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Abstract

The primary function of the blood-brain barrier (BBB) /neurovascular unit is to protect the CNS
from potentially harmful xenobiotic substances and maintain CNS homeostasis. Restricted access
to the CNS is maintained via a combination of tight junction proteins as well as a variety of efflux
and influx transporters that limits the transcellular and paracellular movement of solutes. Of the
transporters identified at the BBB, P-glycoprotein (P-gp) has emerged as the transporter that is the
greatest obstacle to effective CNS drug delivery. In this chapter we provide data to support
intracellular protein trafficking of P-gp within cerebral capillary microvessels as a potential target
for improved drug delivery. We show that pain induced changes in P-gp trafficking are associated
with changes in P-gp’s association with caveolin-1, a key scaffolding/trafficking protein that co-
localizes with P-gp at the luminal membrane of brain microvessels. Changes in co-localization
with the phosphorylated and non-phosphorylated forms of caveolin-1, by pain, are accompanied
by dynamic changes in the distribution, relocalization and activation of P-gp “pools” between
microvascular endothelial cell subcellular compartments. Since redox sensitive processes may be
involved in signaling disassembly of higher order structures of P-gp, we feel that manipulating
redox signaling, via specific protein targeting at the BBB, may protect disulfide bond integrity of
P-gp reservoirs and control trafficking to the membrane surface providing improved CNS drug
delivery. The advantage of therapeutic drug “relocalization” of a protein is that the physiological
impact can be modified, temporarily or long term, despite pathology-induced changes in gene
transcription.
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Introduction

The blood-brain barrier (BBB) is a formidable physical and biochemical barrier to effective
drug delivery to the brain, thus limiting the ability to effectively treat central nervous system
(CNS) disorders. Within the past decade, intense research efforts have focused on directly
targeting the BBB for optimization of drug delivery (Ronaldson & Davis, 2013). Such BBB
targets include influx organic anion transporting peptides (Oatp 1a4) and efflux P-
glycoprotein (P-gp) transporters that are expressed at the level of the brain microvascular
endothelium. Instead of physically circumventing the BBB by using various tissue
disruption/damaging, mechanical techniques such as osmotic shock, microdialysis or
intracerebroventricular (icv) injection, targeting transporters enable development of novel
chemical approaches to utilize endogenous barrier components to deliver drugs to the brain
thereby providing a unique opportunity to improve efficacy of existing therapies while
promoting development of new ones (Ronaldson & Davis, 2013). This chapter provides an
overview of BBB biology and focuses on the “ 800 pound gorilla”, known as the P-gp
transporter, which is responsible for many failures of CNS developmental therapeutics.
Furthermore, we highlight various techniques that have been developed to circumvent the
BBB for CNS drug delivery, with a particular emphasis on opportunities provided by
targeting endogenous BBB transporter systems, such as P-gp and Oatp 1a4.

The Blood-Brain Barrier/Neurovascular Unit

The neurovascular unit (NVU) is comprised of cellular constituents (i.e., endothelial cells,
astrocytes, microglia, pericytes, neurons) and the extracellular matrix (Ronaldson & Davis,
2013) (Figure 1). The concept of the NVU emphasizes that brain function and dysfunction
requires coordinated interaction between the various NVU components. Disruption of any
NVU component, either as a result of a physiological, pathological or pharmacological
stressor, can alter BBB integrity, subsequently modifying brain microvascular permeability
and drug delivery (Ronaldson & Davis, 2013; Rolfe & Brown, 1997; Hawkins & Davis,
2005).

Endothelial Cells and the Blood-Brain Barrier

The CNS is the most sensitive and critical organ system in the human body. Therefore,
proper function requires precise regulation of the brain extracellular milieu. Additionally,
CNS metabolic demands are considerable, with the CNS accounting for approximately 20%
of overall oxygen consumption in humans (Oldendorf et al., 1977). The interface between
the brain and the systemic circulation must possess highly selective and efficient
mechanisms that are capable of facilitating nutrient transport, regulating ion balance, and
providing a barrier to potentially toxic substances. Specifically, brain entry of some
substances must be permitted while permeation of others must be limited. This homeostatic
function of the cerebral microvasculature occurs primarily at the level of brain
microvascular endothelial cells, the principal cell type of the BBB/NVU.

Compared to peripheral vasculature, BBB endothelial cells are characterized by increased
mitochondrial content, high transendothelial electrical resistance (TEER), minimal
pinocytosis activity, and lack of fenestrations (Hawkins & Davis, 2005; Oldendorf et al.,
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1977). Increased mitochondrial content is essential for these cells to maintain various active
transport mechanisms such as those utilized to transport ions, nutrients, and waste products
into and out of the brain parenchyma, thus contributing to the precise regulation of the CNS
microenvironment and ensures proper neuronal function. Cell polarity of endothelial cells is
ascribed to differing functional expression of transporter proteins and metabolic enzymes
that are differentially expressed on the luminal and abluminal membranes. Such different
biochemical characteristics of the luminal and abluminal plasma membranes further
contribute to the high selectivity of the BBB (Betz et al., 1980; Sanchez del Pino et al.,
1995; Vorbrodt & Dobrogowska, 2003).

Of the many transporters expressed at the BBB endothelium, several have been implicated
in influx and/or efflux of drugs into the CNS. Examples of efflux transporters include P-gp
(Bendayan et al., 2002), Breast cancer resistance protein (BCRP in humans; Bcrp in rodents)
and Multidrug resistance proteins (MRPs in humans; Mrps in rodents). Additionally,
transporters that facilitate drug entry into the brain are also expressed at the BBB. For
example, OATPs (humans)/Oatps (rodents), whose transport are bidirectional and have been
shown to mediate drug transport into the brain, are also expressed on capillary endothelial
cells. Other examples of uptake transporters that are endogenously expressed at the BBB
include organic anion transporters (OATS in humans; Oats in rodents), organic cation
transporters (OCTs in humans; Octs in rodents), nucleoside transporters, monocarboxylate
transporters (MCTSs in humans; Mcts in rodents), and mechanisms for peptide transport.
Shown in Figure 1 is a representation of the location of several of these transporters on NVU

cell types.

Transport Across the Brain Barriers

Several disorders of the CNS remain difficult to treat pharmacologically due to an inability
of many drugs to attain efficacious concentrations in the brain. In part, this is due to active
efflux transport processes that restrict blood-to-brain drug uptake. However, drugs may still
cross brain barriers (i.e. BBB, brain cerebral spinal fluid (BCSF) barrier) and accumulate in
the CNS by various mechanisms that favor uptake including passive diffusion, transcytosis,
carrier-mediated transport, and endocytosis. A brief description of each process is provided
in Figure 2.

P-glycoprotein

P-gp is a 170-kDa efflux transporter encoded by the MDR gene (Gottesman et al., 1995).
Two MDR isoforms have been identified in human tissues, MDR-1 and MDR-2 (Chen et al.,
1986; Roninson et al., 1986); however, P-gp expression in rodent tissues is encoded by three
distinct mdr isoforms (mdr-1a, mdr-1b, and mdr-2 in rats and mdrl, mdr2 and mdr3 in
mice). While over expression of MDR-1/mdr-1a/mdrlb confers the MDR phenotype
(Gottesman et al., 1995; Ueda et al., 1987), MDR-2/mdr-2 is primarily expressed in the liver
and is involved in transport of phosphatidylcholine into bile (Gottesman et al., 1995; Smit et
al., 1993). In humans, the MDRL1 gene product is 1280 amino acids in length and consists of
two homologous halves, each containing six transmembrane domains. Each homologous
half also contains one ATP-binding site. Two to four glycosylation sites have been located
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on the first extracellular loop. Although glycosylation is necessary for localization to the
plasma membrane, it is not necessary for transport function. Studies using glycosylation-
deficient P-gp found lower levels of this transporter at the cell surface but transport function
remained unaffected (Gribar et al., 2000). Mature P-gp is phosphorylated on the linker
region between the two homologous halves (TM6-TM7) (Gottesman et al., 1995).
Phosphorylation may protect non-glycosylated P-gp from being degraded by endoplasmic
reticulum proteases or from undergoing proteasomal degradation prior to glycosylation and
trafficking to the plasma membrane. For example, in vitro studies have demonstrated that
activation of Pim-1 kinase, a serine/threonine kinase, decreased P-gp degradation and
increased cell surface expression (Xie et al., 2010), which suggests that phosphorylation
may be a critical step in processing of a mature and functional P-gp transporter and a
potential point to target for improved CNS drug delivery (Ronaldson & Davis, 2013).
Studies using rat brain endothelial cells in vitro have also demonstrated that the physical
interaction between P-glycoprotein with caveolin-1 is enhanced by tyrosine-14-
phosphorylation of caveolin-1 (Barakat et al., 2007).

Since its initial discovery in Chinese hamster ovary cells (Ling & Thompson, 1974), P-gp
expression has been observed in multiple barrier and non-barrier cell types, including
kidney, liver, gastrointestinal tract, placenta, and testes (Juliano & Ling, 1976). In the brain,
P-gp is localized to both the luminal and abluminal membranes of the BBB endothelium
(Bendayan et al., 2006) and to the apical plasma membrane of choroid plexus epithelial cells
(Rao et al., 1999). Expression of P-gp at the BBB likely evolved to protect the CNS from
exposure to potentially neurotoxic xenobiotics and to maintain the precise homeostatic
environment required for proper neuronal function (Sharom, 2007). Evolution favors
adaptation and the maintenance of homeostasis and this is why P-gp has evolved as central
to brain function during times of stress. The importance of P-gp’s role in CNS protection is
highlighted by studies using mdrla/mdrlb knockout mice. Mdr-1a/mdrlb null mice showed
a 100-fold increase in brain uptake of ivermectin, a neurotoxic pesticide, when compared to
their wild-type counterparts. Furthermore, mdrla/mdrlb null mice displayed multiple
symptoms of ivermectin toxicity (i.e., tremors, paralysis, coma, and death) that are directly
attributed to increased brain penetration (Schinkel et al., 1994). Similar observations were
reported in collies where increased sensitivity to ivermectin was directly correlated to a
complete absence of the mdrl gene (Doran et al., 2005). Additionally, P-gp expression has
been detected in brain parenchyma cellular compartments such as astrocytes, microglia, and
neurons (Golden & Pardridge, 1999; Schlachetzki & Pardridge, 2003; Ronaldson et al.,
2004; Lee et al., 2001; Volk et al., 2004). Each of these observations point to the real
possibility that P-gp has developed and evolved as the primary “gate keeper” that is critical
in maintaining a safe, non-toxic environment in the brain and CNS that limits entry of many
potentially toxic drugs such as morphine and other opioids.

P-glycoprotein also has an immense substrate and drug profile that renders it a formidable
obstacle to any/all CNS drug delivery. In fact, the number of compounds known to be P-gp
substrates is continuously expanding as more and more research is done. P-gp substrates are
generally non-polar, weakly amphipathic compounds that vary considerably in molecular
size. For example P-gp is known to transport small molecule drugs such as daunorubicin
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(563.99 Da) as well as larger molecules such as actinomycin D (1255.42 Da) (Sharom,
2007). The list of known substrate categories includes, but is not limited to, antibiotics,
calcium channel blockers, cardiac glycosides, chemotherapeutics, immunosuppressants,
anti-epileptics, anti-depressants, and HIV-1 protease inhibitors (Sun et al., 2004; Demeule et
al., 2002). Additionally, recent studies have demonstrated that many HMG CoA reductase
inhibitors (i.e., pitavastatin, pravastatin) are transported across biological membranes by P-
gp (Shirasaka et al., 2011a; Shirasaka et al., 2011b). Studies have also shown that opioid
analgesic drugs such as morphine and the opioid peptide DPDPE are directly extruded from
brain tissue by P-gp (Figure 3) (Seelbach et al., 2007; Ronaldson et al., 2011; Chen &
Pollack, 1998; Chen & Pollack, 1997). Endogenous substrates of P-glycoprotein may
include cytokines, lipids, steroid hormones, and peptides (Sharom, 2007).

Additionally, several substrates of P-gp have been found to be competitive transport
inhibitors. Examples of such drugs include calcium channel blockers (i.e., verapamil),
antipsychotics (i.e., chlorpromazine), immunosuppressive agents (i.e., cyclosporine A) and
the cyclosporine A analog PSC 833 (i.e., valspodar) (Sharom, 2007). HMG CoA reductase
inhibitors have also been found to block P-gp transport function and several studies are
exploring the possibility of using these drugs to reverse P-gp induced drug resistance in
tumor cells (Goard et al., 2010).

Drug Delivery to the Central Nervous System: Strategies developed to

circumvent brain barrier sites

The blood-brain barrier (BBB) is a formidable obstacle to drug delivery. Transcellular
permeability of compounds across the BBB is complex and regulated by expression of
various transporter proteins (Figure 2). In fact, the overall balance of these transporters is a
critical determinant in CNS permeation of multiple therapeutic drugs. Restricted entry of
therapeutic compounds into the CNS results in ineffectual treatment of CNS disorders such
as epilepsy, brain cancer, HIVV-associated neurocognitive disease, cerebral hypoxia, ischemic
stroke, and peripheral inflammatory pain. Therefore, several therapeutic strategies have been
developed to circumvent the BBB and improve CNS drug delivery. Among those developed,
some efforts have involved invasive procedures such as forced, mechanical opening of the
BBB that can cause undesirable side effects and extensive tissue pathology. Other efforts
have focused on circumventing those efflux transporters (i.e., P-gp, MRPs/Mrps, BCRP/
Bcrp) that severely limit entry of therapeutic compounds into the brain. While efflux
transporter inhibition has achieved modest success in improving CNS drug permeability,
their utility is greatly limited by adverse drug reactions that may occur due to increased drug
concentrations in the brain and other peripheral tissues. Recently, there is a growing interest
in exploiting other transport systems to improve drug delivery, including targeting
endogenous influx transporters expressed at brain barrier sites such as Oatpla4. The
following section will provide a brief overview of several methods for drug delivery to the
CNS that have been developed to date as well as suggest novel approaches based on recent
findings.
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Inhibition of Brain Barrier Efflux Transporters

In order to circumvent efflux transporters at brain barrier sites, particularly P-gp,
pharmacological inhibitors have been developed with the intent of enabling greater
penetration of drugs into the CNS. Such studies have shown mixed results with regards to
efficacy and safety of these inhibitory compounds. The first generation of P-gp inhibitors
were identified in the early 1980s. Despite their ability to inhibit P-gp transport activity and
increase delivery cellular drug permeation, the doses required to be effective inhibitors were
extremely high and resulted in both toxicity and unwanted pharmacokinetic interactions
(Thomas & Coley, 2003). Second generation inhibitors, such as PSC833 (i.e., valspodar),
are much more potent than their predecessors and do exhibit less toxicity. However, PSC833
demonstrated disappointing results in clinical studies, with only modest increases in CNS
drug delivery (Thomas & Coley, 2003). Additionally, this generation of inhibitors
significantly inhibited metabolism and excretion of cytotoxic agents. These unexpected
effects necessitated reduction in chemotherapy doses to levels that were no longer
efficacious (Thomas & Coley, 2003).

An ability to selectively modulate P-gp activity has the potential to impact treatment of
numerous CNS pathologies and alter disease progression. Accumulated research suggests
that P-gp affects CNS drug uptake in a plethora of diseases including inflammation, pain,
epilepsy, HIV, brain cancer (Seelbach et al., 2007; McCaffrey et al., 2012; Miller et al.,
2008; Zhang et al., 2012) and cerebral ischemia (Spudich et al., 2006; Miller et al., 2008 and
Thompson & Ronaldson in the current volume). These data support a role for P-gp in
treatment response. Although there is consensus that P-gp plays a role in the ability to treat
disease at the level of the CNS, there are inconsistencies in the data particularly when P-gp
inhibitors are used. Further, the failure of available P-gp inhibitors to improve clinical
outcome has been discouraging. There is also some evidence that P-gp is involved in
Alzheimer disease (Cirrito et al., 2005; Hartz et al., 2010); decreased P-gp function has been
observed in Alzheimer patients compared to healthy control subjects (van Assema et al.,
2012). These data suggest that P-gp can impact disease progression. However, there is a
study showing that 3-amyloid clearance in a rat Alzheimer disease model did not decrease
after treatment with P-gp inhibitors (Ito et al., 2006). Each of the pathologies in which P-gp
potentially plays a role is complex and the contribution of P-gp to treatment response or
pathogenesis is still being defined. The complexity of this issue indicates that an
understanding of signaling and trafficking pathways that lead to increased (or decreased) P-
gp activity in each pathological condition is necessary to identify novel drug targets and
regulate P-gp in a context-dependent way. A more nuanced approach to P-gp regulation may
succeed where direct inhibition of P-gp has failed.

Recent work elucidating mechanisms that regulate changes in P-gp functional expression
have suggested discrete signaling pathways that can be targeted to impair P-gp function and
improve CNS drug delivery. Targeting such pathways is an attractive alternative to global
inhibition of P-gp as it can lead more precise control of P-gp in specific target tissues and/or
preservation of basal P-gp activity, which is critical for neuroprotection (Ronaldson &
Davis, 2013). Recently, the role of sphingolipid signaling in regulating basal levels of P-gp
activity was investigated. Using a confocal-based activity assay that used rat brain
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capillaries, investigators determined that basal activity levels were regulated via signaling
through the sphingosine-1-phosphate receptor (S1PR) (Cannon et al., 2012). Exposure of
brain capillaries to sphingosine-1-phosphate (S1P), a bioactive lipid metabolite and
endogenous ligand for S1IPR1, resulted in a reduction in P-gp-mediated drug efflux (Cannon
et al., 2012). Removal of S1P from the capillary media restored P-gp efflux activity to levels
seen in the control group, demonstrating that signaling via S1PR can allow for transient
modulation of P-gp-mediated efflux activity (38). Changes in P-gp function observed in
isolated brain capillaries were validated in vivo using the in situ perfusion technique.
Animals treated with S1P or the S1P analog, fingolimod (FTY720), exhibited increased
brain uptake of radiolabeled verapamil, loperamide, and paclitaxel, demonstrating reduced
P-gp activity in vivo (Cannon et al., 2012). The use of an S1IPR1-specific antagonist or
inhibition of G-protein-coupled receptor signaling blocked this effect (Cannon et al., 2012).
While targeting S1PR1 directly may prove to be a useful method for controlling efflux
transport at the BBB, data from this study also suggest that additional targets for therapeutic
development lie downstream in the S1PR signaling pathway. Characterization of the
signaling events that result in S1P production ((Cannon et al., 2012) and references therein)
and the recent finding that Mrp1 is critical for the sphingolipid signaling events that alter P-
gp activity at the mouse BBB (Cartwright et al., 2013) indicate that there is also potential for
therapeutic intervention upstream of S1PR signaling.

Our studies measuring the effects of peripheral inflammatory pain, induced by -
carrageenan injection into the rat footpad, on CNS drug delivery indicate that the protein-
protein interactions that govern P-gp trafficking and complex formation are also potential
drug targets. Protein transport from one subcellular location to another results directly from
specific protein-protein interactions that are governed by unique motifs encoded within a
protein’s primary sequence. P-gp has a binding motif in its N-terminus for caveolin-1, a key
scaffolding protein. Studies using rat brain endothelial cells in vitro have demonstrated that
the physical interaction between P-glycoprotein with caveolin-1 is enhanced by tyrosine-14-
phosphorylation of caveolin-1, and that the binding of P-glycoprotein to caveolin-1
negatively regulates P-glycoprotein function (Barakat et al., 2007). Our in vivo work showed
that peripheral inflammatory pain causes a redistribution of P-gp, total caveolin-1 and
tyrosine-14-phosphorylated caveolin-1 in rat brain microvessels suggesting movement of
these proteins to different subcellular locations (McCaffrey et al., 2012).(Figure 5).
Trafficking of these proteins is accompanied by increased P-gp activity (McCaffrey et al.,
2012) and decreased accumulation of morphine in the brain (Seelbach et al., 2007). These
data suggest that a further characterization of peripheral inflammatory pain-induced
trafficking events will identify potential therapeutic targets. Additionally, demonstration of a
vascular endothelial growth factor (VEGF)-induced rapid reduction of P-gp efflux function
at the BBB through endocytosis further highlights the potential that therapeutic manipulation
of a trafficking pathway may have in temporarily reducing P-glycoprotein efflux activity at
the luminal membrane (Hawkins et al., 2010).

Peripheral inflammatory pain causes disassembly of high molecular weight complexes
containing P-gp (McCaffrey et al., 2012). The disassembly process includes a loss or
rearrangement of disulfide bonds that are accessible to aqueous reducing agents (McCaffrey

Adv Pharmacol. Author manuscript; available in PMC 2015 January 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Davis et al.

Page 8

etal., 2012). These data suggest that redox processes are involved in the activation/
trafficking of P-gp. Recent data indicate that drug-mediated ATPase activity in P-gp
depends on formation of specific disulfide bonds after the binding of the ATP molecule
(Loo et al., 2013). The redox dependent changes we see could be direct, i.e. rearrangements
of disulfide bonds within P-gp complexes catalyzed by enzymatic processes, or occur via
redox dependent signaling pathways. An ability to block disassembly of higher order P-gp
complexes and maintain a major portion of the P-gp in an inactive form in reservoirs would
provide a unique opportunity to titrate P-gp activity as described in Figure 6. This would
allow maintenance of basal P-gp activity to protect against xenobiotic toxicity while
preventing the increased P-gp activity that inhibits effective CNS drug delivery. With the
increasing availability of redox-based therapeutics, characterizing the redox reactions and
signaling that occur during P-gp trafficking/activation after a peripheral inflammatory pain
stimulus could suggest new applications of redox-based drugs to improve CNS drug
delivery (Figure 6).

Our studies measuring the effects of peripheral inflammatory pain on CNS drug delivery
indicate that transforming growth factor-/41 (TGF-/1) signaling could also be manipulated to
improve drug uptake into the brain. TGF-£L is a critical regulator of brain microvascular
homeostasis (Lebrin et al., 2005). During peripheral inflammatory pain, serum TGF-/1
decreased concomitant with activin receptor-like kinase 1 (ALK1)/ activin receptor-like
kinase 5 (ALKD5) signaling (Ronaldson et al., 2009). Administration of diclofenac, a
commonly prescribed non-steroidal anti-inflammatory (NSAID), prevented decreases in
serum TGF-£as well as reduced microvascular expression of ALK1/ALKS, suggesting that
inflammatory pain in the periphery is directly involved in overall regulation of the TGF-4
signaling pathway (Ronaldson et al., 2011). Furthermore, pharmacological inhibition of
TGF-AALKS signaling using SB431542 increased the Oatplad drug uptake transporter
functional expression both in animals subjected to peripheral inflammatory pain and in
corresponding saline controls (Ronaldson et al., 2011). Although studies in immortalized
mouse brain endothelial cells (MBE4) have shown involvement of ALK5-mediated
signaling in P-gp transporter regulation (Dohgu et al., 2004), we are the first to report TGF-
SALKS signaling regulation of any endogenous BBB drug uptake transporter. Our work on
TGF-AALKS5 signaling demonstrated that this pathway could regulate permeability at the
BBB both by altering the structure of tight junction protein complexes and by increasing
functional expression of an influx transporter. Furthermore, these studies highlight the
potential of the TGF-A/ALKS5 pathway as a pharmacological target that can be utilized to
precisely control functional expression of a BBB influx transporter for optimization of CNS
drug delivery.

Conclusion

The field of BBB biology and particularly the study of endogenous xenobiotic transport
systems have rapidly advanced over the past 2 decades. For example, it is now well-
established that tight junctions between the capillary endothelial cells effectively limits
paracellular drug diffusion while expression of various efflux transporters (i.e. P-gp,
OATPs/Oatps, MRPs/Mrps, BCRP/Bcrp) interact with a multitude of therapeutic
compounds, further restricting their influx or efflux at the brain parenchyma. Additionally,
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many previous studies reported on the controversial ability of drug transporters (i.e.,
Oatplad and P-gp) to act as facilitators of brain drug uptake. Now, it is beginning to be
appreciated that endogenous BBB transporters can facilitate uptake of xenobiotics from
blood to the brain, thereby rendering these transport proteins potential targets for optimizing
CNS drug delivery. Furthermore, molecular machinery involved in regulating endogenous
BBB transport systems (i.e., TGF-A#/ALKS5 signaling, nuclear receptor systems, protein —
protein signaling) and mechanisms governing intracellular trafficking of BBB transporters
are just now being identified and characterized. These critical discoveries have identified
multiple molecular targets that can be exploited for optimization of CNS delivery of
therapeutic agents. Such studies are particularly critical for newly developed therapeutics
such as opioid analgesic peptides. In fact, many novel opioid peptides have been recently
produced and have shown analgesic efficacy (Largent-Milnes et al., 2010; Yamamoto et al.,
2009); however, molecular and trafficking mechanisms involved in their CNS delivery have
yet to be identified. Discovery of mechanisms that determine brain permeation of these
peptides will undoubtedly enable more efficient analgesia and an improved utility of these
compounds as potential therapeutics. Perhaps targeting of novel opioid peptides to influx
transporters such as Oatpla4, or efflux transporters such as P-gp, which are already known
to be involved in opioid peptide transport at the BBB (Ronaldson et al., 2011), will lead to
significant advancements in the field of opioid pharmacology and pain management.
Additionally, identification and characterization of intracellular signaling pathways such as
reactive oxygen species sensitive pathways (Lochhead et al., 2010; Lochhead et al., 2012),
and protein trafficking mechanisms (Ronaldson & Davis, 2013; Hawkins & Davis, 2005;
McCaffrey et al., 2012; Lochhead et al., 2010) that can regulate functional expression/
activity of uptake or efflux transporters provides an additional approach for pharmacological
modulation/control of drug transporter systems in an effort to deliver therapeutics to the
CNS. Future work will continue to provide more insight on the interplay of tight junction
protein complexes, transporters, and intracellular protein-protein signaling pathways at the
BBB and how these systems can be effectively targeted. Therapeutic manipulation of protein
trafficking is only recently emerging as a novel means of modulating protein function. The
advantage of therapeutic drug development focused on “relocalization” of a protein, such as
P-gp or Oatpla4, is that its physiological impact can be modified, temporarily or long term,
despite pathology-induced changes in gene transcription. By targeting the trafficking of P-gp
or Oatp 1a4 as a novel, reversible means of optimizing CNS drug delivery, data derived
from studies described in this chapter, and ongoing work in several laboratories to
understand the composition of the storage pools of transporters and how they are released in
response to stress will enable achievement of more precise drug concentrations within the
CNS and improved treatment for pathological conditions.
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Figure 1. Transporters expressed in cells comprising the neurovascular unit (NVU)
A large number of transporters are expressed on capillary endothelial cells, astrocytes,

microglia, and neurons. Transporter systems aid in transport of nutrients, peptides, drugs and
ions into the brain parenchyma and as well as efflux of waste and potentially neurotoxic
substance out of the brain. Arrows indicate the proposed direction of substrate transport.
(Adapted from (Sanchez-Covarrubias et al., 2014)
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This figure describes the various routes of delivery of xenobiotics across the BBB from
transcytosis to paracellular delivery to various types of transporter-based delivery. (Adapted
from (Sanchez-Covarrubias et al., 2014)
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Figure 3. P-glycoprotein transporter — can it be targeted?
Although preclinical evidence suggests that P-glycoprotein trans
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Morphine

Morphine
(0.02%)

T

port activity can be

modulated with small molecule inhibitors, clinical evidence indicates that this approach
cannot work. Use of small molecule inhibitors to block P-glycoprotein in clinical settings
has resulted in significant toxicity associated with increased deposition of drug in peripheral

tissues or due to high concentrations of the inhibitor itself. Morp

hine is a good example of

the perils of blocking P-glycoprotein to increase drug delivery to the brain. In the setting of
functional P-glycoprotein, only 0.02% of systemic morphine is able to permeate the blood-

brain barrier. Blockade of P-glycoprotein at the blood-brain barr

ier would significantly

increase this amount and lead to clinically significant adverse drug reactions (i.e., seizures).
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Hundreds of Pgp substrates:

Xenobiotics
Chemotherapy drugs
Immunosuppressive agents
Psychotropics
Antibiotics
Anti-epileptics
Anti-allergenics
HIV-1 protease inhibitors
Peptides (e.g. p-amyloid)
Steroid hormones
Lipids
Phospholipids
Cholesterol
Cytokines

Neutraceuticals (e.g. St. John's wort)

Dietary compounds (e.g. green tea)

Analgesics (e.g. morphine)
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Figure 4. P-glycoprotein (P-gp) at the Blood-Brain Barrier: the Greatest Molecular Challenge to

CNS Drug Delivery

Note the significant cross section of drugs and xenobiotics that are all substrates for P-gp.
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Figure 5. P-glycoprotein (P-gp) Trafficking within Caveolin-Enriched Domains modulated by
Peripheral Inflammatory Pain

These data show that the previously characterized increase, in vivo, of P-glycoprotein
functional activity, at 3 h post inflammatory pain, was associated with a dynamic
redistribution of P-glycoprotein between micro-vascular, endothelial cells, subcellular
compartments. The top panel shows the typical OptiPrep density gradient profile of fractions
from previously intact rat microvessels. P-gp and the key scaffolding protein caveolin were
both shown to be associated with luminal membrane enriched fractions 15 and 16 (Bottom
panel) and dynamically trafficked to higher density fractions after the pain stimulus. No
trafficking change was noted for the brain efflux transporter Mrp4 after a peripheral pain
stimulus to the rats. (Adapted from (McCaffrey et al., 2012)
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