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Abstract

The blood-brain barrier (BBB) is the most significant obstacle to effective CNS drug delivery. It
possesses structural and biochemical features (i.e., tight-junction protein complexes and, influx
and efflux transporters) that restrict xenobiotic permeation. Pathophysiological stressors (i.e.,
peripheral inflammatory pain) can alter BBB tight junctions and transporters, which leads to drug-
permeation changes. This is especially critical for opioids, which require precise CNS
concentrations to be safe and effective analgesics. Recent studies have identified molecular targets
(i.e., endogenous transporters and intracellular signaling systems) that can be exploited for
optimization of CNS drug delivery. This article summarizes current knowledge in this area and
emphasizes those targets that present the greatest opportunity for controlling drug permeation and/
or drug transport across the BBB in an effort to achieve optimal CNS opioid delivery.

The blood-brain barrier (BBB) is the principal physical and biochemical barrier that
separates the CNS from the systemic circulation. To this end, the BBB highly restricts flux
of circulating substances in an effort to tightly control the CNS microenvironment and
maintain cerebral homeostasis. In addition, the BBB is the most significant obstacle to drug
delivery to the brain. In fact, many existing drugs have limited or no efficacy in the
treatment of neurological diseases primarily due to a limited ability to traverse the BBB and
accumulate within the CNS [1]. The BBB has evolved specific features that tightly control
blood-to-brain xenobiotic permeability including highly dynamic tight-junction protein
complexes between adjacent endothelial cells as well as expression of uptake carriers and
efflux transporters at the endothelial cell surface. Current research in BBB biology has
focused on understanding molecular mechanisms that determine CNS drug delivery. In
particular, these studies have demonstrated how the BBB dynamically responds to
pathophysiological stressors (i.e., pain, inflammation, hypoxia and stroke) and have
identified and characterized molecular machinery involved in such changes [2-8]. In terms
of pharmacotherapy, particularly treatment of peripheral inflammatory pain using opioid
analgesics, these cutting-edge studies have identified novel targets that can be exploited for
optimization of therapeutic drug delivery to the brain. Here, we provide a review of BBB
properties that are directly involved in determining CNS drug delivery. In addition, we have
summarized current knowledge on molecular regulation of these properties and provide
insights on how the BBB can be targeted in an effort to optimize CNS opioid delivery for
treatment of peripheral inflammatory pain.
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Pain & opioid analgesics

Pain is a dominant symptom associated with inflammation resulting from acute tissue injury.
In addition, inflammation localized to the site of damaged and/or affected nerves is a
common underlying mechanism of neuropathic (i.e., chronic) pain [9]. According to the
National Center for Health Statistics, pain affects 76.2 million people in the USA [301]. In
fact, over 26% of Americans aged at least 20 years have reported that they have had a
problem with pain that has lasted more than 24 h in duration [301]. Pain has a complex
pathophysiology that involves production/secretion of immunological mediators,
neurological inputs from the CNS and endocrine signaling via the hypothalamic—pituitary—
adrenal (HPA) axis [10]. The immunological response to inflammatory pain is characterized
by rapid production and release of cytokines, chemokines, cellular adhesion molecules,
matrix metalloproteinases, kinins and prostaglandins at the site of tissue injury. The
inflammatory component of pain is also characterized by increased vascular permeability,
localized edema formation and redness, and increased leukocyte migration. The CNS
utilizes neuronal pathways to signal the immune system. Neuronal responses to noxious
stimulation involve both excitatory and inhibitory neurotransmission within sensory areas of
the spinal cord, and the balance of these CNS responses determines the level of transmission
of nociceptive signals to the brain [11]. Furthermore, proinflammatory mediators produced
and released in the CNS following injury or inflammation in the periphery are involved in
the centrally mediated pain response. Stress responses due to physical, emotional and
environmental stimuli result in activation of the HPA axis and initiation of a ‘stress cascade’
[12]. Activation of the HPA axis leads to release of corticotrophin-releasing hormone (CRH)
from the hypothalamus. Circulating CRH and vasopressin stimulate expression and release
of adrenocorticotrophin (ACTH) from the anterior pituitary gland. ACTH circulates to the
adrenal glands where it induces production and secretion of glucocorticoids, which are
responsible for downregulation of the immune response [12]. Additionally, adrenal
glucocorticoids can “‘prime’ glial cells in the spinal cord, thereby potentiating pain responses
to subsequent noxious stimuli [13].

There are several pharmacological agents available that have analgesic properties. Of these
drugs, opioids are the most effective analgesics used in pharmacological pain management
regimens [14,15]. Opioids have been used for pain relief for thousands of years and continue
to be one of the most commonly prescribed medications for treatment of acute and chronic
pain [16]. In recent years, use of opioid analgesics for pain management has dramatically
increased as evidenced by a 149% increase in overall opioid prescriptions in the USA from
1997 to 2007 [16]. Opioids exert their analgesic effect by binding to specific receptors (i.e.,
u-, k- and d-opioid receptors) that are localized to neural tissue both within the CNS and in
the periphery. Although opioids can provide some analgesia by binding to peripheral opioid
receptors [17], optimal pharmacotherapy with these drugs requires the capability to access
central opioid receptors [18,19]. Opioid receptors are G-protein coupled receptors and,
therefore, have profound effects on ion gating, intracellular Ca2* disposition, and protein
phosphorylation. Since there are multiple subtypes of opioid receptors, a possibility for
opioids to exert different pharmacological effects at different receptors exists. For example,
morphine is a full agonist at the p-opioid receptor but a weak agonist at both the x- and 3-
receptors. In contrast, codeine is a weak agonist at both the - and 5-receptors. Opioid
analgesics have multiple actions in the CNS, not all of which are beneficial. They are known
to cause euphoria that, in part, accounts for their abuse potential. Pharmacotherapy with
opioids is associated with several adverse effects (i.e., respiratory depression, constipation,
nausea, vomiting and rapid development of tolerance) [20]. This property may limit the
opioid dose that can be administered as well as the level of analgesia that can be attained. In
addition, these adverse events are enhanced by opioid-induced glial activation, which occurs
via non-stereoselective activation of Toll-like receptor (TLR)4 at the glial cell surface [21].
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Activation of glial TLR4 receptors is involved in pathogenesis of neuropathic pain and
directly counteracts opioid analgesic efficacy [21]. Although opioid-mediated activation of
glial TLR4 signaling can be blocked by co-administration of (+)-naloxone or (+)-naltrexone
[22], it remains critical that opioid concentrations in the brain be maintained precisely to
ensure efficacious management of pain and to limit adverse drug reactions. This therapeutic
objective emphasizes the importance of understanding biological mechanisms involved in
determining CNS delivery of opioid analgesics and how these mechanisms can be targeted
in order to optimally deliver drugs to the brain for treatment of pain associated with
peripheral inflammatory tissue injury.

The blood—brain barrier

The CNS is the most critical and sensitive organ system in the human body. Proper neuronal
and glial function necessitates precise regulation of the brain extracellular milieu. Therefore,
the interface between the CNS and the systemic circulation must be highly selective and
possess effective mechanisms that can facilitate nutrient transport, exactly regulate ion
balance, and provide a barrier to potentially toxic xenobiotics that may be present in the
systemic circulation. The requirement for a physical and metabolic barrier is further
emphasized by the extreme sensitivity of CNS tissues to exogenous solutes. Therefore, brain
homeostasis must be tightly controlled by enabling some substances to permeate brain
parenchyma with the exclusion of others. This homeostatic function of the cerebral
microvasculature primarily occurs at the BBB at the level of the brain microvascular
endothelium.

The first scientist to describe the possibility of a CNS diffusion barrier was Paul Ehrlich,
who noted that water-soluble dyes injected intravenously stained all tissues except for the
brain and spinal cord [23]. Ehrlich later attributed this observation to a low affinity of
nervous tissue to the injected dyes [24]. Subsequent experiments by Ehrlich’s student Edwin
Goldmann demonstrated that this conclusion was fallacy because injection of trypan blue
directly into the CNS stained both the brain and spinal cord without permeating into the
systemic circulation [25]. Taken together, these two studies indicated a barrier to circulating
solutes that exists between the CNS and peripheral circulation. Lewandowsky was the first
to use the term ‘bluthirnschranke’ (i.e., BBB) while studying limited permeation of
potassium ferrocyanate into brain tissue [26].

Although Goldmann’s work strongly suggested a physical barrier between the CNS and the
periphery, both the nature of the barrier and its actual existence were debated for many
years. Several researchers noted that, because the composition of blood and cerebrospinal
fluid (CSF) were considerably different, such properties could dramatically influence
affinity of dyes for nervous tissue as well as their diffusion between blood and CSF [27].
These scientists argued that comparison of diffusion properties between a substance injected
into the systemic circulation and a substance injected directly into CSF could not be made.
Furthermore, experiments designed to assess CNS uptake of aniline dyes noted that basic
dyes were able to stain brain tissue while acidic dyes could not. This led researchers to
conclude that the apparent selective permeability of the brain—capillary barrier was due to
individual physicochemical properties of injected substances [28]. The exact anatomical
structures that determined selective permeability were also a source of considerable
controversy until the advent of electron microscopy (EM). EM enabled more detailed
anatomical studies of the brain and its associated vasculature. An early microscopy study by
Maynard and colleagues indicated that brain interstitial space was virtually nonexistent and,
therefore, the BBB was essentially an artifact [29]. Maynard argued that selective
permeability to circulating solutes was merely a function of restricted uptake into glial cells
and not due to presence of a specialized barrier. As the technique of EM was refined, Reese

Ther Deliv. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ronaldson and Davis

Page 4

and Karnovsky made a critical discovery: at a resolution of 100,000x, they were able to
clearly identify the existence of a CNS interstitial space between astrocytic end-feet and
brain microvascular capillaries [30]. Furthermore, these researchers were the first to show
existence of tight junctions that were localized to the interendothelial cleft and formed a
continuous, impermeable membrane between the brain and the systemic circulation [30].
The impermeability of the brain microvascular endothelium was based upon studies with
horseradish peroxidase, which was incapable of traversing the BBB when injected directly
into the blood. In addition, the concept of selective permeability being due to limited glial
permeation was refuted by additional experimentation with horseradish peroxidase, which
demonstrated that this molecule, when injected directly into the CNS, can easily diffuse
through the brain interstitial space [31].

Although the concept of the BBB has continued to be refined over the past 40 years, the
current understanding of its basic structure is built primarily upon the work of Reese,
Karnovsky, and Brightman in the late 1960s [30,31]. Anatomically, BBB endothelial cells
are distinguished from those in the periphery by a lack of fenestrations, minimal pinocytotic
activity, and presence of tight junctions [32]. Cerebral endothelial cells are demarcated by
increased mitochondrial content as compared with other endothelium in the body [33]. This
increased content of mitochondria may be required for transport of solutes into and out of
the brain thereby contributing to maintenance of CNS homeostasis. Additionally, several
receptors, ion channels, and influx/efflux transport proteins are prominently expressed in
brain microvascular endothelial cells. Functionally, these transport systems are similar to
well-characterized systems in other tissues (i.e., d-glucose transporter, I-amino acid carrier
systems, Na*/K* ATPase), although the capacity and rate of transport can vary. Transporters
involved in transcellular flux of drugs have also been identified and characterized at the
BBB endothelium. Examples of such transporters known to be expressed in brain
endothelial cells include efflux transporters such as P-glycoprotein (P-gp) [34-37],
multidrugresistance proteins 1-6 (MRP1-6 in humans; Mrp1-6 in rodents) [35,38-41], and
breast-cancer resistance protein (BCRP in humans; Berp in rodents) [37,42,43].
Additionally, transporters that have been shown to facilitate drug permeation across the
BBB include organic anion transporting polypeptides (OATPs in humans; Oatps in rodents)
[8,44-46], organic anion transporters [39,47-49], monocarboxylate transporters [47,50],
nucleoside transporters [51] and peptide transporters [52].

The highly specialized BBB phenotype is dependent upon surrounding cellular and
structural components of neural tissue that directly interact with brain microvascular
endothelium. Such a phenomenon has given rise to the concept of the neurovascular unit,
which reflects involvement of glia (i.e., astrocytes and microglia), pericytes, neurons, and
extracellular matrix in both development and physiology of the BBB [27,53,54]. Previous
studies have shown that astrocytes, localized between neuronal cell bodies and endothelial
cells and ensheathing over 99% of cerebral capillaries with their endfeet [27], are critical in
the development and/or maintenance of BBB characteristics [55-59]. For example, studies
using human umbilical vein endothelial cells showed that these cells could develop BBB
properties when co-cultured with astrocytes, which implies that astrocytes secrete trophic
factors critical to maintenance of the BBB phenotype [58]. Furthermore, injection of
astrocyte-selective toxin 3-chloropropanediol into rodents caused focal loss of perivascular
astrocytes that led to reduced BBB integrity that was characterized by decreased expression
of the critical tight-junction protein occludin [59]. Astrocytes may be involved in transient
regulation of cerebral microvascular permeability [60], in particular via dynamic CaZ*
signaling between astrocytes and the endothelium via gap junctions and purinergic
transmission [61,62]. Recent evidence also suggests that astrocytes may play a critical role
in regulating water and ion exchange across the brain microvascular endothelium [63,64]. In
addition, astrocytes are also known to express drug-transport proteins including P-gp [65—
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67], MRP/Mrp isoforms [68—72] and Bcrp [42]. Studies in human glioma tissue have
detected mMRNA expression of various MRP and OATP isoforms [73]. The expression of
multiple drug transporters in astrocytes suggests that these glial cells may act as a secondary
barrier to CNS drug permeation. That is, the balance of transporters in astrocytes may either
sequester drugs within the astrocyte cytoplasm, thereby preventing these compounds from
reaching their site of action in the brain, or concentrate drugs in brain extracellular fluid.
Pharmacological agents within brain extracellular space can be effluxed by active transport
mechanisms at brain-barrier sites or via ‘sink’ effects of the CSF [74]. For more detailed
information on drug-transport mechanisms in astrocytes, readers are referred to a recent
review [74].

Microglia, which were first described by del Rio-Hortega in 1932 [75], are the primary cell
type involved in innate and adaptive immunity in the CNS. In non-pathological conditions,
microglia exist in a ramified state characterized by a small (5-10 um) cell body and radial
cell processes extending from the cell body. Ramified microglia contribute to BBB
homeostasis by participating in extracellular fluid cleansing and neurotransmitter
deactivation [74]. During disease or trauma, microglia may become activated and the degree
of this activation is directly correlated to the type and severity of brain injury [76]. Microglia
activation and proliferation is associated with dysfunction of the BBB characterized by
changes in tight-junction protein expression and enhanced paracellular permeability [54].
Studies in a continuous rat microglia cell line (i.e., MLS-9) demonstrated functional
expression of P-gp [77,78], Mrpl [79] and Mrp4/Mrp5 [80]; however, the ability of
microglia to contribute to drug permeation and/or distribution in the CNS requires further
study. In addition to glia, pericytes play a crucial role in maintenance of BBB homeostasis
[81]. Pericytes are flat, undifferentiated, contractile cells that attach at irregular intervals
along capillary walls and communicate with other cell types of the neurovascular unit [81].
These cells, via secretion of pericyte-derived angiopoetin, induce expression of occludin at
the BBB, which suggests that pericytes are directly involved in induction and/or
maintenance of barrier properties [82]. Further evidence for the role of pericytes in
maintenance of BBB phenotype comes from the observation that pericytes migrate away
from the endothelium during hypoxia [83] or brain trauma [84], conditions that are
associated with increased brain microvascular permeability. More recently, studies using
adult-viable pericyte-deficient mouse mutants demonstrated that pericytes are critical in
maintaining expression of BBB-specific genes in endothelial cells (i.e., transferrin receptor)
and by inducing polarization of astrocyte end-feet adjacent to the cerebral microvasculature
[85]. Furthermore, MRP isoforms (MRP1, MRP4 and MRP5) have been identified in
pericytes in vitro, which implies that pericytes may contribute to regulation of BBB
xenobiotic permeability [86].

In addition to glial cells and pericytes, there is considerable evidence for direct innervation
of both brain microvascular endothelium and associated astrocyte processes. Noradrenergic
[87,88], serotonergic [89], cholinergic [90,91], and GABAergic [92] neurons have been
shown to make distinct connections with other cell types of the neurovascular unit. The need
for direct innervation of brain microvasculature comes from the dynamic nature of neural
activity and the metabolic requirements of nervous tissue, implying that the cerebral
microcirculation must be highly responsive to the needs of CNS tissue. Indeed, ‘metabolic
coupling’ of regional brain activity to blood flow is the basis of functional neuroimaging
[93], although the cellular mechanisms of this process are not well understood [94].
Interestingly, disruption of BBB integrity induced by pathophysiological factors (i.e.,
inflammation, hypertension) often accompanies changes in cerebral blood flow and
perfusion pressure [95,96] and there is evidence that such BBB opening may be a selective,
compensatory event rather than a simple anatomical disruption. This implies that
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communication between neurons and the brain microvasculature may not simply regulate
blood flow, but BBB permeability as well.

In addition to cellular components of the neurovascular unit, the extracellular matrix of the
basal lamina interacts with the BBB endothelium. Disruption of extracellular matrix is
strongly associated with increased BBB permeability in pathological states [97,98]. The
extracellular matrix seems to serve as an anchor for the endothelium via interaction of
laminin and other matrix proteins with endothelial integrin receptors [99]. Such cell-matrix
interactions can stimulate a multitude of intracellular signaling pathways [100]. Matrix
proteins can influence expression of tight-junction proteins [101,102], indicating that
although the tight-junction protein complexes constitute the primary impediment to
paracellular diffusion, the proteins of the basal lamina are likely involved in their
maintenance.

characteristics of the BBB

Tight-junction protein complexes

BBB endothelial cells are interconnected by tight junctions (Figure 1), large multiprotein
complexes that are maintained by astrocytic trophic factors. Tight junctions form a
continuous, almost impermeable barrier that limits paracellular flux of xenobiotics with the
exception of small, lipid-soluble molecules [32]. The high BBB transendothelial resistance
(1500- 2000 Q/cm?) further restricts the free flow of water and solutes [103]. BBB tight
junctions are formed by junctional adhesion molecules (JAMs), occludin and claudins (i.e.,
claudin-1, -3 and -5) and transmembrane proteins linked to the cytoskeleton through
interactions with accessory proteins (i.e., zonula occluden [ZO]-1, -2 and -3) [27]. ZO
proteins act as a scaffold for multiple intracellular signaling pathways and are involved in
regulation of tight-junction function [104]. Additionally, other protein constituents (i.e.,
cingulin, AF6, 7H6 and epithelial membrane protein [EMP]-1) have been localized to the
tight junction but their exact role has yet to be elucidated. A brief description of the primary
proteins that constitute tight-junction protein complexes at the BBB is described below.
Although endothelial cells of the BBB do also possess adherens junctions, which are
ubiquitous in the vasculature and mediate inter-endothelial cell adhesion, these will not be
discussed in this review.

Junctional adhesion molecules—Several JAM isoforms have been identified at the
mammalian BBB including JAM-1, JAM-2, and JAM-3 [27,105]. JAM-1 is a 40 kDa
member of the 1gG superfamily and is believed to mediate the early attachment of adjacent
endothelial cells during development of the BBB [106]. In addition to their developmental
roles, JAMs may regulate the transendothelial migration of leukocytes [105]. Although their
function in a mature BBB is largely unknown, loss of JAM protein expression is directly
correlated with BBB breakdown [107,108]. Studies in an immortalized human brain
endothelial cell line (nCMEC/d3) showed that pro-inflammatory stimulation led to increased
paracellular permeability to dextran 3000 that correlated with movement of JAM away from
the tight junction, further suggesting that JAMs play a critical role in maintaining BBB
functional integrity [109].

Occludin—Monomeric occludin is a 60-65 kDa protein that has four transmembrane
domains with the carboxyl and amino terminals oriented to the cytoplasm and two
extracellular loops that span the intercellular cleft [110]. It is highly expressed and
consistently stains in a distinct, continuous pattern along endothelial cell margins in the
cerebral vasculature [4,7,111]. In contrast, occludin distribution is considerably more diffuse
in non-neural endothelia [112]. Occludin increases electrical resistance in tight junction-
containing tissues [113]. This occurs via its two extracellular loops that interact with
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homologous segments on occludin molecules localized to adjacent endothelial cells, thus
creating a tight seal that highly restricts paracellular diffusion of solutes [114,115]. The
cytoplasmic C-terminal domain is likely involved in association of occludin with the
cytoskeleton via ZO proteins [116,117]. Expression of C-terminal truncated versions of
occludin leads to increased paracellular permeability to small-molecule xenobiotics [118].
Additionally, the C-terminal region of occludin is capable of forming disulfide bonds, a
characteristic that enables occludin to assemble into dimers and higher order oligomeric
assemblies [4,5,119]. Such oligomeric assemblies are essential for occludin function at the
tight junction, both as a restrictor of paracellular permeability and as a mediator of
intracellular signaling [4]. Previous knockout and knockdown experiments suggest that
occludin is not essential for formation of tight junctions [120], despite the fact that altered
expression of occludin is associated with disrupted BBB function in various diseases
[6,121-125].

Claudins—Claudins have similar membrane topography to occludin but no sequence
homology [126]. Claudins are 20-24 kDa proteins, of which at least 24 have been identified
in mammals [27]. All claudins have similar sequence homology among themselves in the
first and fourth transmembrane domains and extracellular loops [127]. The extracellular
loops of claudins interact via homophilic and heterophilic interactions between cells [128].
Overexpression of claudin isoforms in fibroblasts can induce cell aggregation and formation
of tight junction-like strands. Conversely, expression of occludin does not lead to formation
of tight junctions; rather, occludin only localizes to tight junctions in cells that have already
been transfected with claudins [129]. Thus, it is hypothesized that claudins form the primary
‘seal’ of the tight junction. In the cerebral microvascular endothelium, various isoforms of
claudins have been detected including claudin-1, -3 and -5 [111,123,130-133].

Membrane-associated guanylate kinase-like proteins—Proper physiological
functioning of the BBB, particularly restriction of paracellular solute transport, requires
association of transmembrane constituents of tight-junction protein complexes with
accessory proteins localized within the endothelial-cell cytoplasm. These include members
of the membrane-associated guanylate kinase-like (MAGUK) family. In brain microvascular
endothelial cells, MAGUK proteins are involved in coordination and clustering of tight-
junction protein complexes to the cell membrane and in establishment of specialized
domains within the membrane [134]. Three MAGUK proteins have been identified at the
tight junction: ZO-1, -2 and -3.

Z0-1 was the first protein that was shown to be directly associated with tight-junction
complexes [135]. It is a 220 kDa protein that links transmembrane proteins of the tight
junction (i.e., occludin, claudins) to the actin cytoskeleton [117]. Previous studies have
demonstrated that dissociation of ZO-1 from the junctional complex is associated with
increased permeability [136-138], which implies that the ZO-1-transmembrane protein
interaction is critical to tight-junction stability and function. ZO-1 may also act as a
signaling molecule that communicates the state of the tight junction to the cellular interior,
or vice versa. ZO-1 has been shown to localize to the nucleus under conditions of
proliferation and injury [139], following CaZ* depletion [140], and in response to nicotine
[111]. It has also been colocalized with transcription factors [141] and various G-proteins
[142].

Z0-2, a 160 kDa protein, has high sequence homology to ZO-1 [143] and is known to bind
structural tight-junction constituents, signaling molecules, and transcription factors [144].
Z0-2 localizes to the nucleus during stress and proliferation, a property similar to ZO-1
[145,146]. In cultured brain microvessel endothelial cells, ZO-2 is localized along the
plasma membrane at points of cell-cell contact [138], although it may be distributed more
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diffusely in whole cerebral microvessels [111]. Of particular note, ZO-2 may function
somewhat redundantly with ZO-1 as it has been shown to facilitate formation of tight
junctions that are morphologically intact in cultured epithelial cells lacking ZO-1 [147].
More recently, ZO-3, a 130 kDa protein, has been identified at the BBB [148] but its exact
role in tight-junction formation and/or function has not been elucidated.

Other accessory proteins—In addition to MAGUK family members, other accessory
proteins have been identified at the tight junction. These include cingulin, AF-6, 7H6 and
EMP-1 [27,149]. Cingulin is a 140-160 kDa protein that associates with ZOs, JAM-1, and
myosin [150] and is hypothesized to mediate interactions between the cytoskeleton and the
tight junction. AF-6, a 180 kDa protein, interacts directly with ZO-1. This interaction is
inhibited by inactivation of Ras, suggesting that disruption of ZO-1-AF-6 complex may be
critical in modulaton of the tight junction by Ras-dependent pathways [151]. The function of
7H®6 at the BBB is unknown [27] but it is known to reversibly dissociate from the tight
junction under conditions of ATP depletion [152]. More recently, studies have identified a
novel tightjunction protein known as EMP-1 [149]. Bangsow and colleagues showed that
EMP-1 is enriched in porcine and murine brain microvessel endothelial cells as well as rat
brain microvessels and colocalizes with occludin [149]. Of particular note, EMP-1 is
upregulated under ischemic conditions while occludin is downregulated, which suggests that
this protein may play a role in maintenance of barrier function during pathological
conditions [149].

Transporters

Pharmacological treatment of peripheral inflammatory pain requires that therapeutics attain
efficacious concentrations in the brain. This objective requires that analgesic drugs (i.e.,
opioids) are able to successfully cross the BBB. Although opioids can bind to opioid
receptors in the periphery, effective analgesia with opioids requires effective delivery to the
CNS [18,19]. In general, small, nonionic, lipid-soluble compounds can easily enter the brain
by passive diffusion while CNS permeation of larger, water-soluble, and/or ionic substances
is less likely to occur by this mechanism. For many compounds, uptake into the brain and
extrusion from the brain is governed by endogenously expressed transport proteins. Many
transport proteins that have been shown to be involved in influx and/or efflux of opioid
analgesics and/or opioid peptides (i.e., ATP-binding cassette [ABC] transporters, solute
carrier [SLC] transporters) have been shown to be selectively expressed at the BBB
endothelium [153,154]. In order to target transporters for optimization of CNS drug
delivery, it is critical to understand localization (i.e., luminal versus abluminal) and
functional expression of drug-transport proteins at the BBB endothelium. Below, we
summarize current knowledge on such membrane transporters that are known to be involved
in determining CNS delivery of therapeutic agents including opioid analgesics. Localization
of specific transport proteins known to be involved in CNS delivery of opioids is depicted in
Figure 2. Opioid analgesics and opioid peptides that are known to be substrates and/or
inhibitors of endogenous BBB transporters are presented in Table 1.

ABC transporters—The ABC superfamily is among the largest and most ubiquitously
expressed protein families known to date. ABC transporters are involved in translocation of
opioids and their metabolites against their concentration gradient. The energy to transport
xenobiotics is provided by binding and subsequent hydrolysis of ATP. In humans, 48 ABC
genes have been identified and are classified according to seven subfamilies [155]. ABC
drug transporters, specifically P-gp, MRPs in humans, Mrps in rodents and BCRP (also
known as ABCG2) are known to be involved in cellular extrusion of therapeutic agents and
thus constitute a considerable barrier to effective delivery of opioid analgesics to the brain.
In general, P-gp transports cationic or basic and neutral compounds, whereas MRPs/Mrps
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are involved in cellular efflux of anionic drugs as well as their glucuronidated, sulfated, and
glutathione-conjugated metabolites [74]. BCRP/Bcrp has significant overlap in substrate
specificity profile with P-gp and has been shown to recognize a vast array of
sulfoconjugated organic anions, hydrophobic, and amphiphilic compounds [156].

P-gp is a 170 kDa ATP-dependent integral membrane protein that was originally identified
in colchicine-resistant Chinese Hamster Ovary cells [157]. It was designated as P-gp
because of its inherent ability to affect permeability of biological membranes to xenobiotics
that may be potentially toxic [157]. Physiologically, P-gp is believed to function as a
biological defense mechanism against entry of toxic substances from the gut into the blood
and for protection of vital organ systems such as the brain [158]. P-gp orthologues from
different species have greater than 70% sequence identity [158] and are encoded by closely
related genes (i.e., MDR genes), which have two isoforms in humans (MDR1 and MDR2)
and three isoforms in both mice (i.e., mdrl, mdr2 and mdr3) and rats (i.e., mdrla, mdrlb
and mdr2). The human MDR2 gene and the murine/rodent mdr2 gene products are
exclusively involved in hepatic transport of phosphatidylcholine and will not be further
discussed. In contrast, human MDR1, murine mdr1/mdr3, and rodent mdrla/mdrlb are
involved in transport of therapeutic agents in several tissues including BBB endothelium.
Specifically, P-gp expression has been identified at both the luminal [159,160] and
abluminal membrane [66,161,162] of brain microvascular endothelial cells. Abluminal
localization of P-gp has been identified on perivascular astrocyte foot processes [161,162]
and on the abluminal plasma membrane of the endothelial cell itself [66].

The majority of P-gp transport substrates are weakly amphipathic and relatively
hydrophobic. Additionally, many (but not all) substrates contain an aromatic ring and a
positively charged tertiary nitrogen atom in their chemical structure [163]. Since its
discovery, many opioids have been shown to be P-gp substrates including morphine
[3,47,164-167], methadone [168-172], norbuprenorphine [172], fentanyl [173], alfentanil
[174], and (d-penicillamine [2,5])-enkephalin (DPDPE) [167,175]. Additionally, these same
opioids as well as sufentanil [176] are effective as P-gp transport inhibitors. In contrast,
oxycodone [177] and buprenorphine [178] are opioids that do not interact with P-gp.

The mammalian MRP family belongs to the ABC subfamily C (ABCC) group of proteins,
which contains 13 members including one ion channel (i.e., cystic fibrosis transmembrane
conductance regulator [CFTRY]), two surface receptors (i.e., SUR1 and 2) and a truncated
protein that does not mediate transport (i.e., ABCC13) [38]. These proteins are not involved
in drug transport and will not be further discussed. Many of the functionally characterized
MRP isoforms that are known to be involved in drug transport have been localized to the
mammalian BBB. These include MRP1/Mrpl1, MRP2/Mrp2, MRP4/Mrp4, Mrp5 and Mrp6
[40,43,179-182]. The ability of various MRP isoforms to transport glucuronidated drug
metabolites may have considerable consequences for opioid-mediated analgesia. Previous
studies in isolated rat hepatocytes [183] and in a rodent model of cholestasis [184] have
reported involvement of MRP2 and MRP3 in the efflux of morphine-3-glucuronide.
Although morphine- 3-glucuronide is known to have minimal agonist activity at opioid
receptors [185], it may act as an antagonist of analgesic effects induced by morphine and its
active metabolite morphine- 6-glucuronide [186]. Therefore, MRP-mediated efflux of
morphine-3-glucuronide may be a limiting factor in pharmacological activity of this
metabolite. Unlike MRP1-3 and MRP6, MRP4 and MRP5 display a unique capacity to
transport a variety of monophosphorylated nucleotides and nucleotide analogs [80,187,188].
More recently nonsteroidal anti-inflammatory drugs (NSAIDs), which are commonly
included in treatment regimens for inflammatory pain conditions, have been shown to inhibit
MRP4-mediated transport in peripheral blood lymphocytes [189]. The presence of multiple
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MRP homologues at the BBB may be a vital determinant in controlling the delivery of
therapeutic agents, including opioids, to the brain.

A third ABC superfamily member that may be involved in xenobiotic efflux is BCRP.
Several recent studies have demonstrated localization of BCRP at the brain
microvasculature, particularly along the luminal side of the BBB [190-192]. In terms of
transport activity, data from recent in vitro and in vivo studies have proved controversial.
Although some studies have suggested that BCRP is not functional at the BBB [42,192,193]
or plays a minimal role in xenobiotic efflux from the brain [194], more detailed analyses
have confirmed that BCRP is a critical determinant of drug permeation across the BBB
[37,195-197]. Opioids such as buprenorphine and norbuprenorphine have been recently
shown to interact with BCRP at the BBB as inhibitors of xenobiotic transport [172]. Further
studies are necessary to clarify the functional significance of this transporter at the BBB
including the role of BCRP in CNS delivery of opioids.

Solute carrier transporters—The second major group of drug-transport proteins at the
BBB endothelium is the SLC transporters. In contrast to ABC transporters, membrane
transport of SLC family members is governed by either an electrochemical gradient utilizing
an inorganic or organic solute as a driving force or the transmembrane concentration
gradient of the substance actually being transported. To date, 319 SLC genes (i.e., SLC1 -
SLC43 families) have been identified in humans [198]. Of the 43 known families of SLC
transporters, members of SLC21A/SLCO and SLC22 are known to be expressed at the BBB
and play a critical role in determining xenobiotic permeation across the brain microvascular
endothelium [199].

Of the SLC transporters known to transport drugs at the BBB, perhaps the most viable
candidates for transporter targeting are members of the SLC21A/SLCO family that includes
OATPs/Oatps. OATPs/Oatps have distinct substrate preferences for amphipathic solutes
[200]. For example, studies in Xenopus laevis oocytes have shown OATP1A2-mediated
uptake of opioid peptides such as DPDPE and deltorphin Il [201]. Data from this same study
suggested that OATP1A2 may play a key role in drug—drug interactions associated with
opioids because OATP1A2-mediated transport was inhibited by opiate antagonists (i.e.,
naloxone and naltrindole) as well as p-opioid receptor agonist Tyr-o-Ala-Gly-N-methyl-Phe-
glycinol and the endogenous peptide Leu-enkephalin [201]. Additionally, fentanyl
brain:plasma ratios were reduced (four- to six-fold) in rats administered Oatp transport
inhibitors (i.e., pravastatin and naloxone), which implies that delivery of this opioid
analgesic to the brain occurs by an Oatp-mediated mechanism [202]. Although OATP
isoforms are expressed in several tissues, not all exist at the BBB. Immunofluorescence
staining of human brain frontal cortex demonstrated OATP1A2 (previously known as
OATP-A) localization at the level of the brain microvascular endothelium [201]. In rodent
brain, expression of Oatpla4 and Oatplcl has been reported in capillary enriched fractions,
capillary endothelial cells and/or isolated brain microvessels [8,44,45,153,203-205].
Oatplcl is selectively expressed at the BBB [205] and has relatively narrow substrate
specificity and primarily transports thyroxine and conjugated sterols [44,45,205]. It has
proposed that Oatpla4, a rodent homologue of OATP1A2, is the primary drug-transporting
Oatp isoform expressed at the rat BBB [200]. Using Oatpla4 '~ mice, Ose and colleagues
demonstrated enhanced blood-to-brain transport of various Oatp substrates (i.e., pitavastatin,
rosuvastatin, digoxin, taurocholate and ochratoxin A) as compared with wild-type controls
[46]; however, the ability of Oatpla4 to facilitate effective CNS drug delivery was
previously indicated to be controversial [46].
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Effect of peripheral inflammatory pain on paracellular drug uptake

It is established that the BBB may be compromised in response to various CNS pathologies
[27,53,54]. Our laboratory has shown changes in BBB functional integrity during peripheral
inflammatory pain [2,3,121,124,206—208]. For example, enhanced brain accumulation

of 14C-sucrose, a vascular marker that does not typically cross the brain microvascular
endothelium [209], was demonstrated in multiple in vivo models of peripheral inflammatory
pain (i.e., subcutaneous injection of either formalin, A-carrageenan or complete Freund’s
adjuvant) suggesting that pain/inflammation in the periphery alters BBB permeability to
circulating solutes [206]. In our studies, changes in brain solute uptake is not likely
attributed to altered cerebral vascular blood volume because we have previously shown that
blood volume changes are negligible in the A-carrageenan model [206]. Changes in BBB
permeability to 14C-sucrose were directly correlated with altered expression of constituent
tight-junction proteins including occludin [6,121,124,206,207,210], claudin-3 [6,207],
claudin-5 [6,124,207], JAM-1 [210] and ZO-1 [6,121,124,206]. Of paramount significance
was the observation that peripheral inflammatory pain disrupted disulfide-bonded occludin
oligomeric assemblies, thereby preventing monomeric occludin from forming an
impermeable physical barrier to paracellular transport [4].

Our studies with #C-sucrose implied that altered BBB paracellular permeability (i.e., leak)
to vascular markers may have a significant impact on drug delivery to the CNS. Indeed, we
demonstrated that opening of the paracellular route to circulating solutes does lead to
increased drug uptake to the CNS for specific therapeutic drugs. One such drug is the
moderate p-opioid receptor agonist codeine. The therapeutic effects of codeine are
centrallymediated thus indicating that this opioid analgesic must accumulate within the CNS
in order to exert its analgesic and antitussive properties [2]. The physicochemical properties
of codeine dictate that BBB transport primarily occurs via passive diffusion and is highly
dependent on BBB transcellular permeability and blood flow [211]. Using microdialysis in
rats injected with codeine intravenously, Xie and Hammarlund-Udenaes demonstrated that
this opioid analgesic rapidly attained distributional equilibrium with equal unbound
concentrations in brain and blood, which suggests that BBB codeine flux occurs via a
passive process [211]. Furthermore, codeine transport did not show any evidence of dose-
dependency or saturation Kinetics, which suggests that a membrane transporter is unlikely to
a determinant of codeine permeation at the BBB [211]. Although a recent study in an
immortalized rat brain endothelial cell line (RBE4) demonstrated pH-dependent component
of cellular codeine uptake, these data still were consistent with a codeine uptake mechanism
involving passive diffusion of unionized codeine species [212]. Therefore, any
pathophysiological stimulus that alters BBB tight-junction protein complexes and increases
passive paracellular solute permeability will likely affect CNS codeine uptake. Using the
well-established and highly reproducible A-carrageenan model of peripheral inflammatory
pain, we showed enhanced brain uptake of codeine at 3 h and 48 h post-injection of A-
carrageenan as compared with saline controls [2]. Capillary depletion analyses demonstrated
that this enhanced uptake reflected increased accumulation of codeine within the brain
extracellular milieu and was not due to vascular trapping [2]. Furthermore, antinociception
studies (i.e., radiant-heat tail flick measurement) demonstrated that increased brain uptake of
codeine led to an enhanced antinociceptive profile [2], suggesting that pain/inflammation in
the periphery is an important consideration in therapeutic drug dosing and/or potential
adverse drug reactions. It has been argued that much of the analgesic effect of codeine is
attributed to hepatic metabolism to morphine, which is mediated by CYP2D6 [213];
however, this hypothesis has been seriously challenged in the literature. Indeed, codeine is
metabolized to morphine by CYP2D6 in the liver but production of this metabolite accounts
for only 10% of the total metabolism of codeine [214]. In fact, over 70% of codeine is
metabolized to codeine-6-glucuronide, which is known to have significant analgesic
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properties [214]. This metabolite is produced via UGT2B7, which is extensively expressed
in the brain in addition to the liver [215]. Therefore, codeine may be metabolized within the
brain itself, which strongly suggests that increased brain delivery of codeine in response to
pathological or pharmacological stimuli is a highly relevant clinical consideration.

Despite the observation that peripheral inflammatory pain alters BBB paracellular
permeability and tight-junction protein complex integrity, the intracellular signaling
mechanisms involved had not been clearly elucidated until recently. We have shown
involvement of TGF-p signaling in the regulation of BBB functional integrity and, by
extension, paracellular drug uptake. TGF- signaling regulates multiple cellular processes
including vascular remodeling [216]. The TGF-B s are a family of pleiotropic cytokines that
modulate cellular function by binding to a heterotetrameric complex of type | and type Il
serine/threonine kinase receptors [217]. The type | receptors, also known as activin receptor-
like kinases (ALKSs), propagate intracellular signals through phosphorylation of specific
Smad proteins (i.e., receptor-regulated [R]-Smads) (Figures 3 & 4). Phosphorylated (R)-
Smads form complexes with the common Smad (i.e., Smad4) enabling them to be
translocated to the nucleus and regulate transcription of target genes [217].

In the majority of tissues, TGF-B signaling is mediated by ALKS5 [218]; however, studies in
cultured human endothelial cells [219] and in isolated arterial endothelium from ALK1-
deficient mice [220] have indicated that ALK1 is also involved in vascular TGF-f signaling.
TGF-p regulates the endothelial cell activation state through a precise balance between
ALK1 and ALKS5 signaling processes [219,221]. Whereas the ALK1 pathway leads to
endothelial activation characterized by increased permeability, ALK5-mediated signaling
promotes vascular resolution that is demarcated by decreased permeability [218,219]. Such
effects on vascular permeability may be due to the ability of TGF-f signaling to alter
expression of tight-junction constituent proteins. For example, claudin-5 expression was
increased by pharmacological ALKS5 inhibition in embryonic stem cells, suggesting
involvement of TGF-B/ALKS signaling in the regulation of tight-junction constituent
proteins [222]. Additionally, studies using human glioblastoma cells cocultured with human
brain endothelial cells showed that activation of TGF-p-mediated signaling decreased
endothelial expression of occludin, claudin-1 and claudin-5 [223].

Based on these previous studies, we investigated the role of TGF-f signaling as a ‘triggering
mechanism’ for BBB changes that occur during peripheral inflammatory pain [6].
Ultrasensitive ELISA analysis detected decreased levels of TGF-$ 1 in serum collected from
rats subjected to pain/inflammation as compared with control animals [6]. Expression of
ALK1 was slightly reduced (1.3-fold) while ALKS5 expression was profoundly decreased
(4.0-fold) in brain microvessels isolated from rats injected with A-carrageenan [6], which
implies that TGF- signaling may be reduced by peripheral inflammatory pain. Furthermore,
the large magnitude of decrease in endothelial ALKS5 expression indicates that TGF-B/ALK5
signaling may be reduced to a much greater degree than TGF-p/ALK1 signaling in animals
subjected to peripheral inflammatory pain. Indeed, our data supports this hypothesis because
Smad2/Smad3 nuclear accumulation was significantly reduced in rats administered A-
carrageenan while Smad1/5/8 nuclear expression was unchanged [6].

Since TGF-B/ALKS signaling was reduced by peripheral inflammatory pain, we sought to
determine if this decrease corresponded to an increase in paracellular solute permeability
across the BBB. To meet this objective, we examined brain uptake of 14C-sucrose. CNS
accumulation of 14C-sucrose was significantly enhanced in brain tissue collected from rats
subjected to pain/inflammation as compared with saline controls [6]. Furthermore, 14C-
sucrose uptake was further enhanced in the presence of SB431542 [6], a highly selective
ALKS inhibitor [224]. Our previous data showed that pretreatment with SB431542
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prevented phosphorylation (i.e., activation) of Smad2 and Smad3 but did not affect
Smad1/5/8 phosphorylation, further confirming specificity of this small-molecule ALK5
inhibitor [6]. These observations have profound implications for drug therapy, particularly
opioid analgesia, because enhanced delivery across the BBB may improve analgesia but
may also lead to an increased risk for adverse drug events. Therefore, we proposed that
administration of a TGF-B/ALKS receptor agonist may attenuate the increased paracellular
permeability observed during peripheral inflammatory pain and protect the CNS from
unwanted uptake of solutes from the systemic circulation. For these studies, we
hypothesized that administration of exogenous TGF-B1 at a concentration that restored
serum concentrations to control levels may protect BBB functional integrity in animals
subjected to peripheral inflammatory pain. Indeed, pre-treatment with TGF-p1 (12.5 ng/kg)
increased nuclear accumulation of phosphorylated Smad2/Smad3 and reduced brain uptake
of 14C-sucrose during pain/inflammation [6]. These data emphasize the critical importance
of TGF-pB/ALK5-mediated signaling in maintaining BBB functional integrity and suggest
that the ALKS5 receptor may be a novel target that can be utilized to restore barrier function
and control drug permeation during situations where brain endothelial integrity may be
disrupted (i.e., inflammatory pain).

We have also investigated whether TGF-B/ALKS5 signaling regulates BBB solute
permeability during peripheral inflammatory pain by altering expression of constituent tight-
junction proteins. Using the TGF-p/ALKS5 inhibitor SB431542, we demonstrated that
pharmacological blockade of ALKS5 signaling led to increased expression of various tight-
junction proteins (i.e., occludin, claudin-3, claudin-5 and ZO-1) in rat brain microvessels
[6]. The complexity of TGF-B/ALKS5 signaling at the BBB is further emphasized by the
observation that occludin, claudin-3 and ZO-1 protein expression was increased in animals
administered SB431542 and subjected to A-carrageenan-induced peripheral inflammatory
pain as compared with animals administered SB431542 alone [6]. These data support the
hypothesis that impaired TGF-B/ALKS signaling increases BBB permeability through
alterations in protein constituents of tight-junction protein complexes; however, the different
profile of tight-junction protein expression in animals subjected to pain/inflammation and in
animals administered SB431542 underscores the complexity of intracellular signaling
processes that modulate paracellular solute permeability. That is, different expression levels
of ALK5 may alter tight-junction proteins to a different degree. It is critical to consider that
time points beyond 3 h (i.e., chronic inflammatory pain) may reveal differential modulation
of tight-junction proteins by varying levels of TGF-p/ALK5-mediated signaling, a
possibility that requires further study.

It has been previously indicated that changes in paracellular permeability induced by
peripheral inflammatory pain are not sufficient to enable CNS penetration of small-molecule
therapeutics [225]. Specifically, Lu and colleagues utilized Evans blue dye as a model of a
small molecule and, therefore, as an indicator of BBB integrity [225]. In the interpretation of
these studies, it is important to consider that use of Evans blue dye is inappropriate in this
context. Evans blue dye, when unconjugated to plasma proteins, has a molecular weight of
960.8 Da; however, it is well established that Evans blue dye irreversibly binds to serum
albumin in vivo. This leads to the formation of a very large solute—protein complex (i.e., in
excess of 60,000 Da) that can only traverse the BBB under considerable pathological stress
such as that observed during ischemic stroke [226,227]. In context of peripheral
inflammatory pain, changes in BBB permeability are not sufficient to allow leakage of large
molecules such as Evans blue—albumin from the systemic circulation. In fact, we have
shown that altered BBB functional integrity in response to peripheral inflammatory pain
affects brain microvascular permeability only to small xenobiotics such as sucrose, codeing,
and morphine [2,3,6,121,124,206,207,210]. In all of these studies, we measured CNS uptake
of Evans blue—albumin and did not observe or detect any measureable uptake of this
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extremely large complex, which further clarifies that BBB opening during peripheral
inflammatory pain will only affect paracellular uptake of small-molecule solutes such as
opioid analgesics.

In addition to altered circulating levels of cytokines, it is important to consider that other
pathophysiological processes can occur simultaneously. Such processes may also present
therapeutic targets that can be utilized to regulate paracellular transport of drugs across the
BBB during peripheral inflammatory pain. For example, production of reactive oxygen
species (ROS) such as superoxide anion is a well-established component of both pain and
inflammation [228]. Using the A-carrageenan model of peripheral inflammatory pain, Wang
and colleagues demonstrated that M40403, a superoxide dismutase mimetic, significantly
attenuated all parameters of inflammation and hyperalgesia, which implies that superoxide
anion is a critical component of the pathophysiological response to a peripheral
inflammatory stimulus [229]. Similar observations were obtained in the A-carrageenan
model using the free radical scavenger and superoxide dismutase mimetic tempol [230].
More recently, our laboratory has shown that administration of tempol prevents changes in
occludin localization and structure in an in vivo rodent component model of global hypoxia
[7]. Taken together, these studies suggest that oxidative stress may play a prominent role in
modulating BBB tight-junction complex structure and paracellular solute permeability
during peripheral inflammatory pain. Therefore, further studies are critical to determine the
role of ROS in BBB changes that occur during pain/inflammation and whether
pharmacological scavenging of ROS may be a viable therapeutic approach for maintaining
BBB functional integrity during acute and/or chronic inflammatory pain.

Effect of peripheral inflammatory pain on BBB transport proteins

The ability of a pharmacological agent (i.e., opioid analgesic and/or opioid peptide) to
traverse the BBB endothelium and achieve efficacious concentrations within the CNS is
dependent upon multiple mechanisms of transport. Such mechanisms include uptake into the
brain via an influx transporter and/or extrusion from the CNS mediated by an efflux
transporter. For many drugs, it is this discrete balance between influx and efflux that
determines if a pharmacological agent will accumulate within the brain extracellular milieu
and be able to elicit a therapeutic effect. The complexity of transport biology at the BBB is
further underscored by the observation that functional expression of such transport proteins
may be dramatically altered by pathophysiological stressors [3,8,231-234]. A thorough
understanding of regulation and functional expression of endogenous BBB transporters in
both healthly and diseased states is critical for optimization of opioid pharmacotherapy.
Furthermore, such information will enable efficient targeting of transporters and/or
transporter regulatory mechanisms, thus allowing endogenous BBB transport systems to be
exploited for purposes of improving CNS drug delivery.

Perhaps the most critical transporter determinant of drug permeation to the CNS is P-gp.
There are several reports in the literature that have shown altered functional expression of P-
gp in various tissues by pathological stimuli such as viral proteins associated with HIV-1
infection [67,232], inflammation induced by bacterial endotoxin [235-238], and seizure
activity associated with intractable epilepsy [239]. Using the A-carrageenan model, we have
shown increased functional expression of P-gp at the BBB in response to acute peripheral
inflammatory pain [3]. This increase in brain microvascular P-gp expression in A-
carrageenan treated rats corresponded with a decrease in brain uptake of morphine [3], an
established P-gp substrate [164,167]. Kinetically, this decrease in morphine uptake resulted
in a 36% decrease in the apparent brain volume of distribution and a 50% increase in the
kout coefficient, an approximation of the overall loss/efflux of morphine from the brain [3].
Involvement of P-gp was further established by the observation that the P-gp inhibitor
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cyclosporine A increased blood-to-brain transport of morphine in a concentration-dependent
manner [3]. This observation is particularly critical as it emphasizes the paramount
importance of P-gp as a determinant of CNS drug delivery. Furthermore, our functional
studies with morphine in the A-carrageenan model show that pathophysiological stressors
such as peripheral inflammatory pain can upregulate P-gp at the BBB, which will similarly
affect brain penetration of opioids that are known P-gp substrates. Altered P-gp functional
activity in the context of peripheral inflammatory pain can have profound effects on opioid
analgesic efficacy. Previously, Hamabe and colleagues studied inter-individual variability
within the same strain of mice and reported that the level of morphine analgesia was
inversely proportional to brain microvascular P-gp expression [18]. This paper emphasizes
the fact that high P-gp expression levels at the BBB will have dramatic repercussions on
morphine therapy. Therefore, it can be postulated that any stimulus that directly upregulates
P-gp transport activity at the brain microvascular endothelium will likely exert a similar
effect on efficacy of a P-gp substrate opioid. Using the radiant-tail flick test, a well-accepted
method of measuring analgesic effect, our group demonstrated a significant decrease in
morphine analgesia in animals subjected to A-carrageenan induced inflammatory pain as
compared with saline controls [3]. Decreased morphine efficacy following pain/
inflammation was further highlighted by reduced AUC in A-carrageenan treated animals as
compared with saline controls [3]. Our studies on morphine antinociception differ from
previous work by Ossipov and colleagues that showed increased morphine analgesia
following peripheral inflammatory pain [240]. This discrepancy may be explained by gender
differences because we used female Sprague-Dawley rats in our studies and the work of
Ossipov and colleagues utilized male rats. Androgens have been shown to repress
transporters including P-gp [241], which suggests that the level of morphine analgesia
measured by Ossipov and colleagues may have been subject to a considerably reduced P-gp
effect. Nonetheless, the results of our P-gp studies with morphine clearly demonstrate that
pathophysiological mechanisms are critical in determining opioid brain uptake and analgesic
efficacy.

To date, most studies on involvement of drug transporters in CNS drug delivery have
focused on mechanisms that prevent drugs from accumulating in the brain. An alternative
approach for delivering drugs (i.e., opioids) to the CNS is to target endogenous BBB
transporters known to be involved in blood-to-brain xenaobiotic transport. An intriguing
candidate is Oatplad, which is well-known to transport opioids [46,167,201]. For example,
studies in human embryonic kidney cells transfected with rat Oatpla4 demonstrated
saturable DPDPE uptake [46]. Recently, we reported for the first time increased functional
expression of Oatpla4d at the BBB in rats subjected to peripheral inflammatory pain [8].
Evidence for increased Oatpla4 transport at the BBB included:

- Increased brain accumulation of taurocholate, a selective Oatp substrate [242];

- Attenuation of taurocholate uptake by Oatp transport inhibitors (i.e., digoxin,
estrone-3-sulfate and fexofenadine);

- Increase in Ky for taurocholate during peripheral pain, which implies increased
blood-to-brain transport;

. An increase in taurocholate accumulation within brain interstitial fluid but no
change in taurocholate sequestration within the BBB endothelium itself [8].

In order to determine if Oatpla4 could effectively facilitate CNS drug delivery, we studied
BBB transport of the opioid peptide DPDPE. Brain uptake of DPDPE is governed by
multiple mechanisms in addition to Oatpla4-mediated transport including transcytosis [243]
and P-gp-mediated efflux [167]. Although we showed increased Oatpla4 functional
expression at the BBB in animals subjected to peripheral inflammatory pain, we did not see
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any change in blood-to-brain DPDPE transport [8]. In light of our previous work with P-gp
[3], we proposed that Oatpla4 influx transport was negated by P-gp efflux. This implies that
the relative contribution of Oatpla4 to overall brain uptake of DPDPE could only be
determined in the absence of P-gp-mediated transport activity. When we inhibited P-gp
efflux transport using reversin 205, a selective P-gp inhibitory peptide [244], we observed
that the relative contribution of Oatpla4 to brain uptake of DPDPE increased from 56% in
saline controls to 71% in animals subjected to peripheral inflammatory pain [245]. These
data are particularly critical because they showed, for the first time, that Oatpla4 can be
targeted for delivering opioids and/or opioid peptides to the brain.

In order to successfully target a transporter system for optimization of CNS drug delivery, it
is crucial to determine how a transport of interest is regulated at the molecular level. In the
context of peripheral inflammatory pain, this includes identification and characterization of
biological mechanisms that enable peripheral pain to ‘transmit’ signals upstream and alter
BBB drug transporters. Based on our previous work [6], we proposed that this signal may
involve alterations in serum concentrations of cytokines such as TGF-B1, a critical regulator
of brain microvascular homeostasis [218]. Of paramount significance, we showed that
administration of diclofenac, a commonly prescribed NSAID, prevented decreases in serum
TGF-B as well as reduced microvascular expression of ALK1/ALKS, suggesting that
inflammation in the periphery is directly involved in overall regulation of the TGF-§
signaling pathway [8]. Furthermore, pharmacological inhibition of TGF-p/ALKS5 signaling
using SB431542 increased Oatplad functional expression both in animals subjected to
peripheral inflammatory pain and in corresponding saline controls [8]. Although studies in
immortalized mouse brain endothelial cells (MBE4) have shown involvement of ALK5-
mediated signaling in P-gp regulation [246], we are the first to report TGF-B/ALK5
signaling regulation of an endogenous BBB drug-uptake transporter. Our work on TGF-B/
ALKS signaling demonstrated that this pathway can regulate permeability at the BBB both
by altering the structure of tightjunction protein complexes and by increasing functional
expression of an influx transporter (Figure 5). Furthermore, these studies highlight the
potential of the TGF-B/ALKS pathway as a pharmacological target that can be utilized for
optimization of drug delivery to the CNS.

Similar to the tight junction, complexity of transporter regulation at the BBB is underscored
by the fact that multiple signaling pathways are activated in response to peripheral
inflammatory pain. We have shown that acute peripheral inflammatory pain significantly
increases Circulating levels of I1L-6 [RONALDSON PT, Dawis TP. UneusListen OBSERVATION].
Inflammatory responses involving IL-6 secretion may activate JAK, a family of non-
receptor tyrosine kinases that transduce cytokine-mediated signals. Activation of these
intracellular enzymes results in phosphorylation of STAT proteins such as STAT3. In vivo,
STATS3 has been shown to be the principal signal transducer of the IL-6 receptor [247]. With
respect to drug transporters, there are few studies that have shown a correlation between
altered mMRNA expression and STAT3 signaling. Using human epidermal keratinocytes and
dermal fibroblasts, Dreuw and colleagues reported an association between activation of
STAT3 and an increase in MRP1, MRP3, MRP4, and MRP5 mRNA levels [248]. Recently,
in vivo studies have demonstrated increased STAT3 DNA binding and reduced hepatic
expression of Mrp2 and Oatp isoforms in IL-6*/* mice in comparison to IL-6~/~ mice [249].
Studies must be done to fully characterize the relationship between JAK/STAT3 signaling
and regulation of drug-transport proteins at the BBB. A thorough understanding of this
pathway in the context of peripheral inflammatory pain may point to novel strategies to
optimize CNS delivery of opioid analgesic drugs.

In addition to pathophysiological factors, endogenous BBB transporters may also be
regulated by pharmacological factors. Patients aff licted by peripheral inflammatory pain are
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often prescribed multiple drugs as part of their therapeutic regimen. This may lead to altered
analgesic efficacy of opioids, the primary therapeutic drug class used to treat pain/
inflammation, and/or unexpected drug—drug interactions. Such effects may be mediated by
nuclear receptors, ligand-activated transcription factors that are known to be activated by a
broad spectrum of xenobiotics [250]. Some of these receptors, specifically pregnane-X-
receptor (PXR) and constitutive androstane receptor (CAR), are known to be expressed by
brain microvascular endothelial cells and are implicated in regulation of ABC transporters
(i.e., P-gp, MRPs/Mrps and BCRP) and OATPs/Oatps [170,251-256]. The pharmacological
impact of PXR-mediated up-regulation of P-gp was demonstrated in a human PXR
transgenic mouse model where PXR activation with two specific ligands (i.e., ifampin and
hyperforin) reduced CNS accumulation of methadone, an established P-gp substrate [170].
Studies in primary cultures of rat brain microvessel endothelial cells demonstrated that
dexamethasone treatment increased functional expression of P-gp, Mrp2 and Bcrp via a
PXR-dependent mechanism [254]. Additionally, studies in an immortalized rat brain
endothelial cell line demonstrated that activation of CAR with specific ligands (i.e.,
carbamazepine and phenobarbital) significantly increased functional activity of P-gp, Mrp1,
and Mrp2 [253]. Furthermore, studies in isolated mouse and rat capillaries showed increased
expression and activity of P-gp, Mrp2, and Bcrp when tissues were exposed to 1,4-bis-[2-
(3,5-dichloropyridyloxy] benzene (TCPOBOP, a mouse-specific CAR agonist) and
phenobarbital (i.e., a rat-specific CAR agonist) respectively [256]. These data suggest that
PXR/CAR activation may tighten the BBB to opioid analgesics by altering functional
expression of ABC transporters. Studies in the liver have shown that nuclear receptors can
also regulate functional expression of Oatps [257,258]; however, the role of PXR and/or
CAR on regulation of Oatpla4 expression at the BBB remains poorly characterized.

It has been estimated that unwanted activation of nuclear receptors may account for up to
60% of drug—drug interactions [252]. Although such interactions involving PXR and/or
CAR have not been directly studied in the CNS, much of this information may prove to be
clinically relevant with respect to treatment of peripheral inflammatory pain. Many drugs
included in pain management regimens, particularly anti-inflammatory drugs, have been
reported to interact with PXR and/or CAR in both in vitro and in vivo model systems. For
example, dexamethasone, an anti-inflammatory glucocorticoid and established PXR
activator [259], is often used in the management of pain conditions [260,261].
Dexamethasone has also been shown to reduce antinociceptive effects of opioids such as
morphine and B-endorphin [262,263]; however, these reports did not determine if reduced
analgesic effects in animals administered dexamethasone involved changes in CNS opioid
concentrations. Acetaminophen is also commonly prescribed for management of acute or
chronic peripheral inflammatory pain. Toxicity associated with acetaminophen is, in part,
related to depletion of cellular concentrations of glutathione [264], a well-established
substrate for MRP/Mrp isoforms [68,70,265]. Since acetaminophen is a known CAR
activator [266], it may mediate its own toxicity via increased MRP/Mrp functional activity
and glutathione efflux. Morphine metabolites (i.e., morphine- 3-glucuronide) are also
transport substrates for MRP/Mrp isoforms [183]. Combined, these data suggest that
inclusion of anti-inflammatory drugs (i.e., dexamethasone, acetaminophen) in a pain-
treatment regimen may activate nuclear receptors and alter drug-transport proteins known to
be involved in CNS delivery of opioids. Additionally, activation of nuclear receptors may
facilitate clinically significant drug—drug interactions leading to modified opioid analgesia
and adverse drug events associated with opioid toxicity.

Future perspective

The field of BBB biology, particularly the study of tight-junction protein complexes and
endogenous transport systems, has rapidly advanced over the past two decades. For
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example, it is now well established that tight-junction protein complexes are dynamic in
nature and can organize and reorganize in response to various pathological stimuli (i.e.,
peripheral inflammatory pain). These changes in tight-junction protein complexes can lead
to increased BBB permeability to small-molecule drugs via the paracellular route.
Additionally, many previous studies reported on the controversial ability of transporters (i.e.,
Oatpla4) 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 the 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-B/ALKS signaling, nuclear receptor systems) 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,
including opioids. Such studies are particularly critical for newly developed peptides that
can act as opioid-receptor agonists. In fact, many novel opioid peptides have been recently
produced and have shown considerable analgesic efficacy [267,268]; however, molecular
mechanisms involved in their CNS delivery have yet to be identified. Discovery of
mechanisms that facilitate brain permeation of these peptides will undoubtedly enable more
efficient analgesia and an improved utility as potential therapeutics. Perhaps targeting of
novel opioid peptides to influx transporters such as Oatpla4, which is already known to be
involved in opioid-peptide transport at the BBB [8], will lead to significant advancements in
the field of opioid pharmacology and pain management. Additionally, identification and
characterization of intracellular signaling pathways that can regulate functional expression
of uptake transporters provides yet another approach for pharmacological 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 signaling pathways at the BBB and how these systems can be effectively
targeted. Ultimately, data derived from these studies will enable achievement of more
precise drug (i.e., opioid) concentrations within the CNS and improved treatment for
pathological conditions such as peripheral inflammatory pain.

Executive summary

. The blood-brain barrier (BBB) is the most significant obstacle to effective
CNS drug delivery. In fact, many currently available drugs have limited or no
efficacy in the treatment of neurological diseases primarily because of
limited ability to traverse the BBB and attain therapeutically efficacious
concentrations in the CNS.

. Pain, a dominant symptom associated with acute and chronic inflammation
that affects 76.2 million Americans, is most effectively treated with opioid
analgesics. Opioid concentrations in the CNS must be precisely controlled in
order to achieve effective analgesia and limit potentially dangerous central
adverse effects. This therapeutic objective emphasizes the need to further
characterize biological mechanisms that facilitate opioid delivery across the
BBB in both healthly and diseased states and to understand how these
systems can be exploited in an effort to optimize CNS opioid delivery.

. The highly specialized BBB phenotype requires interplay of the brain
microvascular endothelium with surrounding astrocytes, microglia, pericytes,
neurons, and extracellular matrix. This is often referred to as the
neurovascular unit, which reflects involvement of multiple cellular and
structural components in the physiology of the BBB including regulation of
xenobiotic permeation.
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. Critical structural features of the BBB that restrict blood-to-brain transport of
pharmacological agents such as opioids include tight-junction protein
complexes as well as endogenous transporters involved in drug influx and/or
efflux.

. Functional integrity of the BBB is altered in response to pathophysiological
stressors. Specifically, peripheral inflammatory pain increases paracellular
permeability to vascular markers (i.e., sucrose) and therapeutic drugs (i.e.,
codeine) by changing expression of protein constituents of BBB tight
junctions (i.e. claudin-3, claudin-5, occludin and ZO-1).

. During peripheral inflammatory pain, changes in paracellular permeability
and tight-junction protein expression are mediated by decreased TGF-B/
ALKS signaling. Pharmacological inhibition of the ALKS5 receptor during
pain/inflammation leads to changes in BBB functional integrity that are
greater than observed under conditions of peripheral inflammatory pain only.
Exogenous administration of TGF-f1 restored TGF-B/ALKS signaling and
paracellular sucrose permeability to levels identical to control. These data
suggest that the ALKS5 receptor can be targeted in an effort to
pharmacologically control BBB functional integrity.

. P-glycoprotein (P-gp), an efflux transporter, expression and activity at the
BBB is markedly increased during peripheral inflammatory pain. Such
changes lead to decreased brain accumulation of drugs such as morphine, an
opioid analgesic. Reduced brain uptake of morphine is manifested by
decreased analgesia.

. Organic anion transporting polypeptide 1a4 (Oatpla4), a sodium-independent
transporter governed by the transmembrane concentration gradient of its
substrates, expression and activity at the BBB is significantly increased
during peripheral inflammatory pain. Such changes lead to an enhanced
contribution of Oatpla4 in the brain uptake of o-penicillamine [2,5]-
enkephalin, an opioid peptide analgesic. These data suggest that Oatpla4 is a
potential target that can be exploited for optimization of CNS drug delivery.

. Oatpla4 functional expression at the BBB is regulated by TGF-B/ALKS5
signaling. These data point to a regulatory mechanism that can be utilized to
control Oatpla4 expression and/or activity for purposes of optimizing CNS
delivery of therapeutics.

. Future studies will likely aim to further characterize the interplay between
transporter regulation and intracellular signaling systems. Additionally,
identification of novel transporters and/or signaling systems involved in
transporter regulation will provide new opportunities in the field of CNS drug
delivery. Such studies will benefit opioid pharmacotherapy by enabling more
precise control of CNS concentrations and improved treatment for conditions
such as peripheral inflammatory pain.

Key Terms
Blood-brain A selective barrier between the CNS and the systemic circulation that
barrier maintains brain homeostasis by controlling fluid and electrolyte

balance, regulating nutrient transport, and determining blood-borne
solute permeability.
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Tight junction In the context of the blood-brain barrier, tight junctions are a complex

network of proteins that span the apical region of the intercellular cleft
between two apposing endothelial cells. Tight junctions enable
asymmetric distribution of membrane constituents (i.e., apical vs
basolateral) and limit paracellular solute permeability.

Opioid A class of therapeutic agents that are currently the most effective drugs
analgesic for pain relief. Opioids produce analgesia by binding to specific opioid

receptors in the brain as well as in the periphery. Effective therapy with
opioids requires delivery to the brain, where concentrations must be
precisely controlled to produce effective analgesia while limiting
unwanted side effects such as respiratory depression, tolerance,
constipation, nausea and vomiting.

P-glycoprotein An ATP-dependent, membrane-bound drug efflux transporter that is

endogenously expressed at the brain microvascular endothelium and is
one of the most critical determinants of drug permeation across the
BBB.

Oatplad A member of the larger family of solute-carrier transporters, Oatpla4 is

endogenously expressed at the BBB and is involved in bidirectional
transport of various drugs including opioid peptides. The human
homologue of Oatplad is OATP1A2.

TGF-p An intracellular signaling pathway that is prominently expressed by
signaling brain microvascular endothelial cells. At the blood—brain barrier, TGF-p
pathway signaling is regulated by two distinct surface receptors designated

activin receptor-like kinase-1 (ALK1) and ALKS5. Stimulation of the
ALK1 receptor increases vascular permeability to circulating solutes
while ALKS5 receptor activation decreases permeability. Integrity of the
BBB is maintained, in part, by a precise balance between signaling
mediated by ALK1 and signaling mediated by ALKS.
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Figure 1. Basic molecular organization of tight-junction protein complexes at the blood-brain
barrier
Adapted from Hawkins and Davis [27].
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Figure 2. Endothelial localization of drug transporters known to be involved in transport of
opioids at the blood-brain barrier
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Figure 3. Intracellular signaling molecules associated with TGF-p signaling at the blood-brain
barrier

Signals elicted by the TGF-p pathway involve two cell-surface receptors at the brain
microvascular endothelium, which are designated ALK1 and ALK5. ALK transduces
signals via phosphorylation of Smad proteins -1, -5, and -8 while ALKS5 signals by
phosphorylation of Smad2 and Smad3. Once phosphorylated, these Smad proteins bind to
the common Smad (i.e., Smad4), thereby forming a protein complex that can translocate to
the nucleus and affect transcription.
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Figure 4. Physiological effect of divergent TGF-p signaling pathways at the brain microvascular

endothelium
ALK1 signaling mediates increased vascular permeability while ALKS signaling mediates

decreased vascular permeability. Endothelial homeostasis is maintained by a discrete
balance between these two competing pathways.
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Figure 5. Proposed effect of blood-brain barrier changes in TGF- signaling on CNS drug
delivery during peripheral inflammatory pain

Acute inflammatory pain is characterized by an increase in production of inflammatory
mediators and decrease in circulating levels of TGF-B1, which leads to decreased expression
of ALKS5 (1a,1b). In turn, this leads to a decrease in signaling through the ALKS5 receptor
and decreased phosphorylation of Smad2 and Smad3 (2). The decreased expression of p-
Smad? and p-Smad3 results in a lower level of translocation of these Smad isoforms to the
nucleus and a corresponding downregulation of TGF-B/ALKS5- mediated signaling (3). Our
data also show decreased expression of the ALK1 receptor but this may be a compensatory
response of the endothelium to maintain balance between ALK1- and ALK5-mediated
signaling events. Interestingly, expression of p-Smad1/5/8 does not change, suggesting that
the TGF-B/ALK1 pathway may predominate at the BBB during acute inflammatory pain.
Overall, this causes dysregulation of the tight junction complex that is demarcated by altered
expression of claudin-3, claudin-5, occludin and ZO-1 (4a). Additionally, functional
expression of Oatpla4 is increased (4b), leading to enhanced brain uptake of Oatp substrate
drugs. The result of this signaling mechanism is an increase in blood-brain permeability and
influx transport that is characterized by enhanced CNS drug delivery via the paracellular
route or by Oatplad-mediated transport.
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