) 

with Complete Protease InhibitorTM or buffer B supplemented 

with 2 mM PMSF, 1 mM sodium vandate with EDTA-free Complete 

Protease InhibitorTM for fractionation analysis.  Following 

homogenization, 7 ml of 26% dextran was added to the 

homogenate, and sample was centrifuged (5,800x g; 20 min).  

The supernatant was discarded; pellet was resuspended in 10 

ml isolation buffer B and filtered through a 70 µm mesh 

filter (Becton Dickinson; Franklin, NJ).  Filtered 

homogenates were re-pelleted by centrifugation (1500x g; 10 

min) and either homogenized and lysed in CellLyticTM MT 

Mammalian tissue lysis/extraction buffer (Sigma, St. Louis, 

MO) containing Complete Protease InhibitorTM for 
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immunoprecipitation analysis or gently homogenized in 

isolation buffer C (20 mM Tris-HCl, pH 7.8, 250 mM sucrose 

supplemented with 1 mM CaCl2, 1 mM MgCl2, 2 mM PMSF, 1 mM 

Na3VO4, 1 mM NaF, and 1 mM sodium pyrophosphate with EDTA-

free Complete Proteases InhibitorTM) for subsequent sub-

cellular microvessel fractionation.  Protein concentrations 

were determined by bicinchoninic acid protein assay using 

bovine serum albumin as the standard (Pierce, Rockford, 

IL).  Each microvessel isolation experiment pooled n = 3 

rats per group.  A total of 3 groups were collected for 

each treatment in this study.   

3.2.5 Microvessel Fractionation 

 Rat cerebral microvessels were fractionated using a 

detergent-free method, as previously described (Macdonald 

and Pike 2005; McCaffrey et al. 2007).  Briefly, 

microvessels gently homogenized in buffer C (see above) 

were passed (20 times) through a 21 g x 1.5” needle and 

mixed with equal volume 50% OptiPrep in buffer D (20 mM 

Tris-HCl, pH 7.8, 250 mM sucrose, 2 mM PMSF, 1 mM Na3VO4, 1 

mM NaF and 1 mM sodium pyrophosphate supplemented with 

EDTA-free Complete Protease InhibitorTM (Roche),) to produce 

a 25% OptiPrep-microvessel homogenate.  Homogenate was 

layered beneath a discontinuous 0/5/10/15/20% OptiPrep 
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gradient and centrifuged (90 min; 52,000x g at 4ºC).  

Fractions (1 ml) were collected from top to bottom of the 

resulting gradient and assayed for refractive index, 

protein content, and enzymatic activity, as described 

previously (McCaffrey et al. 2007).  Enzyme assays 

confirmed selective isolation of intact plasma membrane 

lipid raft domains from cerebral microvessels (data not 

shown).  Total protein concentration in each fraction was 

determined using bicinchoninic acid protein kit (Pierce; 

Rockford, IL) and bovine serum albumin standards.  Each 

fractionation experiment pooled n = 5 rats per group.  A 

total of 3 fractionation experiments were conducted for 

this study.  Equal-volume aliquots of density gradient 

fractions were subjected to SDS-PAGE electrophoresis and 

Western blot analysis.   

3.2.6 Membrane cholesterol Assay 

 Total cholesterol levels within each individual 

fraction were quantified using the AmplexRed (Molecular 

Probes; Eugene, Or.) cholesterol kit, according to the 

manufacturer’s protocol.  Briefly, equal volume fraction 

aliquots were subjected to a series of enzymatic reactions 

cumulating in the production of a H2O2-Amplex Red 

fluorometric probe.  Protein content for each individual 
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fraction was determined via BCA protein assay and 

cholesterol levels were presented as a ratio of the % 

cholesterol/protein for a given fraction.   

3.2.7 Immunofluorescence and tissue preparation 

 Co-expression of Pgp and/or caveolin-1, p-caveolin-1, 

or clathrin in the brain of λ-carrageenan (or saline 

control) rats was determined by immunofluorescence staining 

of whole brain slices using an adaptation of the methods 

previously reported by Hawkins et al (2007a).  Cryostat 

sections (20 µm; Ultrapro 5000 Vibratome, St. Louis, MO) 

prepared from fresh-frozen rat brains were mounted onto 

gelatin-coated glass slides (Fisher Scientific, Tustin, CA) 

and stored at -80° C until use.  Transverse sections were 

used for immunofluorescence staining at section levels from 

-1.1 to -4.1 ventral to bregma (Paxinos and Watson, 1998).  

Slides were thawed at room temperature (1 h), air dried (10 

min), fixed in 100% ethanol (10 min), and washed in PBS 

followed by immunofluorescence (IF) wash buffer (1% 

BSA/0.2% Tween-20 in PBS).  Slides were blocked in normal 

goat serum (Vector Labs, Burlingame, CA) diluted in wash 

buffer (1:50) for 90 min prior to incubation with 

respective primary antibody (1:100 diluted in IF wash 
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buffer) overnight at 4°C in humidified chambers.  Slides 

were then rinsed (2 x 5 min; IF wash buffer) followed by 

incubation with appropriate fluorescent-tagged secondary 

antibody (AlexafluorTM 488 conjugated anti-Rb or Goat or 

AlexafluorTM 546 anti-Ms; molecular Probes, Eugene, OR) at a 

1:1000 dilution in IF wash buffer (1h, 25° C).  Slides were 

quickly rinsed with IF wash buffer followed by PBS.  

Coverslips were mounted with vectashield hard set mounting 

medium (Vector Labs) and images were acquired using a Zeiss 

510 Metaseries laser scanning confocal microscope.  Image 

acquisition settings for AlexafluorTM 488 (excitation at 488 

nm and detection range 500-535 nm) and AlexafluorTM 546 

(excitation 546 nm and detection range 580-620 nm) were 

visualized as green or red colored fluorescence, 

respectively.  Data was analyzed by LSM 5 software (Zeiss, 

Thornwood, NY).  Images collected from both treatment 

groups were stained in parallel and collected under uniform 

instrument settings.  Slides prepared in the absence of 

primary antibody resulted in a loss of specific 

immunoreactivity.  

3.2.8 Co-Immunoprecipitation   

 Protein isolated from cerebral microvessel plasma 

membranes were analyzed for Pgp and caveolin-1, 
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phosphorylated p-caveolin-1 (Tyr 14), or clathrin protein-

protein interactions using the Exacta Cruz A or C 

immunoprecipitation kit (p-caveolin and caveolin, 

respectively; Santa Cruz, Santa Cruz Biotechnology, Santa 

Cruz, CA.) or methods previously described ((Witt et al. 

2005).  Exacta Cruz immunoprecipitation was performed 

according to the manufacturers specifications.  Briefly, 

100 µg of protein sample (brain capillary membrane isolates) 

was pre-cleaned with precleaning matrix (Santa Cruz) and 

incubated overnight in an antibody specific IP Ab–IP matrix 

complex containing 50 µl mAb C219 (anti-Pgp).  Pellet was 

washed in PBS, boiled for 3 minutes in 2x reducing agent, 

spun quickly (to pellet the IP matrix), and subjected to 

gel electrophoresis.  Co-immunoprecipitation experiments 

for clathrin were performed as described by Witt et al 

(2205).  Briefly, 100 µg of protein diluted with 250 µl 

immunoprecipitation (IP) buffer (25 mM Tris-HCl, pH 7.5, 5 

mM EDTA, 250 mM NaCl and 1% Triton X-100) and incubated (45 

min, 25° C) in the presence of 50 µl ImmnoPure immobilized 

protein G plus beads (Pierce, Rockford, IL).  Following 

incubation, samples were centrifuged (3 min; 10,000 x g), 

supernatant was decanted into 100 µl IP buffer containing 5% 
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BSA.  Respective primary antibody (4 µg) was added to the 

sample solution and incubated for 2 h at 4°C on a model 55 

rocking shaker (Midwest Scientific, St. Louis, MO).  An 

additional 50 µl ImmnoPure immobilized protein G plus 

(Pierce) were added to the incubating sample (10 min; 4°C).  

Samples were pelleted and gently washed (2 x; IP buffer and 

1 x non-detergent buffer (10 mM Tris-HCl, pH 7.5 and 5 mM 

EDTA)), centrifuging at 10,000 x g for 3 min between 

washes.  Sample pellets were prepared for Western blot 

analysis by resuspending in a solution containing 25% 4x XT 

sample buffer (BioRad, Hercules, CA) and 10% 20x Reducing 

Agent (BioRad), then heated at 100°C for 10 min prior to 

electrophoresis.     

3.2.9 Western blot analysis 

 Immnoprecipitants or fractionated sample aliquots (24 

µl load/lane) were resolved on Criterion XT 10% Bis-Tris 

gels (Bio Rad) for 75 min at 120 V.  The gel was then 

transferred to a PVDF (0.45 µm) membrane (Perkin Elmer, 

Waltham, MA) at 6 V for 20 min and 20 V for 2 h, while 

immersed in a low methanol transfer buffer (192 mM glycine, 

25 mM Tris base, 10% methanol).  Membranes were blocked in 

SuperblockTM blocking buffer (Pierce) supplemented with 0.05 
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% Tween 20 for 1.5 h before being incubated with respective 

primary (1:200) antibody diluted in fresh SuperBlockTM 

blocking solution.  Membranes were washed (7 x 7 min) with 

tris base saline supplemented with 0.05% Tween 20 (TBST) 

prior to 1 h incubation with respective secondary antibody 

(1:2,000) diluted in SuperblockTM block buffer (Pierce) with 

0.05% Tween 20.  Membranes were re-washed (7 x 7 min TBST), 

developed, and the proteins of interest were detected using 

enhanced chemiluminescence (ECLplus) reagent (Amersham, 

Piscataway, NJ).  MemCode reversible stain kit for PVDF 

membranes (Pierce) was used to access even protein loading.  

Semi-quantitation of protein was performed with NIH Image J 

software and MemCode staining was used to normalize load.  

Banding pattern localization of caveolin-1, p-caveolin-1, 

and clathrin was confirmed with liver lysate positive 

control.        

3.2.10 Statistical Analysis 

 Data are expressed as mean ± S.E.  Statistical 

differences between experimental groups were determined 

using Student t-test.  Significance was defined as p<0.05.    
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3.3 RESULTS 

λ-carrageenan-induced edema and thermal hyperalgesia 

 Animals subjected to right-hind paw injection of λ-

carrageenan (or saline control) were evaluated for paw 

swelling and thermal sensitivity 3 h post-injection.  Paw 

swelling was measured by plethysmometry and hyperalgesia 

was assessed using Hargreaves’ plantar test methods 

(Hargreaves et al. 1988) and as previously described 

(Seelbach et al. 2007).  Data was presented as percent 

change in paw volume or withdrawal latency (per respective 

behavioral test) and normalized to saline control.  CIP 

treated animals displayed significant paw edema formation 

(p<0.001) and heightened sensitivity to a non-noxious 

thermal stimulus (p<0.001), as compared to saline controls 

(Figure 3.1).  Paw volume and paw latency remained 

unaffected by saline-injection.  
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Figure 3.1 Behavioral characterization of the CIP model.  

 

 

 

 

 

 

 

 

 

 

CIP-injected animals (open bars) displayed significant 
edema formation (A) and developed hyperalgesia (B) 3 h-post 
CIP, as compared to saline controls (filled bars).  Graph 
shows mean ± SE; n ≥ 6 per group, *p<0.001 versus saline 
control.      
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Pgp expression in cerebral capillary lysate and membrane 

endothelium, 3 h post-CIP 

 In the next set of experiments we determined the 

impact of CIP on Pgp expression within plasma membrane and 

capillary lysate preparations of freshly isolated cerebral 

microvessels.  Based on previous studies (Seelbach et al. 

2007), which demonstrated an increase in Pgp expression at 

the BBB, we chose to look at changes in these locations at 

the 3 h time point.  We confirm previous reports (Belanger 

et al. 1997) by showing that Pgp is more highly expressed 

in brain capillary endothelial cell membranes as compared 

to capillary lysate (Figure 3.2 A).  CIP treatment 

significantly increased Pgp expression at the plasma 

membrane, as compared to saline control (p<0.05).  

Meanwhile, while there was a trend towards an increase, no 

statistical difference within Pgp endothelium capillary 

lysate expression was apparent between groups (Figure 3.2 

B).      
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Figure 3.2 CIP alters Pgp protein expression in the plasma 
membrane region of isolated cerebral microvessels.  
Representative Western blot analysis of Pgp protein show 
~50% increase in Pgp expression along the endothelium 
membrane, with no significant change within the endothelium 
capillary lysate.  Graph shows means ± SE percentage of 
control normalized to optical density; n = 3 per group; 
each group is composed of a combined n = 3 rats,  *p<0.05.   
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Plasma membrane trafficking of Pgp following CIP insult 

Previous studies from our group have well 

characterized our in vivo detergent free (opti-prep), 

“raft-friendly” gradient ultracentrifugation fractionation 

method (McCaffrey et al. 2007).  Equal volume aliquots (30 

µl) of plasma membrane fractions 1-10 (collected across the 

gradient) were loaded onto a gel and corresponding protein 

distribution patterns were semi-quantified.  Distribution 

pattern was measured as the % optical density expressed in 

an individual fraction compared to total optical density 

across the gradient.  Pgp was predominantly located in 

fractions co-localized with caveolin-1 and clathrin (i.e 

light lipid raft compartments) for both CIP and saline 

control groups (Figure 3.3 A,B).  CIP induces a significant 

(p<0.05) shift in Pgp distribution patterns within light-

lipid raft plasma membrane compartments, as shown by an 

increase in Pgp optical density for fraction 8 of the CIP 

treatment group (Figure 3.3 C, D).  This change occurs 

within a region that co-localizes with both caveolae and 

clathrin-pit like membrane microdomains.  Representative 

Western blot images show a trend in Pgp movement away from 

the highest caveolin-1 expressing regions (i.e fractions 6 
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and 7) under conditions of CIP however, this is not 

significant.  Meanwhile, no significant difference in 

relative distribution patterns for caveolin-1 and clathrin 

are detected between treatment groups (Figure 3.3 E,F). 
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Figure 3.3 CIP alters Pgp distribution patterns within light-lipid raft 
plasma membrane compartments.  No change in distribution patterns is 
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observed for either caveolin-1 or clathrin, 3 h post-CIP.  *p<0.05, as 
compared to saline (n = 3/group; each group is composed of a combined 
n=5 animals).   
 

Pgp localization with caveolin and clathrin after CIP (3 

h): whole brain immunofluorescence  

 Using whole brain imaging techniques we examined 

whether the localization and co-association patterns 

between Pgp and the key structural lipid-raft mediators, 

caveolin-1 and clathrin were altered by CIP.  We examined 

these changes within the frontal cortical area as previous 

studies demonstrated increased ICAM-1 immunoreactivity and 

microglial activation within this region under identical 

experimental conditions (CIP, 3 h) (Huber et al. 2006).  

Recent evidence in the literature suggests that Pgp’s 

association with the phosphorylated form of caveolin-1 

(tyr. 14) may directly impact its drug transport properties 

(Barakat et al. 2007).  Therefore, we also examined co-

localization and co-association patterns for Pgp and p-

caveolin-1 after CIP.   

Pgp staining intensity along microvessels was 

qualitatively enhanced by CIP, with no apparent change in 

localization pattern (Figures 3. 4, 3.5, 3.6).  Under 

normal physiological conditions (saline) Pgp immunostaining 
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appears localized around blood vessels, unlike clathrin and 

caveolin-1 which appear diffusely scattered.  Examination 

of sections double immunolabeled for Pgp and clathrin 

qualitatively show increased immunoreactivity for both 

proteins following CIP (3 h).  Pgp immunostaining was 

observed predominantly along the cortex microvessels, while 

clathrin immunostaining appeared both along the vessel and 

diffusely scattered throughout the section.  The 

association between Pgp and clathrin remains unchanged by 

CIP, as visualized by the lack of yellow color in the 

merged micrograph (Figure 3.4).   

Similarly, no difference in the Pgp and caveolin-1 

association is apparent following CIP (Figure 3.5).  Unlike 

clathrin, immunolocalization of caveolin-1 appears 

unaffected by CIP.  Additionally, representative images 

qualitatively suggest a modest increase in caveolin-1 

staining intensity (Figure 3.5).   

Brain slices dual-labeled for Pgp and p-caveolin-1 

show a widely dispersed, albeit weak, immunostaining 

pattern for p-caveolin-1 in the frontal cortex under normal 

physiological conditions.  CIP treatment (3 h) appears to 

induce a redistribution of p-caveolin-1, as increased 

staining intensity along the microvessels is apparent.  
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Merged micrographs suggest an increase in the association 

between these two proteins following CIP, as a modest 

increase in yellow color is quantitatively observed (Figure 

3.6).   

 

Figure 3.4 Localization of clathrin and Pgp in whole brain 
slices.  Representative immunofluorescence images of Pgp 
and clathrin 3 h-post saline (A) or CIP (B) treatment.  A 
qualitative increase in immunostaining is observed for both 
proteins after CIP treatment.  No difference in co-
association between proteins is apparent, as visualized by 
the absence of yellow color within the merge micrograph.  
Images were acquired under identical instrument settings.     
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Figure 3.5 Localization of Pgp and caveolin-1 in whole 
brain slices.  Representative immunofluorescence images of 
caveolin-1 and suggest no change in protein localization 
and/or association after 3 h of CIP treatment (B), as 
compared to saline control (A).  Staining intensity appears 
increased for Pg and is predominant along microvessels.  
Images were acquired under identical instrument settings.     
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Figure 3.6 Co-localization of Pgp and tyrosine-14 
phosphorylated caveolin-1 in whole brain slices.  
Representative immunofluorescence images of Pgp and p-
caveolin-1 3 h post saline (A) and CIP (B) treatment.  
Qualitative increases in staining intensity if apparent for 
both proteins.  The merge micrograph suggests an increase 
in protein co-association, as qualitatively visualized by 
yellow color. Images were acquired under identical 
instrument settings.      
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CIP treatment (3 h) modulates Pgp/clathrin and Pgp/p-

caveolin-1 interactions 

Because Pgp plasma membrane trafficking patterns 

suggested a shift into fractions co-localizing with key 

caveolar and clathrin associated structural proteins, we 

also investigated the effects of CIP on co-

immunoprecipitation of these proteins.  We examined 

alterations in co-immunoprecipitation patterns for Pgp and 

either: clathrin, caveolin-1, and p-caveolin-1 after CIP 

within brain capillary endothelium membranes.  We confirm 

that Pgp associates with caveolin-1 and clathrin within 

cerebral capillary membranes under our saline control 

conditions.  CIP (3 h) significantly decreased the 

association of Pgp with clathrin (Figure 3.7) and increased 

the association pattern for the tyr-19 phosphorylated form 

of caveloin-1 (Figure 3.9) Meanwhile, CIP did not 

significantly affect Pgp and caveolin-1 interactions 

(Figure 3.8). 
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Figure 3.7 CIP reduces clathrin-Pgp protein-protein 
interactions within the plasma membrane region of cerebral 
capillary microvessels.  Pgp was immunoprecipitated (IP) 
and clathrin was immunodected (ID) for both saline (filled 
bar) and CIP (open bar) treatment groups.  Western blot 
analysis demonstrates a 60% reduction in clathrin-Pgp 
association, 3 h post-CIP.  Graph shows mean ± SE 
percentage control of normalized optical density; n = 3 per 
group, *p<0.05. 
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Figure 3.8 CIP has no affect on Pgp and caveolin-1 
interaction within the plasma membrane region of cerebral 
microvessels.  Pgp was immunoprecipitated (IP) and cavelin-
1 was immunodected (ID) for both saline (filled bar) and 
CIP (open bar) treatment groups.  Western blot analysis 
shows a trend towards a decrease in interaction between 
these proteins, however it is not statistically 
significant.  Graph shows mean ± SE percentage control of 
normalized optical density; n = 3 per group. 
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Figure 3.9 CIP increases Pgp and p-caveolin-1 association 
within the plasma membrane region of cerebral microvessels.  
Pgp was immunoprecipitated (IP) and tyr 14-phosphorylated 
cavelin-1 was immunodected (ID) for both saline (filled 
bar) and CIP (open bar) treatment groups.  Western blot 
analysis demonstrates a 30% increase in the association 
between Pgp and p-caveolin-1.  Graph shows mean ± SE 
percentage control of normalized optical density; n = 3 per 
group, *p<0.05. 
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Impact of cholesterol on Pgp activity after CIP 

 There is accumulating evidence that Pgp functional 

activity may be regulated in part by the lipid 

microenvironment (Kim et al. 1997; Romsicki and Sharom 

1999; Barakat et al. 2007) and variations in membrane 

cholesterol composition may play a key role in these events 

(Troost et al. 2004; Cai et al. 2004).  Therefore, in the 

next set of experiments we examined potential differences 

in cholesterol content between treatment groups across our 

plasma membrane fractions.  Results from these studies 

demonstrated an increase in the % cholesterol per µg protein 

for both groups within regions corresponding to clathrin 

and caveolae-like lipid raft domains (i.e. fractions 6-

10)(Figure 3.10).  This confirms that Pgp is predominantly 

located in cholesterol enriched regions.  While, no 

significant difference in cholesterol content between CIP 

and saline treatment groups is detected by our cholesterol 

assay, a large degree of standard error is observed within 

Pgp, clathrin, and caveolae co-localizing fractions (i.e. 7 

and 8).    
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Figure 3.10 Plasma membrane fraction cholesterol 
distribution.  High levels of cholesterol are found in 
fractions 7-8 and correspond with regions co-localizing 
with Pgp and lipid-raft enriched caveolar and clathrin 
membrane microdomains.  Membrane cholesterol composition, 
presented as % cholesterol per µg protein, is unaffected by 
CIP treatment. 
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3.4 DISCUSSION 

Alterations within Pgp properties have been reported 

for a number of CNS disease states, many of which maintain 

an inflammatory component associated with pain (Tishler et 

al. 1995; Demeule et al. 2001; Lam et al. 2001; Vogelgesang 

et al. 2002; Drozdzik et al. 2003; Kamel and Hoppin 2004; 

Langford et al. 2004).  Previously, our group has utilized 

the well characterized λ-carrageenan model of peripheral 

inflammatory pain (CIP) to investigate the affects of 

peripheral inflammatory hyperalgesia on Pgp function and 

molecular properties at the BBB.  We reported that 3 h post 

CIP Pgp expression within cerebral capillary membranes was 

increased with a corresponding decrease in morphine brain 

uptake and decreased morphine-induced antinociception.  

These findings were critical, as morphine is an analgesic 

clinically indicated in the treatment of multiple pain 

states.  Additionally this upregulation in Pgp occurred 

under conditions of compromised BBB tight junction (TJ) 

integrity, as others have reported TJ modulations 

associated with increased paracellular permeability under 

identical experimental conditions (Huber et al. 2001; Huber 

et al. 2002; Hau et al. 2004).  Thus, induction of Pgp by 
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CIP may serve as a compensatory response to protect the 

brain under conditions of compromised BBB integrity, 

although the mechanisms responsible for these changes are 

unknown.  In this report we attempt to better describe the 

potential mechanisms leading to these changes by examining 

the trafficking of Pgp within plasma membrane microdomains 

and exploring the impact of CIP treatment on key 

biophysical plasma membrane regulators.   

The data presented here demonstrate that Pgp is 

upregulated within cerebral capillary plasma membranes 

under conditions of CIP and not within cerebral capillary 

lysates.  This increase in Pgp within cerebral capillary 

membranes (45%) is similar to our previous findings in 

whole cerebral microvessels (Seelbach et al. 2007)/chapter 

2).  These findings suggest that the previously described 

decrease in morphine brain uptake under these conditions is 

related to Pgp expression along the plasma membrane 

surface, a strategic location for drug-substrate 

recognition and efflux.  In regards to Pgp regulation under 

CIP, these findings suggest that increased Pgp expression 

within the plasma membrane as early as 3 h is not likely 

the result of increased intracellular trafficking to and 
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insertion of Pgp into the plasma membrane but rather rapid 

regulation at the level of the plasma membrane.   

To investigate the influence of CIP on Pgp movement 

within detergent-resistant (DRM) lipid raft domains at the 

BBB plasma membrane we employed techniques of cellular 

gradient fractionation.  For these experiments we utilized 

our recently published detergent-free isolation method 

which enables us to isolate intact lipid raft structures 

(“lipid-raft friendly”) from freshly isolated in vivo 

preparations (McCaffrey et al., 2007).  This technique 

enables us to separate lipid-raft fractions (6-10; 

corresponding with regions of high cholesterol content) 

from non-lipid raft fractions (1-5; low cholesterol 

content) in the plasma membrane.  Our findings agree with 

previous reports in that Pgp co-localizes to caveolar 

microdomains (Demeule et al. 2000; Virgintino et al. 2002a; 

Jodoin et al. 2003; Barakat et al. 2007).    We also 

demonstrate that Pgp co-localizes with clathrin.  These 

findings are critical in light of the fact that Pgp can be 

rapidly regulated by structural proteins present in both of 

these microdomains (Kim et al. 1997; Demeule et al. 2000; 

Ortiz et al. 2004; Barakat et al. 2007).  More importantly, 

we show that a peripheral inflammatory event can impact Pgp 
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trafficking at the BBB membrane, as demonstrated by a shift 

in Pgp distribution pattern between groups (Figure 3.2).  

Our gradient fractionation analysis suggests that Pgp is 

moving away from “heavily” associated to “lightly” 

associated caveolin-1 enriched regions.  This movement of 

Pgp also occurs in a region co-localized with clathrin, a 

structural protein in clathrin-coated pits and involved in 

Pgp membrane endocytosis mechanisms (Kim et al. 1997).  

While the significance of these changes is difficult to 

discern from our fractionation methods these findings 

strongly suggest that increased Pgp functional activity 

relate to decreased morphine brain uptake and 

antinociception (Seelbach et al. 2007)/ Chapter 2) may 

involve lipid-raft regulatory events.    

Lipid-rafts are compartmentalized subdomains of the 

plasma membrane (that contain high levels of cholesterol 

and glycosphingolipids) and are involved in cellular signal 

transduction and trafficking events (Hanzal-Bayer and 

Hancock 2007).  Caveolin-1 is a key structural component of 

caveolaer lipid rafts and clathrin is the main protein 

constituent of clathrin triskelions making up clathrin 

coated pits (Anderson 1998; Conner and Schmid 2003).  

Cholesterol is an essential component of these membrane 
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microdomains and modulations within membrane cholesterol 

content have been shown to alter cell shape (flattening, 

aggregation) and to influence lipid-raft trafficking and 

signaling mechanisms (Romsicki and Sharom 1999; Troost et 

al. 2004b; Storch et al. 2007).  Therefore, in this study 

we explored the affects of CIP treatment on Pgp and 

caveolin and/or clathrin interactions as well as membrane 

cholesterol composition at the level of the BBB in vivo.   

The localization of Pgp within caveolar compartments 

and Pgp regulation by caveolin-1 are well described at the 

BBB (Demeule et al. 2000; Radeva et al. 2005; Barakat et 

al. 2007).  Studies in several caveolin-1 overexpressing 

cell lines have shown reduced Pgp functional activity 

associated with increased cellular drug accumulation, 

suggesting that Pgp activity is negatively regulated by 

caveolin-1 interactions (Cai et al. 2004; Zhu et al. 2004).  

Meanwhile, others have shown enhanced MDR phenotype under 

conditions of caveolin upregulation (Lavie et al. 1998).  

Using techniques of siRNA Barakat and colleagues (2007) 

reported similar findings within an immortalized rat brain 

microvessel endothelial cell line.  They also demonstrated 

that the tyrosine-14 phosphorylated form of caveolin-1 (p-

caveolin-1) negatively impacts Pgp functional activity and 
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that this event is regulated in part by Src, a known 

regulator of caveolin-1 phosphorylation (Barakat et al. 

2007; Cao et al. 2002).  We demonstrated in this study that 

the interaction between Pgp and caveolin-1 at the BBB 

remains unaffected by CIP treatment (3 h).  However, the 

interaction between Pgp and p-caveolin-1 is enhanced within 

cerebral capillary membranes by CIP, as demonstrated by our 

co-immunoprecipitation studies.  These findings are further 

supported by whole brain slice immunofluorescence imaging 

studies- which showed an enhanced co-localization pattern 

of staining for these proteins at the frontal cortex under 

conditions of CIP.  These findings were in contrast to 

those described above (Barakat et al. 2007) as we show 

increased Pgp/p-caveolin-1 association at a time when Pgp 

drug efflux capabilities are enhanced (Seelbach et al. 

2007).  However, pathophysiological upregulation of p-

caveolin-1 has been reported in both brain tumor (Regina et 

al. 2004) and spinal cord clip compression injury (Shin 

2007) experimental animal model studies.  Interestingly, 

analogous to the CIP model used in the current studies both 

of these models induce immune reactivity.         

One of the most intriguing observations of this study 

was the decreased association between Pgp and clathrin 3 h 
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post-CIP.  Pgp is predominantly endocytosed by clathrin-pit 

mediated mechanisms cycling through a Rab5-responsive 

endosomal compartment (Kim et al. 1997).  Experimental 

manipulation of clathrin-mediated mechanisms in intestinal 

carcinoma cells showed a “mislocalization” and /or 

“trapping” of Pgp into intracellular compartments 

corresponding with increased cellular accumulation of 

daunorubicin (Kim et al. 1997).  Our whole brain imaging 

studies suggest a qualitative increase in immunostaining 

intensity for clathrin within the frontal cortex region 3 h 

post-CIP.  The localization of clathrin staining under CIP 

pathology appears to be both diffusely scattered and 

localized around blood vessels.  In fact, under conditions 

of CIP both Pgp and clathrin appear to be localized to 

microvessels.  An increased association of clathrin with 

proteins and receptors along the capillary membrane would 

suggest an increased rate of intracellular internalization.  

However, the lack of any detectable yellow color in the 

merge micrograph suggests that any physical association 

between these Pgp and clathrin (3 h post-CIP) is limited.  

Our co-immunoprecipitation studies confirm this by showing 

a significant decrease in the interactions between these 

two proteins within cerebral capillary membrane 
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endothelium.  One potential impact of this decreased 

interaction may involve a reduction in Pgp endocytotic 

mechanisms.  Reduced endocytosis of Pgp would increase the 

plasma membrane lifetime of this pump.  If Pgp delivery and 

insertion mechanisms remain unaffected by CIP, an increased 

expression of this pump along the plasmalemmal surface 

would be expected.  This idea is supported by pulse chase 

studies performed in MDCK cells examining the role of HS-

associated protein X-1 (HAX-1) in regulating the apical 

membrane expression of bile salt export protein (BSEP).  

HAX-1 is a clathrin-pit associated protein and binding 

partner regulator for a number of non-PDZ containing 

proteins, including Pgp (Ortiz et al. 2004).  In their 

studies Ortiz et al (2004) showed that siRNA mediated 

knockdown of HAX-1 resulted in increased apical membrane 

expression of BSEP, which was independent of translation, 

post-translation modifications, or increased membrane 

delivery.      

Cholesterol, a major component of lipid-raft 

microdomains, has been reported to modulate Pgp activity.  

Cholesterol alters the liquid ordered phase state of the 

membrane and by doing so it may increase lipid interactions 

with Pgp nucleotide binding regions and/or transmembrane 
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regions, which impact Pgp ATPase activity and drug efflux 

capabilities (Romsicki and Sharom 1999; Gayet et al. 2005) 

Cai et al. 2004).  Removal of exogenous cholesterol from 

leukemia cells using clinically relevant cholesterol 

lowering agents (HMG-CoA reductase inhibitors) led to a 

marked increase in daunorubicin cellular uptake (Connelly-

Smith et al. 2007).  Similarly, studies examining Pgp 

ATPase activity within Pgp reconstituted proteoliposomes 

showed decreased Pgp activity following cholesterol 

depletion (Bucher et al. 2007).  Interestedly, these 

authors also reported alterations within Pgp substrate 

binding interactions (i.e verapamil binding was prevented) 

under conditions of low cholesterol (Bucher et al. 2007).  

In the current study the impact of peripheral CIP treatment 

on BBB plasma membrane cholesterol content was examined.  

Results from our cholesterol assay studies validate our in 

vivo fractionation technique by demonstrating our ability 

to isolate intact plasma membrane lipid-raft structures 

using this technique.  Additional, co-localization of Pgp 

within high cholesterol containing fractions provides clear 

evidence for the predominant localization of Pgp in lipid 

rafts.  CIP did not induce statistical changes in 

cholesterol composition within our isolated fractions.  
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However, there was a large degree of standard error within 

fractions that were of interest following CIP-induced 

movement of Pgp (i.e. 7 and 8).  It is possible that the 

cholesterol assay employed in this study is limited by its 

inability to differentiate between free cholesterol and 

cholesterol composing lipid rafts in the membrane.  

Furthermore, it has been proposed that Pgp acts as a lipid 

translocater at the membrane surface (van Helvoort et al. 

1996), a role which would impact the stabilization of 

membrane microdomains (Orlowski et al. 2007).  Our 

inability to detect significant differences in membrane 

cholesterol composition at the BBB following CIP treatment 

may be masked by the highly complex and multifaceted 

functional role of this pump in cytoprotection.   

 In the current study, we demonstrate that CIP induced 

peripheral inflammatory hyperalgesia changes the 

proteolipidic organization of Pgp in the plasma membrane of 

the BBB in vivo.  Namely, we show increased Pgp/p-caveolin-

1 and decreased Pgp/clathrin association.  These changes 

were associated with alterations within Pgp trafficking 

(within plasma membrane microdomains) and increased protein 

expression (within the cerebral capillary endothelium 

membrane).  This increase in expression and/or 
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proteolipidic re-organization of Pgp protein appears to 

positively correlate with an increased morphine efflux from 

the brain resulting in diminished morphine-induced 

analgesia (Seelbach et al. 2007)/Chapter 2).  To conclude, 

these findings strongly support the concept that 

pathophysiological alterations within membrane microdomains 

can regulate Pgp in vivo, possibility via stimulation of 

intracellular signaling (p-caveolin-1) and/ or increased 

half-life of Pgp at the plasma membrane (clathrin) 

mechanisms.         
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CHAPTER 4:  DISCUSSION 
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4.1 General Discussion and Conclusions 

P-glycoprotein (Pgp) is a key multidrug resistant 

protein (MDR) involved in the efflux transport of a wide 

array of structurally divergent and functionally diverse 

substrate compounds (Hennessy and Spiers 2007).  It is 

expressed in excretory and barrier sites throughout the 

body, including the blood-brain barrier (BBB) (Cordon-Cardo 

et al. 1989).  At this location Pgp actively prevents 

potentially toxic compounds from bypassing the BBB and 

entering the brain (Schinkel et al. 1994).  In this way Pgp 

is critical in helping to maintain a precise 

microenvironment for optimal neuronal function.  While 

cytoprotective in nature these unique “gatekeeper” 

properties present a formidable obstacle in the delivery of 

therapeutics to CNS tissue target sites (Regina et al. 

2001; Dagenais et al. 2004).  Numerous attempts have been 

made to modulate this pump in order to increase CNS drug 

delivery of Pgp substrate compounds albeit with limited 

success.  These early attempts at circumventing Pgp have 

demonstrated that Pgp regulation is vastly complicated 

event and extraordinarily sensitive to stressful 

environmental stimuli (please refer to chapter 1 of this 

dissertation for an overview on this topic).  The 
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literature available on the topic of substrate-induced 

upregulation is immense and it is well accepted that 

chronic (Pgp substrate) drug treatment contributes to 

acquired multiple drug resistance phenotype (MDR) (Biedler 

and Riehm 1970; Begley 2004; Bauer et al. 2005).  

Additionally, pathophysiological modulation of Pgp occurs 

in disease.  Changes in Pgp properties at the BBB have been 

described for several pathologies, including diabetes (Liu 

et al. 2006), epilepsy (Tishler et al. 1995), Parkinson’s 

disease (Drozdzik et al. 2003; Kamel and Hoppin 2004), 

Alzheimer’s disease (Lam et al. 2001; Vogelgesang et al. 

2002), HIV-encephalitis (Langford et al. 2004), 

ischemia/reperfusion injury (Ramos et al. 2004), depression 

(Muller et al. 2003), and bran tumors (Fellner et al. 

2002).  Inflammation and associated pain is an underlying 

component of many of these disease states, suggesting that 

commonalities may exist in Pgp regulation amongst them.  

This dissertation demonstrates that peripheral inflammatory 

hyperalgesia (pain) has a significant influence on Pgp at 

the BBB- both functionally in terms of its ability to limit 

brain uptake of morphine and molecularly in terms of its 

expression and biophysical localization/associations at the 

membrane endothelium.      
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Previous studies by our group examined the effects of 

λ-carrageenan induced peripheral inflammatory pain (CIP) on 

BBB paracellular-based properties.  Findings from those 

studies showed a CIP-induced “loosening” of the BBB via 

alterations in the expression, localization, and protein-

protein interaction of key TJ proteins at this region.  

These modulations corresponded with increased BBB 

permeability to the vascular impermeant marker 14C sucrose, 

suggesting increased paracellular diffusion between the 

endothelial clefts (Huber et al. 2001b; Huber et al. 2002).  

Subsequent studies by Hau et al (2004) demonstrated similar 

levels of increased permeability to the opioid 3H codeine 

under identical treatment conditions.  The implications 

derived from these studies were tremendous, as they 

suggested that a peripheral inflammatory hyperalgesic event 

had the ability to breach BBB integrity.  The BBB is highly 

dynamic and these changes were reversible however, even 

small fluctuations within the precisely-regulated brain 

microenvironment can have serious consequences in regards 

to brain homeostasis.  While an understanding of the 

regulation of BBB paracellular based mechanisms in 

pathology is important it is also important to consider 
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these affects on transcellular based mechanisms.  The goal 

of this study was to examine the impact of carrageenan-

induced peripheral inflammatory hyperalgesia on Pgp efflux 

transport protein expression, localization, and function at 

the BBB.   

The first series of experiments for this study were 

aimed at investigating structural and functional changes in 

Pgp at the BBB under conditions of CIP (Chapter 2).  The 

CIP model was selected for these studies because of its 

well-characterized nature in the literature as well as for 

its relatively rapid onset and high reproducibility.  

Potential modulations within Pgp at the BBB were examined 3 

h post-carrageenan injection primarily because previous 

studies from our group demonstrated a maximal increase in 

BBB permeability to the vascular space marker, 14C sucrose, 

and the opioid 3H codeine (used clinically as an antitussive 

agent) at this time point (Huber et al. 2001; Huber et al. 

2002; Hau et al. 2004).  For this study our CIP injected 

animals developed edema, hyperalgesia, with a concomitant 

shift in leukocyte populations suggesting stimulation of 

immunological processes.  We reported an increase the 

expression of Pgp at the cerebral capillary endothelium as 

early as 3 h post CIP treatment.  These results were not 
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surprising as there is a large body of literature available 

examining the impact of pathology associated immune 

reaction on Pgp expression (mRNA and protein) and drug 

transport function (Kalitsky-Szires et al. 2004; Tan et al. 

2002; Goralski et al. 2003; Balayssac et al. 2005; Fakhoury 

et al. 2006).  Reports from these studies are variable and 

suggest that regulation of Pgp by inflammatory stimuli is a 

complicated process that may be tissue- or cell-type 

specific, as well as dependent upon both time and type of 

inflammatory model used, gender, and species.  Taken 

together these findings suggest that the increase in Pgp 

expression at the BBB demonstrated in our model is likely 

regulated by CIP-mediated stress evoking stimuli.  We are 

one of the first to demonstrate that a peripheral 

inflammatory event can modulate Pgp at the level of the 

BBB.  

We were then interested in how these 

pathophysiological modulations in Pgp at the BBB would 

impact functional activity related to CNS drug delivery.  

Therefore, we examined the influence of CIP-induced 

upregulation in Pgp (at the BBB) on morphine brain uptake 

and antinociception.  Morphine was selected as a marker for 

our Pgp functional studies based on the following three 
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reasons: 1). its physiochemical properties indicate a 

transcellular route of entry (Habgood et al. 1998), 2). it 

is a moderate substrate of Pgp making it an ideal candidate 

for our in situ brain perfusion studies (Dagenais et al. 

2004), 3). it is a clinical relevant drug indicated in a 

number of pain states (Schaible and Vanegas 2000), and 4). 

its analgesic/euphoric action is centrally-mediated 

(Goodman et al. 2001).  Using techniques of multiple-time 

uptake in situ brain perfusion we showed a curvilinear 

kinetic profile for morphine brain uptake, strongly 

suggestive of an efflux component.  Moreover, non-linear 

regression analysis demonstrated an increased efflux 

component (kout parameter), corresponding with significantly 

decreased calculated brain distribution volume at steady 

state (Vbr), under conditions of CIP.  CIP-induced 

modulations within kinetic uptake parameters resulted in a 

significant reduction in net 3H morphine brain uptake, as 

compared to saline controls.  This decrease in morphine 

uptake was independent of morphine metabolism at the BBB, 

as HPLC analysis confirmed that morphine breakdown did not 

occur during the relatively short time frame of our 

perfusion studies.  
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We confirmed the role of Pgp in this event (i.e. 

decreased morphine brain uptake after CIP) by examining the 

affect of Pgp inhibition on morphine brain uptake under 

these conditions.  The Pgp-inhibitor cyclosporin A (CsA) 

was added directly to the in situ brain perfusate so as to 

avoid any potential complications derived from systemic 

administration of this compound.  CsA-mediated Pgp 

inhibition resulted in a significant increase in morphine 

brain uptake for both treatment and control groups, 

resulting in comparable values of % Rbr.  However the degree 

of morphine brain uptake (measured as percent increase in 

morphine brain uptake) following CsA treatment was greater 

within CIP groups, as compared to saline control.    

Findings derived from these studies strongly suggest that: 

1).  Our in situ brain perfusion technique is sensitive 

enough to detect regulatory changes in Pgp protein function 

at this location and 2). Changes in morphine brain uptake 

following CIP are related to modulations occurring in Pgp 

at the BBB.               

In conjunction with molecular studies, behavioral 

studies are important for predicting the functional 

magnitude of CIP induced changes in regard to morphine 

analgesia.  Here we report a decrease in morphine-induced 
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antinociception following CIP treatment, suggesting that 

less (systemically administered) morphine is able to bypass 

the BBB and reach its CNS active sites within the brain.   

Others have shown that Pgp at the BBB is a limiting factor 

in the analgesic efficacy of several clinically indicated 

analgesic compounds, including morphine (Thompson et al. 

2000; Dagenais et al. 2001; Dagenais et al. 2004).  

Experimental manipulation of Pgp at the BBB can impact the 

onset, duration, and magnitude of morphine analgesia 

(Dagenais et al. 2004).  We are the first to show that a 

peripheral pathological insult influences Pgp function at 

the BBB, significantly impacting the analgesic potency of 

morphine in vivo.   

 The precise mechanisms responsible for the 

upregulation in brain endothelial Pgp seen in our studies 

is largely unknown.  The literature suggests that 

regulation of this protein pump is a vastly complicated and 

highly controlled process, involving regulation at protein 

and message levels- enabling direct (immediate), short-term 

(minutes), and long-term (hours to days) regulation of this 

pump (please refer to chapter 1 of this dissertation for an 

overview on this topic).  In this report we show that Pgp 

expression at the cerebral endothelium occurs predominantly 
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within the membrane portion of the cell (3 h post-CIP; 

Chapter 3).  These findings agree with other reports 

confirming that Pgp’s functional activity (in relation to 

drug transport) is dependent upon it luminal membrane 

location (Bauer et al. 2004, 2005; Bauer et al. 2006) and 

suggest that the previously described reduction in morphine 

brain uptake is related to this acute increase in membrane 

Pgp pools. 

Pgp regulatory events are influenced by a variety of 

factors, including immune reaction (Hartz et al. 2004) 

Kalitsky-Szires, 2004).  It is likely that under conditions 

of acute inflammatory pain (like our CIP model) the rapid 

regulation of this pump occurs on multiple levels, 

involving protein phosphorylation, intracellular vesicular 

trafficking, and targeted endocytosis and/or degradation 

mechanisms that are stimulated by the inflammatory insult 

(Kim et al. 1997; Hartz et al. 2004; Zhu et al. 2004).  

Recent findings reported in the literature suggest that 

many of these rapid signaling events are mediated via 

plasma membrane lipid-raft mechanisms.  (Demeule et al. 

2000; Barakat et al. 2007).  Therefore, the last aim of our 

study explored the relationship between Pgp and membrane 

cholesterol-containing microdomains as a potential 
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mechanism responsible for the molecular and functional 

modulations in Pgp observed in our CIP model (Chapter 3).   

Our unique and novel plasma membrane gradient 

fractionation technique is the first to employ a detergent-

free (“lipid-raft friendly”) method to study protein 

trafficking at the BBB in vivo.  Cholesterol assays of the 

gradient fractions demonstrated that Pgp is located in 

cholesterol enriched regions co-localizing with caveolae 

and clathrin-pit like membrane microdomains in vivo.  These 

findings confirmed previous reports regarding Pgp’s 

association with (and influence by) cholesterol (Barakat et 

al. 2005; Gayet et al. 2005; Bucher et al. 2007; Connelly-

Smith et al. 2007) and caveolin-1 (Demeule et al. 2000; 

Virgintino et al. 2002b; Barakat et al. 2007) at the plasma 

membrane.  Caveolin-1 is a key a structural component of 

caveolar microdomains.  Caveolar microdomains can be 

described as signaling scaffolds, as they contain a variety 

of signaling proteins, such as G-proteins, PKC, and NO 

synthase (Anderson 1998).  Caveolin-1 has been implicated 

in a number of general cellular functions such as, 

cholesterol transport (Levy et al. 2007), membrane 

trafficking (Kong et al. 2004); and signal transduction 

(Ostrom et al. 2004; Shin 2007).  Recent studies by Shin et 
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al (2007) examining caveolin-1 regulation of dopamine 1 

receptors (D1R) in COS7 cells demonstrate alterations 

within DR1 localization and signaling by caveolin-1.  In 

these studies caveolin-1 induced endocytosis of D1R was 

reduced and cAMP levels (following agonist stimulation of 

D1R) were enhanced by caveolar disruption (Shin 2007).  

These findings are likely translatable to other membrane 

proteins, such as Pgp.  Pgp maintains a caveolin-binding 

motif in the N-terminus of the protein (Jodoin et al. 

2003).  Inhibition of Pgp/caveolin-1 interactions at this 

region by mutagenesis demonstrate increased Pgp drug 

transport activity related to decreased drug accumulation 

(Jodoin et al. 2003).  These findings suggest that 

caveolin-1 is a negative regulator of Pgp function.  Our 

experimental findings are in agreement with these reports, 

as our Pgp/caveolin-1 co-immunoprecipitation demonstrates a 

trend towards a decreased association between these 

proteins under conditions of CIP, although this is not 

significant.  Additionally, our membrane trafficking data 

indicates that under conditions of CIP Pgp moves away from 

fractions co-localized with the greatest percent 

distribution of caveolin-1.  On the contrary, we 

demonstrate an increased association between Pgp and the 
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(tyr-14) phosphorylated form of caveolin-1.  Although 

difficult to interpret, increased expression of p-caveolin-

1 during conditions of decreased caveolin-1 expression have 

been reported in an animal model of spinal clip compression 

injury (Kong et al. 2004) as well as in an in  vivo brain 

tumor model (in which BBB endothelial cells were purified 

from gliomas and normal brain) (Regina et al. 2004).  

Barakat et al (2007) were the first to show that (tyr 14) 

phosphorylated caveolin-1 enhances Pgp transport activity 

(as measured by decreased cellular accumulation of taxol 

and vinblastine) in an immortalized rat brain endothelial 

cell line transfected with Src kinase.  (Src is a known 

regulator of caveolin-1 phosphorylation (Cao et al. 2002; 

(Barakat et al. 2007)).  We are the first to report an 

increase in Pgp/p-caveolin-1 interactions at the BBB under 

conditions of peripheral pathology in vivo, however the 

role of p-caveolin-1 in regulating Pgp is unknown.        

 One of the most intriguing observations of this study 

was the decreased association between Pgp and clathrin 3 h 

post-CIP.  While the precise role of increased Pgp/clathrin 

interaction has yet to be determined, it can be supposed in 

light clathrin’s role in receptor mediated endocytosis 

(please refer to chapter 1).  Clathrin has been identified 
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as the predominant pathway for constitutive Pgp endocytosis 

and antibody-tagged kinetic studies estimate a membrane 

surface half-life of approximately 20 min (Kim et al. 

1997).  The decreased association between Pgp and clathrin 

demonstrated in our Pgp/clathrin co-immunoprecipitation 

studies suggest that less Pgp is being pulled away from the 

membrane surface under conditions of CIP.  These findings 

are in agreement with our Western blot studies which show a 

significant increase in Pgp expression along the cerebral 

capillary endothelium membrane.  We are the first to 

propose a regulatory relationship between Pgp and clathrin 

at the BBB in vivo during a pathophysiological state.     

In summary this dissertation was focused on examining 

the influence of peripheral inflammatory hyperalgesia on 

the molecular and functional properties of the key 

transport protein Pgp at the level of the BBB.  Our data 

indicate that CIP-induced peripheral insult induces a rapid 

increase in Pgp expression and alters the proteolipidic 

organization of Pgp protein at the BBB in vivo as early as 

3 h post λ-carrageenan hind paw injection.  These changes in 

Pgp appear to positively correlate with an increased 

morphine efflux from the brain resulting in diminished 
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morphine induced analgesia.  While the precise mechanism 

responsible for Pgp regulation at the BBB under these 

conditions is unknown the results of our current study 

suggest that dynamic interactions with key (multifaceted) 

lipid-raft structures are likely involved.  To conclude, we 

are the first to show that Pgp is involved in restricting 

morphine transport into the brain during peripheral 

pathophysiology insult.  Clinical implications derived from 

studies suggest that pathophysiological considerations are 

important in prescribing dosing regimes for CNS-acting 

therapeutics.   

 

4.2 Future directions 

 The findings presented in chapters 2 and 3 of this 

dissertation strongly suggest that the critical efflux 

transport protein Pgp is subject to modulation (at the 

level BBB) by λ-carrageenan induced peripheral inflammatory 

insult and that these modulations impact morphine drug 

delivery to the brain.  We proposed that proteolipidic re-

organization of Pgp-lipid microdomain composition (at this 

location) plays a role in these events, however, the 

precise mechanisms responsible for these changes is yet to 
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be determined.  These findings have introduced a number of 

interesting questions regarding regulation of this pump 

under pathophysiology.  Several logical (yet divergent) 

follow up studies may strengthen our understanding and/or 

introduce additional questions regarding the importance of 

the efflux barrier system in conferring BBB integrity. 

Below I propose 3 logical directions that are experimental 

feasible at this time. 

1. Investigate the impact of other pathophysiologies 

(vascular, neuronal, infectious, etc.) on Pgp 

properties at the BBB. 

2.  Examine brain region specific changes in Pgp 

properties under these conditions and/or tissue 

specific regulation of this pump in disease.   

3. Investigate the influence of CIP on other efflux 

transport systems (MRP1, MRP2, BCRP, etc.) at this 

location.   
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