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ABSTRACT 

Uptake and distribution of peptides into the central nervous system (CNS) is 

limited by a number of factors, central to which is the blood-brain barrier (BBB). 

Peripheral influences: blood-flow, protein binding in blood, clearance, and metabolism, 

also greatly affect the ability of peptide drugs to enter the CNS. Nevertheless, the BBB is 

frequently the rate-limiting factor in peptide drug permeation into the brain. The use of 

chemical modification, or pharmacological manipulation of the BBB, can improve CNS 

uptake of peptide drugs. In this examination, methods of peptide distribution, 

lipophilicity, protein binding, stability, receptor binding, clearance, and BBB permeation 

were used to assess the affects of various strategies on the delivery a model opioid 

peptide, DPDPE. DPDPE is a well characterized 5-opioid peptide analogue of met-

enkephalin. Characterization of DPDPE uptake at the BBB was assessed both in vitro, 

using primary culture bovine brain microvessel endothelial cells, and in situ, using brain 

perfusion analysis in the rat. 

The first aspect of this examination was aimed at assessing lipophilicity and 

stereoselectivity via tri-methylating DPDPE, thereby enhancing lipophilicity and creating 

four distinctive diastereoisomer configurations. Each diastereoisomer was assessed for 

protein interaction, lipophilicity, BBB permeation {in vitro & in situ), receptor-binding 

affinity, metabolic stability and end analgesic effect. Significant variation was shown 

between the parent form and methylated diastereoisomers, as well as significant variation 

between each respective diastereoisomer in relation to analgesia and BBB penetration. 
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The second aspect of the examination was aimed at PEGylating [conjugation of a 

poly(ethylene glycol) to a drug] DPDPE, with focus on BBB permeability 

characterization. Pharmacokinetic and pharmacodynamic properties were also assessed. 

PEGylation resulted in significantly decreased clearance, with increased drug half-life, 

resulting in enhanced analgesia. Penetration at the BBB was decreased, due to the 

conjugated compound enhanced hydropholicity, however the PEGylation of DPDPE did 

reduce efflux out of the brain by reducing DPDPE affinity for P-glycoprotein. 
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Chapter 1. Introduction 

Morphology and Biochemistry of Blood-Brain and BIood-CSF Barriers 

History of the Blood-Brain Barrier. 

The brain functions within a well-controlled environment separate from the milieu 

of the periphery. The mechanisms that control the unique environment of the brain are 

collectively referred to as the "blood-brain barrier". Paul Ehrlich (1885, 1906) and 

Edwin Goldman (1909, 1913) observed that water soluble dyes injected into the 

peripheral circulation did not stain the brain or color the cerebrospinal fluid (CSF), 

however the choroid plexus showed heavy staining. Additional experiments showed that 

the same dyes injected into the subarachnoid space colored the brain and CSF, but not the 

peripheral tissues. Lewandowsky, while studying potassium ferrocyannide penetration 

into the brain (1900), was the first to coin the term blood-brain barrier and called it 

"bluthimschranke". The observations drawn from the dye studies brought about the 

concept of a barrier between blood and brain, as well as between blood and CSF. 

Later investigators employed basic dyes that were highly lipid soluble and able to 

transverse the BBB (Friedemann, 1942), showing that the brain was stained by direct 

transport of the dyes across the cerebral microvasculature. Broman (1941) obser\'ed that 

there were two barrier systems in the brain, the blood-CSF barrier at the choroid plexus 

and the blood-brain barrier (BBB) at the cerebral microvasculature. Furthermore, 

Broman (1941) argued that the barrier function of the BBB was via the capillary 

endothelial cells and not the astrocytic end feet. The debate as to whether the astrocytic 
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end feet or the capillary endothelium comprise the BBB was layed to rest by electron 

microscopic cj^ochemical studies performed in the late 1960s by Reese and Kamovsky 

(1967), and later by Brightman and colleagues (1970). Horseradish peroxidase (MW 

39,800) was used to visualize the BBB (Reese and Kamovsky, 1967). Systemic 

injections of horseradish peroxidase failed to reach brain extracellular fluid, whereas 

intracerebroventricular injection into the CSF stained the brain extracellular fluid. 

Horseradish peroxidase diffused past the astrocytic end feet and basement membrane, and 

stopped at the tight junctions of the cerebral endothelial cells. These experiments 

substantiated the argument that tight junctions between cerebral endothelial cells 

comprise the BBB, restricting the free movement of substances from blood and 

interstitial fluid. 

Later, dialogue concerning the uniqueness of the BBB tight junctions and 

physiolog>', relating to capillary networks of peripheral organs were addressed by and 

elegant study performed by Stewart and Wiley (1981). In these experiments, embryonic 

quail brain was transplanted to embryonic chick gut. Although the quail brain was 

vascularized by chick gut vessels, the transplanted microvessels maintained physiological 

characteristics of the BBB and excluded dyes, such as trypan blue. Conversely, 

embryonic quail gut transplanted to embryonic chick brain was vascularized by vessels of 

chick brain origin, yet these microvessels were leaky to trypan blue and did not maintain 

BBB characteristics. These experiments support the belief that the physiological 

characteristics of the BBB arise from the expression of a distinctive set of genes within 

the capillary endothelium or possibly cofactors from the surrounding tissue. 
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Pericyte, Astrocyte and Basal Lamina Association with the BBB 

The periendothelial accessory structures of the BBB include pericytes, astrocytes, 

and a basal membrane. The endothelial cells of the BBB are distributed along the length 

of the vessel and completely encircles the lumen. A thin basement membrane (i.e. basal 

lamina) supports the ablumenal surface of the endothelium. The basal lamina surrounds 

the endothelial cells and pericytes; the region between which is known as the Virchow-

Robin space. Astrocytes are adjacent to the endothelial cell, with astrocytic end feet 

sharing the basal lamina 

(Fisure 1.2.1 & l.2.2\ 

Figure 1.2.1 A representative 
cross-section of a cerebral 
capillary of the BBB. Shown 
are the astrocytic end feet 
(AE), basal lamina (BL), 
endothelial cell (EC), nucleus 
(NU), pericyte (P), and tight 
junction (TJ). 

Figure 1.2.2 A representative 
cross / longitudinal-section of 
a cerebral capillary of the 
BBB. Shown are the astrocytic 
end feet (AE), basal lamina 
(BL), and endothelial cell 
(EC). 
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The association of pericytes to blood vessels has been suggested to regulate 

endothelial cell proliferation, survival, migration, differentiation, and vascular branching 

(Hellstrom et al., 2001). Pericytes in the periphery are flat, undifferentiated, contractile 

connective tissue cells, which develop around capillary walls. Microvascular pericytes 

have shown to lack the a-actin isoform, typical of contractile cells (Nehls and 

Drenckhahn, 1991), thus these cells may not be involved in capillary contraction. 

Pericytes have a close physical association with the endothelium. Gap junction 

communication between pericyte and endothelial cells, as well as at endothelial-

endothelial junctions, has been shown in vitro (Larson et al., 1987). Pericytes send out 

cellular projections, which penetrate the basal lamina and cover approximately 20-30% of 

the microvascular circumference (Frank et al., 1987). Pericytes are thought to contribute 

to endothelial cell proliferation, via selective inhibition of endothelial cell growth 

(Antonelli-Orlidge et al., 1989). Lack of pericytes has lead to endothelial hyperplasia and 

abnormal vascular morphogenesis in the brain (Hellstrom et al., 2001). Research 

indicates that pericytes of the BBB might be derived from microglia, since these pericytes 

demonstrate the capacity to phagocytize exogenous protein form the central nervous 

system (Coomber and Stewart, 1985). Additionally, there is some evidence that pericytes 

are able to mimic astrocyte ability to induct BBB "tightness" (Minakawa et al., 1991). 

Astrocytes are glial cells which envelop > 99% of the BBB endothelium. 

Intercellular adhesion between astrocytes in the blood-brain barrier has been observed in 

the form of gap junctions and adheren junctions (Brightman and Reese, 1969; Shivers et 

al., 1988). There is significant body of evidence, in vitro and in vivo, to indicate that 
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astrocyte interaction with the cerebral endothelium help determine BBB function, 

morphology (i.e. tightness), and protein expression (Beck et al., 1984; Arthur et al., 1987; 

Cancilla et al., 1983). Astrocytes serve as scaffolds, guiding neurons to their proper place 

during development and direct vessels of the BBB. The association of astrocytes to the 

cerebral microvasculature is underlined by the association of neurons to astrocytes. The 

~20 nm gap between adjacent astrocytes, which is readily diffusible by horseradish 

peroxidase (Brightman and Reese, 1969), indicates that they most likely do not contribute 

to the physical barrier of the BBB. 

Between brain capillaries, astrocytes, and pericytes is the basal lamina, which 

consists of laminin, fibronectin, tenascin, collagens, and proteoglycan (Timpl and Brown, 

1996). The basal lamina provides mechanical support for cell attachment, serves as a 

substratum for cell migration, separates adjacent tissue, and can act as a barrier to the 

passage of macromolecules. Cell adhesion to the basal lamina involves the integrins 

(Hynes, 1992). Integrins are transmembrane receptors that bridge the cytoskeletal 

elements of a cell to the extracellular matrix and are heterodimers of a and P subunits. 

Neuronal involvement in BBB formation remains unclear. In vivo and in vitro 

studies support the hypothesis of a neural induction of the cerebral microvasculature, 

indicating a specific role of neurons and / or astrocytes in BBB formation (Wolburg, 

1995; Bauer and Bauer, 2000). Coculture experiments using cerebral capillary 

endothelial cells and neurons (as well as neuronal plasma membranes) have shown dose-

dependent increases in y-glutamyl transpeptidase activity, higher than seen with 
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cocultured glial cells (Tontsch and Bauer, 1991), indicating an inductive effect of 

neurons. 

Cell Membranes 

The function of the membranes is complex and multifaceted, and can be divided 

into eight general categories. First, membranes compartmentalize, providing continuous, 

relatively unbroken sheets. Second, membranes prevent unrestricted exchange of 

molecules, providing a selectively permeable barrier. Third, membranes contain the 

machinery for the physical transport of substances from one side of the membrane to the 

other. Fourth, the membrane is involved in response of the cell to external stimuli, via 

signal transduction. Fifth, membranes allow cells to recognize one another, to adhere, 

and to exchange materials in an intracellular interaction. Sixth, membranes provide a 

means to organize cellular biochemical activities, through an extensive framework or 

scaffolding within which components can be arranged for effective interaction. Seventh, 

membranes maintain cell polarity. Eighth, membranes are involved in the process of 

energv transduction (i.e. conversion of one type of energy to another ), such as the 

transfer of chemical energy from carbohydrates and fats to ATP. 

Hugh Davson and James Danielli first proposed that the plasma membrane was 

composed of a lipid bilayer that was lined on both its iimer and outer surface by a layer of 

globular proteins. Furthermore, they stated that the lipid bilayer was penetrated by 

protein-lined pores, providing entry for ions and solutes to enter and exit the cell (Davson 

and Danielli, 1943). Later Singer and Nicolson proposed the "fluid-mosaic model " 
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(1972), in which proteins occur as a "mosaic" of discontinuous particles that penetrate the 

lipid sheet and that these membranes are dynamic structures with mobile components 

capable of engaging in numerous types of interactions. 

Cell membranes consist of phospholipids, proteins, and cholesterols, with 

carbohydrates on the outer surface. A lipid bilayer has been determined to be -60 A 

thick. The combined acyl chains of the lipid bilayer span a width of-30 A, with the head 

groups adding another -15 A on both the interior and exterior surface (Karp, 1999). 

Membranes contain a diverse population of lipids, all of which are amphipathic. 

These membranes contain a phosphate group usually built on a glycerol backbone (i.e. 

phosphoglycerides). Membrane glycerides contain two hydroxyl groups of glycerol, 

esterified to fatty acids, and the third group esterified to a phosphate group. The 

phosphate group is commonly linked to either a choline (i.e. phosphatidylcholine), serine 

(i.e. phosphotidylserine), ethanolamine (phosphatidylethanolamine), or inositol 

(phosphotidylinositol). These small groups are hydrophilic and, with the associated 

charged phosphate group, form a highly water-soluble domain (i.e. head group). The two 

fatty acyl chains are long, unbranched, and contain hydrophobic hydrocarbons. 

Sphingolipids are derivatives of sphingosine, an amino alcohol, which contains a long 

hydrocarbon chain. The sphingosine is linked to a fatty acid via its amino group, 

resulting in the sphingolipid. Another component of the lipid membrane is the sterol 

cholesterol, which is smaller than other lipids and less amphipathic (Devaux, 1991; 

Germis, 1989). 
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Cholesterol molecules are oriented with their hydrophilic hydroxyl group at the 

membrane surface and their hydrophobic tail embedded in the lipid bilayer. Cholesterol 

contains rings, which are rigid and flat, that thereby reduce the firee movement of the fatty 

acid tails of the phospholipids. 

The carbohydrate membrane content ranges between 2 to 10 percent by weight. 

Greater than 90 % of the carbohydrates are covalently linked to proteins (i.e. 

glycoproteins), the remaining carbohydrates are linked to lipids (i.e. glycolipids). 

Glycoprotein carbohydrates are short, branched oligosaccharides, with generally less than 

15 sugars per chain (Karp, 1999). The thin layer of glycoprotein and oligosaccharides 

(i.e. glycocalyx) of the outer surface of the cell membrane mediate interactions of cell 

adhesion and forms antigens involved in recognition of "self. 

Membrane proteins are diverse and arranged in the membrane in specific 

orientations and locations, and are asymmetrically situated. These proteins are involved 

in numerous functions including ion and nutrient transport, cell adhesion, cell 

recognition, and intercellular interactions. The three classes of proteins are integral, 

peripheral, and lipid-anchored. Integral proteins pass through the lipid bilayer, with 

domains in both the extracellular and cytoplasmic sides of the membrane. Peripheral 

proteins are located outside the bilayer on the cytoplasmic surface, wath noncovalent 

bonding to the membrane. Lipid-anchored proteins are located outside the bilayer, 

exterior or cytoplasmic surfaces, and covalently linked to a lipid molecule within the 

membrane (Unwin and Henderson, 1984). 
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Anatomy and Physiology of the Cerebral Capillary Endothelia 

The surface area of the brain microvasculature is ~ 100 cm^-g"' tissue, with the 

capillary volume and endothelial cell volume constituting approximately 1% and 0.1% of 

the tissue volume, respectively (Pardridge et al., 1990). The mean intercapillary distance 

in the human brain is ~ 40fjjn (Duvemoy et al., 1983). This short distance allows for near 

instantaneous solute equilibration throughout the brain interstitial space for small 

molecules, once the BBB has been overcome. The microvasculature of the central 

nervous system (CNS) can be differentiated from the peripheral tissue endothelia in that 

it possess uniquely distinguishing characteristics: 

(1) Cerebral capillary endothelial cells contain tight junctions, which seal cell-to-

cell contacts between adjacent endothelial cells forming a continuous blood vessel. The 

tight junctions between BBB endothelial cells leads to high endothelial electrical 

resistance, in the range of 1500-2000 Q-cm" (pial vessels), as compared to 3-33 fi-cm" in 

other tissues (Crone and Christensen 1981; Butt et al., 1990). The electrical resistance 

across in vivo cerebral microvessel endothelial cells, of non-pial origin, has been 

estimated to be as high as 8000 Q-cm" (Smith and Rapoport, 1986). The net result of this 

elevated resistance is low paracellular permeability. 

The intercellular clefts are around 200 A wide, which would allow ready diffusion 

of tissue solutes, therefore it is clear that these clefts are constricted. The study of 

junctional complexes reducing diffusion across cellular sheets was initial investigated by 

Farquhar and Palade (1963). The complex is classified as macula and zonula adhaerens 

and zonula occludens. The adherens junction is around 200 A, while the area composing 
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the zonula occludens (i.e. tight junction) is essentially completely occluded. The 

junctional complex forms intercormected, intramembrane strands arranged as a series of 

multiple barriers (Schneebergter and Kamovsky, 1976). 

FI sure 1.1 depicts the current theoretical understanding of a cerebral capillary 

junction at the molecular level. An integral tight junctional membrane component is 

occludin, a 65 KDa protein brings opposing cell leaflets into contact. Claudins comprise 

a multigene family and to date there are 20 claudin isomers, which form dimers that bind 

homotypically to claudins on adjacent endothelial cells to form the primary seal of the 

tight junction (Furuse et al., 1999). Zonula occludens (ZO-12/3) are cytoplasmic 

proteins that interact with occludin and serve to as recognition proteins for tight 

junctional placement, and support structure for signal transduction proteins (Haskins, et 

al., 1998). ZOs belong to the MAGUK family of proteins (membrane associated 

guanylate kinase-like proteins) and have a number of binding sites for cjtoskeletal 

proteins, signal transduction molecules, and kinases. AFC is a Ras effector molecule 

associated with ZO-1 (Joh et al., 1997). 7H6 antigen is a phosphoprotein found at tight 

junctions impermeable to ions and macromolecules (Satoh et al., 1996). Junctional 

adhesion molecules (JAM) are localized at the tight junction and are a member of the 

immunoglobulin superfamily (IgSF). Additionally, tight junctions are shown to 

microdomains on the cell membrane rich in cholesterol, which contain caveolin-1 (Nusrat 

et al., 2000). 
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Figure 1.1 Proposed interactions of the major tight junctional cytoskeletal 
and adliesion junction proteins present at the BBB (adapted from Huber et 
al.,2001) 

(2) The cytoplasm of the endothelial cell is of uniform thickness, with very few 

pinocytotic vesicles (hollowed out portion of cell membrane filled with fluid, forming a 

vacuole which allows for nutrient transport), and lack fenestrations (i.e. openings). 

Therefore, transit across the BBB involves translocation through (i) the capillary 

endothelium, (ii) the internal cytoplasmic domain, (iii) and then through the ablumenal 

membrane and pericyte and / or basal lamina. Three principle types of transendothelial 

transport have been postulated. These include vesicular channels (Simionescu et al., 

1975), fusion-fission (Clough and Michel, 1981), and transcytosis (Palade, 1960). 
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(3) There is a greater number and volume of mitochondria in BBB endothelial 

cells compared to peripheral endothelia in rat (Oledndorf et al., 1977). This increase in 

mitochondria, and increased energy potential, is thought to be required for active 

transport of nutrients to the brain from, the blood. Oldendorf and Brown (1975) estimated 

that 5-6 times more mitochondria per capillary cross-section exist in rat cerebral 

capillaries than in rat skeletal muscle capillaries. These finding suggest that the enhanced 

cerebral capillary work capacity may be related to energy-dependent transcapillary 

transport. 

(4) There is also an enzymatic barrier at the cerebral endothelia, capable of 

metabolizing drug and nutrients (Minn et al., 1991; Brownlees et al., 1993; Brownson et 

al., 1994). These enzymes are principally directed at metabolizing neuroactive blood-

bome solutes. Enzymes such as y-glutamyl transpeptidase (y-GTP), alkaline phosphatase, 

and aromatic acid decarboxylase are in elevated concentration in cerebral microvessels, 

yet often in low concentration or absent in non-neuronai capillaries. A partial list of 

enzymes, and functions, involved in drug metabolism at the BBB is given in table-1.1 

(5) Coomber and Stewart (1985) performed a comparative morphometric analysis 

of cerebral vs. muscle capillary endothelial cells and found a decrease in the wall 

thickness of brain capillaries of approximately 39%. Additionally, the number of 

pinocytotic vesicles of the muscle capillaries was seven times greater than those 

associated with the cerebral capillaries. They postulated that the decrease in wall 

thickness of the cerebral capillaries could be a modulation to the restrictive permeability 
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of the BBB, allowing nutrients a shortened transport time to cross through the membrane 

and cytoplasm, and enter the brain parenchyma. 

(6) A polarity exists between the lumenal and ablumenal membrane surfaces of 

the endothelial cells. The concept of the functional polarity of the BBB emerged from 

quantitative biochemical studies (Betz and Goldstein, 1978). The enzymes y-GTP and 

alkaline phosphatase are shown to be present at the lumenal endothelium, whereas Na"^-

K'^-ATPase and the sodium dependent (A-system) neutral amino acid transporter are 

associated with the ablumenal portion of the endothelium (Betz et al., 1980). The 

glucose receptor GLUT-1 was shown, through use of immunogold labeling and electron 

microscopy, to have 3:1 ratio of distribution, ablumenal to lumenal at the BBB (Farrell 

and Pardridge, 1991). Na"^-K"^-ATPase is enriched at the ablumenal surface (Betz et al., 

1980). Additionally, the P-glycoprotein (P-gp) drug efflux transporter is presently 

thought to exist at the lumenal membrane surface, although arguments that P-gp is 

actually associated with the astrocytes which enfold the endothelial cells (Pardridge, 

1997) is presently being debated. Structural, pharmacological and biochemical evidence 

for lumenal and ablumenal polarization of receptors, enzymes, and channels at the 

cerebral endothelia (Vorbrodt, 1993) establishes the BBB to be a working non-stagnant 

membrane unequivocally evolved to maintain brain homeostasis. 
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Enzyme Functions observed Reference 

Dopa-decarboxylase 

Monoamine oxidase-B 

Pseudocholinesterase 

Cytochrome P450 

UDP-
Glucuronosyltransferase 

Epoxide hydrolase 

Renin 

Dipeptidyl dipeptidase 

ACE 

Aminopeptidase A 

Aminopeptidase M (N) 

Glutamyl aminopeptidase 

EnkephaJinase * 
(neutral Endopeptidase 24.11) 

Endopeptidase * 
(Endopeptidase 24.15) 

y-Glutamyltranspeptidase * J 

Alkaline phosphatase X 

Convert L-Dopa to dopamine 

Inactivates catecholamines (5-HT) 

Deacetylates heroin to morphine 

O-Demethylates codeine to morphine 

Metabolizes 1-naphthol 

Reacts with epoxides 
(Benzo[a]pyre 4,5-oxide) 

Angiotensinogen to Angiotensin I 

Enkephalin metabolism 

Enkephalin, angiotensin I, neurotensin, and 
bradykinin metabolism 

Metabolism of angiotensin 

Opioid degradation (N-terminal Tyr) 

Convert angiotensin II to angiotensin III 

Enkephalin, Endothelin, and bradyknin 
degradation 

Dynorphin, neurotensin, bradykinin, 
angiotensin II, and LHRH degradation 

Convert leukotriene C4 to leukotriene D4 

purine and pyrimidine metabolism 

Bertler et al., 1966 

Minn et al., 1991 

Gerhart et al., 1987 

Chen et al., 1990; 
Perrin et al., 1990 

Ghersi-Egea et al., 1994 

Ghersi-Egea et al., 
1989; 1994 

KowalofFet al., 1980 

Brecher et al., 1978; 
Benuck et al., 1981 

Brecher et al., 1978 
Brownson et al., 1994 

Bausback et al., 1988 

Solhonne et al., 1987 
Brownson et al., 1994 

Song et al., 1993 

Vijayaraghavan et al., 
1990; Brownson et al., 
1994 
Molineaax et al., 1990; 
Pardridge, 1991 

Black et al., 1994 

Johnson and Anderson, 
1996 

Table-1.1 Drug degrading enzymes of the BBB, with partial list of enzymatic functions. * Indicates 
enzymes known to high in choroid plexus (Bourne et al., 1989; Ghersi-Egea et al., 1994). J Indicates 
established BBB markers. ACE ; angiotensin converting enzyme, LHRH : luteinizing hormone releasing 
hormone 



31 

Transport at the BBB 

There are four basic mechanisms by which solute molecules move across 

membranes. First is simple diffusion, which proceeds from low to high concentrations. 

Second is facilitated diffusion, a form of carrier-mediated endocytosis, in which solute 

molecules bind to specific membrane protein carriers, also from low to high 

concentration. Third is simple diffusion through an aqueous channel, formed within the 

membrane. Fourth is active transport through a protein carrier with a specific binding 

site that undergoes a change in affinity. Active transport requires ATP hydrolysis and 

conducts movement against the concentration gradient. Movement between cells is 

referred to as paracellular diffusion (Karp, 1999). The BBB has a number of highly 

selective mechanisms for transport of nutrients into the brain (Fisure 1.3^. 

Diffusion of substances into the brain can be divided into paracellular (i.e. 

between cells) and transcellular (i.e. across cells) diffusion, both of which are non

saturable and non-competitive. Paracellular diffusion does not occur to any great extent 

at the BBB, due to the "tight junctions". In the case of transcellular diffusion, the general 

rule is the higher the lipophilicity of a substance, the greater the diffusion into the brain 

(Pardridge, 1998). If two substances, identical on all other fronts, vary in molecular 

weight, the smaller substance will penetrate more rapidly; consequently small inorganic 

molecules (i.e. O2, CO2, NO, and H2O) are highly permeable. Additionally, hydrogen 

bond reduction of a compound will enhance its membrane permeability. Removal or 

masking of a hydrogen bonding donor group from a compound will effectively decrease 

the transfer energy from water into the cell membrane (Burton et al., 1996). 
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Figure 1.3 Transport mechanisms at the BBB. 1 = paracellular diffusion (sucrose), 2 
= transcellular diffusion (ethanol), 3 = ion channel (K-i- gated), 4 = ion-symport channel 
CNa+/K+/Cl- cotransporter), 5 = ion-antiport channel (Na+/H+ exchange), 6 = 
facilitated diffusion (Glucose via GLUT-1), 7 = active efflux pump (P-glycoprotein), 8 = 
active-antiport transport (Na+/K+ ATPase), 9 = receptor mediated endocytosis 
(transferrin & insulin) 

Simple diffusion is a spontaneous process depending on random movement of 

solutes. The free-energy change of a solute diffusing across a membrane is directly 

dependent on the magnitude of the concentration gradient. If the solute is a non-charged 

species (i.e. nonelectrolyte), the movement across the membrane is described by the 

following equation; 

AG = (R) X (T) X (In x [Ci]/[Co]) 
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where AG is the Gibbs free-energy change (i.e the change during a process in the energy 

available to do work), R is the gas constant (1.987 cal/mol • °K), T is the absolute 

temperature (in degrees Kalvin), and [Ci]/[Co] is the ratio of the concentration of solute 

on the inside (I) and outside (o) of the membrane. 

If the solute is a charged species (i.e electrolyte), the charge difference between 

compartments must be considered. The net movement of a solute with the same charge 

as the membrane is thermodynamically unfavorable, due to mutual repulsion of ions. 

The greater potential difference or voltage (i.e. charge) between compartments, the 

greater the difference in free energy. Therefore, for an electrolyte to diffuse between 

compartments two gradients must be considered; a chemical gradient, determined by 

differences in concentration, and an electric potential gradient, determined by difference 

in charge. Free-energy change for diffusion of an electrolyte across a membrane is; 

AG = [(R) X (T) X (In x [Ci]/[Co])] + [(z) x (F) x (AEm)] 

where z is the charge of the solute, F is Faraday's constant (23.06 kcalA/'-equivalent), and 

AEm is potential difference between compartments (Stein, 1967; Karp, 1999). 

Another important aspect of diffusion is that the time required for a molecule to 

diffuse between two points is the square of the distance separating the two points. Albert 

Einstein's examination of theoretical aspects of diffusion (Einstein, 1905) resulted in the 

development known as the "Einstein relationship", which relates the time of diffusion to 

the distance traveled (i.e. the average molecular displacement; AX); 
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(AX)" = 2 X Distance 

In the case of facilitated diffusion (a form of carrier-mediated endocytosis) there 

is a binding of a solute to a transporter on one side of the membrane that triggers a 

conformational change in the protein; this results in a carrying through of the substance to 

the other side of the membrane, from high to low concentration. Facilitated diffusion is 

passive (i.e. energy independent) and contributes to transport at the BBB of substances 

such as monocarboxyates, hexoses amines, amino acids, nucleoside, glutathione, small 

peptide, etc. (Tsuji and Tamai, 1999). 

Carrier-mediated transport can also be divided into a number of different 

mechanisms dependent on energy and / or co-transport of another substance. Co-

transport may be in the same direction (symport) or in the opposite direction (antiport). 

This process proceeds from a region of high concentration to a region of low 

concentration. 

Endocytosis can be segregated into bulk-phase, also known as fluid phase, 

endocytosis and mediated endocytosis Treceptor and absorptive mediated). Bulk-phase 

endocytosis (pinocytosis) is the nonspecific uptake of extracellular fluids and occurs at a 

constitutive level within the cell via mechanisms, which are independent of ligand 

binding (Simionescu et al., 1987). Bulk-phase endocytosis is temperature and energy 

dependent, non-competitive, and non-saturable. Bulk-phase endocytosis occurs to a very 

limited degree in the endothelial cells of the cerebral microvasculature (Pardridge, 1995). 
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Receptor-mediated endocytosis (RME) provides a means for selective uptake of 

macromolecuies. Cells have receptors for the uptake of many different types of ligands, 

including hormones, growth factors, enzymes, and plasma proteins. RME occurs at the 

brain for substances, such as transferrin (Fishman et al., 1987), insulin (Duffy and 

Pardridge, 1987), leptin (Banks et al., 1996), and IGF-I & IGF-II (Duff>' et al., 1988), and 

is a highly specific type of energy dependent transport. Substances that enter a cell by 

means of RME become bound to receptors that collect in specialized areas of the plasma 

membrane known as coated pits. The coated pits contain the electron dense clathrin 

protein, and other proteins (Moore et al., 1987). When bound to ligand these pits 

invaginate into the cytoplasm and then pinch free of the plasma membrane to form coated 

vesicles. The clathrin vesicle coat is rapidly removed to form smooth-coated endosomes 

that form a compartment of uncoupling receptor and ligand (CURL) (Stahl and Schwartz, 

1986). The endosomal membrane contains proton ATPases that result in acidification of 

the endosome interior, and dissociation of the ligand from the receptor within the CURL. 

Absorptive-mediated transport (AME) is triggered by an electrostatic interaction 

between a positively charged substance, usually a charge moiety of a peptide, the 

negatively charge plasma membrane surface (i.e. glycocalyx) (Gonatas et al., 1984). 

AME has a lower affinity and higher capacity than receptor-mediated endocytosis. The 

development of many new drug delivery technologies focuses on AME (Pardridge, 

1999). 

Another significant transport mechanism at the BBB is carrier-mediated efflux. 

This mechanism is involved in extruding drugs from the brain and is a major obstacle for 
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many pharmacological agents, with the ABC (ATP binding cassette) transporter P-

glycoprotein being the principle efflux mechanism of these agents (Cordon-Cardo et al., 

1989). There also exists efflux transporters for organic anions, via multidrug resistance 

associated protein (MRP) (Kusuhara et al., 1998), and anionic and cationic cyclic peptide 

(Tsuji, 2000). Additionally, the peptide transport system (PTS)-l shows efflux transport 

of synthetic opioid peptide Tyr-MIF-1 (Banks et al., 1993). 

Transport of Substances into the Brain 

The ability of a particular substance to cross the BBB and enter the brain is 

dependent upon several factors (Figure 1.4). Factors at the BBB include concentration 

between compartments, size of molecule (i.e molecular weight), flexibility and 

conformation of molecule, amino acid composition, lipophilicity, cellular enzymatic 

stability, cellular sequestration, affinity for efflux mechanisms (i.e. P-glycoprotein), 

hydrogen bonding potential (i.e. charge), affinity for carrier mechanisms, and effects of 

existing pathological conditions. Peripheral factors include systemic enzymatic stability, 

plasma protein binding affinity, cerebral blood flow, uptake into other tissues, clearance 

rate, and effects of existing pathological conditions. 
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Figure 1.4 Potential factors which alter drug uptake into the brain 

Anatomy and Physiology of Blood-CSF Barrier 

While the largest interface between blood and brain is the BBB, this is also 

smaller less direct interface between blood and cerebrospinal tluid (CSF). Goldmann 

first demonstrated the existence of the blood-CSF barrier in 1913. Through the use of 

dyes with different properties it was found that the blood-CSF barrier was selectively 

permeable, rather than absolute (Bradbury, 1979). 
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The choroid plexus and the arachnoid membrane act together at the barriers 

between the blood and CSF. On the external surface of the brain the ependymal cells 

fold over onto themselves to form a double layered structure, which lies between the dura 

and pia, this is called the arachnoid membrane. Within the double layer is the 

subarachnoid space, which participates in CSF drainage. Passage of substances from the 

blood through the arachnoid membrane is prevented by tight junctions (Nabeshima et al., 

1975). The arachnoid membrane is generally impermeable to hydrophilic substances, 

and its role is forming the Blood-CSF barrier is largely passive. 

The choroid plexus forms the CSF and actively regulates the concentration of 

molecules in the CSF. The choroid plexus consist of highly vascularized, "cauliflower

like" masses of pia mater tissue that dip into pockets formed by ependymal cells. The 

preponderance of choroid plexus is distributed throughout the fourth ventricle near the 

base of the brain and in the lateral ventricles inside the right and left cerebral 

hemispheres. The cells of the choroidal epithelium are modified and have epithelial 

characteristics. These ependymal cells have microvilli on the CSF side, basolateral 

interdigitations, and abundant mitochondria (Segal, 1999). The ependymal cells, which 

line the ventricles, form a continuous sheet around the choroid plexus. While the 

capillaries of the choroid plexus are fenestrated, non-continuous and have gaps between 

the capillary endothelial cells allowing the free-movement of small molecules, the 

adjacent choroidal epithelial cells form tight junctions preventing most macromolecules 

from effectively passing into the CSF from the blood (Brightman, 1968). However, these 

epithelial-like cells have shown a low resistance as compared the cerebral endothelial 
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cells, approximately 200 Q-cm\ between blood and CSF (Saito and Wright, 1983); 

Figure 1.5. 
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Figure 1.5 The choroid plexus, composed of CSF producing choroidal capillaries 
and ventricular ependyma. The choroid plexus is composed of fenestrated 
capillaries and an epithelial (ependymal) covering, which reverts from "tight" to 
moderately "open" at the base (Begley et al., 1996). 
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Cerebral-Spinal Fluid 

The cerebrospinal fluid (CSF) is located within the ventricles, spinal canal, and 

subarachnoid spaces. The principle source of CSF are the choroid plexi of the lateral, 

third and fourth ventricles (Fisure 1.6), and the volume varies between 10-20% of brain 

weight (Bradbury, 1979). The volume of CSF in humans is 140-150 ml, only 30-40 ml 

actually in the ventricular system, with a production rate of 21 ml/hr. The turnover rate 

of total CSF is species dependent and varies between approximately 1 hr for rat and 5 hr 

for human (Davson and Segal, 1996). The majority of the CSF is in the subarachnoid 

space, where the arachnoid membranes bridge the sulci of the brain, in the basal cisterns 

and around the spinal cord. CSF moves within the ventricles and subarachnoid spaces 

under the influence of hydrostatic pressure generated by it production. CSF cushions the 

brain, regulates brain extracellular fluid, allows for distribution of neuroactive 

substances, and is the "sink" that collects the waste products produced by the brain. 

Concentration of most molecules is greater in the brain than in the CSF, creating a 

physiological gradient between the two compartments. The continuous flow of CSF 

through the ventricular system and out over the surface of the brain provides a "sink" that 

reduces the steady-state concentration of a molecule penetrating into the brain and CSF 

(Davson et al., 1961). This "sink" effect is greater the slower a molecule moves, which 

makes it particularly important for lipid-insoluble molecules of large molecular radius 

(Davson and Segal, 1996). Few drugs gain entry into the brain via CSF uptake due to the 

bulk flow movement. However, azidothymidine (AZT) enters the brain through rapid 

distribution into the CSF and subsequent transport at the CSF-barrier via a thymidine 
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transporter (i.e. pyrimidine nucleoside carrier) (Wu et al., 1992), such a transport is not 

present at the BBB (Comford and Oldendorf, 1975). 
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Figure 1.6 Cross-section through the brain. Shown is the creation of CSF at the 
choroid plexus in the lateral, third and fourth ventricle. CSF flows from 
ventricles (arrows), under hydrostatic pressure, eventually leaving the Brain via 
the subarachnoid villa into the venous blood. 
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Circumventricular Organs 

At several locations around the ventricles are the circumventricular organs 

(CVO's), which have permeable fenestrated capillaries, with exception to the 

subcommisural organ. The surface area of the BBB is approximately 5000-fold greater 

than that of the CVO's (Crone, 1971). The circumventricular organs are midline 

structures bordering the 3rd and 4th ventricles. These barrier-deficient areas are 

recognized as important sites for communicating with the CSF and between the brain and 

peripheral organs via blood-bome products. CVO's include the pineal gland, median 

eminence, neurohypophysis, subfornical organ, area postrema, subcommissural organ, 

organum vasculosum of the lamina terminalis, and the choroid plexus. The intermediate 

and neural lobes of the pituitary are sometimes included (Davson and Segal, 1996). 

Blood Supply to the Brain 

The brain is highly metabolically active, yet has no effective way to store oxygen 

or glucose. It depends on a large and stable blood supply. The brain is approximately 

2% of body weight, but uses -15% of cardiac output and accounts for 25 % of oxygen 

consumption. Autoregulation of cerebral blood supply maintains a consistent flov/ of 

blood to the brain. However, local flow-rates vary, dependent upon which part of the 

brain is active at any given time. The major branches of the arterial blood supply to the 

brain are shown in fisure 1.7. 
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Figure 1.7 Ventral horizontal section of brain, showing blood supply via major blood 
vessels 
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Methods for the Examination Drug Transport through the BBB 

The BBB is the major regulator of the internal environment of the CNS. The 

BBB is complex structure, consisting of multiple barrier elements, rendering limitations 

to any technique used to measure its activity. There are many techniques currently 

employed to examine BBB permeability' characteristics. These techniques can be divided 

into two primary categories dependent on whether the method uses whole animal {in 

vivo) or cultured techniques {in vitro). 

Carotid Artery Single-Injection Method 

The carotid artery single-injection method for quantifying BBB transport was 

developed by Oldendorf (1970), and is also known as the BUI (brain uptake index) 

method. This method is an extension of the "indicator dilution technique" first applied 

by Crone (1963). This method measures a bolus injection (~200jj.l) of a buffered 

Ringer's solution (or serum or other vehicle) containing a [^H]-Iabeled test compound or 

reference compound and ['"^CJ-labeled reference or test compound into the conmion 

carotid artery of an animal. The bolus passes through the brain within ~2s after injection, 

and the animal is decapitated 5-15s post injection. The 5-15 second time period between 

injection and decapitation allows for complete clearance of compound from cerebral 

blood vessels, with minimal efflux of test compound from brain (Pardridge and Fierer, 

1985). The BUI is determined from the [^H]/[''*C] ratio in the brain divided by the same 

ratio in the injected solution. This determines the amount of test compound lost to brain 

tissue after a single pass through the brain. This method can be used to estimate BBB 



45 

transport characteristics of both carrier-mediated and plasma protein mediated transport. 

This method has the added advantage of a short experimental time, however this short 

time period of measurement will also allow for greater error in quantification. 

Additionally, drugs that are slowly transported into the brain will have even greater error 

in measurement, due to small uptake volumes, thus this technique is not suited for study 

of peptide transport. 

Intravenous Bolus Injection 

This technique employs the cannulation of a femoral vein or arteiy and injection 

of a radiolabeled test compound (Ohno et al., 1978). Animals are sacrificed and arterial 

blood is collected, to measure against brain concentration. The radioactivity per gram of 

brain divided by radioactivity per jal of plasma is used to determine the brain volume of 

distribution, and can be used to determine a BBB permeability. This technique does not 

require access to the carotid artery and is relatively sensitive, however compounds which 

undergo rapid metabolism in the blood (i.e. peptides) can be difficult to accurately assess 

and may prevent accurate calculation. Additionally, drug transport kinetics at the BBB 

can not be determined with this method. 

Brain Perfusion Technique 

Brain perfusion via the carotid arteries is a highly effective technique for 

assessing the uptake of peptides and BBB transport kinetics over longer experimental 

time points (5-20min). This technique has been used extensively in rat (Takasota et al.. 
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1984) as well as guinea pig (Zlokovic et al., 1986), and has numerous applications. 

Carotid artery infusion involves cannulating an anesthetized animal at both common 

carotid arteries, with sectioned jugular veins to allow open-ended outflow. A perfusion 

of a radiolabeled compound, in a physiologically balanced Ringer's solution, through the 

carotid arteries proceeds at a constant flow-rate, approximating the animals cerebral 

blood flow. This technique also allows for CSF sampling to assess transport across the 

blood-CSF barrier. At a set time the perfused animal is decapitated and the amount of 

radiolabeled drug entering the brain is determined, expressed as a ratio dpm/gram of 

brain to dpm/jj.1 of perfusate. 

Brain perfusion assessment of compound uptake is more sensitive than brain 

uptake index, due to extended experimental time. This technique also eliminates 

metabolism by blood components, which may otherwise breakdown the compound of 

study. This technique must use chromatography of brain extracts to assess peptide 

metabolism by brain or vasculature. Additionally, the capillary depletion technique 

(Triguero et al., 1990) must be used differentiate transcytosis from nonspecific binding to 

brain vasculature. 

Intra-Cerebral Microdialysis 

The intra-cerebral microdialysis method involves the stereotactic placement of a 

probe into the brain, which contains a semi-permeable membrane at the tip with a 

molecular weight cut-off between 5 and 50 KDa (De Lange et al., 1998). This technique 

involves a solution of artificial CSF perfused at a slow rate through the probe, allowing 
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molecules of low molecular weight to diffuse into the membrane from the brain 

extracellular fluid. A drug introduced to the systemic circulation of an animal will appear 

in the out-flowing perfusate if it is able to penetrate the BBB. The principle advantage of 

this technique is that it can potentially provide simultaneous information regarding the 

free concentrations of drug in brain interstitial fluid, cerebrospinal fluid, and plasma 

(Begley, 1999). There are two principle problems with this technique. First, the dialysis 

membrane itself presents a diffusional barrier to substances in the respective fluids. 

Second, this technique is invasive and inserting a probe into the brain does cause local 

tissue damage, which may effect the BBB in the region of the probe. 

A utoradiography 

The transcytosis of compounds thirough the BBB may be demonstrated with 

autoradiography (Duff>' and Pardridge, 1987). This analysis is best described as an in 

vivo morphologic method. In this analysis a radiolabeled compound or plasma protein is 

infused into the carotid artery for lOmin, followed by decapitation and rapid snap-

freezing. The brain tissue is cut on a cryostat and thaw-mounted to eliminate artifactual 

diffusion of radiolabeled compounds (Sar and Stumpf, 1983). This technique allows for 

differentiation of transcytosis from binding or endocytosis to the vasculature. 

Additionally, it is a highly sensitive and quantifiable method (Pardridge, 1991). The 

principle disadvantage to this method is the long exposure time and the use of HPLC to 

assess metabolism in brain and blood extracts. 
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Peroxidase Histochemstry 

This analysis is also best described as an in vivo morphological method. 

Peroxidase histochemistry has been used to study the transcytosis of wheat germ 

agglutinin-peroxidase conjugate through the BBB (Broadwell et al., 1988). This 

methodology imposes the same provisions as autoradiography or perfusion approaches in 

assessing metabolism. This method is much faster than audioradiography and can be 

used in conjunction with electron microscopy. The principle disadvantage of this method 

is its relatively low sensitivity, disallowing it for assessment of peptide transport 

examination. 

Positron Emission Tomography 

Alterations in BBB permeability can be measured in humans with quantitative 

positron emission tomography (PET) scans, using tracers such as ^^Rb and ^^Ga-EDTA 

(lannoti, 1992). This is a non-invasive procedure, in which positron-emitting isotopes in 

the systemic circulation can be measured as they enter the CNS. BBB permeability can 

be measured in vivo, with combined use of PET technology, and theoretical and 

physiological information obtained via animal studies (Abbruscato, 1997). PET scans 

can quantify the activity in specific brain regions, yet cannot differentiate the 

compartments (brain or blood tissue) in which the activity occurs. However, the blood 

compartment can be subtracted out by independent measurement of cerebral blood 

volume, and thereby obtain an estimate the intravascular compartment. Quantification of 

BBB permeability, using either ^^Rb or ^^Ga-EDTA in humans, requires accurate 
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assessment of both plasma AUG and plasma volume, otherwise significant artifacts may 

result (Pardridge, 1995). 

Octanol / Saline Partition Coefficient 

Frequently, a compounds ability to diffuse across a membrane can be predicted by 

the partition between lipophilic (i.e. octanol) and hydrophilic (saline) phases. Predicted 

lipophilicity as a percent ratio of the amount of compound in the octanol phase to that in 

the saline phase is referred to as a partition coefficient. This is a simple and fast chemical 

assessment method used to screen compounds, which provides a rough indication of 

membrane diffusibility (Habgood et al., 2000). However, this method does not take into 

account the ability of specific carriers to transport a compound and is pH dependent. 

This method may not accurately correlate ionizable compounds, as the ionic state is 

contingent on ambient pH. 

HPLC capacity factor 

Capacity factors calculate from high performance liquid chromatography (HPLC) 

retention times are used to assess lipophilicity of various organic compounds. Capacity 

factors (k) are determined on a pre-established HPLC gradient via the following equation; 

Capacity factor: k = (tr - to) / to 

where tr is the retentions time of the retained peak and to is the retention time of the 

unretained peak (Weber et al., 1993). 
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Cerebral Microvascular Endothelial Cell Cultures 

Cerebral tnicrovessels were first isolated from human or bovine brain using a 

combination of mechanical homogenization and sieving techniques (Siakotos et al., 

1969). Several in vitro BBB models have been described in detail by de Boer and 

Sutanto (1997). These model systems differ with respect to isolation procedures, culture 

conditions and model preparations. These systems are further complicated by use of 

primary, subpassaged, and immortalized cell lines from multiple tissue types (i.e. brain 

capillaries, aortic endothelial cells, umbilical vein endothelial cells) and tissue origins 

(i.e. human, primate, rodent, bovine, porcine). Recent in vitro BBB modeling has 

centered on the used of astrocyte co-culture and conditioned media, to enhance the in 

vivo BBB characteristics (Dehouck et al., 1990; Abruscatto et al., 1999). The diversity of 

current in vitro BBB models often makes comparison of data difficult, as each model is 

functionally characterized and optimized to the needs of the research group. 

In regards to transport assessment, the strength of in vitro blood-brain barrier 

models is the ability to test of large numbers of non-radiolabeled compounds in a quick 

and efficient manner. A prevalent in vitro BBB model employs the use of primary 

cultures of brain endothelial cells grown on filters, with measurement of test compounds 

across the brain endothelial monolayer (Audus and Borchardt, 1986; van Bree et al., 

1989). Several potential draw-backs to in vitro BBB models exist. First is the possibility 

for extensive de-differentiation of brain capillary endothelial cells when grown in culture 

(Laterra and Goldstein, 1993). Second, down-regulation of nutrient transport, as much as 

100-fold (Pardridge et al., 1990), may result in underestimation of BBB permeability of 
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compounds that utilized carrier mechanisms. Third, compounds that undergo lipid-

mediated transport have over-estimated BBB permeability (Pardridge et al., 1990). 

Fourth, tight junction formation between endothelial cells is greatly reduced (Brightman 

and Tao-Cheng, 1993). A comparison of in vitro vs. in vivo BBB models is shown in 

table 1.2. 

In vitro In vivo 

ADVANTAGES 

Rapid, Sensitive, Simple 

Use of non-radiolabeled compounds 

Screens large number of compounds 

Pure cell population 

Specifically modify parameters of analysis 

Takes into account full physiology 

Fully functioning intact BBB 

More accurate assessment of uptake 

More accurate assessment of pathology 

DISADVANTAGES 

Dedifferentiation 

Decrease in carrier mediated mechanisms 

Decrease in tight junction integrity 

Altered cell-cell interactions 

Enhanced lipophilic compound transport 

Cell proliferation 

Greater number of variables 

More labor intensive 

Greater time for analysis 

Peripheral effects on drug 

Requires radiolabeled drug 

Table 1.2 In vitro vs. in vivo BBB models 
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Passive Entry of Drugs into the Brain 

The BBB functions as a diffusional restraint, with selective discrimination based 

on lipid solubility, molecular size, and charge. Lipid solubility has long since been 

recognized as an important factor for entry across cells (Davson and Danielli, 1943). 

Lipid solubility is in part a factor of hydrogen bonding affinity. The greater the number 

and strength of hydrogen bonds the lower its solubility in non-polar solvents. 

Additionally, a molecular weight threshold (Levin, 1980) limiting BBB transport for 

molecules exceeding a mass of400-600 Da has been theorized. The effect of molecular 

weight / volume on solute diffusion has been consistently noted as a significant factor 

affecting passive difilision of drugs (Pardridge, 1998). Yet, it is not clear whether the 

observed inverse relationship between molecular size and BBB permeability is a tpae 

effect or a factor of the specific compounds assessed. Although diffusion coefficients are 

inversely related to molecular size (Sutherland, 1905), the major step in crossing the BBB 

is most likely partitioning into the cell membrane. It has been suggested (Habgood et al., 

2000) that molecular size may not be as important for determining BBB permeability or 

that a positive effect of high lipid solubility may counterbalance any negative effect of 

large molecular size. Additionally, drugs pass through membranes more readily if they 

are uncharged. "Ion trapping" of a drug, based on the pH of the surrounding fluid and 

pKa of the drug (pKa is the measure of strength of the interaction of a compound for a 

proton), results in a net decrease in diffusion across membranes and is a function of 

charge. 



53 

Current Strategies to Enhance Brain Uptake of Peptide Drugs 

Transport of peptide based drugs into the brain is greatly limited, primarily due to 

the existence of the BBB. To date, numerous strategies have been developed to enhance 

entry of peptide drugs to the brain. These strategies are divided into seven categories: (i) 

invasive procedures, (ii) blood-brain barrier junctional disruption, (iii) vector based 

methods, (iv) transnasal delivery, (v) pegylation, nanoparticles, and liposomal delivery 

systems, (vi) efflux transporter inhibition, and (vii) chemical modification. 

Invasive Procedures 

Direct delivery into the brain via injection has been proposed, to avoid problems 

associated with systemic delivery (Carvey et al., 1994). Direct injections via lumbar 

puncture, via Ommaya reservoir (with catheter to the lateral ventricle), and epidural 

catheters are being used for the administration of anesthetics and narcotics. However, 

multiple injections of peptide drugs would be necessary to maintain therapeutic 

concentrations and would thereby lead to increased risk of infection and patient 

discomfort (Prokai, 1998). Additional obstacles to this approach are those of difflisibility 

of large molecular weight drugs, continual efflux out of brain via CSF flow, and 

enzymatic breakdown. While intraventricular injection of drugs is a poor mode of 

delivery to the brain parenchyma, this approach does allow for adequate drug distribution 

to the brain surface (Pardridge, 1995). Therefore diseases with a disposition for the brain 

surface are more responsive to intraventricular drug administration (i.e. meningitis, 

meningeal leukemia). Chronic pain may also be amenable with intraspinal morphine 
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injections owing to the high concentration of opioid receptors on the surface of the spinal 

cord (Otsuka and Yanagisawa, 1988) 

Controlled-release polymeric implants can be used to deliver peptides directly to 

the brain tissue (Domb et al., 1994), with no associated toxic by-products, and can release 

drugs over a time course. These pumps have the advantage of a sustained-release 

delivery of drug. Such implants have been shown to be an effective strategy for the 

delivery of chemotherapeutics, in a site-specific manner, for treatment against brain 

cancer (Brem et al., 1991). 

Blood-Brain Barrier Junctional Disruption 

Osmotic disruption of the BBB is a concept initially conceived and characterized 

by Rapoport and colleagues (1970). In this method, direct carotid infusion of a 

hypertonic solution (mannitol, arabinose, lactamide, saline, urea, glycerol) is used to 

withdraw water from the endothelial cells of the brain capillaries, shrinking the 

endothelial cells and weakening the tight junction interface. This facilitates the 

paracellular transport of small and large molecules (Neuwelt et al., 1987), as well as virus 

sized iron oxide particles (Neuwelt et al., 1994). The hyperosmolar solution draws water 

out of the brain, and is rapidly rehydrated when infusion is terminated by way of retum of 

water from the vascular space, also facilitating influx of water soluble substances into the 

brain (Bartus, 1999). However, there are considerable toxic effects associated v^ath 

generalized opening of the BBB, which can produce inflammation, encephalitis, and 

seizures in up to 20% of applications (Prokai, 1998). 
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Vasodilators such as bradykinin and histamine are known to enhance the 

permeability of capillaries. Bradykinin is an endogenous vasodilator that increases 

blood-flow and permeability of blood capillaries. Intracarotid infusion of bradykinin. in 

micromolar quantities (Nomura et al., 1994), was shown to be sufficient to increase 

permeability in blood-tumor barriers. Bradykinin, in larger concentrations, has also 

shown to induce increases in pinocytotic vesicles (Raymond et al., 1986). RMP-7 (a.k.a. 

Labradimil or Cereport) a synthetic analogue of bradykinin selective for the B2 receptor, 

has been developed to increase the permeability of the BBB, Electron microscopy 

demonstrated that intravenous RMP-7 increases the permeability of the BBB by 

"disengaging" the tight junctions at the blood-brain tumor barrier (Emerich et al., 2001). 

It should also be noted that rapid increases in arterial blood pressure (Hardebo and 

Nilsson, 1981), protein kinase C stimulation (Yamada et al., 1990), and systemic 

cytokine administration (Saija et al., 1995) will disrupt BBB tight junctions. However, 

the therapeutic potential of these modalities is limited, though they are of importance 

when considering delivery of drug during a disease state. 

Vector Based Methods 

Physiologic vector based strategies involve the use of existing BBB transport 

properties to enhance brain entry of a specific drug. This may employ coupling a peptide 

drug to a substance that is normally transported through the BBB via a receptor mediated 

or absorptive mediated endocvtosis. These coupled drugs are referred to as "vector-

mediated" or "chimeric" peptides. After entry into the brain these chimeric drugs release 
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from the biologically active compound that allowed their entry, via enzymatic cleavage in 

a prodrug manner. The drug is then free to initiate a pharmacological action in the brain. 

This technology may be adapted for use with peptide pharmaceuticals, nucleic acid 

therapeutics, and small molecules. Multiple concepts for such systems exist (Pardridge, 

1999), with present focus on antibody attachment and chemical linker strategies. 

This method of delivery is plagued with numerous obstacles. Receptor mediated 

vectors must be relatively specific for brain uptake. Receptor ligands, such as insulin and 

transferrin, have been used in several vector mediated delivery strategies, yet they are 

non-CNS specific and can be taken up by other tissues. Also, there exists a potential 

competition between the chimeric drug with the endogenous ligand for the receptor. This 

may result in a decrease in vector transport and / or decrease in the concentration of a 

required nutrient to the brain resulting in a subsequent pathology. Serum transferrin has 

shown to actively compete with radiolabeled transferrin (Skarlatos et al., 1995). 

Absorptive mediated endocytotic strategies have been proposed (i.e. cationized albumin) 

due to the greater capacity over receptor-mediated strategies. However, cationized 

albumin is extensively cleared (Pardridge et al., 1990a). A relatively recent technology 

using receptor-specific antibodies has a great deal of promise. 0X26 is a transferrin 

receptor antibody (rat) that has been covalently conjugated to NGF (neuronal growth 

factor), resulting in a significant increase in rat brain uptake (Freiden et al., 1994; 

Pardridge et al., 1994). Nevertheless, a specific receptor antibody for human use has not 

been assessed. The use of linkers such as avidin-biotin (Yashikawa and Pardridge, 1992; 

Bickel et al., 2001) and polyethylene glycol (Zhang and Pardridge, 2001) to OX26 and a 
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peptide drug have showoi to enhance the pharmacokinetic profiles of drug vectors. 

However, linking such complexes is difficult and must be optimized and assessed on an 

individual basis, as these complexes also add to the molecular mass of the drug. 

Furthermore, enhanced pharmacokinetics alone, via polyethylene glycol attachment, may 

account for effects observed. Additional complications revolve around the ability of the 

conjugated drugs to release a biologically active moiety after enzymatic cleavage. Lastly, 

the quantity of drug for delivery to brain is directly limited to the transporter 

concentration. Transporter capacity may become significantly saturated, or down-

regulated over time, decreasing the ability to deliver an adequate and consistent dosage to 

bring about the appropriate pharmacological effect. Therefore, the limited amount of 

delivery requires extremely potent therapeutic peptides. 

Transnasal Delivery 

Delivery of narcotic drugs, such as cocaine and amphetamine, have long been 

shown to rapidly enter into the brain via the nasal route. Nasal delivery appears to be a 

fast and effective route of administration, suitable for drugs that must act rapidly and are 

taken up in small amounts. The advantage of such an approach is that it achieves high 

drug availability to the surface of the brain and results in a substantial drug delivery to the 

general blood stream, via CSF outflow. Intranasal administration of the highly lipophilic 

drug progesterone has shown to gain access to the CSF directly, without entry into the 

peripheral blood compartment (Keck et al., 1989). Transnasal delivery of peptides has 

been assumed to provide a direct route of the peptide to the CSF compartment. 
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circumventing the systemic circulation (Cool et al., 1990). However, peptide movement 

into the CSF is greatly limited by a nasal epithelial barrier. This barrier consists of three 

types of cells: sensory bipolar neurons, supporting epithelium, and basal epithelium. 

Tight junctions exist between sensory and supporting epithelium, preventing proteins in 

the blood from crossing into the nasal cavity (Brightman et al., 1970; Mathison et al., 

1998). These tight junctions would additionally prevent transit of peptides from the 

apical side of the nasal epithelium to the submucous space, where the peptide might 

diffuse into the microvessels of the olfactory epithelium (Pardridge, 1991). However, the 

arachnoid membrane that surrounds olfactory lobe also contains tight junctions that may 

prevent entry into the brain. If a drug does gain access to the CSF it must further contend 

with the relatively rapid bulk flow out of the CNS into the systemic circulation. Lastly, 

the significant enzymatic activity (i.e. aminopeptidase) within the nasal cavity requires 

peptide analogues that are relatively resistant to en2ymatic breakdown (Hussain et al., 

1995; Khanvilkar et al., 2001). 

Many peptides are highly hydrophilic and their ability to diffuse through the 

barriers necessary for intranasal delivery is log orders slower than more lipid soluble 

compounds. The use of absorption enhancers may greatly enhance the bioavailability of 

peptides following intranasal administration. Classes of enhancers include surfactants, 

chelating agents, cyclodextrins, dihydrofiisidates, and bile salts. Several peptide drugs 

are presently being investigated and / or are currently used, that are administered via the 

transnasal route (i.e. insulin, calcitonin, secretin, oxytocin, enkephalins, etc.). 
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Pegylation, Nanopartides, and Liposomal delivery systems 

Drug delivery systems are designed to alter the delivery of injectable drugs. 

Three new approaches involve pegylation, nanoparticles, or liposomes. Peptides are 

particularly suited for such mechanism because they are rapidly hydrolyzed, often have 

poor stability, and are readily cleared. 

Pegylation is a procedure of growing interest for enhancing the therapeutic and 

biotechnological potential of peptides and proteins. When poly(ethylene glycol), or PEG, 

is correctly linked to a peptide it will modify many of the pharmacokinetic features, while 

theoretically maintaining the primary biological activit>' (i.e. enzymatic activity or 

receptor recognition). PEG chains can contain linear and branched structures, which can 

be conjugated directly to the peptide drug or linked in a "prodrug" manner. PEG 

conjugation masks the peptide's surface and increases the molecular size, thereby 

reducing immune response, enzymatic degradation, toxicity, and renal ultrafiltration 

(Reddy, 2000). PEGs may also produce improved physical and thermal stability', as well 

as increased solubility (Veronese, 2001). The principle disadvantage of pegylation is the 

potential loss of activity with improper choice of PEG (i.e. length, branching, chemical 

design) or unfavorable choice of attachment site. Another considerable disadvantage to 

pegylation^ in regard to CNS focused drug deliveiy, is the enhanced hydrophilicity and 

molecular size that can bring about significant reductions in passive diffusion. 

Nanoparticles are polymeric particles made of natural or artificial polymers 

ranging in size between 10 and 1000 nm. Drugs can be bound in the form of a solid 

solution, dispersion, or absorbed to the surface of the particle or chemically attached. 
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Nanoparticle mediated drug transport into the brain dep)ends on the polysorbate 

overcoating, with polysorbate-80 being the primary form used in nanoparticle 

technology. Polysorbate-80 nanoparticles have shown to enhance delivery of the Leu-

enkephalin analogue dalargin (Kreuter et al., 1995), as well as loperamide, tubocurarine, 

doxorubicin, and the NMD A receptor antagonist MZ 2/576 (Kreuter, 2001). This 

material has been theorized to act as an anchor for apolipoprotein E (apo E) or other 

substances after injection into the blood stream. The particles may act to mimic low 

density lipoproteins (LDL) and could thus be taken up into the endothelial cells of the 

BBB via LDL receptor. Other theories of enhanced transport across the BBB by 

nanoparticles involve tight junction modulation (Kreuter, 2001) or P-gp inhibition 

(Woodcock et al., 1992). A generalized surfactant effect may also occur, with 

solubilization of the endothelial cell membrane lipids that could lead to membrane 

fluidization and enhanced drug entry (Kreuter, 2001). Additionally, enhanced retention 

of drug-nanoparticle in the blood-stream would allow a decrease in drug clearance. 

Nanoparticles have not been fully assessed for potential toxicologic ramifications. 

Liposome preparations can be designed for drug targeting or continuous release. 

Liposomes are composed of a phospholipid bilayer that may act as a carrier for both 

hydrophilic and hydrophobic drugs. There are several beneficial characteristics of 

liposomes, such as enhanced drug half-life in blood, decreased clearance, and decreased 

toxicity (Reddy, 2000). Unfortunately, such preparations have shown to be extensively 

sequestered in the liver, spleen, reticuloendothelial system; general "leak" of drug while 

in circulation; and lack of long-term physiological stability (Gabizon et al., 1994; 
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Gabizon and Martin, 1997). Liposomes, as vehicles for transport of drugs across the 

BBB, have had limited success. Liposome-like micellular formulations with 

polyethylene glycol (or equivalent) attachment have shown some success in transport of 

drug across the BBB. One such formulation is the pluronic copolymer P85, a self-

forming micelle preparation that encapsulates a drug, has shown to enhance delivery of 

digoxin into the brain (Batrakova et al., 2001); the mechanism of action is believed to be 

the inhibition of P-gp. Brain directed immunoliposomes (antibody-directed liposomes) 

can be used for the delivery of drugs, based on antisense targeting. Immunoliposomes, 

conjugated to OX26 transferrin antibody, were shown to significantly enhance brain 

delivery of [^H]-daunomycin (Huwyler et al., 1996), however problems similar to those 

stated above for vector-based methods may also occur. 

Efflux Transporter Inhibition 

The BBB contains a number of efflux transporters that reduce the influx of certain 

lipid soluble compounds able to diffuse through cell membranes (Tatsuta et al., 1992). 

The natural multidrug resistance that they confer to the brain is a significant 

consideration in the targeting of drugs at the CNS. The coadministration of other 

substrates, or an inhibitor, of the efflux transporters to competitively saturate the efflux 

capacity of these "pumps" is a currently investigated strategy to enhance drug transport at 

the BBB (Drion et al., 1997; Habgood et al., 2000). However, the capacity of these 

mechanisms appears to be extremely high and their competitive saturation would involve 

concentrations of drug (i.e. other substrate or inhibitor) in toxic doses. Substrates / 
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inhibitors need to have lower toxicity than those that have been thus far investigated (i.e. 

cyclosporin A, vincristine, verapamil, colchicine). One such inhibitor currently under 

development by Glaxo Wellcome Inc., is GF120918. GF120918 has shown promise as a 

potent and specific P-GP inhibitor at the BBB and has shown to increase morphine 

analgesic effect (Letrent et al., 1999), as well as to significantly increase the systemic 

exposure to oral paclitaxel in cancer patients (Malingre et al., 2001). 

Chemical Modification 

Drug design as a mode to enhance BBB transport and pharmacological actions 

can be generally divided into six categories: prodrugs, lipidization, structural 

modification, enzyme stability, use of nutrient carriers Cmimetics). and cationization. 

These categories are exclusive. 

Lipid solubility is a key factor in determining the rate at which a drug passively 

crosses the BBB, the concept of lipidization focuses on this aspect. Peptide drugs 

generally contain polar fimctional groups that impart a degree of dipolarity and hydrogen 

bonding, thereby reducing their partition into non-polar solvents. Reduction of the 

relative number of polar groups results in enhanced partition into non-polar solvents, and 

thereby an improved entry into lipid membranes. The overall balance of polar to non-

polar groups within a drug molecule can be reduced either by removal or by the addition 

of a polar or nonpolar group (Habgood et al., 2000). The removal of two polar hydroxyl 

groups from dopamine, resulting in phenethylamine, has shown to increase the lipid 

solubility approximately 50-foId, with subsequent enhancement of brain entry (Fischer et 

al., 1972). This removal not only reduced the hydrogen binding affinity, but also 
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effectively reduced the molecular volume. Table 1.3 lists several strategies for 

lipidization {not necessarily enhanced brain uptake). 

Drugs containing only polar groups essential for pharmacological effect, can be 

modified by addition of extra non-polar groups at sites that do not interfere with 

Drug Modification / Moiety Reference 

Azidothymidine (AZT) Adamantane Tsuzuki et al., 1994 

Azidothymidine (AZT) Phosphatidylation Hostetler et al., 1990 

Leucine-enkephalin Amantadine Kitagawa et al., 1997 

Leucine-enkephalin Cholesterol ester BodoretaL, 1992 

Leucine-enkephalin 1,4-Dihydrotrigonellinate Bodor et al., 1992 

TRH Laurie acid Muranishi et al., 1991 

TRH N-acylation Bundgaard and Moss, 1990 

Estradiol methyldihydropyridine Brewster et al., 1988 

GABA Fatty acid or cholesterol ester Shashoua et al., 1984 

Codeine O-methylation Oldendorf et al., 1972 

Heroin O-acetylation Oldendorf et al., 1972 

Biphalin Halogenation (CI) Abbruscato et al., 1996 

Calcitonin liposomes Chen and Lee, 1993 

3-hydroxypyridinone Increase alkyl chain length Dobbin etal., 1993 

DPDPE Amino acid addition (Phe) Greene at al., 1996 

DPDPE Stereoselective positioning of Witt et al., 2000 

lipophilic moiety 

Table 1.3 Strategies to enhance lipid solubility. TRH; Thyrotropin-releasing hormone; 
GABA; Y-aminobutyric acid; Phe; phenylalanine 



64 

appropriate receptor binding region. This effect can be demonstrated by increasing the 

length of the aliphatic chain of n-alcohols from 1 (methanol) to 8 carbons (octanol), 

resulting in a four-fold increase in lipid solubility. This effect is more a result of 

increased molecular volume (i.e. increase in ratio of non-polar to polar constituents) 

rather than a reduction in hydrogen bonding effects (Hansch et al., 1987; Habgood et al., 

2000). However, this strategy may result in a drug that is large, thereby excluding entry 

across the BBB, or potentially hindering receptor binding of the drug. 

Hydrogen bonding effects may be reduced via a number of strategies. Polar 

functional groups of drug molecule form hydrogen bonds with water. Masking of these 

groups will result in a reduction of hydrogen bonds and an enhanced lipophilicity. Total 

number of hydrogen bonds (N) formed in a molecule has been established by the rules 

according to Stein (1967); 0 for ethers; V2 for esters; 1 for carbonyls, aldehydes, or 

ketones; 2 for amine, amide, and hydroxyl groups. Hydroxyl groups can be irreversibly 

blocked by methvlation or reversibly blocked by esterification. Morphine, which shows 

very little BBB uptake (~ 0.02%), contains two hydroxyl groups and a high degree of 

water solubility. When one of the hydroxyl groups is methylated, resulting in codeine, 

membrane permeability is enhanced ~lG-foId. When both hydroxyl groups are 

acetvlated. resulting in heroin, membrane permeability is enhanced ~ 100-fold (Oldendorf 

et al., 1972). Furthermore, heroin has low receptor affinity and actually acts as a prodrug. 

When deacetylated within the brain it becomes morphine, which maintains high affinity 

for the fj.-receptor. Placement of methyl groups on the phenylalanine of DPDPE, a 5-

opioid selective met-enkephalin analogue peptide, induced changes in lipophilicity based 



on diastereoismer conformation (Witt et al., 2000). Hydrogen-bonding potential should 

also be assessed along with the configuration of a peptide, as intramolecular H-bonds will 

be less able to act with surrounding polar solutes. 

Halogenation is another chemical addition that enhances lipophilicity and has 

shown to enhance BBB permeability (Weber et al., 1991; Gentry et al., 1999). The 

choice of halogen (CI, Br, F, or I), as well as placement on the peptide drug, was directly 

related to the degree of lipophilic enhancement. BBB permeability was related to 

lipophilicity, molecular weight of compound and halogen, conformation, and effect of the 

respective halogen on hydrogen bonding. 

Amantadine (1-amino-adamantane) and adamantane derivatives are used as 

lipidization moieties to enhance lipid solubility of azidothymidine (AZT) (Tsuzuki et al., 

1994) and leucine enkephalin (Tsuzuki et al., 1991). While leucine enkephalin showed 

enhanced pharmacological effect when attached to amantadine, AZT with adamantane 

resulted in no significant increase in brain concentrations. The slow hydrolysis of the 

AZT/adamantane moiety within the brain may have resulted in low brain concentration, 

as the moiety may efflux out of the brain with relative ease owing to the enhanced 

lipophilicity'. 

Prodrugs provide another strategy to increase brain uptake of peptide drugs. 

Prodrugs contain a pharmacologically active moiety that is either conjugated to a 

molecule with a known transporter or to a lipophilicity enhancer, which is cleaved at or 

near the site of action, allowing drug to induce its effect. Esters have shown particular 

promise in this arena, due to the abundance of endogenous esterases in the CNS that are 
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available for cleavage. Both aromatic benzoyl esters (Horn et al., 1979) and branched 

chain tertiary butyl esters (Greig et al., 1990) have shown to be sufficiently stable in 

plasma, while still adequately cleaved within the CNS. Another avenue is use of 

lipophilic amino acids, such as phenylalanine (Phe) as the cleavable unit. The addition of 

a Phe group to the opioid peptide DPDPE at the amino terminal resulted in enhanced 

permeability at the in vitro BBB (Greene et al., 1996). Furthermore, the high 

concentration of degradative endopeptidase EC3.4.24.15 in neurons and glial cells (Healy 

and Orlowski, 1992) could be used to target lipid-soluble enkephalin analogs to the CNS 

(Greene et al., 1996). 

A further prodrug design focuses on the redox system (Simpkins et al., 1986), in 

which a lipophilic attachment (i.e. 1,4-dihydro) is converted, in vivo, to the hydrophilic 

quaternary form, effectively "locking" (Bodor and Buchwald, 1999) the drug in the 

tissue. When estradiol is conjugated to the methyldihydropyridine carrier and 

subsequently oxidized by NADH-linked dehydrogenases in the brain resulting in a 

quaternary ammonium salt, which will not cross back through the endothelium (Brewster 

et al., 1988). Enhanced delivery of ganciclovir and zidovudine to the brain was also 

demonstrated by a redox-based chemical delivery system (Brewster et al., 1994, 1997). 

The use of the 1,4-dihydrotrigonelline system , as well as similar designs, has been 

explored with a wide variety of drugs, such as steroids, antiviral s, neurotransmitters, 

anticonvulants, and peptides (Lue-enkephalin analogue and Thyrotropin-releasing 

hormone analogue) (Bodor and Buchwald, 1999). The primary difficulty with this design 
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is the any tissue may take up the lipophilic moiety, as well as potential rapid elimination 

of the charged salt form. 

Another strategy of drug design is to incorporate specific molecular 

characteristics that enable the drug to be transported by one or more of the inwardly 

directed nutrient carriers. These drugs must have a molecular structure mimicking the 

endogenous nutrient. The prototypical example is levodopa, a lipid-insoluble precursor 

of dopamine that has been used for the treatment of Parkinson's disease, because it 

contains the carboxyl and a-amino groups that allow it to compete for transport across 

the blood-brain barrier by the large neutral amino acid carrier (Wade and Katzman, 

1975). The enzyme that converts levodopa to dopamine is in abundance in both the 

peripheral and central nervous systems. Therefore, levodapa is administered with an 

inhibitor of dopa-decarboxylase that does not enter the CNS, allowing greater uptake of 

non-degraded drug. Biphalin, an opioid peptide, is another e.xample of a drug which uses 

the neutral amino acid carrier system (Abbruscato et al., 1997) to gain entry into the 

brain. 

Gvlcosvlation has shown to be a potential modification of peptide drugs to 

enhance brain uptake (Fisher et al., 1991; Tomatis et al., 1997; Bilsky et al., 2000; 

Egleton et al., 2000). Originally theorized to have an increased uptake at the BBB via 

GLUT-1 transporter, it is now believed that this not the case. Glycosylation has shown to 

improve peptide bioavailability via increased metabolic stability (Powell et al., 1993), 

and attenuating in vivo clearance (Fisher et al., 1991). Lipophilicity and receptor binding 

affinity were generally observed to decline with glycosylation (Egleton et al., 2000). 
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Strjctural design to reduce enzymatic degradation is also method to enhance 

bioavailability to the brain. It is necessary to define the site of enzymatic cleavage as 

well as the enzyme. These sti^ategies include modification of amino acid terminus, with 

N-acylation or use pyroglutamyl residues (Veber and Freidlinger, 1985) to reduce 

aminopeptidase M activity. However, opioid peptides require the amino terminus to be 

free for effective receptor binding (Bewley and Li, 1983). Alternative modification for 

opioids to reduce aminopeptidase activity is to substitute the Gly^ residue with a D-Ala^ 

residue. Other opioid enkephalin degrading enzymes are dipeptidyl aminopeptidase, 

which cleaves enkephalins at the Gly^-Gly^ bond, and enkephalinase and angiotensin 

converting enzyme (ACE), which cleave enkephalins at Gly^-Phe"^. Modifications of 

amino acid or attachment of secondary structures in these regions may reduce 

degradation. Conformationallv constrained analogues have been shown to have 

significantly reduced enzymatic degradation (Greene et al., 1996), with the additional 

advantage of enhanced specificity for receptor subtypes (Hruby and Mosberg, 1982). 

Cationization of peptides or peptide vectors is a manner of increasing membrane 

entry via absorptive-mediated endocytosis (AME). Dynorphin-like analgesic peptide E-

2078 (pl=10) is a polycationic peptide at physiologic pH shown to internalize into brain 

capillaries by AME (Terasaki et al., 1989; Yu et al., 1997). Cationized albumin, as a 

vector strategy, has been employed to enhance absorptive mediated endocytosis. 

Cationized albumin vector attachment to P-endorphin (Kumagai et al., 1987) showed 

significant increases in uptake in in vitro cultures. The degree of cationization is crucial 

to the pharmacokinetic profile, as heavy cationization has elevated first pass effects. 



69 

Cationized albumin displayed longer serum half-life and general selectivity to the brain 

(Bickel et al., 2001). Additionally, the cationized albumin has shown to be cleared to a 

considerable degree by the kidney and liver, posing a potential toxicological threat. 

Toxic effects of various cationized proteins include immune complex formation with 

membranous nephropathy (Alder et al., 1983; Huang et al., 1984) as well as increased 

cerebral and peripheral vascular permeability (Nagy et al., 1983; Vehaskari et al., 1984; 

Bickel et al., 2001). 

Pathophysiology of the BBB 

The development of new drugs and drug vectors must also contend with potential 

pathological conditions of the patient. Several disease states result in enhanced BBB 

permeability to fluid and / or solutes (Banks and Kastin, 1996), including hypertension, 

radioactive exposure, edema, inflammation, ischemia, and reperfusion (reoxygenation). 

The list of factors that may contribute to changes in drug bioavailability (changes in 

BBB, protein binding, receptor site, enzymes, etc.) during a pathologic state is extensive 

and must be taken into account for appropriate drug design. Specific changes at the 

BBB, such as opening of tight junctions, increased pinocytosis, decrease in membrane 

rigidity, changes in nutrient transport, and pore formation may enhance/reduce drug 

uptake. Table 1.4 lists several potential conditions and factors shovm to induce changes 

at the BBB. 
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Opening of 
Tight Junctions: 

Increased 
Pinocytosis: 

Decreased 
membrane rigidity: 

Pore Formation: 

Disease / toxicant 
induced nutrient 
transport changes; 

Hyperosmolarity; acidic pH; bum encephalopathy; 
autoimmune encephalitis; multiple sclerosis; inflammation 
(chemical mediators of inflammation: TNFa, EL-ip, 
histamine, serotonin, bradykinin. Thrombin, adenine 
nucleotides, arachidonic acid, and reactive oxygen species); 
ischemia; lead (increase protein kinase C with increase in 
intracellular Ca^^); post-ischemia reperfusion 

Acute hypertension; microwave irradiation; hepatic 
encephalopathy; ischemia; seizures; heat stroke; brain 
injury, regeneration; tumors; development; hypervolemia; 
immobilization stress; hypothermia (<16°C); post-radiation; 
hyperbaric conditions; lead encephalopathy; mercury; 
Angiotensin U; Tricyclic antidepressants; meningitis; 
multiple sclerosis; inflammation (mediators listed above); 
lymphostatic encephalopathy 

Sufactants and solvents (ethanol; propanol; butanol; 
DMSO) 

Tricyclic antidepressants (chlorpromazine, nortriptyline) 

Diabetes (GLUT-1); Alzheimer's disease (p-amyloid); 
Wemickes-Korsakoff syndrome (thiamine); familial mental 
retardation (glucose); Eating / weight disorders (insulin & 
leptin); Stroke (GLUT-1); multiple sclerosis (ICAM-1); 
aluminum (inhibits protein transporters with potential link 
to Alzheimer's disease and amyotrophic latersclerosis and 
increases permeability of lipophilic compounds; also CSF 
peptide efflux mechanism) 

Table 1.4 Causes of blood-brain barrier alteration (adapted from Audus et al., 1992; 
Pardridge 1995; Banks and Kastin, 1996; Abbott, 2000). TNFa: tissue necrosis factor-a; 
EL-ip: interleukin-iP; DMSO; dimethylsulfoxide; GLUT-1: glucose transporter type-1; 
ICAM-1; intracellular adhesion molecule-1 
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Opioids and Pain 

History of Opioids 

Extracts from Papaver somniferum (opium poppy) have been used for thousands 

of years. Opium is the Greek word for "juice", which is obtained from the poppy, and 

first referenced by Theophrastus in the third century B.C. It was found that slicing the 

fruit of the unripened plant resulted in the secretion of a tar-like sap, which contains over 

twenty opiate alkaloids, including morphine and codeine. In 1806 the German chemist 

Friedrich Sertumer isolated pure opium, that he named morphine, after Morpheus the 

Greek god of dreams. Codeine was later isolated by Robiquet in 1832, and papaverine by 

Merck in 1848. Heroin was marketed as an analgesic in the late 1800s by the German 

company, Bayer, but was shown to posses even greater addiction liability than morphine. 

By the middle of the nineteenth century pure alkaloid extracts began to spread throughout 

the world. Presently, morphine, codeine, methadone, and meperidine are still used in the 

United States as analgesics, antitussives, and for the treatment of opiate withdrawn. In 

addition to the abuse liability, other side effects associated with currently used opioids 

include constipation, respiratory depression, and tolerance. Opioid peptide development 

centers on both appropriate induction of analgesia and mitigation of side effects. 

Endogenous Opioid Peptides 

Three distinct opioid families have been identified; the enkephalins ("in the 

head"), the endorphins (a contraction of "endogenous morphine-like"), and the 

dvnorphins (from the Greek work dynos, meaning "powerful"), all of which fall into the 
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category of Endorphins. These families are derived from a particular precursor 

polypeptide and have characteristic anatomical distribution. 

Enkephalins were the first class discovered (Hughes et al., 1975) and are derived 

from the precursor protein proenkephalin A. The principle enkephalins, methionine 

enkephalin and leucine enkephalin, which are found predominately in areas associated 

with pain pathways (laminae I and n of spinal cord, spinal trigeminal nucleus, and 

periaqueductal gray region), emotional behavior (limbic system), motor control (basal 

ganglion), and autonomic reflexes (nucleu tractus solitarious) (Holt2man and Sung, 

1998). 

The second class belongs to the proopiomelanocortin (POMC) family (Watson et 

al., 1977). (3-Endorphin is found in high concentrations in the arcuate nucleus of the 

hypothalamus, and the anterior pituitary where it is co-released with adrenocorticotropin 

hormone (ACTH). POMC also gives rise to melanocyte-stimulating hormone and 

ACTH. 

The third class belongs to the dynorphins family (Goldstein et al., 1979) and is 

processed from prodynophin. Prodynorphin gives rise to dynorphin A (1-17), which co-

localizes with vasopressin in tlie magnocellular cells of the hypothalamus and posterior 

lobe of the pituitary gland. Dynorphin A (1-8) are distributed in a maimer similar to the 

enkephalins, with prevalence in laminae I and 11 of the spinal cord (Holtzman and Sung, 

1998). 
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Opioid Receptors 

The complex interaction of morphine and drugs with mixed agonist / antagonist 

properties lead to the proposed existence of multiple types of opioid receptors (Martin 

and Sloan, 1977). Three major classes of opioid receptors have been identified, 

designated as mu (fx; after the prototype agonist morphine), delta (5; discovered in mouse 

vas deferens), and kappa (K; after the prototypical agonist ketocyclazocine). The 

homology between the three opioid receptor types is -65% with little sequence similarity 

to other G protein-coupled receptors. The regions of highest similarity lie in the seven 

transmembrane-spanning regions and the intracellular loops. Indications of subtypes 

within each class have been identified on the basis of their specific drug selectivity. Most 

clinically used opioids to date have high ^i-receptor affinity (morphine, fentanyl, 

methadone, meperidine, buprenorphine), however higher doses may induce other opioid 

receptor interaction. Using ^-antagonists investigators have established, in animal 

models, that morphine can elicit analgesia either spinally (p.2) or supraspinally (|j.i), with 

predominate supraspinal analgesia when morphine is given systemically (Pasternak, 

1993). Enkephalins and P-endorphin are endogenous ligands for both fj. and 5-receptors, 

whereas dynorphins show the greatest selectivity for KI-receptors. 

Opioid receptors are coupled negatively to adenylyl cyclase by G proteins (G;). 

Activation of an opioid receptor by an agonist results in stimulation of GTPase activity 

(Koski and Klee, 1981), that is regulated by guanine nucleotide (Blume, 1978) and 

decreases activity of adenylyl cyclase, resulting in a decrease in production of cyclic 

adenosine monophosphate (cAMP). This leads to an increase in the efflux of K"^ 



(primarily with p. and 5-opioid receptors), cellular hyperpolarization, a decrease in Ca""^ 

influx (primarily with K-opioid receptors), and a lower intracellular concentration of free 

calcium. This results in a net decrease in neurotransmitter release and decrease in pain 

pathway stimulation (Figure J. 8). 

Agonist 

Receptor 

Potassium 
channels open ACJ 4® 

Calcium entry 
V blocked — 

Calcium 
Decreased release 

^^[cAMP] 

•f. 

Decreased release 
of neurotransmitters 

Figure 1.8 Mechanism of action of agonist at opioid receptor on cell. Agonist 
binds to G-protein, which reduces activity of adenylate cyclase, resulting in 
decreased production of cAMP, enhanced potassium efflux, and decrease 
Calciiun entry. 
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Neurophysiology of Pain 

The sensation of pain is modulated through both ascending and descending 

pathways in the CNS. Nociceptors (i.e. pain receptors) on primary afferent neurons, are 

stimulated by noxious stimuli. Transduction of these stimuli results in action potentials 

that are transmitted along the afferent neuron into the dorsal horn of the spinal cord. A-

delta (A5) fibers are small, thinly myelinated, rapidly conducting afferent neurons, that 

terminate in lamina I of spinal chord. They are activated by mechanical and thermal 

stimuli, as well as mediate sharp and localized pain (Adriaensen et al., 1983). C fibers 

are large unmyelinated afferent neurons with slower conduction and are activated by 

mechanical, thermal, or chemical stimuli. The C fibers terminate in lamina II of the 

spinal chord and mediate dull, diffuse, or burning pain (i.e. visceral pain) (Bessou and 

Perl, 1969; Geogopoulous, 1974; Torebjork, 1974). 

Descending pain-inhibitory pathway originates in the pariaqueductal gray region 

of the midbrain and from several nuclei of the rostroventral medulla oblongata, and 

project caudal to the dorsal horn. The descending pathway releases substances, such as 

norepinephrine and serotonin, which inhibit activity of ascending pain pathways, either 

through direct synaptic contacts or by indirect activation of inhibitory intemeurons 

(Basbaum and Fields, 1979). 

P-glycoprotein 

Originally connected to resistance of tumor cells to chemotherapeutic agents, P-

glycoprotein (P-gp; multidrug resistance transporter mdrla) belongs to the ATP-binding 
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cassette family of proteins. P-gp, located on the apical surface of the BBB and the blood-

cerebrospinal fluid barrier, pumps drugs out which are generally hydrophobic (Cordon-

Cardo, et al., 1989). The P-gp transporter has been suggested to act as a "translocase" or 

"flipase", moving substrates from the inner leaflet to the outer leaflet of the membrane 

(Higgins and Gottesman, 1992). Linear and cyclic peptides have been indicated as 

substrates of P-gp (Sharom et al., 1998). Morphine <uid its glucuronide metabolites have 

shown to be substrates for P-gp (Drewe et al., 2000). Additionally, synthetic opioid 

peptides have also shown affinity for P-gp efflux (Chen and Pollack, 1997; King et al., 

2001). 

DPDPE 

DPDPE (H-Try-D-Pen-Gly-Phe-D-Pen-OH) is a cyclic 5-opioid-selective 

enkephalin analogue (Vanderah et al., 1994) of linear methionine enkephalin (H-Try-

Gly-Gly-Phe-Met-OH). DPDPE {Fioxire 1.9) is conformationally constrained between 

the penicillamines, at position 2 and 5, via a disulfide bridge (Mosberg et al., 1983). This 

cyclization has shown to provide a greatly enhanced enzymatic stability (ti/2 > 500 min) 

(Hambrook et al., 1976; Weber et al., 1991, 1992; Brownson et al., 1994). DPDPE is 

present as a zwitterion (a dipolar ion that contains positive and negative charges of equal 

strength) at physiologic pH (pl~6.8) (Abbruscato, et al., 1997). DPDPE has shown 

increased bioavailability and BBB permeability in both in vivo (Williams et al., 1996) 

and in vitro (Weber et al., 1993) systems. It has also shown to be taken up into the brain 

via both saturable and diffusion processes (Thomas et al., 1997). Despite its metabolic 
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Stability, extensive biliary excretion of DPDPE results in a rapid clearance (Weber et al., 

1992; Chen and Pollack, 1997). It also has shown limited uptake into the CNS (Williams 

et al., 1996), thus requiring high peripheral concentrations to achieve analgesic effect. 

Additionally, DPDPE has shown affinity for P-gp mediated efflux at the BBB (Chen and 

Pollack, 1998). Recent investigation has shown DPDPE to be a substrate for the organic 

anion transporting polypeptide system in rat (Oatp2) and in human (OatA) (Gao et al., 

2000), which are expressed at the BBB and liver. It is currently theorized that the 

saturable uptake of DPDPE at the BBB exists via the organic anion transporter (Dagenais 

et al.,2001). 

OH 

HO 

Figure-1.9 Structure of DPDPE; Tyrosine (1), Penacillamine (2), Glycine (3), 
Phenylalanine (4) and Penacillamine (5). Disulfide bond between the Penacillamines 
to enhance stability. Structure according to Liao et al. (1998). 
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PRESEIVT STUDY 

Since the discovery of the enkephalins (Hughes, 1975) there have been numerous 

studies examining the various structural elements which determine protein binding 

capacity, enzymatic affinity, absorptive capacity, and receptor specificity and efficacy 

(reviews; Begley 1996; Davis et al., 1995; Hruby 1995; Quock et al., 1999). Although 

many of peptide analogues have been synthesized, few efficacious and receptor selective 

analogues are able to gain access to the CNS. Since its creation, DPDPE has become the 

prototypical 5-opioid receptor agonist and has served as a valuable tool for the 

characterization of the 5-opioid receptor (Hruby, 1988; Knapp et al., 1989, 1991). 

Additionally, DPDPE shows promising therapeutic potential as an analgesic without the 

adverse side effects associated with morphine and other opioid drugs selective for the fj.-

opioid receptor (Heyman et al., 1986). However, in spite of its attributes, DPDPE has 

shown limited uptake into the CNS (Williams et al., 1996), thus requiring relatively high 

peripheral concentrations to achieve analgesic effect. 

This dissertation focuses on opioid peptide transport into the brain. Using the 5-

opioid peptide analogue of met-enkephalin, DPDPE, this examination will assess the 

different attributes of two methods by which bioavailability to the brain is enhanced. The 

two hypotheses are divided into separate chapters, with an introduction covering the 

current literature, methods, results, assessment of the respective specific aims, and a 

conclusion of research. 
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Overlvins Hypothesis: DPDPE delivery to the brain can be enhanced via chemical 

modification. Stereoselective positioning of methyl groups and conjugation of 

poly(ethylene glycol) are two such modifications. 

Hypothesis #1: (Chapter 2) Addition of methyl groups on the phenylalanine"^ of 5-

receptor selective opioid, DPDPE, alters bioavailability, blood-CNS penetration, and 

analgesic effect in a stereoselective manner. 

Specific Aims; 

1. Characterize the receptor binding of diastereoisomer conformations of 

trimethylphenylalanine. 

2. Examine effects of conformation on plasma protein binding, enzymatic 

breakdown, lipophilicity, and P-glycoprotein affinity. 

3. Assess the effects of conformation on satvirable and difflisional components of 

transport across the blood-brain barrier (BBB), with in vitro and in situ 

comparison. 

4. Determine the effects of conformation on analgesia. 

5. Explain the contributions of each component to final bioavailablity observed. 
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Hypothesis #2: CChaoter 3) Poly(ethylene glycol), or PEG, conjugation to opioid 

receptor analogue, DPDPE, alters bioavailability and analgesic effect, via enhanced 

pharmacokinetics in the systemic circulation. 

Specific Aims; 

1. Characterize the receptor binding changes involved with PEG-conjugation to 

DPDPE 

2. Examine effects PEG-conjugation on plasma protein binding, enzymatic 

breakdown, lipophilicity, and P-glycoprotein affinity. 

3. Assess the transport changes of PEG-conjugated DPDPE across the blood-

brain barrier (BBB), with in vitro and in situ comparison. 

4. Assess the distribution changes of PEG-conjugated DPDPE 

5. Determine the effects on PEG-conjugation on analgesia. 

6. Explain the contributions of each component assessed to end bioavailablity 

observed. 
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Chapter 2. Assessment of Stereoselectivity of Trimethylphenylaiinine Analogues of 

Delta-Opioid DPDPE 

Introduction 

These studies focuses on the affects of trimethylation of Phe"* of DPDPE (TMP-

DPDPE), with regards to stereoselective characteristics. The primary emphasis of the 

analyses was placed upon the blood-brain barrier (BBB), as it remains the rate limiting 

step in the pharmacological treatment of many cerebral maladies due to its ability to 

prevent relevant drug concentrations from gaining access to the brain parenchyma 

(Egleton et al., 1997). 

Analgesia, via 5-opioid receptors, is understood to be a centrally mediated event. 

Therefore, only those 5-selective opioids that can cross the BBB intact will achieve 

biological effect (Frederickson et al., 1981; Shook et al.^ 1987). Transport of DPDPE 

into the CNS has been previously investigated by our laboratory using in vitro, in situ, 

and in vivo techniques. Initial experiments using a primary cell culture model of the BBB 

indicated that DPDPE could cross the BBB (Weber et al., 1993). Distribution studies 

examining uptake after oral, subcutaneous, intravenous and intraperitoneal administration 

have shown that naloxone-displacable DPDPE could accumulate in the brain, indicating 

CNS uptake (Weber et al, 1991, 1992). The entry of DPDPE has shown saturation and 

specificity (Thomas et al., 1997), revealing a degree of non-difflisionary transport. Other 

peptides have shown stereoselective carrier-mediated transport across intestinal epithelial 

cells (Caco-2) (Ogihara, et al., 1996) and P-endorphins have shown to exhibit 
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stereoselectivity in regards to analgesia (Tseng et al., 1986). Studies measuring analgesia 

after intravenous, intracerebroventricular, and intrathecal administration of DPDPE, also 

indicate CNS mediated effects (Galligan et al., 1984; Weber et al., 1991). 

Understanding the passage of opiates and their analogues across membrane 

systems (i.e. BBB), as well as multiple interactions with physiochemical prop)erties of the 

body, is critical in drug development. The study of naturally occurring peptides (i.e. met-

enkephalin) provides a rational and potentially powerful approach in the design of 

peptide therapeutics. In this study we use a conmion structural manipulation in drug 

development, the incorporation of a methyl group(s) next to a metabolically and/or 

dynamically important functional group. Methylation is seen to reduce the overall 

hydrogen bond potential of the peptide and increases permeability via enhanced 

lipophilicity. Earlier efforts, using NMR and molecular modeling, in the analysis of the 

four isomers of (3-methylphenylalanine-DPDPE led to the conclusion that the gauche (-) 

conformation was required for interaction of the Phe"^ side chain with the 5-opioid 

receptor (Hruby et al., 1991a). Here, through constrainment, the side-chain moiety of 

Phe** of DPDPE is biased to a particular side-chain conformation (i.e. guache (-)) while 

maintaining the intrinsic backbone conformation of the peptide. This modifies the 

topographical relationship of the side-chain groups, creating varied surface 

characteristics, which interact differently with alternate receptors for a peptide. Our 

research group has designed a DPDPE analogue with three methyl groups attached to the 

phenylalanine residue to yield four purified diastereoisomeric conformations (Fisure-

2.n. This manipulation is designed to enhance our knowledge of the effects of 
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topography, in an endeavor to direct future enkephalin analogue development and 

research. 

HO 

OH 

Me Me 
Me 

Me 

R = H (DPDPE) 

R = CHj (TMP-DPDPE) 

(2S,3S)-P-methyl-2'6'-dimethylphenylalanine'^-DPDPE; (2S,3S)-TMP 

(2R,3R)-(3-methyl-2' 6' -dimethylphenylalanine'*-DPDPE; (2R,3 R)-TMP 

(2R,3 S )-|3-methy 1-2' 6 '-dimethylphenylalanine'^-DPDPE; (2R,3 S )-TMP 

(2S,3R)-P-methyl-2'6'-dimethylphenylalanine'^-DPDPE; (2S,3R)-TMP 

Figure 2.1 Structure of DPDPE with trimethylation of the phenylalanine'^ 
pharmacophore. The diastereoisomeric forms differ in regard to the 2 and 3 position of 
non-aromatic methyl group. 
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Methods 

Materials 

[^H]pCI-Phe'*-DPDPE (47.0 Ci/mmol) and [^HJDAMGO (54.0 Ci/mmol), as well 

as were purchased from Dupont NEN Research Products (Boston, MA). All 

chemicals, unless otherwise stated, were purchased from Sigma (St. Louis, MO). 

Animals 

Female adult Sprague-Dawley rats (Vendor: Harlan Sprague-Dawley) weighing 

250-300 g were used for all appropriate experiments, unless otherwise stated. Rats were 

housed under standard 12 hr light/12 hr dark conditions and received food ad libitum. 

Approval of protocols was through the Institutional Animal Care and Use Committee at 

the University of Arizona. 

Competition^Binding Affinity Studies in Rat Brain 

Competition studies were performed according to previous studies (Bylund and 

Yamamura, 1990; Hruby et al., 1997), using 1.0 nM [^H]DAMGO to label the fj.-opioid 

receptor and 0.75 nM [^H]pCl-DPDPE to label the 5-opioid receptor. Analog 

concentrations with [^H]DAMGO and [^H]Deltorphin (nM) of: 10,000; 3,000; 1,000; 

300; 100; 30; 10; 3; 1; 0.3. Specific binding displacement was defined using 10 {JM 

naltrexone. Incubations took place in a final volume of 1 ml, in a solution consisting of 

50 mM Tris/MgCh (pH=7.4) with 1 mg-ml"' bovine serum albumin (BSA), 50 jj-g-ml"' 
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bacitracin, 30 JJM bestatin, 10 )JM captopril and 100 JJM phenylmethylsulfonyl fluoride. 

Incubation conditions were 180 min. at 25°C. Final protein concentrations were 

determined by the Lowry method (Lowry et al.^ 1951). IC50 values were determined 

using non-linear least-squares regression. 

Octanol/Bitffer Partition Coefficients 

Partition coefficients for DPDPE and the four diastereoisomers of TMP-DPDPE 

were expressed as the ratio of compound found in the octanol phase to that found in the 

aqueous phase. Adapted from the method of Collins et al., 1988), equal volumes of 

octanol and a 0.05 M HEPES buffer in 0.1 M NaCI (pH=7.4) were mixed and allowed to 

equilibrate for 12 hrs. The layers were separated and stored at 4°C. 50 |ag of peptide was 

added to 500 |.il of the HEPES buffer, and mixed with 500 (a.1 of octanol by vortexing 

(37°C). The sample was centrifuged in a Beckman microfuge for 1 min. at 4000 rpm., 

and layers separated. The octanol phase was lyophilized and resuspended in NaH2P04 

buffer and analyzed via RP-HPLC, (Perkin-Elmer 250 HPLC), as was the aqueous layer. 

The octanol/buffer distribution coefficient (D) was calculated as the ratio of octanol layer 

to the aqueous buffer layer. All octanol/buffer distribution studies were performed in 

triplicate. 

lodination of Compounds 

DPDPE and its TMP analogues were monoiodinated on the tyrosine' residue 

using a standard chloramine-T procedure (Bolton, 1986) as adapted by Schetz et al. 
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(1995). Purification of the iodinated peptides was carried out using a reverse-phase 

Perkin-Elmer 250 HPLC gradient system and a Vydac column (880115-9 #74). The 

samples were eluted at 37°C using a curvilinear gradient of 0.1% TFA in acetonitrile (10-

35%) versus 0.1% aqueous TFA over 20 minutes at a flow-rate of 1.5 ml • min"'. 

Protein Binding 

The binding affinity of the iodinated peptides to bovine serum albumin in the 

mammalian-Ringer solution or rat serum was determined by ultrafiltration centrifugal 

dialysis (Paulus, 1969). Rat serum was obtained by harvesting blood from Sprague-

Dawley rats and allowing the blood to clot for 30 min on ice and 30 min at room 

temperature. The whole blood was then centrifuged (Sorval RC2-B, DuPont Co., 

Wilmington, DE) at 20,000 x g for 20 min to produce a serum supernatant. Peptides 

were dissolved in 1 ml of Ringer's solution (see in situ methodology) or serum and 

warmed to 37°C, and then ultrafiltrated using a Centrifree™ micropartition device 

(Amicon, Beverly MA). Approximately 400 |a,l of ultrafiltrate was obtained when sample 

was centrifuged at 2000 x g for 10 min. (Sorval RC2-B, DuPont Co., Wilmington, DE). 

The total concentration (T) of peptide introduced into the system and the amount 

found in the ultrafiltrate (F) was determined via counting on a Beckman 5500 gamma 

counter (Beckman Instruments, Fullerton, CA). The percentage of peptide bound to the 

serum albumin was calculated as: 

% Bound = (T-F) / T x 100 
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In Vitro Bovine Brain Microvascular Endothelial Cell (BBMEC) Uptake Analysis. 

BBMECs were isolated from the gray matter of the cerebral cortex and 

characterized as described by Audus and Borchardt (1986, 1987). Fresh bovine brains 

(2-3) were obtained from University of Arizona Agricultural Farms. Brain microvessel 

endothelial cells were then isolated from the gray matter of the cerebral cortex and cryo-

preserved. Table 2.1 outline the isolation procedure. 

BBMECs were grown to confluence on 24-well plates precoated with rat tail 

collagen and fibronectin. After confluence was confirmed microscopically, 10 to 12 days 

after seeding, growth media was removed and the cells were pre-incubated for 30 min. in 

assay buffer [122 mM NaCl; 3 mM KCl; 1.2 mM MgS04; 25 mM NaHCOs; 0.4 mM 

K2HPO4; 1.4 mM CaCb; lOmM D-glucose; 10 mM HEPES], The cells were then 

incubated for 20, 40 and 60 min. time points with each respective iodinated peptide, on a 

shaker table at 37°C. sucrose was incubated under the same conditions and time 

points with the identical batch of confluent BBMECs to serve as control. After the 

appropriate time, the radioactive buffer was removed and the cells were washed three 

times with ice-cold assay buffer. Then, 1 ml of 1% Triton-X-100 was placed into each 

well and shaken for 30 min. A 200 |4.l portion of the Triton-X was prepared for 

radioactive counting. The other portion of the sample was assayed for protein 

concentration using a Pierce BCA-protein kit with analysis on a Beckman LTV 

spectrometer (model 25). 
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Table 2.1 
Protocol for Isolation of Bovine Brain Microvessel Endothelial Cells 

1. Clean brains with phosphate buffered saline with 3 x antibiotics (3 mM NaH2P04; 7 
mMNa2HP04; 145 mM NaCl; 300 iig-ml"' Penicillin G; 300 lag-ml"^ Streptomycin). 

2. Remove surface vessels and meninges from brains, with brain material bathed in a 
Minimum Essential Medium (MEM) solution. 

3. Aspiration of cerebral gray matter from cerebral cortex using a vacuum. 

4. Dilute gray matter to 50 g / 500 ml of MEM with dispase (0.5%) and incubate for 3 
hrs at 37°C in a shaker water bath. 

5. Centrifuge mix after 3 hrs at 1,000 x g for 10 min, discard supernatant, resuspend 
pellets in 13 % Dextran (MW 70,000). 

6. Centrifuge mix at 3,800 rpm for 20 min, discard supernatant. Resuspend crude 
microvessel pellet in 20 ml of collagenase / dispase (1 mg-ml"') and incubate for 3-4 
hrs at 37°C in shaker water bath. 

7. Centrifiige after incubation at 1000 x g for 10 min and discard supernatant. 
Resuspend microvessels in 8 ml of MEM. This suspension is then layered over a 
50% Percoll gradient. 

8. Centrifiige at 1000 x g over 20 min. Then remove band 2 (see fisure 2.2 below) from 
the gradient and wash with culture medium. Resuspend cell suspension in freezing 
medium with 20% equine serum and 10% dimethylsuifoxide. Aliquot for storage in 
liquid nitrogen. 

Figure 2.2 Percoll seperation of 
microvessel endothelial cells 

Band 1, distinct whitish 
cellular debris 

Band 2, slightly red, 

endothelial cells 

Band 3, red blood cells 
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Unidirectional rate constants were determined by multiple time-point analysis and 

normalized for protein content (Egleton et al., 1998): 

Kccu = Uptake into cell (T) / Cone, in buffer x T 

where uptake into cell is the dpm radioactivity per mg of protein at time (T), 

concentration in buffer is the dpm-ml"' of buffer and T is 20 min. 

In Situ Brain Perfusion Analysis. 

Adult Sprague-Dawley rats (250-350 g) were anesthetized with a 1 ml-kg'' i.m. injection 

of a cocktail comprised of ketamine (3.1 mg-ml"'), xylazine (78.3 mg-ml"') and 

acepromazine (0.6 mg-ml"'), and then heparinized (10,000 U-kg"'). Both common 

carotids were exposed and cannulated with silicone tubing connected to a perfusion 

circuit. The perfusate consisted of a protein containing mammalian Ringer (Preston et 

al., 1995), consisting of a modified Krebs-Henseleit-Ringer's solution [NaCl, 117 mM; 

KCI, 4.7 mM; MgS04, 0.8 mM; NaHCOs, 24.8 mM; KH2PO4, 1.2 mM; CaCh, 2.5 mM; 

D-glucose, 10 mM; 3.9% dextran (MW 70,000); bovine serum albumin- type V, 10 g-L"']. 

The addition of Evans blue (0.055 g-L"') albumin to the Ringer provided a control for 

BBB integrity. The perfusate was aerated with 95% O2 and 5% CO2, and warmed to 

37°C. The right jugular vein was sectioned upon the initiation of the perfusion to allow 

drainage of perfusate as previously described (Takasato et al., 1984). Once the desired 

perfusion pressure and flow-rate were achieved (85-95 mmHg; at 3.1 ml-min"'), the 
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contralateral carotid artery was cannulated and perfiised in the same manner as described 

above and the left jugular vein was then sectioned {Figure 2.3). lodinated DPDPE or its 

iodinated TMP analogues were infused using a slow-drive syringe pump (model 22: 

Harvard Apparatus, South Natick, MA), into the inflow of the perfusate. After a set 

perftision time of 20 min. a cistema magna CSF sample (~50 jal) was taken with a glass 

cannula. The animal was decapitated and the brain removed. Choroid plexi were excised 

and the brain was sectioned and homogenized. The perfusate containing the radiolabeled 

compounds was collected from each respective carotid cannula at the termination of the 

perfusion to serve as a reference. The iodinated peptides were then counted on a 

Beckman 5500 gamma counter. Identical methodology was used in the analysis of P-gp 

affinity for iodinated DPDPE and (2S,3S)-TMP with 1.6 cyclosporin-A, a known P-

gp inhibitor (Foxwell et al., 1989; Fontaine et al., 1996), added to the mammalian-Ringer 

to inhibit the P-gp efflux mechanism. 
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Figure 2.3 A schematic diagram of the in situ brain perfusion circuit. The brain is 
perfused via both common carotid arteries with oxygenated mammalian Ringer (Gas = 
95% 02 and 5% C02). Radiolabelled compounds can be introduced via a slow drive 
syringe. Both jugular veins are sectioned to allow outflow of perfusate 
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Capillary Depletion 

Measurement of the vascular component to total brain uptake was performed 

using capillary depletion (Triguero et al., 1990; Zlokovic et al.^ 1992). After a 20 min. in 

situ perfusion, the brain was removed and the choroid plexi were excised. The brain 

tissue (500 mg) was homogenized (Poiytron homogenizer, Brinkman Instruments, 

Westbury NY) in 1.5 ml of capillary depletion buffer [10 mM, 4-(2-hydroxyethyl)-

piperaxineethanesulfonic acid; 141 mM, NaCl; 4 mM, KCl; 2.8 mM CaCla; 1 mM 

MgS04; 1 mM NaH2P04; 10 mM, D-glucose; pH 7.4] kept on ice. Two milliliters of ice-

cold 26% Dextran (MW 60,000) were then added and homogenization was repeated. 

Aliquots of homogenate were centrifuged at 5,400 x g for 15 min. in a microfuge 

(Beckman Instruments, Fullerton CA). The capillary-depleted supernatant was separated 

from the vascular pellet. All of the homogenization procedures were performed within 

two minutes of sacrificing the animal. The homogenate, supernatant, and pellet were 

taken for radioactive counting (Beckman 5500 gamma counter). 

Expression of In Situ and Capillary Depletion Data 

The amount of iodinated DPDPE and TMP analogues in the whole brain, CSF, 

homogenate, supernatant, and pellet was expressed as the percentage ratio of tissue 

(Cxissue disintegrations per gram"' of disintegrations per milliliter"') to plasma activities 

(Cpiasma disintegrations per milliliter"') and expressed as RTissue%-

R-Tissue (Cxissue ! Cpiasma) X 100 
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The percent inhibition of uptake by an inhibitor can be expressed by the following 

equation (Williams et al., 1996); 

/̂o Inhibition Î Ĉ Tissue I^Inhibtion) ^ ^Tissue! ^ 1 

where Rinhibition is the Rtissue uptake in the presence of an inhibitor in the plasma perfusate. 

The unidirectional transfer constant. Kin (M-l'min^'-g"'), was determined by single 

time point calculation at 20 min. (Zlokovic et al., 1986). 

JCjn [Cfissue I Cpiasma] ^ time (min) 

Integrity of Labeled Compounds 

Venous outflow samples were collected from the jugular veins of in situ perfused 

rats. Aliquots of 200 |j,l were mixed with ice-cold 5% TFA and left on ice for 5 min., 

followed by a 5 min. centrifligation at 8,000 x g. The supernatant was extracted, 

lyophilized and resuspended in 5% acetonitrile in 0.1 mM acetic acid, prior to HPLC 

analysis. The analysis was carried out by RP- HPLC (Perkin-Elmer 250) with a Vydac 

column (940415-21-1 #66). The samples were eluted at 37°C using a curvilinear 

gradient of 0.1% TFA in acetonitrile (10-50%) versus 0.1% aqueous TFA over 30 min. at 

1.5 ml-min"'. Data is represented as area under the HPLC peak. 



Extraction of Radiolabeled Peptides 

Brain extractions were performed using a modified method of Erchegyi et al. 

(1991). Briefly, rats were perfused via in situ perfusion for 20 minutes with radiolabeled 

peptide. At the end of the perfusion period, the animal was decapitated and the brain was 

removed and immediately placed in 7.5 ml of ice-cold 10% TFA. Each sample was 

homogenized (Polytron homogenizer) and centrifliged at 20,000 x g for 20 min. The 

supematants were collected and an equal volume of ether was added. The ether phase 

was discarded and the samples were lyophilized to dryness. The samples were diluted to 

500 }al with 10% acetonitrile in 0.1 M acetic acid and analyzed via HPLC (as above), 

with data represented as area under the HPLC peak. 

Analgesia Analysis 

A radiant-heat tail flick analgesia meter, model-33 (IITC Scientific Products, 

Woodland Hills, CA) was utilized to assess pain sensitivity following the administration 

of the test compounds. The analgesia meter was set to produce a baseline latency of 2-3 

sec. with a cutoff time of 15 sec. Male ICR mice (20-25g) (Harlan Sprague-Dawley, Inc., 

Indianapolis, IN) were administered a single i.v. dose of the test compound (6.2 nM) 

dissolved in sterile saline and injected into the tail vein, with assessment at the 10, 30, 45, 

60, and 120 min. time points. The mice (n=5) were placed into plastic restraint holders 

and their tails were properly placed under the radiant heat beam. The beam was turned 

on and then automatically shut off upon flicking of the tail. Analysis was stopped at any 
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given time point in which the maximal possible analgesic effect fell within 5% of the 

baseline. DPDPE was used to establish the proper dosage level and served as the control. 

Nociceptive sensitivity was determined by converting the recorded analgesic tail-

flick times to a percent maximal possible effect (% M.P.E.); 

% M.P.E. = (recorded flick time — baseline) / (maximum time (15s) - baseline) 

Data Analysis 

For all experiments, the data are presented as mean ± S.E.M. values. The slopes 

(Kceii) of curves were determined by least squares linear regression analysis, with slopes 

compared by ANOVA. All other analyses used ANOVA comparison, followed by 

Newman-Keuls statistical analysis when applicable. Student's t-test was used for the 

comparison of two means. Analysis was performed using PCS'^ software (Tallarida & 

Murray, 1987). 



96 

Results 

Compel ition'Binding AjfinityAnalysis 

DPDPE shows the highest selectivity for the 5-opioid receptor with a |a/5 ratio 

(IC50) of 181.6. Addition of the methyl groups reduces 5-binding, with respective \xlh 

ratios; (2S,3S)-TMP = 0.1; (2R,3R)-TMP = 9.5; (2R,3S)-TMP = 10.8; (2S,3R)-TMP = 

2.2. (2S,3S)-TMP exhibits a 6-fold better binding at the fa-opioid receptor, than DPDPE. 

The other forms, (2R,3R)-TMP, (2R,3S)-TMP and (2S,3R)-TMP, exhibited significantly 

reduced selectivity for both the 5 and |a receptors, respective to both DPDPE and (2S,3S)-

TMP. 

Octanol / Bi^er Distribution 

All TMP-DPDPE diastereoisomers partitioned into the octanol phase (i.e. 

hydrophobic) to a greater extent than the parent (Fisure-2.4'). The addition of the methyl 

groups onto the Phe"^ residue increased the percentage of (2S,3S)-TMP into the octanol 

phase approximately 8-fold (p < 0.01) over that of the parent DPDPE, and approximately 

3-fold over the other conformations. The remaining three TMP forms, (2R,3R)-TMP, 

(2R,3S)-TMP and (2S,3R)-TMP, have an approximately 3-fold greater octanol 

association compared to the parent. 



97 

0.3 

I - 0.25 
m 1  0-2 

I 5 O "" 
§ 0.05 

0 

* * •  

DPDPE (2S,3S)- (2R,3R)- (2R,3S)- (2S,3R)-
TMP TMP TMP TMP 

Figure 2.4 Octanol/Buffer distribution (D) expressed as a ratio of peptide in aqueous and 
organic phases, representing the lipophilicity of each peptide analogue. Each bar 
represents the mean ± S.E.M. (n=3). Statistical significance of D compared to the parent 
compound is denoted by **p <0.01; *p < 0.05. ^p < 0.01 signifies D as related to all 
other analogues in relation to one another, via ANOVA followed by Newman-Keuls 
post-hoc analysis. 

Protein Binding 

lodinated DPDPE and the four iodinated TMP diastereoisomers were found to 

bind protein in rat serum to a greater degree than to the BSA in mammalian-Ringer 

perfusion medium, with an average of 45% increased binding for each respective 

compound in the serum (Table-2.2). Statistical significance (p < 0.01) was observed with 

reduced protein binding capacity of the (2R,3S)-TMP and (2S,3R)-TMP form in 

reference to the parent DPDPE and the other two diastereoisomers. Statistical 

significance (p <0.01) was shown for (2R,3S)-TMP and (2S,3R)-TMP, as well as 
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(2R,3R)-TMP (p < 0.05) compared to DPPPE, in rat serum. No protein was found in the 

ultrafiltrate using the Lowry protein assay. 

Binding to 
BSA-Ringer 

Binding to 
Plasma 

DPDPE 46.7 i 2.8 83.7 ±4.0 

(2S,3S)-TMP 44.2 i 2.1 75.2 ± 3.4 

(2R,3R)-TMP 50.0 i 4.5 *75.4 ± 0.5 

(2R,3S)-TMP **33.3 ri: 1.6 **74.3 ± 1.0 

(2S,3R)-TMP **35.8 1.8 **71.0 ± 1.6 

Table 2.2 Protein binding data presented as a percentage of binding to either rat plasma 
or mammalian BSA-Ringer. Data are me^n ± S.E.M. **p < 0.01 and *p < 0.05 by 
ANOVA, as referenced to DPDPE; differences between respective compounds 
determined via Newman-Keuls post-hoc analysis. 



99 

BBMEC Uptake 

The in vitro uptake analysis of iodinated DPDPE and the TMP diastereoisomers 

(Table-2.3') showed a 2-fold increase in the unidirectional rate constant, Kccu (jj.l-min' 

'•mg"'), for the (2S,3S)-TMP form over that of the parent. The other three TMP 

diastereoisomers exhibited a reduced Kceii compared to DPDPE. 

K<^n Kin Brain n Kin CSF n 
(jj.l-min''-mg'') (|j,l-min"'-g'') (fal-min''-g'') 

(n=5) 

DPDPE 0.18 ±0.02 1.06 ±0.05 10 1.97 ±0.10 4 

(2S,3S)- 0.40 ±0.10 1.72 ±0.09 10 2.56 ±0.13 4 
TMP 

(2R,3R)- 0.004 ±0.060 0.72 ± 0.04 5 2.19 ±0.11 4 
TMP 

(2R,3S)- 0.07 ±0.02 1.11 ±0.06 5 3.29 ±0.16 4 
TMP 

(2S,3R)- 0.16 ±0.10 0.93 ±0.05 5 3.46 ±0.17 3 
TMP 

Table 2.3 Calculated unidirectional transfer constants (K) for DPDPE and TMP 
analogues, with single 20 minute time point analysis for the in situ (Kin) calculations and 
multiple time point analysis for in vitro (Kceii) calculations (determined as the slope of the 
computed regression line). Data are mean ± S.E.M. 
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In situ Brain Perfusion 

The effects of trimethylating the phenylafanine group of DPDPE were assessed in 

situ (Table-2.4) to determine the basal permeability across an intact BBB of each 

respective compound as a percent ratio of brain uptake (Rer %)- The (2S,3S)-TMP 

configuration exhibited a significant increase in uptake, 1.6-fold (p<O.Ol), as compared 

to the parent. Additionally, the (2R,3R)-TMP configuration exhibited a 1.5-fold 

reduction compared to the parent form (p < 0.05). In addition, the (2R,3S)-TMP and 

(2S,3R)-TMP showed a 3-fold increase in lijDophilicity over the parent; however, no 

significant change was noted in the ratio of brain uptake when compared to DPDPE. The 

addition of ICQ |JM unlabeled DPDPE against the iodinated (2S,3S)-TMP revealed a 

saturable component, which is shared by the parent compound (Thomas et al., 1997). 

Fisure 2.5 illustrates Rer % of DPDPE, and (2S,3S)-TMP which exhibited the greatest 

degree of uptake among the trimethyiated forms, in the absence and presence of 

cyclosporin-A. The addition of cyclosporin-A, which competes for the P-glycopiotein 

efflux mechanism, significantly (p < O.Ol) increased the uptake of each TMP compound. 
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% RBR n % CSF n 

DPDPE 2.11 ±0.08 10 3.94 ± 1.06 4 

(2S,3S)-TMP **3.44 ± 0.23 10 5.11 ± 1.83 4 

(2R,3R)-TMP *1.44 ±0.11 5 4.39 ± 0.52 4 

(2R,3S)-TMP 2.22 ±0.17 5 6.58 ±2.40 4 

(2S,3R)-TMP 1.86 ±0.18 5 6.92 ± 2.49 3 

(2S,3S)-TMP 
with 100 ;JM 

unlabeled 
DPDPE 

^1.93 ±0.11 5 1.67 ±0.21 3 

Table-2.4 Brain and CSF entry of DPDPE and TMP analogues, post 20 minute in situ 
perfusion with BSA containing mammalian ringer, presented as of uptake a ratio. Data 
are mean ± S.E.M. *p < 0.05 and **p < 0.01 by ANO VA, as referenced to DPDPE; 
differences between respective compounds determined via Newman-Keuls post-hoc 
analysis, ^p < 0.01 by Studenfs t-test, as referenced to (2S,3S) TMP. 
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Figure 2.5 Uptake expressed as a percentage ratio of tissue to perfusate radioactivities 
(Rtissue, in milliliters per gram). Perfusion time was 20 minutes and values are the 
mean ± S.E.M. for ten animals for DPDPE and (2S,3S)-TMP and five animals with both 
compounds in the presence of 1.6 cyclosporin-A (P-gp substrate). **p < 0.01 by 
Student's t-test, as referenced to each respective compound, followed by Newman-Keuls 
post-hoc analysis. 
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Capillary Depletion 

Capillary depletion analysis (Table-2.5) reveaied that 39% of the iodinated 

DPDPE is associated with the vascular component (i.e. pellet) after a 20 nain. in situ brain 

perfusion. (2S,3S)-TMP had a 16% association with the capillaries. Additionally, the 

portion associated with actual entry into the brain parenchyma (i.e. supernatant) was not 

statistically different from the homogenate. Analysis of the (2R,3R)-TMP configuration 

revealed an association with the brain vasculature, with no statistical difference shown 

between the pellet and the homogenate. The (2R,3S)-TMP and (2S,3R)-TMP 

conformations exhibited a 19% and 21%, respectively, association with the vasculature, 

with no significant difference between the pellet and homogenate. The addition of 

cycIosporin-A exhibited significance (p < 0.01), with a 15% association with the 

vasculature for DPDPE and 24% association with the vasculature for (2S,3S)-TMP. No 

statistical difference was observed between the supernatant and homogenate, for DPDPE 

and (2S,3S)-TMP, with the coadministration of cyclosporin-A. 

Integrity of Labeled Compounds in Venous outflow and Brain Extraction 

The percent degradation of each of the iodinated compounds in the brain 

perfusion procedure was calculated as % AUC from the HPLC analysis {Table 2.6), 

following a 20 min in situ brain perfusion. Appendix A shows HPLC figures ifisures 

4.1 A throush 4.1 OA) for each venous outflow and brain extraction. Blanks (saline) were 

run prior to each sample. Unlabeled compound (respective to each iodinated form) was 

run on UV spectra (214 rnn) as additional control. The parent compound showed a 8% 
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degradation as related to the metabolism within the vascular network, with comparable 

degradation seen in (2S,3S)-TMP, (2R,3S)-TMP, and (2S,3R)-TMP. Whereas, the 

(2R,3R)-TMP configuration exhibited an approximate 3-fold greater degree of 

degradation in outflow metabolism. The brain extraction revealed that (2S,3S)-TMP 

% PELLET % SUPERNATANT % HOMOGENATE 

(Capillaries) (Brain Parenchyma) (Total Brain) 

DPDPE 0.88 ±0.16 1.94 ±0.11 2.23 ± 0.06 

(2S,3S)-TMP 0.43 ±0.14 2.46 ± 0.99 2.65 ± 0.264 

(2R,3R)-TMP L23±0.22 *1.23 ±0.23 •L48±0.3I 

(2R,3S)-TMP 0.37 ±0.15 2.42 ± 0.66 1.99 ±0.19 

(2S,3R)-TIvlP 0.39 ±0.16 1.64 ±0.22 1.84 ±0.25 

DPDPE 0.64 ±0.13 **^4.17 ±0.45 *•^4.35 ±0.36 
with L6 pM 

Cyclosporin-A 

(2S,3S)-TMP 1.16 ±0.27 **^3.66 ±0.38 *•$4 78 ± 0.25 
with L6 [oM 

Cyclosporin-A 

Table 2.5 Capillary depletion analysis (N= 4-5) of DPDPE and TMP analogues, post 20 
min in situ perfusion, presented as a percent ratio of uptake. Data are mean ± S.E.M. *p 
<0.05 and **p < O.OI by ANOVA and Newman-BCeuls post-hoc analysis as referenced to 
DPDPE. ^p < 0.01 by Student's t-test, as referenced to (2S,3S) TMP. DPDPE and 
(2S,3S)-TMP analyzed with respect to 1.6 jjM cyclosporin-A in examination of P-
glycoprotein affinity. 
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had the lowest degree of degradation, with similar results seen for (2S,3R)-TMP. The 

parent compound exhibited a 2-foid greater degree of degradation as compared to 

(2S,3S)-TMP, in regards to the brain extract. Only the parent and (2R,3S)-TMP 

compound differed to any considerable degree as to the degradation, in the venous or 

brain sampling. 

Venous outflow Brain Extraction 
(% A.U.C.) (% A.U.C.) 

DPDPE 92.1 78.9 

(2S,3S)-TMP 86.5 89.5 

(2R,3R)-TMP 69.0 71.8 

(2R,3S)-TMP 88.5 78.8 

(2S,3R)-TMP 92.0 86.8 

Table 2.6 Percentage of Intact compound determined for DPDPE and TMP analogues as 
area under the HPLC curve (Appendix A). Venous outflow and brain extractions were 
collected from in situ perfused rats, at 20 min. 
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Analgesia 

The i.v. administered doses of each compound showed a time (mm) vs. response 

(% M.P.E.) relationship (Fisure 2.6.7\ The (2S,3S)-TMP conformation exhibited a mild 

increase in analgesic effect over the parent. The other conformations, (2R,3R)-TMP, 

(2R,3S)-TMP, and (2S,3R)-TMP, exhibited greatly reduced analgesic effects. The 

A.U.C. {Fisure 2.6.2) revealed that the analgesic effect is significantly reduced for 

(2R,3R)-TMP, (2R,3S)-TMP, and (2S,3R)-'rMP when compared to both DPDPE and 

(2S,3S)-TMP(p<0.01). 

100 

90 

80 

70 
LjJ 
CL 60 

50 

40 

30 

20 

10 

0 

-DPDPE 
-TMP(2R,3R) DPDPE 

30 60 

Time (min) 

"nwp (2S, 3S) DPDPE 
— TMP(2R. 3S) DPDPE 

90 120 

•TMP(2S.3R) DPDPE 

Figure 2.6.1 Data are presented as % maximal possible effect (% M.P.E.) ± S.E.M. at 
time points of; 30, 45,60, 90, and 120 min, using a radiant-heat tail flick analgesia meter. 
ICR mice (20-25g) were administered an i.v. dose of 6.2 nM, 5 animals per time point. 
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Figure 2.6.2 Analgesia data of DPDPE and TMP analogues represented as area under 
the curve (A.U.C.), in regard percent maximal possible effect (% M.P.E.) obtained over 
time course analysis. **p <0.01 by ANOVA, followed by Newman-Keuls post-hoc 
analysis. 
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Discussion 

The study of conformational constraints in biologically active peptides has been 

proposed as a means to help design pharmacotherapeutics with specific surface 

characteristics. This approach has been used to increase selectivity and specificity 

towards receptors, enzymes and other biological systems where molecular recognition is 

important to the biological activity and response mechanisms (Hruby, 1982; Kazmierski 

et al., 1988; Hruby et al., 1991a). 

The first paradigm examined in our study was the ligand binding affinities of the 

trimethylated diastereoisomers to the 5 and [J. opioid receptors. The trimethylation of the 

Phe"^ group on DPDPE has a notable effect on the binding affinities and selectivity as 

shown by competition analyses. While constraining the side-chain of Tyr' in DPDPE has 

been shown to elicit potent and selective 5-opioid receptor affinity (Qian e/ al., 1996a; 

1996b), the same can not be said for constrainment of the Phe"^ of DPDPE. Previous 

conformational and dynamic examination of DPDPE (Hruby et al., 1988; Nikiforovich et 

al., 1991) indicates that Tyr' and Phe"^ aromatic side chain groups lie in close proximity 

on the same structural surface, suggesting the topographical relationships between these 

two aromatic rings are important for receptor recognition and transduction. The 

introduction of a trimethylated tyrosine [(2S,3R)-(3-methyl-2',6'-dimethyltyrosine^; 

TMT] (Qian et al., 1996a) and a dimethylated tyrosine [2,6-dimethyItyrosyl'; DMT] 

(Hansen et al., 1992) to the DPDPE structure has shown enhancement of ligand binding 

selectivity and increased potency. The [(2S,3S)-P-MePhe'^]-DPDPE form (mono-P-
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methylated) (Hruby et al., 1991a) exhibited a 15-fold increase in selectivity (fi/5) as 

compared to DPDPE, in sharp contrast to the trimethylated form. Therefore, the addition 

of the aromatic methyl groups onto the phenylalanine plays a significant role in reducing 

6-receptor selectivity, whereas trimethylation of the tyrosine group of DPDPE enhances 

selectivity, implying that the phenylalanine is less malleable to manipulation compared to 

the tyrosine. The trimethylphenylalanine side-chain conformation may simply be 

excessively bulky (i.e. increased steric hinderance) thus reducing binding efficiency to 

the respective receptor "inter-lock" (Hruby et al., 1991b) conformation. This indicates 

that the Phe"^ of DPDPE plays a more significant role in the receptor-binding motif than 

Tyr'. 

An interesting aspect of the trimethylation of DPDPE is the relative differences in 

lipophilicity of the diastereoisomers in respect to the parent form, as well as to each 

other. For drugs, which lack specific transporters for uptake into a cell, transport is 

mediated by passive diffusion of the compound through apical membrane, cytoplasmic 

milieu, and across the basolateral membrane in an energy independent process, based in 

part on the lipophilicity of the compound. Attempts have been made to extend 

lipophilicity considerations to predicting the permeability of peptides across cellular 

membranes (Banks and Kastin, 1985; Gentry et al., 1999) with variable success. 

Methylation has been shown to increase permeability of peptides across endothelial cell 

monolayers, through the removal of a hydrogen bonding donor group firom the peptide 

and effectively reducing the transfer energy from water into the cell membrane (Burton et 

al., 1996); however, methylation in and of itself has shown minimal effects on 
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lipophilicity (Conradi et al., 1992). Therefore, the variation in lipophilicity observed 

between the parent form and the TMP diastereoisomers was contrary to expectation. The 

reason for the variation in an already constrained peptide, specifically to that seen with 

the (2S,3S)-TMP conformation vs. the other forms is not cleariy discemable, although ft 

may be a consequence of alterations in how the phenol group of the Phe interacts with the 

peptide backbone. 

Potential CNS targeted prodrugs are often designed with major consideration 

given to end ligand binding affinity. A complication with this focus is that therapeutic 

compounds can be degraded by blood, intercytoplasmic and tissue derived enzymes. This 

is often an important factor for peptides, when they can be proteolytically cleaved into 

non-ftmctional fragments. The ideal CNS targeted prodrug should have a relatively long 

half-life in the plasma, tissue and cytoplasmic milieu. The metabolism of the peptides 

within the in situ venous outflow was -10% for all the compounds, except for the 

(2R,3R)-TMP conformation, which had a 3-fold higher degradation. This may be due to 

the enzymes which are in greater concentration in the blood/vasculature (i.e. leucine 

aminopeptidase) (Patel et al., 1993). The brain extract, which contains various enzymes 

including high concentrations of aminopeptidase M (Hui et al., 1983), shows different 

results in regards to DPDPE as well as the (2R,3S)-TMP conformation. DPDPE and 

(2R,3S)-TMP both exhibited 2-fold increases in % degradation over that seen in their 

respective venous outflow data. In both the venous outflow and brain extraction data, the 

(2S,3S)-TMP configuration seems to provide a greater degree of protection against 

various enzymatic processes. 
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It is also important to assess protein binding of peptides, since it is known that 

protein binding can play a major role in determining CNS uptake (Banks et al., 1990). 

There was no significant difference between (2S,3S)-TMP and the parent, in terms of 

protein binding in ringer or plasma, while (2R,3R)-TMP showed a significant increase in 

plasma as compared to DPDPE. The (2R,3S)-TMP and (2S,3R)-TMP conformations 

exhibited significance in both Ringer and plasma, respective to DPDPE. Therefore, in 

the case of binding affinities, the (2R,3S)-TMP and(2S,3R)-TMP conformations should 

have the greatest likelihood of gaining access to the brain. However, the variations are 

only 5-10%, and may not be of any practical significance. 

The in situ brain perfiision data of the TMP diastereoisomers revealed a 

significant difference between the uptake of DPDPE and (2S,3S)-TMP, and (2R,3R)-

TMP. This increased uptake of (2S,3S)-TMP could be due to a number of factors, such as 

enhanced stability, lipophilicity and reduced P-gp efflux. Whereas, the (2R,3R)-TMP 

conformation, exhibiting a decrease in Rer % compared to DPDPE, showed a decrease in 

stability (venous outflow & brain extraction data), as well as a lower degree of 

lipophilicity compared to (2S,3S)-TMP. The CSF sampling, although not statistically 

significant, followed a similar trend respective to DPDPE, (2S,3S)-TMP, and (2R,3R)-

TMP. The next step was to determine if the addition of methyl groups would change the 

saturability characteristics of DPDPE. DPDPE has been shown to have both a diffusional 

and saturable component (Thomas et al., 1996). To determine whether or not any part of 

the brain or CSF uptake of (2S,3S)-TMP maintained the saturable component seen 

previously, the effect of excess unlabeled DPDPE was examined. Excess DPDPE did 
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induce the in situ uptake inhibition of (2S,3S)-TMP by 44%, revealing the saturable 

component was still intact. The Thomas et al. (1996) study revealed only a 26% 

inhibition of [^H]DPDPE using the same concentration of unlabeled compound, revealing 

that the enhanced uptake of (2S,3S)-TMP is produced in part by the saturable component, 

rather than solely by the compound's enhanced lipophilicity. The CSF has been referred 

to as the sink to the brain (Davson et al., 1961), since the rate of bulk flow of the CSF out 

of the ventricles is considered faster than the diffusion kinetics from fluid to brain 

(Collins and Dedrick, 1983). CSF data reveals a similar trend to that seen with the RBr%, 

suggesting that entry into the CSF may also be saturable. 

Another factor of importance in relation to conformational adaptations and 

lipophilicity is the enhanced affinity for the active transport P-glycoprotein (P-gp) efflux 

system present throughout the capillary endothelium of the BBB (Lum et al., 1995). 

Although most studies of P-gp have focused on chemotherapeutic substrates, many 

studies have demonstrated that opioids such as morphine (Letrent et al., 1997) and 

loperamide (Schinkel  e t  a l . ,  1996)  in teract  wi th  P-gp.  Recent ly  Chen e t  a l .  (1998,  1999)  

demonstrated DPDPE as a substrate for P-gp. Here we examined DPDPE and (2S,3S)-

TMP using in  s i tu  brain  per fus ion analys is ,  to  examine the  potent ia l  e f fec t  o f  

stereospecific compounds on P-gp. Although the (2S,3S)-TMP conformation exhibited 

enhanced lipophilicity, its percent enhanced uptake is lower in the presence of 

Cyclosporin-A respective to the enhanced uptake of DPDPE in the presence of 

Cyclosporin-A, which is in opposition of what one might theoretically predict. It would 

appear that the (2S,3S)-TMP conformation has an intrinsic decreased affinity for P-gp, in 
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spite of its lipophilicity. Therefore, this type of conformational manipulation may have a 

highly beneficial effect for use with CNS-active chemotherapeutics known to be effluxed 

from the capillary endothelium by P-gp. Reports of P-gp in glial cells (Dietzmann et al., 

1994) and astrocyte foot processes (Golden et ai., 1999) may also be affected by such 

modifications. 

The capillary depletion data revealed a ~2-fold lower association with the 

capillary component for (2S,3S)-TMP as compared to the parent compound. Therefore, 

the (2S,3S)-TMP conformation, although having a decreased affinity for P-gp over 

DPDPE, has a lower association with the capillary endothelium, implying that a greater 

percentage of the (2S,3S)-TMP in situ Rsr actually becomes accessible to the target 

receptors. Whereas the (2R,3R)-TMP form exhibits an almost complete association with 

the capillary component, vastly decreasing its ability to interact with the appropriate 

receptor. 

The unidirectional transfer constants calculated fi-om the in situ (Kin; |^l*min ^-g"^) 

analysis of each TMP diastereoisomer shows an excellent correlate to that resulting from 

the in vitro (Kceii; jil-min'^-mg"^) BBMEC uptake analysis. The in situ values exhibit 

smaller increases in permeability as compared to that of the Kceii values of the in vitro 

model. The rank order of permeability is preserved across both models, providing 

validation of the respective models. To understand the differences between the models 

one needs to realize that Kceu is solely representative of luminal membrane permeability, 

with a greater degree of error as to extracellular surface binding, by volume, as compared 

to in situ. The in vitro model provides a quick and relatively accurate examination of 
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peptide permeability at the cellular membrane without the physiological biodynamics 

obtainable by use of the in situ perfusion technique. 

The (2S,3S)-TMP exhibited analgesia comparable to DPDPE, yet showed 

significantly enhanced lipophilicity, lower degree of degradation, equal protein binding 

affinity, increased endothelial (i.e. BBB) cell permeability, and a potentially decreased 

affinity for P-gp. Thus, (2S,3S)-TMP's low affinity for the receptor may be significant 

enough to impede enhancement of analgesia. Additionally, the analgesic effect observed 

by the TMP compounds is most likely ^-receptor derived, negating the reduction in /a-

receptor derived side-effects. 

In this study, we investigated the BBB permeability using iodinated peptides. The 

iodination of the tyrosine residue of each respective compound will have effects upon 

both permeability and lipophilicity. Only the analyses of in vitro permeability, in situ 

permeability, and protein binding used the iodinated peptide form. The iodination of 

Tyr^ of opioid peptides has been shown to reduce the in situ Kin value, in spite of any 

enhancement of the distribution coefficient (i.e. lipophilicity). This effect may be due to 

the large van der Waals volume of iodine (Bondi, 1964) distorting the conformation of 

tyrosine's aromatic ring as well as the addition of a bulky radioactive group (Iodine M. W. 

= 125) onto a relatively small peptide (DPDPE M.W. = 646). Therefore the observed Kin 

and Kceu values may underestimate the actual uptake of the peptides. 

Biological organisms have developed stereospecific receptors, protein-binding 

regions, and enzymes throughout their evolution to keep the biochemical milieu of the 

system tightly regulated. It is logical that all aspects of drug disposition (i.e. absorption. 
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distribution, metabolism, & excretion) are potentially stereospecific (Brocks & 

Fakhreddin, 1995). Biological activity of peptides is often dependent upon their 

"functional code" (Hruby et al., 1991b) representative of a three-dimensional 

configuration. Due to the flexibility of endogenous peptide hormones, multiple 

conformational states can exist with potentially differing biological significance (i.e. 

stereoselectivity). The basis of how many pharmacologically active drugs function lie in 

their ability to interact v-ith specific receptor molecules, which are chiral 

macromolecules. The resulting conclusion is that the optimum conformation of 

stereoselectively designed compounds will change in reference to the conformation, 

placement and amino acid onto which the manipulation is added. With this 

understanding, it is essential to explore the use of stereoselective manipulation to 

optimize drug efficacy. In this study, we have shown that alteration in one methyl group 

alignment can induce significant change in: enzymatic stability, receptor specificity, 

agonist/antagonist specificity, biological activity, and BBB permeability. 
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Chapter 3. Poly(ethylene glycol) Conjugation to Met-Enkephalin Analogue DPDPE 

alters bioavailability, pharmacodynamic and pharmacokinetic profile. 

Introduction 

PoIy(ethy{ene glycol) (PEG), also known as poIy(ethyIene oxide) (PEO), is a 

nontoxic, nonimmunogenic, biocompatable and water-soluble polymer used in 

biotechnology, biomaterials, and pharmaceutics. PEGs consist of repeating ethoxy 

subunits with terminal hydroxy! groups that can be chemically activated, and may be 

attached to a compound at single or multiple sites. PEG derivatives, involveing 

covalently attached polyethylene glycol to proteins and peptides ("PEGylation"), have 

been used to enhance drug stability and circulation, while reducing immunogenicity, 

proteolysis, and clearance (Delgado e/ al.., 1992; Reddy, 2000). Low molecular weight 

(MW) drugs (< 20kDa) have been attached to PEG to enhance solubility, alter 

biodistribution, while reducing toxicity and plasma protein binding (Greenwald et ai, 

2000). The enormous potential of PEGylated proteins as therapeutics was initially 

assessed in the 1970s, and has since evolved over the past two decades (Harris and 

Zalipsky, 1997). 

Three PEGylated proteins, bovine adenosine deaminase (Adagen®) for the 

treatment of ADA deficiency, E.coli L-asparaginase (Oncaspar®) for the treatment of 

acute lymphoblastic leukemia, and interferon alpha (PEG-Intron®) for the treatment of 

hepatitis C have been approved by the FDA, with several other PEG-proteins in clinical 
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trials by a number of companies. However, no PEG conjugate to a low MW compound 

has yet been approved by the FDA for therapeutic use. 

Peptides bound to PEG often serve as linkers to larger compounds, ideally 

allowing release of the compound to a target locations, based on pH or enzymatic 

breakdovm of the peptide link. However, peptides serving as the biologically active 

agent ,  bound to  PEG,  have not  been fui ly  evaluated.  Pept ide  based therapeut ics  suf fer  

from a number of drawbacks, priticipally a lack of enzymatic stability and rapid 

elimination, both of which could benefit from PEG technology. The use of PEG 

modified opioid peptides has been shown to significantly enhance analgesia (i.e.v.), 

however results varied dependent upon the peptide to which the PEG moiety was 

attached (Maeda er al., 1994). In this study our research group has assessed the 

pharmacokinetic and pharmacodynamic characteristics of the linear methoxy-PEG 

(2kDa) conjugate of met-enkephalin analogue DPDPE (Fisvre 3.1). The use of DPDPE 

provides a number of advantages for the examination of PEGylation. Transport of 

DPDPE into the CNS has been investigated previously by our laboratory using in vitro, in 

situ, and in vivo techniques. DPDPE is a low molecular weight peptide (646 Da), which 

is conformationally constrained via cyclic disulfide bonds providing enhanced stability 

(ty, > 500 min in blood) (Weber et al., 1991). This innate stability allows for a more 

accurate assessment of the PEG conjugation without added complication of peptide 

degradation. DPDPE does in effect eliminate one of the primary benefits of PEGylation 

(i.e. stability), however the degree of stability allows for more accurate quantification. 

Analgesia, via 5-opioid receptors, is understood to be a centrally-mediated event. Only 
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those 6-seIective opioids that can cross the blood-brain barrier (BBB) intact will achieve 

biological effect (Frederickson et al.^ 1981; Shook et al., 1987). This characteristic 

provides the ability to assess how PEG modification affects BBB transport. DPDPE has 

also been shown to be a substrate for the P-giycoprotein (P-gp) efflux mechanism at the 

BBB (Chen and Pollack, 1999; Witt et al., 2000), allowing an opportunity to assess 

PEG'S effect on P-gp efflux. Lastly DPDPE, and other opioids, is known to be rapidly 

and extensively excreted via the hepto-biliary route of elimination (Weber e( al., 1992; 

Chen and Pollack, 1997). The rapid clearance of DPDPE greatly contributes to limited 

uptake into the CNS, thus requiring relatively large peripheral doses to achieve analgesic 

effect. Therefore, DPDPE allows for the evaluation of the PEG moiety when attached to 

a drug with virtually no renal clearance and its subsequent ability to reduce elimination 

and promote the necessary analgesic response. 

Numerous alterations have been introduced into peptides, both to gain greater 

understanding of biological activity and to increase potency and bioavailability. 

Modification of drug molecules with PEG results in altered properties of the compound, 

such as steric interference, changed electrostatic binding properties, and conformational 

aheTBtions (Reddy, 2000). Thus, not all PEGylated proteins are alike, and each requires 

optimii^ation on an individual basis to derive the maximum clinical benefit. In this study 

we analyzed the contribution of PEGylating of DPDPE in a series of established 

techniques in an endeavor to develop strategies for future peptide drug development 

paradigms. 
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Figure 3.1 Structure of PEG conjugated DPDPE; Tyrosine (1), Penacillamine (2), 
Glycine (3), Phenylalanine (4) and Penacillamine (5). Disulfide bond between the 
Penacillamines to enhance stability. PoIy(ethyIene)-gIycoI (mPEG) attachment at the 
amino group of Tyrosine, CH2-(OCH2CH2)n-, (n = 45). Structure according to Liao et 
al. (1998). 
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Methods 

Radioisotopes/Chemicals 

f H]Deltorphin-II (41.0 Ci/mmol) and f HJDAMGO (50.0 Ci/mmol), and Na'^^1 

(107 mCi/ml) were purchased from Dupont NEN Research Products (Boston, MA). 

DPDPE was obtained firom Multiple Peptide Systems (San Diego, CA). mPEG-DPDPE 

was supplied by Shearwater Corp. (Runtsville, AL). All other chemicals, unless 

otherwise stated, were purchased from Sigma Corp. (St. Louis, MO.) 

lodination of Compounds 

DPDPE and PEG-DPDPE were monoiodinated on the tyrosine^ residue using a 

standard chloramine-T procedure (Boiton, 1986), as adapted in our laboratory by Schetz 

et al. (1995). Purification of iodinated peptides was carried out using a reverse-phase 

Perkin-Elmer 250 HPLC gradient system and a Vydac™ column (880115-9 #74). 

Samples were eluted at 31°C using a curvilinear gradient of 0.1% TFA in acetonitrile 

(10-35%) versus 0.1% aqueous TFA over 20 minutes at a flow-rate of 1.5 ml • min"'. 

Animals 

Adult female Sprague-Dawley rats weighing 250-300 g were used for in situ brain 

perfusion analysis; male adult ICR mice weighing 25-30 g were used for all other 

analyses unless otherwise noted. Rats and mice were housed separately under standard 

12 hr light/12 hi dark conditions and received food and water ad libitum, unless 
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Otherwise noted. Ail protocols were approved through the Institutional Animal Care and 

Use Committee at the UmVersity of Arizona. 

Intracerebroventricular Injections 

Intracerebroventricular (i.e.v.) were performed in the manner described by 

Porreca et al. (1984). Mice were lightly anesthetized with ether. A longitudinal incision 

was then made in the scalp and the bregma suture identified. A 25-gauge needle, 

attached to a 25 p.1 syringe, was inserted 2 mm through the skull in a position 1 mm 

lateral to the midline and 2 mm caudal to bregma in order to reach the lateral ventricle. 

Injection depth was controlled by a plug on the needle. Drugs were injected in a volume 

of 5 jil. 

Analgesia Analysis 

Radiant-heat tail flick analgesia meter, model-33 (IITC Scientific Products, 

Woodland Hills, CA), was utilized to assess antinociceptive (i.e. analgesic) profile 

following admiiustration of DPDPE or PEG-DPDPE. PEG was also assessed without 

conjugated peptide. The analgesia meter was set to produce a baseline latency of 2-3 sec 

with a cutoff time of 15 sec. Male ICR mice (~25g) (n = 5, per time point) were 

administered a single dose. Intravenous (i.v.) dose (25 jj.mole/kg), via tail vein, of each 

respective test compound dissolved in sterile saline and injected into the tail vein, with 

assessment at 15, 30,45, 60, 90, 120, 150, 180, 210 and 240 min time points. I.c.v. dose 

(3.1 j^mole/kg) of each respective compound was assessed at 15, 30,45, 60, 90, 120, and 
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180 min. Analyses were stopped at any time point in which the maximal possible 

analgesic effect fell within 5% of the baseline. 

Nociceptive sensitivity was determined by converting the recorded analgesic tail-

flick times to a percent maximal possible effect (% M.P.E.): 

% M.P.E. = [(recorded flick time — baseline) / (maximum time (15s) - baseline)] x 100 

Competition Studies in Rat Brain 

Competition studies were performed ex situ according to previous studies (Hruby 

et al., 1997), using I.O nM [^H]DAMGO to label the ji-opioid receptor and 0.75 nM 

[^]Deltorphin U to label the 5-opioid receptor. Rat brains are removed and immediately 

homongenized in 50 mM Tris buffer. Analog concentrations with [^H]DAMGO and 

[^H]Deltorphin (nM) of: 10,000; 3,000; 1,000; 300; 100; 30; 10; 3; 1; 0.3. Specific 

binding displacement was defined using 10 JJM naltrexone. Incubations took place in a 

final volume of 1 ml, in a solution consisting of 50 mM Tris/MgCh (pH=7.4) with 1 

mg-ml"' bovine serum albumin (BSA), 50 ing-ml'' bacitracin, 30 jxM bestatin, 10 jxM 

captopril and 100 ^iM phenylmethylsulfonyl fluoride. Incubation conditions were 180 

min at 25°C. Final protein concentrations were determined by Lowry method (Lowry et 

al., 1951). ICso values were determined using non-linear least-squares regression. 
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Octanol/Bi{ffer Partition Coejficients 

Partition coefficients for [''^IJDPDPE and ['"^IjPEG-DPDPE were expressed as 

the ratio of compound found in the octanol phase to that found in the aqueous phase. 

Briefly, equal volumes of octanol and a 0.05 M HEPES buffer in 0.1 M NaCl (pH=7.4) 

were mixed and allowed to equilibrate for 12 hr. The layers were separated and stored at 

4°C. At testing, I i^Ci of respective peptide was placed in I ml of buffer and added to 

1ml of octanol (n = 4). The octanol^uffer solution was vigorously shaken (~2 min) and 

centrifijged at 1,000 rpm for 5 min (37 °C). The octanol and buffer phases were 

separated and analyzed via Beckman 5500 gamma counter. The octanol/buffer 

distribution coefficient was calculated as the ratio of octanol layer to aqueous buffer 

layer. All octanol/buffer distribution studies were performed in triplicate. 

Protein Binding 

The binding affinity of ['"^fJDPDPE and ['^^1]PEG-DPDPE to mouse plasma was 

determined by ultrafiltration, centrifugal dialysis (Abbruscato etal., 1996). Peptides 

were dissolved in 1 ml of plasma (37°C), and ultrafiltrated using a Centrifree™ 

micropartition device (Amicon, Beverly MA) (n = 4). Respective compounds were also 

dissolved in saline (0.9%) in an identical manner for determination of non-specific 

binding. Ultrafiltrate was obtained after the sample was centrifuged at 2000 x g for 10 

min (Sorval RC2-B, DuPont Co., Wilmington, DE). Total concentration (T) of iodinated 

peptide introduced into the system and the amount found in the ultrafiltrate (F) was 
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determined via counting on a Beckman 5500 gamma counter. The fraction of peptide 

unbound (fu) in plasma was calculated as; 

fu = 1- [(T-F) / T] 

Non-specific binding was calculated in an identical manner as plasma binding and 

subsequently subtracted from total binding, resulting in a specific plasma protein bound 

concentration. 

Time Course Distribution 

Mice were deprived of food 12 hr before the start of distribution studies. Mice (n 

= 4-5 per time point) were anesthetized with sodium pentobarbital (80 mg/kg) and 

administered [^"^T]DPDPE or [^~^I]PEG-DPDPE via the tail vein (-1.5 ^xCi per animal). 

After 15, 30, 45, 60, 90, 120, 180, and 240 min, the chest cavity was opened and a blood 

sample (-500 fj,l) was taken from the left ventricle of the heart. Blood samples were 

divided and analyzed as whole blood and plasma, heparin was used as the anticoagulant. 

The animal was perfused with 0.9% saline via the lefl ventricle, with the right ventricle 

cut for outflow; blanching of brain and clearing of all blood from systemic circulation 

was accomplished in this manner. 

Immediately following perfusion, the brain, gallbladder, liver, GI Tract, GI 

content (flushed with -1 ml of saline), spleen, kidneys, urine, and tail (to determine the 

degree of compound remaining at point of injection) were removed and concentration of 
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iodinated compound in each was counted on a Beckman 5500 gamma counter (Beckman 

Instruments, FuIIerton, CA). The entire procedure lasted 15 ± 3 min. 

Plasma half-life (t'^) in min'\ determined via a plot of concentration 

(DPM % • ml"') vs time (min). The elimination rate constatn K (min"') is determined by 

the slope of the plasma concentration vs. time curve. The area under the curve (AUC) in 

DPM%-min-mr', determined by the trapezoid rule, plotted on Excel™ and manually. 

The volume of distribution (Yd) in ml, is determined by the i.v. dose injected, divided by 

the AUC and slope. Clearance (CL) in ml-min*', determined by volume of distribution 

multiplied by 0.693 and divided by plasma half-life. Yolume of distribution and 

clearance adjusted to weight (kg), based on average weights of mice used during 

procedure. 

K(min"') = 0.693 
VA 

Yd (ml) i.v. dose (DPM %) 
(AUC) • (K) 

CL (ml-min"') = 0.693 • Yd 
ti4 
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Extraction of Radiolabeled Peptides 

Extractions of ['^^IJDPDPE or ['^^rjPEG-DPDPE from brain and plasma (at 30 

min), and feces and urine (at 120 min) were performed to determine the % intact (i.e. 

stabihty) of the respective compound in each region specified. Briefly, four mice were 

injected i.v. via the tail vein with iodinated drug for each respective assessment. At the 

appropriate time point, each respective sampling had 1-3 ml of 50 mM phosphate buffer 

(3 :1 NaiHPO^ to NaH2P04) with 5% Acetonitrile solution (kept on ice) added. Brain and 

fecal content samples were homogenized (Polytron™ homogenizer). All samples were 

centrifliged at 20,000 x g for 20 min. Supernatant was decanted and the pellet 

resuspended in phosphate/acetonitrile solution. Samples were again centrifliged and the 

two supematants combined and immediately analyzed by RP-HPLC. Controls for each 

compound included an aliquot of iodinated compound in phosphate/acetonitrile solution 

vigorously homogenized, centrifliged and run on RP-HPLC (Davis and CuIIing-

Berglund, 1985) and detected as dpm. Analysis was carried out by RP-HPLC (Perkin-

Elmer250) with a Vydac™ analytical column (940415-21-1 #66). Samples were eluted 

at 37°C using a curvilinear gradient of 0.1% TFA in acetonitrile (10-60%) versus 0.1% 

aqueous TFA over 30 min at 1.5 ml-min"'. Data is represented as area under the RP-

HPLC peak (Davis and Culling-Berglund, 1985). 

In Situ Brain Perfusion Analysis 

Adult Sprague-Dawley female rats (n = 5; 250-350 g) were anesthetized with a 1 

ml-kg"' i.m. injection of cocktail comprised of ketamine (3.1 mg-mf'), xylazine (78.3 
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mg-ml"'), and acepromazine (0.6 mg-ml"'), and then heparinized (10,000 U-kg"') via i.p. 

injection. Both common carotids were exposed and cannulated with silicone tubing 

connected to a perfusion circuit. The perfusate consisted of a protein containing 

mammalian Ringer's solution (Preston et al., 1995) [117 mM NaCl; 4.7 mM KCl; 0.8 

mM MgS04; 24.8 mM NaHC03; 1.2 niN4 KH2PO4; 2.5 mM CaCli; 10 mM D-glucose; 

3.9% dextran (MW 70,000); bovine serum albumin- type V, 10 g-L"']. The addition of 

Evans blue (0.055 g-L"') albumin to Ringers solution provided a control for BBB 

integrity. Perfusate was aerated with 95% O2 and 5% CO2, and warmed to 37°C. The 

right jugular vein was sectioned upon initiation of perfusion to allow drainage of 

perfusate. Once the desired perfusion pressure and flow-rate were achieved (85-95 

mmHg; at 3.1 ml-min"'), the contralateral carotid artery was cannulated and perfused in 

the same manner as described above and the left jugular vein was then sectioned. 

['"^IJDPDPE or ['"^I]PEG-DPDPE was infused using a slow-drive syringe pump (Model 

22; Harvard Apparatus, South Natick, MA), into the inflow of the perfusate. After a set 

perfusion time of 20 min, a cistema magna CSF sample (-50 |j.I) was taken with a glass 

cannula (n = 3). The animal was decapitated and the brain removed. Choroid plexi were 

excised and brain sectioned and homogenized. Perfusate containing the radiolabeled 

compounds was collected from each respective carotid cannula at termination of the 

perfusion to serve as a reference. lodinated peptides were counted on a Beckman 5500 

gamma counter. 
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Capillary Depletion 

Measurement of the vascular component to total brain uptake of ['^^I]DPDPE or 

['"^I]PEG-DPDPE was performed using capillary depletion (n = 3) (Triguero et ai, 1990; 

Zlokovic et al., 1992). After a 20 min in situ perfusion, the brain was removed and 

choroid plexi were excised. Brain tissue (500 mg) was homogenized (Polytron 

homogenizer, Brinkman Instruments, Westbury NY) in 1.5 ml of capillary depletion 

buffer [10 mM, 4-(2-hydroxyethyl)-pip)eraxineethanesulfonic acid; 141 mM, NaCl; 4 

mM, KCl; 2.8 mM CaCW, 1 mM MgS04; 1 mM NaH2P04; 10 mM, D-glucose; pH 7.4] 

kept on ice. Two milliliters of ice-cold 26% Dextran (MW 60,000) were added and 

homogenization repeated. Aliquots of homogenate were centrifuged at 5,400 x g for 15 

min (Beckman Instruments, Fullerton CA). Capillary-depleted supernatant was separated 

from the vascular pellet. All of the homogenization procedures were performed within 

two min of sacrificing the animal. The homogenate, supernatant, and pellet were taken 

for radioactive counting (Beckman 5500 gamma counter). 

Expression of In Situ and Capillary Depletion Data 

The amount of ['"^IjDPDPE or ['"^IJPEG-DPDPE in whole brain, CSF, 

homogenate, supernatant, and pellet was expressed as the percentage ratio of tissue 

(Cxissue disintegrations per minute per gram"') to Ringers activities (CpcrfUsate 

disintegrations per minute per milliliter"') and expressed as Rxissue^-

Rxissue % (Cxissue ! CRjnger) X 100 
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In Vitro Bovine Brain Microvascular Endothelial Cell (BBMEC) Uptake Analysis 

BBMECs were isolated from gray matter of cerebral cortices as previously 

detailed and characterized (Audus and Borchardt, 1986, 1987). BBMECs were grown to 

confluence on 24-well plates precoated with rat-tail collagen and fibronectin. At 

confluence, confirmed microscopically 10 to 12 days after seeding, growth media was 

removed and the cells were pre-incubated for 30 min in assay buffer [122 mM NaCl; 3 

mM KCl; 1.2 mM MgS04; 25 mM NaHCOs; 0.4 mM K2HPO4; 1.4 mM CaCK; 10 mM 

D-glucose; 10 mM HEPES]. Cells were incubated for 20 min with ['"^I]DPDPE or 

[125I]PEG_DPDPE (n = 6), with and without cyclosporin A (1.6 FOM), on a shaker table at 

37°C. 1.6 JJ.M cyclosporin A is a concentration which inhibits the P-gp efflux protein 

without affect upon other transporters at the membrane (Legrand et al., 1998). BBMECs 

were also incubated for 20 min with ['^^I]DPDPE or ['"^I]PEG-DPDPE (n = 6), with and 

without 100 )JM DPDPE, to determine saturability. [''^C] Sucrose was incubated under 

the same conditions and time points to serve as control. This was performed to verify 

that cells were viable and not damaged through during analysis, as no increase in sucrose 

should be observed over the time course if cells maintain their integrity. After the 

appropriate times, the radioactive buffer was removed and the cells washed three times 

with ice-cold assay buffer. 1 ml of 1% Triton-X-100 was placed into each well and 

shaken for 30 min. A 200 |il portion of Triton-X was prepared for radioactive counting 

(Beckman 5500 gamma counter). The other portion of the sample was assayed for 

protein concentration using a Pierce BCA-protein kit with analysis on a Beckman UV 
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spectrometer (model 25). Rcen % is the percent ratio of labeled compound taken up by 

the cell, relative to concentration of the labeled compound in buffer. 

Data Analysis 

For all experiments, data were presented as mean ± S.E.M. Student's t-test was 

used for comparison of two means. Area under curve analysis was calculated via the 

Trapezoid Rule. Analysis of variance (ANOVA) comparison, followed by Newman-

Keuls Post-hoc test was used when applicable. Analyses were performed using PCS 

software (Tallarida and Murray, 1987). 
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Results 

Analgesia 

I. V. administration of DPDPE and PEG-DPDPE via tail vein was evaluated 

(Fisvre 3.2.1). A significant increase in analgesic effect of PEG-DPDPE was shown, 

with a 3.3 fold increase in the area under the curve (F/er/re 3.2.2) (p < 0.01). A rightward 

shift (15 min) in analgesic effect, in the percent maximum possible effect (% M.P.E.) 

curve, was also observed with PEG-DPDPE compared to DPDPE. However, i.c.v 

administration showed no significant analgesic difference between the two compounds 

(Fisiire 3.3). No analgesia resulted from PEG administered alone (i.e. without peptide 

conjugate), either i.v. or i.c.v. 

Competition b inding affinity 

DPDPE was shown to be selective for the 5-opioid receptor, with a 172-fold 

greater affinity (p < 0.01) than PEG-DPDPE (Table 3.1). Neither compound was shown 

to be selective for the |j.-opioid receptor. 

Octanol/Bvffer Partition Coefficient 

The octanol/buffer distribution shows that ['"^I]PEG-DPDPE has 36-fold lower 

affinity (p <0.01) for the octanol (i.e. hydrophobic) phase than [^"^I]DPDPE (Table 3.2). 
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Figure 3.2.1 Data are presented as % maximal possible effect (% M.P.E.) ± S.E.M. at 
time points of: 15, 30, 45, 60, 90, 120, 150 and 180 min (time points for PEG-DPDPE 
also assessed at 210 and 240 min), ICR mice (~25g) were administered an i.v. dose of 25 
|jjnoIe/kg, 5 animals per time point. 
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Figure 3.2.2 Analgesia data represented as area under the curve (A.U.C.), in regard 
percent maximal possible effect (% M.P.E.) obtained over time course analysis. **p 
<0.01 by Students' t test. 
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Figure-3.3 Data are presented as % maximal possible effect (% M.P.E.) ± S.E.M. at time 
points of: 15, 30, 45, 60, 90, 120, 150 and 180 min, ICR mice (~25g) were administered 
an i.c.v. dose of 3.1 jamole/kg, 5 animals per time point 
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CK\ Deltorphin n [^H] DAMGO 
IC50, nM IC50, nM 

20.2 ± 5.35 >10000 
DPDPE 

PEG-DPDPE 3436.5 ±211** >10000 

Table 3.1 DPDPE or PEG-DPDPE binding affinities and selectivity in competition with 
[^H] Deltorphin n (5-opioid specificity) or [^H] DAMGO (jx-opioid specificity) in rat 
brain receptor binding assays. Data are mean ± S.E.M. **p < 0.01 by Student's t test. 
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Protein Binding 

['^^I]PEG-DPDPE was found to have a 12% greater unbound fraction (fu) than 

[^~^I]DPDPE (p < 0.01), as seen in mouse plasma (Table 3.2). Similar results were 

found, under identical conditions, when BSA-containing mammalian Ringer (used for in 

situ brain perfusion analysis) was used (data not shown). 

Time Course Distribution 

Log plasma concentration vs. time data (Figure 3.4) show a significant difference 

in pharmacokinetics of [^^I]DPDPE and ['^^I]PEG-DPDPE (Table 3.2). Elimination 

half-life (ti4) increased 2.5-foId (p < 0.01) for the ['^^I]PEG-DPDPE over ['^^IJDPDPE. 

Volume of distribution (Va) for ['^^I]PEG-DPDPE had a decrease of 2.7-fold (p < O.Ol) 

compared to ['"iJDPDPE. Clearance rate (CL) of ['^^'l]PEG-DPDPE had a 7-fold 

decrease (p < 0.01) over ['"^IjDPDPE. 

Fisure 3.5 shows distribution time course of [^"^IJDPDPE (•) and ['^^I]PEG-

DPDPE ( A), following i.v. tail vein injection, in mice organs, urine, feces, whole blood 

and plasma. In plasma (Fisure 3.5.1) and whole blood (Fi^re 3.5.2\ levels of 

['"^r]PEG-DPDPE were higher (p <0.01, A.U.C.) at all time points than ['~^I]DPDPE. 

Equivalent plasma concentrations for the two peptides were reached at the 240 min time 

point. 

['"^rjDPDPE was eliminated / excreted predominately via the hepato-biliary route, 

whereas ['^^I]PEG-DPDPE exhibited significantly lower liver (Fisure 3.5.3). gall-bladder 
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t •/-
(min) 

Vd 

(ml-kg"') 
CL 

(ml-min''-kg"') 
fu Octanol/ 

Buffer 
Coefficient 

DPDPE 21 1390 46.2 0.451 0.328 
±2.9 ± 130 ±4.2 ±0.022 ± 0.005 

PEG- 54 510 6.54 0.572 ± 0.009 ± 
DPDPE + 4 4** ±46.6** ±0.59** 0.054** 0.001** 

Table 3.2 Pharmacokinetic parameters of [*'^I]DPDPE and ['"^I]PEG-DPDPE in mice 
Data are mean ± S.E.M (n = 4-5 mice per time point). Elimination half-life (t.^), volume 
of distribution (Vd), and clearance (CL) calculated from linear portion of log plasma 
concentration curve. Unbound fraction (fu) in plasma and Octanol/Buffer coefficient of 
respective compounds also shown. **p < 0.01 by Student's t test. 
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(Fisure 3.5.4), GI tract (Fizure 3.5.5), and GI content (Fisure 3.5.6) concentration (p < 

0.01, A.U.C.) via this route. 

1 -J 
Kidney concentration was significantly greater (p < 0.01, A.U.C.) for [ ~ I]PEG-

DPDPE than for ['^^I]DPDPE (Fiovre 3.5.7). ['^^I]PEG-DPDPE showed consistent 

accumulation in the urine over the time course {Fiexire 5.5.^"). with significantly greater 

(p < 0.01, A.U.C.) concentrations than ['^^I]DPDPE. ['"^I]PEG-DPDPE concentration in 

the urine plateau at ~ 67% of the initial dose administered. 

Spleen concentrations of ['"^I]DPDPE and ['^^I]PEG-DPDPE (Fisrure 3.5.9) were 

significantly different (p < 0.01, A.U.C.) over the time course. ['"^I]PEG-DPDPE 

concentration in the spleen decline past min 120, whereas ['^^IJDPDPE concentrations 

were seen to decline gradually from initial time point. 

Brain concentrations of [^^^I]DPDPE and ['^^I]PEG-DPDPE (Fisure 3.5.10) 

were significantly different (p < 0.05, A.U.C.) over the time course. ['^^I]PEG-DPDPE 

showed increasing concentration in the brain up to 45 min and then declined. 

['^^I]DPDPE showed increasing concentration in the brain up to 30 min and then 

declined. 
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Figure 3.4 Logarithmic plasma concentrations of [^^^I]DPDPE and ['^^I]PEG-DPDPE, at 
each time point with trend line. DPDPE time points 180 and 240 fall outside of log 
plasma linearity (assay limitation at low concentration) 
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Figure 3.5.1 Tissue distribution, after i.v. tail vein injection, of ['^^I]DPDPE (•) and 
['-^[]PEG-DPDPE (A) at 15, 30, 45, 60, 90, 120, 180 and 240 min time points in Plasma. 
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Figure 3.5.2 Tissue distribution, after i.v. tail vein injection, of ['"^IJDPDPE (•) and 
[^^^I]PEG-DPDPE ( A) at 15, 30,45, 60, 90, 120, 180 and 240 min time points in whole 
blood. 
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Figure 3.5.3 Tissue distribution, after i.v. tail vein injection, of [^"^IjDPDPE (•) and 
[' I]PEG-DPDPE (A) at 15, 30, 45, 60, 90, 120, 180 and 240 min time points in liver. 
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Figure 3.5.4 Tissue distribution, after i.v. tail vein injection, of ['^^IjDPDPE (•) and 
['^"qPEG-DPDPE (A) at 15, 30,45, 60, 90, 120, 180 and 240 min time points in 
bladder. 
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Figure 3.5.5 Tissue distribution, after i.v. tail vein injection, of ['"^I]DPDPE (•) and 
['-''I]PEG-DPDPE (A) at 15, 30,45, 60, 90, 120, 180 and 240 min time points in GI 
tract. 
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Figure 3.5.6 Distribution, after i.v. tail vein injection, of ['"^I]DPDPE (•) and ['^^I]PEG-
DPDPE (A) at 15, 30, 45, 60, 90, 120, 180 and 240 min time points in GI content. 
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Figure 3.5.7 Tissue distribution, after i.v. tail vein injection, of ['"^I]DPDPE (o) and 
['-'I]PEG-DPDPE (A) at 15, 30,45, 60, 90, 120, 180 and 240 min time points in 
kidneys. 
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Figure 3.5.8 Distribution, after i.v. tail vein injection, of ['"^IjDPDPE (•) and 
['"^IJPEG-DPDPE (A) at 15, 30, 45, 60, 90, 120, 180 and 240 min time points in urine. 
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Figure 3.5.9 Tissue distribution, after i.v. tail vein injection, of ['"^I]DPDPE (•) and 
['~^I]PEG-DPDPE (A) at 15, 30, 45, 60, 90, 120, 180 and 240 min time points in spleen. 
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Figure 3.5.10 Tissue distribution, after i.v. tail vein injection, of ['^^IJDPDPE (•) and 
['^'I]PEG-DPDPE (A) at 15, 30, 45, 60, 90, 120, 180 and 240 min time points in brain. 
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Extraction of Radiolabeled Peptides 

The percent of iodinated compound found intact, of total found within the brain 

and plasma (at 30 min), and feces and urine (at 120 min), after an i.v. administration, was 

assessed via RP-HPLC {Table 3.3). Appendix B shows the HPLC chromatographs 

(figures 5. IB through 5. lOB) for the percent intact peptide shown in table 3.3. 

[^^^IJDPDPE content found in the brain was 25.7% intact, with one major metabolite. 

['^IJDPDPE content found in plasma was greater than 99.0% intact, and in feces greater 

than 98.0% intact. ['^^I]DPDPE found in the urine was 33.0% intact with five 

metabolites. [^^^I]PEG-DPDPE found in plasma and urine was greater than 99.0% intact. 

['^^r]PEG-DPDPE found in brain consisted of 58.9% ['^^IjPEG-DPDPE and 41.1% 

['-^I]DPDPE. ['-^I]PEG-DPDPE found in feces consisted of 53.4% ['"l]PEG-DPDPE 

and 37.4% [''^IJDPDPE, v^th one other metabolite. 

In Situ Brain Perfusion and Capillary Depletion 

The uptake of ['^^IJDPDPE and ['^^I]PEG-DPDPE into rat brain were assessed 

via in situ brain perfusion, at 20 min (Table 3.4). There was no significant difference in 

uptake to the brain, or accumulation in the CSF, for either compound. Capillary depletion 

analysis also revealed no significant difference in compound concentration contained 

within the capillary (i.e. pellet) or supernatant (i.e. brain parenchyma). 
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[I25i] 
DPDPE PEG-DPDPE 

Parent Number of Parent DPDPE Number of 
form metabolites form metabolite metabolites 

(>1.0%) (>1.0%) 

Control >96.0 2 >99.0 <1.0 0 

Brain 25.7 1 58.9 41.1 1 

Plasma >99.0 0 >99.0 <1.0 0 

Feces >98.0^ I 53.4 37.4 2 

Urine 33.0 5 > 99.0''' <1.0 0 

Table 3.3 Percent intact ['-'IJDPDPE and ['"^IJPEG-DPDPE, found in each of the 
respective region after i.v. dose, by HPLC after i.v. administration. Brain and Plasma 
sampling taken at 30 min time point. Fecal and Urine sampling taken at 120 min time 
point. lodine^"^ tag was found intact in each respective sampling to > 99%.Pooled 
extraction from n = 4 mice. ^Signifies primary route of elimination for parent form, with 
> 95% of initial total dose eliminated via that route. 
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Pellet % Supernatant % Homogenate % 
RBr % CSF % (Capillaries) (Brain (Total Brain) 

Parenchyma) 

3.54 ± 2.53 ± 1.35 ±0.40 3.12 ±0.45 3.52 ±0.43 
DPDPE 0.30 0.45 

[•^^I]PEG 3.41 ± 3.63 ± 1.37 ±0.26 2.70 ±0.75 3.13 ±.019 
-DPDPE 0.16 0.41 

Table 3.4 In situ brain perfusion (20 min) characteristics of DPDPE and 
PEG-DPDPE, presented as a ratio of uptake (n =5) in brain and CSF (n = 3); Capillary 
depletion analysis (n = 3) represented as ratio of uptake in pellet, supernatant and 
homogenate. Data are mean ± S.E.M. 
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BBMEC Uptake 

The BBMECs were shown to maintain their integrity over time course, as 

determined by no change in [''^Cjsucrose uptake. Assessment of the effects of 

PEGylation on the P-glycoprotein efflux mechanism was assessed in vitro at a 20 min 

time point. ['^^I]DPDPE and [^"^I]PEG-DPDPE cellular uptake were analyzed with P-gp 

inhibitor cyclosporin-A (Fisure 3.6). ['^^I]DPDPE, a known P-gp substrate, showed a 

significant (p < 0.01) increase in BBMEC uptake when coadministered with cyclosporin-

A- ['^^I]PEG-DPDPE, showed a significant increase (p < 0.01) over ['"^I]DPDPE at the 

single 20 min time, however did not have any change in uptake when coadministered 

with cyclosporin-A. Saturable transport exhibited for DPDPE in situ (Williams et al., 

1996), was assessed for ['^^I]PEG-DPDPE in BBMECs. Significant reduction (p < 0.05) 

in ['^^I]PEG-DPDPE uptake was observed with 100 |JM DPDPE (Fiznre 3.7). suggesting 

that [^"^I]PEG-DPDPE is taken up into the endothelial cells via the same mechanism as 

DPDPE. 
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Figure 3.6 BBMEC uptake expressed as a percent ratio of cellular uptake (Rceu %). 
Time was 20 min, values are the mean ± S.E.M. (n = 6). Cyclosporin-A (1.6 fiM) was 
used to assess effects of P-glycoprotein inhibition on DPDPE and ['^I]PEG-DPDPE 
cellular uptake. Data are mean ± S.E.M. Significance determined by ANOVA, followed 
by Newman-Keuls post-hoc analysis, denoted by **p <0.01, with respect to DPDPE. 
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Figure 3.7 BBMEC uptake expressed as a percent ratio of cellular uptake (Rceii %)• 
Time was 20 min, values are the mean ± S.E.M. (n = 6). 100 |JM DPDPE was used to 
assess saturable uptake on ['^^I]DPDPE and [^~^I]PEG-DPDPE cellular uptake. Data are 
mean ± S.E.M. Significance determined by ANOVA, followed by Newman-Keuls post-
hoc analysis, denoted by **p < 0.0 land *p < 0.05 with respect to ['"^I]DPDPE, tp < 0.05 
with respect to [125]PEG-DPDPE. 
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Discussion 

In this study we have used PEGylation in an attempt to enhance the 

pharmacodynamic profile and analgesic effect of DPDPE. PEG conjugated to DPDPE 

enhanced analgesic effect (i.v.), increasing maximal response as well as the duration 

(Fisvre 3.21 I.e.v. injection of PEG-DPDPE showed no significant difference in 

analgesia to that of DPDPE (Fisure 3.3), while receptor binding data indicated significant 

reduction of 5-opioid receptor binding affinity with PEG conjugation. It would be 

expected that i.c.v. administration would result in decreased analgesia, given the 

significant reduction in receptor binding. However, enzymes within the brain 

parenchyma may contribute to the hydrolysis of PEG-DPDPE, resulting in a non-

conjugated DPDPE that is able to interact with the receptor. Additionally, the PEG 

moiety would likely prevent the rapid efflux of DPDPE out the brain via P-gp, allowing 

more time to act at the receptor. Thus, the improved analgesia of i.v. administered PEG-

DPDPE, to DPDPE (i.v.), is likely due to improved bioavailability, either via increased 

brain uptake or altered peripheral pharmacokinetics. 

We conducted biodistribution studies in mice to investigate the effects of 

PEGylation on DPDPE availability to the brain. The amount of ['^^I]PEG-DPDPE in the 

systemic circulation available for transport to the brain is significantly greater than non-

conjugated DPDPE for all time points (Fizures 3.4 & 3.5). The greater concentration 

within the systemic circulation was not necessarily indicative of greater bioavailability to 

the target organ (i.e. brain). Binding of the peptide to red-blood cells and serum proteins 

can play a significant role in determining CNS uptake (Banks et al., 1990). The plasma 
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concentration of both ['"^IJDPDPE and ['~^I]PEG-DPDPE (Fi^re 3.5.1) was 

approximately twice that of whole blood (Fisure 3.5.2), indicating the majority of 

compound is in the plasma portion of the blood. Protein binding analysis shows 

[I23I]PEG_DPDPE has a significantly greater unbound fraction in the plasma than 

DPDPE (Table 3.2). Therefore, ['^^I]PEG-DPDPE has not only a greater concentration 

in the systemic circulation, but it also has a greater unbound portion within the systemic 

circulation. 

It has been theorized that an "exclusion-effect", also referred to as " steric-

stabiliziation", via the PEG moiety results in repulsion of other macromolecules and 

particles (Lasic et al., 1991). It is believed that the heavy hydration, good conformation 

flexibility and high chain mobility are primarily responsible for this exclusion effect. 

This aspect of PEG, along with its greater circulation time, would result in a large free 

concentration of PEG-DPDPE reaching capillary endothelial cells of the BBB. 

The liver, GI tract, GI content, gallbladder, kidney, urine, spleen, and brain 

concentration-time profiles of [^"^I]DPDPE correspond well to previous studies (Weber et 

al., 1992; Chen and Pollack, 1997). Conjugation of the PEG moiety greatly reduced 

hepato-biliary elimination of DPDPE. This effect likely results from enhanced 

hydrophilicity. Additionally, the amount of ['^^I]PEG-DPDPE that was found within the 

feces (<5%) was only 53.4% intact (Table 3.3). The PEG conjugation shifted elimination 

almost completely to the renal pathway. PEGs with a molecular weight of4000 Da, or 

less, have been shown to be excreted via the renal route, at a rate equivalent to creatinine 

(Shaffer et al., 1948). Higher molecular weight PEGs (>20KDa) alternatively reduce 
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glomerulax/renal elimination. This reversal of elimination routes may be limited to low 

molecular weight peptides attached to low molecular weight PEGs. ['^^I]PEG-DPDPE 

found in the urine at 120 min was greater than 99.0% intact (Table 3.3\ indicating that 

breakdown products are eliminated via another route (i.e. hepato-biliary). 

1 -J c 
Distribution analysis indicates that similar amounts of [ ~ IjDPDPE and 

['^^I]PEG-DPDPE are taken up into the brain for the first 30 rain. ['"^I]PEG-DPDPE 

concentrations continue to increase in the brain up to 45 min, while ['^^IJDPDPE 

concentrations decrease significantly after the 30 min time point. This trend corresponds 

well with the analgesia data. The increased circulation time of ['^^I]PEG-DPDPE allows 

for a given concentration of drug to be exposed to the capillary endothelial cell surface of 

the BBB over a longer period of time. In situ brain perfusion analysis (Table 3.4) 

indicated that no difference exists in ratios of brain uptake (Rsr %), or capillary 

endothelial cell concentration, between the PEGylated and non-PEGylated forms. I'his 

corresponds with the theory that PEG-DPDPE has an increased uptake into the brain via a 

longer circulation time. 

In vitro analysis (% Rceii) indicated a significant increase in [ " I]PEG-DPDPE 

uptake, compared to ['^^I]DPDPE, at 20 min. This result was unexpected, with the 

significant variation in lipophilicity (i.e. octanol/buffer coefficients) between the two 

DPDPE forms, a difference in permeability would be expected. PEGylation increased 

hydrophilicity would likely reduce compound uptake at the BBB. The reason for these 

variable effects may be due to multiple factors. First, in vitro analysis is solely 

representative of luminal membrane permeability, with a greater degree of error as to 
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extracellular surface binding (by volume) as compared to in situ brain perfusion. 

Secondly, DPDPE has been shown to have a saturable mechanism of transport at the 

BBB (Williams et al., 1996), this transport also has affinity for the PEG-DPDPE 

conjugate (Fisure 3.7). thereby potentially offsetting a reduced diffusion resultant of 

PEG'S enhancement of hydrophilicity. This saturable transport occurred at a 

concentration greater than 100 ^iM DPDPE (concentrations far above those used in this 

study). Thirdly, DPDPE has been identified as a substrate for the P-gp efflux mechanism 

(Chen and Pollack, 1999; Witt et al., 2000). In this study ['~^I]DPDPE and ['"^I]PEG-

DPDPE were coadministered with P-gp inhibitor cyclosporin-A to assess uptake into 

BBMECs (Fisure 3.6). ['^^I]DPDPE with cycIosporin-A showed increased uptake into 

the cells; whereas ['^I]PEG-DPDPE with cyclosporin-A showed no change in cell 

uptake. This data indicates that [^^^I]PEG-DPDPE uptake into the brain may be aided by 

a reduced affinity for P-gp. In vitro models which include astrocytes or astrocyte-

conditioned media may exhibit a greater expression of P-gp at the BBB (Gaillard et al., 

2000); therefore, non-astrocyte conditioned models used in this analysis may 

underestimate P-gp efflux of DPDPE. The PEG moiety, which conveys steric hindrance 

and added hydrophilicity, may also inhibit the attachment/identification of DPDPE to the 

P-gp efflux mechanism, thus allowing a greater concentration to gain entry into the brain. 

This effect could also counterbalance the hydrophilicity of the PEG moiety. Finally, the 

hydrophilicity appears to be of secondary importance to chain conformational flexibility 

and mobility (Blume et al., 1993; Torchilin et al, 1994). 
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Breakdown of ['^^IJDPDPE in brain (Table 3.3). examined at 30 min, found only 

25.7% intact; whereas [^^^1]PEG-DPDPE was 58.9% intact, with 41.1% identified as 

['^^IJDPDPE (metabolite). This idea that the PEG moiety acts in a "prodrug" manner is 

further supported by the ligand binding profile. PEG-DPDPE shows a 172-fold decrease 

in 5-opioid receptor affinity over DPDPE, with no enhancement of jj.-opioid receptor 

binding affinity. It has been indicated that the flexible chain of mPEG polymers can 

sterically interfere with active binding sites of compounds (Marshall et ai, 1996). 

Therefore, in this instance the PEG moiety is likely removed firom DPDPE via 

hydrolysis, leaving the native peptide to react at the receptor. 

A number of caveats exist which need to be addressed. The peak effect of 

analgesia onset for both compounds appears to be 15 min after peak brain uptake, as 

measured in the distribution assessment. The reason for this disparity is likely the effect 

of the radioactive tag used in the distribution analysis, but not the analgesia analysis, 

lodination of tyrosine residues has effects on permeability. Reduced in situ brain uptake 

occurs with the use of radioactive iodine tagging (Witt et al., 2000). This effect is 

thought to occur via the large van der Waals volume of iodine (Bondi, 1964) distorting 

the conformation of tyrosine, as well as the addition of a bulky radioactive group onto a 

relatively small compound. For each analysis in this study, both the PEGylated and non-

PEGylated DPDPE were treated in an identical marmer (i.e. either both were iodinated or 

non-iodinated). Iodinetag was found intact in each respective sampling to > 99%. 
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We also performed the investigation with a number of established models using 

correlations drawn between animal models and sexes, with examination of bovine {in 

vitro), female rat {in situ, receptor competition), and male mouse (distribution, serum 

binding, analgesia, peptide enzymatic integrity). BBB permeability variations between 

mice and rats have been examined in situ (Murakami et al., 2000), with over 20 different 

compounds, finding similar (1:1) permeabilities across species. Additionally, variations 

in sex and species have been reported for opioid response, with links to the estrus cycle 

(Mogil et al., 2000). Studies have also shown a larger number of 5-opioid receptors in 

mouse brain, compared with similar concenti'ations of (^-opioid receptor (Yobum et al., 

1991). Despite the variations between models, the study focus was on differences 

between the PEGylated and non-PEGylated form of drug, with both forms treated in an 

identical manner within each model. 

PEGylation of peptide-based drugs has the potential to overcome many of the 

problems associated with achieving adequate therapeutic effect. The key to optimizing a 

clinically beneficial drug revolves around the elucidation of the pharmacodynamic and 

pharmacokinetic effects that the PEG moiety induces upon the conjugated compound. 

The chemical composition of the PEG, how and where the PEG is linked to the drug, the 

drug's composition, and where the drug induces it's receptor mediated effect are also 

significant considerations. In this study, we have shown that conjugation of PEG to 

DPDPE induced significant changes in a number of factors, including elimination half-

life, volume of distribution, protein binding, hydrophilicity, receptor binding, P-gp 

affinity, metabolism and membrane transport resulting in an improved analgesic effect. 
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Chapter 4. General Discussion and Conclusions 

The present studies demonstrate that chemical modification, both trimethylation 

and poly(ethyIene glycol) conjugation, alter the brain uptake, lipophilicity, plasma 

protein binding, stability, receptor binding, distribution, and resultant analgesic effect of 

the opioid peptide DPDPE. 

Chapter 2 centered on the investigation of trimethylation of DPDPE, with 

subsequent analyses focused on each diastereoismer formed. The tri-methylation of the 

Phe"^ group of DPDPE brought about significant alterations in 5-opioid receptor binding, 

with a uniform decrease in 5-selectivity for each of the four diastereoisomers. Only the 

(2S,3S)-TMP form exhibited an increase in |j.-opioid receptor selectivity compared to the 

parent form, DPDPE. Plasma protein binding analysis on each form did exhibit 

significance, yet the actual variation between each form was not such that it would result 

in any observable or significant changes in bioavailability. Lipophilicity of all four 

diastereoismer forms was increased compared to the parent form, which would result in 

enhanced transport via passive diffusion. The (2S,3S)-TMP form exhibited the greatest 

degree of enhanced lipophilicity, as well as the greatest degree of increased transport 

across the blood-brain barrier (BBB). Brain uptake, both in vitro and in situ, shown to be 

significantly enhanced for the (2S,3S)-TMP form compared to the parent. Whereas the 

(2R,3R)-TMP form shown to be significantly decreased compared to the parent. The two 

remaining forms, (2S,3R)-TMP and (2R,3S)-TMP, exhibited no significant change in 

brain uptake, in vitro or in situ, compared to the parent. Integrity (i.e. stability) of the 

compounds within the venous blood shown all diastereoismers, with exception to 
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(2R,3R)-TMP, to be equivalent to the parent form. (2R,3R)-TMP exhibited an ~4-fold 

greater instability than the parent form in the venous outflow. The stability within the 

brain extracts revealed an approximate 2-fold increase in stability for both (2S,3S)-TMP 

and (2S,3R)-TMP, and (2R,3R)-TMP exhibited an ~0.75-fold decrease in stability, 

compared to the parent. Comparison of the parent form and (2S,3S)-TMP as to P-

glycoprotein (P-gp) affinity revealed that (2S,3S)-TMP was less of a substrate for the 

efflux mechanism than DPDPE. The parent compound and the (2S,3S)-TMP form were 

approximately equivalent in their ability to inhibit a nociceptive response, whereas the 

remaining three diastereoisomers had a significant reduction in their ability to inhibit the 

nociceptive response compared to the parent. 

The data indicated that the positioning of the methyl groups on the Phe"^ of 

DPDPE resulted in alterations in receptor binding, lipophilicity, stability, brain uptake, P-

gp affinity, and plasma protein binding, which in combination contribute to altered 

analgesic effect. Although (2S,3S)-TMP exhibited significantly enhanced stability, 

lipophilicity, and brain uptake, as well as reduced P-gp affinity, its greatly reduced 

affinity for the 5-opioid receptor eliminated the potential benefit of these factors, 

resulting in no enhance of analgesia over the parent. Conversely, (2R,3R)-TMP 

exhibited significantly reduced stability and brain uptake, with a much reduced affinity 

for the 5-opioid receptor, yet an enhance lipophilicity compared to the parent, resulted in 

a significant reduction in analgesia compared to the parent. 

This project has provided important preliminary work toward the understanding 

and characterization of stereoselective positioning of molecules on peptides, with 
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intention to enhance bioavailability and end effect. The positioning of molecules about a 

peptide can result in the alteration of lipophilicity, stability, plasma protein binding, 

receptor affinity, membrane permeability, and general bioavailability. Each of these 

factors is of considerable importance in the process of drug design and must be weighed 

accordingly. This work provides the first semi-comprehensive assessment of 

stereoselective positioning of methyl groups on a CNS acting peptide, using in vitro, in 

situ, and in vivo methodologies 

Chapter 3 centered on the investigation of poly(ethylene glycol), or PEG, 

conjugation to DPDPE. Pegylation of proteins and peptides is a relatively new field with 

little assessment to date on BBB permeability, biodistribution, and pharmacokinetics. 

PEG-DPDPE showed a significant increase in analgesic response (i.v.) compared to the 

non-conjugated form, despite a 172-fold lower binding affinity for the 5-opioid receptor. 

PEG-DPDPE also showed a 36-fold greater hydrophilicity and 12% increase in the 

unbound plasma protein fraction, compared to DPDPE. PEG-DPDPE had a 2.5-fold 

increase in elimination half-life, a 2.7-fold decrease in volume of distribution, as well as a 

7-fold decrease in plasma clearance rate to DPDPE. Time course distributions in mice 

showed significant concentration differences in plasma, whole blood, liver, gall-bladder, 

GI content, GI tract, kidneys, spleen, urine, and brain, bet\veen the conjugated and non-

conjugated forms. PEG-DPDPE was >99% eliminated via the kidneys, whereas the 

DPDPE was >99% eliminated via the GI tract. Increased brain uptake of PEG-DPDPE 

corresponded to analgesia data. PEG-DPDPE recovered from brain was shown to be 

58.9% intact, with 41.1% existing as DPDPE (metabolite); whereas DPDPE was 25.7% 
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intact in the brain. In vitro P-gp affinity shown for DPDPE, but not shown for PEG-

DPDPE. In vitro saturable uptake, with 100 JJM DPDPE, shown for PEG-DPDPE, 

indicating affinity for the same endocytotic process that contributes to DPDPE uptake at 

the BBB. 

The enhanced pharmacokinetic profile of the pegylated form completely changes 

the route by which DPDPE is eliminated as well as significantly increases the time profile 

of the drug in the systemic circulation. The reduced lipophilicity of PEG-DPDPE, 

compared to DPDPE, did not resulted in a change in BBB permeability {in vitro or in 

situ). This is likely the result of the decreased affinity for the P-gp efflux mechanism of 

the PEG-DPDPE and the continued affinity for the endocytotic mechanism present for 

DPDPE at the BBB. In this study PEG conjugated DPDPE seems to act as a prodrug, 

enhancing peripheral pharmacokinetics, while undergoing hydrolysis in the brain 

allowing non-conjugated DPDPE to act at the receptor. This conclusion is supported by 

both the extremely low binding affim'ty of the PEG-DPDPE at the 5-opioid receptor and 

the assessment of breakdown of the PEG-DPDPE within the brain. Furthermore, the 

prolonged in vivo half-life and reduced plasma protein binding would additionally 

contribute to the enhancement of analgesia observed. 

This project has provided important preliminary work toward the understanding 

and cheiracterization of poly(ethylene glycol) attachment to CNS acting peptides. The 

use of PEG in peptide based pharmaceutics is limited, with little knowledge to date on 

PEG effects on BBB permeability. The use of PEG conjugation must be weighed 

according to the drug assessed, location of conjugation to the drug, where the drug acts in 
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body, the stability of the bond, the make-up of the PEG polymer, and the end receptor 

binding affinity. This work provides the first assessment of PEG conjugation to a CNS 

acting peptide, using in vitro, in situ, and in vivo methodologies. 
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Chromatography analysis for the TMP study was carried out by RP- HPLC (Perkin-
Elmer 250) with a Vydac column (940415-21-1 #66). The samples were eluted at 37°C 
using a curvilinear gradient of 0.1% TFA in acetonitrile (10-50%) versus 0.1% aqueous 
TFA over 30 min. at 1.5 ml-min'V 

Appendix A 
(OTLC chromatographs for TMP study) 

i 

Figure 4.1A DPDPE Brain Extract TMP Study 



Figure 4.2A 2S,3S-T]VIP Brain Extract 



Figure 4.3A 2R3 S-TMP Brain Extract 



Figure 4.4A 2S,3R-TMP Brain Extract 



Figure 4.5x4 2R,3R-TMP Brain Extract 



Figure 4.6A DPDPE venous outflow 



Figure 4.7A 2S,3S-TMP venous outflow 



Figure 4.8A 2R,3S-TMP venous outflow 



Figure 4.9A 2S,3R--TMP venous outflow 



Figure 4.10A 2R,3R-TMP venous outflow 
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Chromatography analysis for the PEGstudy was carried out by RP-HPLC (Perkin-Elmer 
250) with a Vydac™ analytical column (940415-21-1 #66). Samples were eluted at 37°C 
using a curvilinear gradient of 0.1% TFA in acetonitrile (10-60%) versus 0.1% aqueous 
TFA over 30 min at 1.5 ml-min"'. 

Appendix B 
(HPLC chromatographs for PEG study) 

Figure 5. IB DPDPE control for PEG study 
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Figure 5.2B DPDPE in brain at 30 min 



Figure 5.3B DPDPE in plasma at 30 min 



Figure 5.4B DPDPE in feces at 120 min 
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i 

Figure 5.5B DPDPE in urine at 120 min 



Figure 5.6B PEG-DPDPE control 



Figure 5.7B PEG-DPDPE in brain at 30 min 



Figure 5.8B PEG-DPDPE in plasma at 30 min 



Figure 5.9B PEG-DPDPE in feces at 120 min 
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Figure 5.10B PEG-DPDPE in urine at 120 min 
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