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ABSTRACT 

 
Several non-selective NSAIDs, including naproxen, ibuprofen, flurbiprofen, and 

indomethacin, are of interest as neuroprotective agents in cerebral ischemia and 

neurodegenerative disorders. However, these agents show only limited distribution to the 

central nervous system (CNS) at normal doses (steady sate brain/plasma concentration = 

0.01-0.05) and produce significant gastrointestinal toxicity. CNS therapeutic index for 

neuroprotection may be enhanced by improved brain delivery. The objective of this 

dissertation was to determine the factors that limit NSAID uptake and distribution in the 

CNS. Unidirectional transfer constants (Kin) were measured for brain uptake of 

[14C]naproxen, [14C]ibuprofen, [3H]flurbiprofen, and [14C]indomethacin using the in situ 

brain perfusion technique. All four agents showed rapid uptake into brain in the absence 

of plasma protein. With the exception of [14C]ibuprofen, the permeability-surface area 

product (PSu) of the blood-brain barrier (BBB) permeability was independent of perfusate 

NSAID concentration and unaffected by inhibitors of BBB active efflux. However, brain 

NSAID uptake was markedly reduced by addition of albumin to the perfusate buffer. 

Each of the NSAIDs bound with high affinity to albumin. The magnitude of the brain 

uptake reduction varied directly with the NSAID free fraction (fu) of perfusate buffer. 

The time course (30 s – 10 min) of [14C]naproxen uptake into brain could be described by 

a two-compartment model incorporating a Kin for brain uptake,  perfusate fu, and. A 

brain-to-free perfusion fluid naproxen distribution volume (Vbr).   The critical role of 

plasma protein binding in brain naproxen uptake was confirmed in intravenous injection 

experiments using normal Sprague-Dawley (SDR) and Nagase albuminemic (NAR) rats.  
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In NAR animals, brain [14C]naproxen Kin, steady-state brain distribution space, and 

serum fu were increased >30 fold in  NAR, consistent with the lack of albumin.  The 

difference in CNS [14C]naproxen uptake was primarily attributable to the increase in 

serum fu. The results demonstrate that naproxen, ibuprofen, flurbiprofen, and 

indomethacin readily cross the BBB but distribute to only a limited extent in the CNS due 

to tight plasma protein binding.  Improved NSAID brain delivery may be achievable by 

structural alterations in the NSAID molecule to improved brain distribution Vbr and 

reduce plasma protein binding. 
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CHAPTER I 

INTRODUCTION 

1.1 Introduction 

Non-steroidal anti-inflammatory drugs (NSAIDs) are among the most widely 

used therapeutic agents in the world. In the United States alone, over 100 million 

prescriptions are written annually for NSAIDs, comprising 4% of the U.S. prescription 

volume (National Prescription Audit, 2000). NSAIDs also make up 60% of the $3 billion 

annual market of over-the-counter oral analgesic agents (Nonprescription drugs USA, 

1999). More than 50 different NSAIDs have been approved for the treatment of pain, 

fever, and inflammation. In addition, low dose aspirin is widely used for its antiplatelet 

activity in the prevention and treatment of coronary artery disease and stroke. Structures 

of a number of common NSAIDs can be loosely divided into three categories: salicylates, 

lipophilic nonselective NSAIDs and selective “COX-2” inhibitors. NSAIDs are generally 

thought to act in the treatment of pain, fever and inflammation through inhibition of 

cyclooxygenase (COX), the enzyme which catalyzes the intial, commiting step in the 

synthesis of prostaglandins, thromboxanes and prostacyclins (Simmons et al., 2004; 

Warner and Mitchell, 2004). John Vane received the Nobel prize for this discovery in 

1980. Prostaglandins serve crucial roles in the inflammatory process by vasodilating 

blood vessels, increasing vascular permeability, and sensitizing neuronal pain fibers to 

inflammatory mediators, such as serotonin and bradykinin. The importance of NSAID 

usage in the U.S. is illustrated by the fact that thirty-four percent of patients 65 years of 

age or older take NSAIDs on a daily basis and 70% use them at least once a week (Talley 
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et al., 1995). NSAIDs also have significant gastrointestinal (GI) toxicity, resulting in 

>100,000 hospitalization and >16,500 deaths in the U.S. each year (Wolfe et al., 1999). 

In the last 15 years, NSAIDs have received markedly increased attention in the 

scientific and lay press based upon findings that: 

a) Two or more separate COX isoforms (i.e., COX-1, -2, and -3) exist with 

distinct tissue expression and activity (Chandrasekharan et al., 2002),  

b) The COX-2 isoform is principally upregulated in the inflammatory process 

and thus COX-2-selective inhibitors would be of interest to reduce unwanted 

side-effects related to inhibition of other COX isoforms (i.e., the COX-2 

hypothesis) (Warner and Mitchell, 2003),  

c) COX-2 -selective inhibitors are associated with a reduced incidence of adverse 

gastrointestinal side effects, but increase the incidence of myocardial 

infarctions and stroke with chronic treatment, leading to the withdrawal of two 

COX-2 inhibitors from the U.S. drug market (rofecoxib and valdecoxib) 

(Bennett et al., 2005) though this decision has been controversial (Brune, 

2005), and  

d) NSAIDs have valuable COX-dependent and COX-independent actions in a 

number of diseases, including stroke, neurodegenerative disease and cancer 

(Tegeder et al., 2001; Weggen et al., 2001; Hurley et al., 2002; Eriksen et al., 

2003; Gasparini et al., 2004a; Lleo et al., 2004).    

Particular interest has focused on the finding that chronic NSAID use prevents or 

delays onset of Alzheimer’s disease (in t' Veld et al., 2001; Szekely et al., 2004) and is 

beneficial in other neurodegenerative diseases, including Parkinson’s disease (Teismann 
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et al., 2003). Further, several NSAIDs have been shown to have significant 

neuroprotective activity in cerebral ischemia and excitotoxicity (Sasaki et al., 1988; Patel 

et al., 1993; Antezana et al., 2003; Asanuma et al., 2004; Silakova et al., 2004). This CNS 

neuroprotection has been linked to inhibition of both COX-1 and COX-2 as well as COX-

independent actions of NSAIDs. However, most NSAIDs, including naproxen, ibuprofen, 

fluribiprofen, ketoprofen, and indomethacin, distribute very poorly to the central nervous 

system (CNS) with brain/plasma concentration ratios of <0.01 – 0.05 (Eriksen et al., 

2003). In a number of studies, cerebrospinal fluid (CSF) concentrations of NSAIDs have 

been so low as to be unmeasurable (Bannwarth et al., 1989). Further, the concentrations 

that have been shown to produce neuroprotective actions in cell culture studies in vitro 

generally are one-to-two orders of magnitude greater than those obtained in vivo at 

normal doses (Gasparini et al., 2004b). Therefore, given the poor CNS distribution and 

significant GI toxicity of the NSAIDs, it is of interest to better understand the factors that 

limit CNS NSAID distribution so as to develop agents with improved CNS targeting with 

reduced GI toxicity.   

This dissertation project has focused on identifying and understanding the critical 

blood-brain barrier (BBB) and brain parenchymal factors that determine NSAID uptake 

and distribution in the CNS. The results point out the critical role of plasma protein 

binding on limiting brain NSAID distribution in a series of in situ perfusion and in vivo 

distribution experiments using normal rats and Nagase rats that have a genetic mutation 

that abolishes plasma albumin.  
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Cyclooxygenase (COX) and COX-dependent NSAID actions 

Cyclooxygenase is a bifunctional enzyme that first oxygenates and cyclizes the 

free fatty acid, arachidonate to prostaglandin G2 (PGG2) (Hamberg and Samuelsson, 

1973; Hamberg et al., 1974) and then pomptly reduces the product to hydroxyl 

prostaglandin H2 (PGH2) (Fig. 1.1). PGH2 then is channeled via separate isomerases or 

synthases into the final prostaglandins or thromboxanes, which differ in the structure and 

substituions of their cyclopentane rings. Goldblatt and von Euler first showed that 

prostaglandins extracted from seminal vesicles lowered blood pressure and reduced 

smooth muscle contraction (Goldblatt, 1933). Vane demonstrated the mechanism of 

action of the NSAIDs to inhibit prostaglandin formation and hypothesized multiple forms 

of COX based upon studies of COX in brain and spleen (Flower and Vane, 1972). 

Subsequent work by Habenicht et al., identified separate “early” and “late” components 

of prostaglandin synthesis after cell stimulation with the latter phase being dependent on 

protein synthesis (Habenicht et al., 1985). This difference was later explained with the 

discovery by Simmons et al., (1991) and Kibuju et al., (1991) of two separate genes 

encoding distinct COX isoforms, COX-1 and COX-2 (Fig. 1.2).  COX-1 is ubiquitously 

expressed in cells and has critical housekeeping and physiologic functions in the GI tract, 

kidney, platelets and brain. It is the first COX enzyme to contribute to the initial 

production of prostaglandins after cell stress or stimulation. COX-2 is the inducible 

isoform and is thought to be the main contributor to prostaglandin formation in sites of 

inflammation and tissue damage. Since then several additional COX isoforms have been 

identified being splice variant products of the COX-1 gene. These include COX-3 and 

two inactive, truncated isoforms, PCOX1a and PCOX1b. COX-2 has ~60% amino acid 
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identity with COX-1 and is thought to have resulted from gene duplication during 

evolution (Jarving et al., 2004). The beneficial effects of NSAIDs against inflammation 

are thought to be due to their ability to inhibit inducible COX-2 at inflammatory sites, 

whereas many of their side effects have been linked to inhibition of COX-1 in the GI 

tract, kidney and platelets. Although, COX-2 selective NSAIDs were developed and 

shown to decrease the severity of GI side effects, the occurrence of serious cardiovascular 

complications in patients receiving COX-2 inhibitors led to withdrawal of Vioxx 

(rofecoxib) from the market in September 2004. Inhibition of both COX-1 and COX-2 

have been linked to analgesic effects of the NSAIDS both centrally and peripherally 

(Urquhart, 1993; Zhu et al., 2003; Ghilardi et al., 2004), and fever reduction has been 

traced to inhibition of prostaglandin synthesis in the hypothalalmus and brain 

circumventricular organs (Burke et al., 2005). COX-3, which is formed from the COX-1 

gene by alternate splicing, is found abundantly in brain and heart. Signal peptide in COX-

3 is not cleaved; the protein demonstrates functional COX activity. Inhibition of COX-3 

was suggested to be the primary mechanism by which antipyretic drugs act 

(Chandrasekharan et al., 2002). 

Epidemiological studies suggest that NSAIDs are associated with decreased risk 

of Alzheimer’s disease (AD) and other neurodegenerative disorders (in t' Veld et al., 

2001; Chen et al., 2003; Etminan et al., 2003; Szekely et al., 2004). Hallmarks of AD 

include accumulation of β-amyloid plaques, intraneural neurofibrillary tangles and 

chronic neuroinflammation. Astrocytes and microglia are activated in regions of β-

amyloid deposition. Treatment of Alzheimer transgenic mice with NSAIDs, such as 

ibuprofen and flurbiprofen, have been shown to reduced the signs and symptoms of AD, 
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including β-amyloid concentration and plaque density (Lim et al., 2001; Richardson et 

al., 2002; Yan et al., 2003). AD is the most common form of dementia characterized by 

slow onset and progression of cognitive decline in the elderly population, especially 

individuals over the age of 65.  

COX-dependent neuroprotective role of NSAIDs have been proposed based upon 

data postulating a critical role of neuroinflammation in AD and PD (Tordjman et al., 

1995; Hunot et al., 2004). In AD COX-2 expression in brain and PGE2 levels in CSF are 

elevated (Kitamura et al., 1999) and there is a direct correlation between amyloid burden, 

clinical dementia and COX-2 protein content (Ho et al., 2001). 1-Methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP) has been shown to have less deleterious effects on the 

nigrostriatal pathway in COX-2 knockout mice and in normal mice treated with COX-2 

selective inhibitors (Teismann et al., 2003) suggesting a crucial role of inflammation 

mediated by cyclooxygenase. Evidence suggests upregulation of COX-2 mRNA in 

transient and permanent middle cerebral artery occlusion (MCAO) models (Kinouchi et 

al., 1999). Furthermore, studies have shown lack of significant difference in infarct 

volume in control and COX-1 gene knock-out mice, confirming minimal neuroprotective 

role of COX-1 in ischemic stroke model (Cheung et al., 2002). 

 

COX-independent NSAID actions 

COX-independent mechanisms have also been postulated to contribute to AD 

neuroprotection based on the data demonstrating that a subset of nonselective NSAIDs 

shows preferential neuroprotective effects in neuronal cell cultures and Alzheimer 

transgenic mice (Weggen et al., 2001; Sagi et al., 2003; Zhou et al., 2003; Gasparini et 
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al., 2004a; Lleo et al., 2004). The COX-independent neuroprotective mechanisms in AD 

include: 

1. Activation of nuclear receptor PPARγ (Landreth and Heneka, 2001), 

2. Alteration of γ-secretase activity (Weggen et al., 2001),  

3. NSAID induced change in PS1 conformation (present at the γ-secretase active site) 

(Lleo et al., 2004) leading to decreased production of amyloidogenic Aβ42, 

4. Inhibition of rho-rock pathway leading to selective γ-secretase activity (Zhou et al., 

2003).  

All of the above lead to decreased production of amyloidogenic Abeta. In addition, 

NSAIDs have been shown to decrease β-amyloid aggregation in vitro (Agdeppa et al., 

2003; Thomas et al., 2003). However, the neuroprotective effects are generally achieved 

at NSAID concentrations in vitro that exceed those obtained in vivo at normal doses. 

Gasparini et al., (2004) showed that flurbiprofen at concentrations of 50 µM and above is 

effective in decreasing β-amyloid secretion in neuroblastoma cells stably transfected with 

human amyloid precursor protein bearing the Swedish mutation. However, in vivo animal 

experiments suggest that the brain ibuprofen and fluribiprofen concentration achieved at 

normal plasma concentrations is only 0.9-1.5 µM (Bannwarth et al., 1995; Matoga et al., 

1999; Mannila et al., 2005). 

 

Brain NSAID availability 

Brain accessibility and distribution of most classical NSAIDs is very low. Clinical 

studies have demonstrated minimal concentrations of traditional, nonselective NSAIDs, 

such as indomethacin, ibuprofen, ketoprofen, piroprofen, in CSF. The ratio of AUC for 
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CSF to plasma was 0.009 and 0.015 for R-and S- ibuprofen, respectively (Bannwarth et 

al., 1995). Similarly Michele et al., (1993) and Frejlink et al., (1991) found brain levels of 

naproxen ~1% of that in plasma after oral dosing in rats. Eriksen et al. (2003) measured 

the plasma and brain distribution of 10 common NSAIDs and found brain/plasma ratios 

of <0.08. In autoradiographic studies, the CNS is the lowest distribution site for acidic 

NSAIDs of all tissues in the body (Rainsford et al., 1981; Brune and Neubert, 2001) (Fig. 

1.3). Together, these results suggest that a significant restriction exists for NSAID uptake 

and distribution in brain. The limited accessibility of NSAIDs to brain may impede or 

limit potential neuroprotective actions of NSAIDs with the CNS. Furthermore, the higher 

doses required to achieve neuroprotective effects may predispose individuals to serious 

GI toxicity. Enhanced NSAID brain availability may be associated with increased 

therapeutic efficacy and reduced peripheral toxicity. NSAID brain availability may be 

impeded by several factors including passive permeability across the BBB, active efflux 

from the brain and plasma protein binding. 

 

Blood-brain barrier 

The CNS is protected from a broad range of circulating ions, hormones, 

neurotransmitters and proteins by the presence of the blood-brain barrier (BBB) (Begley 

and Brightman, 2003; Neuwelt, 2004). The blood-brain barrier is a semi-permeable 

exchange barrier that is formed chiefly by the cerebrovascular endothelium (Fig. 1.4) 

(Reese and Karnovsky, 1967; Brightman and Reese, 1969). The specialized endothelial 

cells of the brain vasculature differ from those in other organs in that their membranes are 

sealed together by multiple bands of continuous tight junctions (Oldendorf, 1977; 
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Hawkins and Davis, 2005). These junctions seal off the paracellular diffusion pathway, 

thus forcing most agents to gain access to brain by dissolving in and diffusing across the 

lipophilic capillary cell membrane or by facilitated transport via a specialized carrier or 

receptor system. In general, most solutes in order to readily cross the “diffusion barrier” 

formed by the brain capillaries must be (Habgood et al., 2000; Clark, 2003): 

a. small (MW <500),  

b. neutral (uncharged),  

c. lipophilic (Log octanol/water distribution coefficient LogD = -1 to 3), and  

d. minimal affinity for any of a large number (>20) of active efflux pumps 

that are highly expressed at the BBB. 

Brain uptake of most of the solutes by passive diffusion depends highly upon lipid 

solubility, as shown by the apparent linear relation between Log BBB permeability-

surface area product (PS) and Log octanol/water distribution coefficient over 5 orders of 

magnitude (Smith, 2003) (Fig. 1.5). However, considerable variability is apparent in this 

graph due in good part to the presence of a variety of transport carriers that actively 

efflux or accumulate drugs in brain (Lee et al., 2001; Graff and Pollack, 2004; Kusuhara 

and Sugiyama, 2005). These efflux pumps are proteins that use energy in the form of 

ATP or ion gradients (e.g., Na+ or H+) to move solutes expressing affinity for the 

transporter out of the brain interstitial space back into the blood circulation (Kusuhara 

and Sugiyama, 2005). They form a “transport barrier” reviewed in greater detail below. 

The brain capillary cells also contain special receptors which shuttle critical proteins and 

peptides, such as transferrin and insulin, across the BBB by receptor-mediated 

transcytosis (Pardridge, 2001b). Finally, the brain capillaries also express high levels of 
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many metabolic enzymes that are capable of degrading solutes as they pass through the 

endothelial cytoplasma and form a third “enzymatic” or “metabolism” barrier that 

restricts and regulates solute exchange with the CNS (Minn et al., 1991). Thus, the BBB 

is actually composed of a triad of three separate and distinct barriers – the “diffusion 

barrier,” the “transport barrier” and the “enzymatic metabolism barrier.” BBB is an 

important cellular barrier that protects brain from circulating toxins and xenobiotics by 

maintaining homeostasis.  

Other cellular elements of the brain parenchyma contribute to the maintenance 

and function of the BBB. These are often referred to the “neurovascular unit” and  

include astrocytic foot processes and pericytes, in addition to brain capillary endothelial 

cells (Fig. 1.4). Astrocytic end-feet ensheath 70-80% of the endothelial wall and play 

critical roles in induction and maintenance of the BBB phenotype (Abbott, 2002).  

Endothelial cell tight junctions are formed by three integral membrane proteins, namely 

claudin, occludin, and junctional adhesional molecules (Hawkins and Davis, 2005). 

Several cytoplasmic accessory proteins including ZO-1, ZO-2, ZO-3 and cingulin also 

play an important role in the formation of tight junctions. Furuse et al., showed that 

claudins bind to claudins on adjacent endothelial cells forming the main seal of the tight 

junction (Furuse et al., 1999). Astrocyte-derived factors and direct endothelial cell-

astrocyte contact have been shown to lead to increased endothelial cell expression of tight 

junction proteins and elevated transcellular endothelial resistance (Haseloff et al., 2005). 

Pericytes cover 20-30% of the outer aspect of brain capillaries and have contractile 

processes similar to smooth muscles in larger vessels. They also appear to play important 
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roles in angiogenesis and in maintenace and regulation of BBB integrity and phenotype 

(Berezowski et al., 2004; Hori et al., 2004; Dohgu et al., 2005).  

The BBB at the brain capillary endothelium acts in concert with two other tissues, 

the choroid plexus epithelium and arachnoid membrane, which together regulate solute 

influx into CSF (Davson and Segal, 1996). The choroid plexus secretes CSF into the 

brain ventricles, where it flows until passing into the subarachnoid space (Fig. 1.6). The 

arachnoid membrane separates the brain and subarachnoid space from surrounding 

tissues. Both the choroid plexus epithelium and arachnoid membrane have cells which 

are joined together by tight junctions. In addition, the choroid plexus, like the brain 

capillary endothelium, contains a dense array of active and facilitated transport carriers 

that shuttle drugs selectively into and out of CSF (Hosoya et al., 2004; Miller, 2004; Sai 

and Tsuji, 2004). Together, the BBB and B-CSF-B work together to isolate the CNS from 

surrounding tissues and the circulation as well as to maintain homeostasis of the brain 

extracellular fluid. For brain drug delivery, the capillary endothelium is considered the 

primary exchange interface because: 1) it has a larger surface area (100-140 cm2/g) 

(Christian and Levitt, 1984) and 2) it is more closely situated to brain cells. The average 

distance from capillary to neuron in brain is <10-15 µm (Pardridge, 2001b), thus taking 

optimum advantage of diffusion which requires only seconds for small solutes over 

distances of 10-100 µm. But, over distances that separate human brain from CSF (0.2-2 

cm), diffusion is extremely slow requiring 2-20 hrs.    

The BBB and B-CSF-B systems appear to have evolved to provide precise control 

and stability of brain interstitial fluid, separate from that of the general circulation. 

Higher order brain function is critically dependent on tightly orchestrated synaptic 
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communications of millions of CNS neurons with separate excitatory and inhibitory 

inputs. A very stable background is required in order to sustain the complex integrative 

and controls functions of the CNS. The fluctuations frequently observed in plasma 

concentrations of critical ions (e.g., K+, H+, and Ca2+), neuroactive solutes (e.g., 

glutamate, aspartate, epinephrine, norepinephrine), and hormones (e.g., insulin, 

vasopressin, bradykinin) in health and disease would greatly impact CNS function. For 

example, epinephrine and norepinephrine released peripherally in response to stress 

(“fight or flight”) are critical for sympathetic activation, but might severely disrupt CNS 

adrenergic cell function in the absence of BBB. A BBB is found in all vertebrates and 

most invertebrates (Abbott and Bundgaard, 1986) and is formed during the first trimester 

of human life (Mollgoard and Saunders, 1975). The BBB is thought to have first formed 

in invertebrates at the brain astrocyte endfeet that ensheath the vasculature. Later, it is 

thought to have evolved to the brain capillary endothelial cells. However, in some 

organisms (e.g., primitive sharks and insects) the BBB is still formed by tight junctions 

between astrocytes. Interestingly, the permeability and transport functions observed at the 

capillary BBB are quantitatively mirrored at the astrocytic BBB, emphasizing the 

importtance of the underlying physiological operations that must be supported (Abbott 

and Bundgaard, 1986).  

Finally, it should be emphasized that there are a small number of defined areas 

within brain that do not have a BBB. These are called the circumventricular organs and 

include (Gross et al., 1987; Gross and Weindl, 1987): 

a. the median eminence and organum vasculosum of the lamina terminalis at 

the floor of the third ventricle, 
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b. the subfornical organ at the roof of the third ventricle, 

c. the subcommissural organ and pineal gland at the back of the third 

ventricle, and  

d. the area postrema near the fourth ventricle.  

All of the circumventricular organs have important roles in either sensing changes 

in the vascular circulation or in releasing critical factors from brain into the circulation. 

For example, the chemical triggering zone is situated in the area postrema of the brain 

stem and is sensitive to a variety of circulating chemical and drug agents. Solute uptake 

into the circumventricular organs is extremely rapid and equilibrates within seconds – to 

–minutes due to the absence of a BBB (Gross et al., 1987). However, these brain areas do 

not serve as important portals to uptake into the general brain because their volume is so 

small and because there are tight junctions between cells at the outer surface of the 

circumventricular organs that impede aqueous diffusion into surrounding brain regions. 

 

Transport carriers at the blood-brain barrier and blood-CSF barrier 

As noted, the BBB has an important regulatory role in maintaining the stability of 

the brain interstitial fluid. It also isolates and protects the brain from a wide range of 

circulating drugs and toxins. This is achieved through a series of mechanisms, including 

restricted passive permeability, active transport, metabolism, and plasma protein binding.  

The brain capillaries and choroid plexus epithelium are high expression sites for >10  

transporters, including members the P-glycoprotein (P-gp), multidrug resistance 

associated protein (MRP), organic anion transporter (OAT), organic anion transport 

polypeptide (OATP), monocarboxylic acid transporter (MCT) and organic cation 



 

 14

transporter (OCT) families (Kusuhara and Sugiyama, 2005). Acidic NSAIDs, like 

naproxen, ibuprofen and indomethacin, have been shown to interact with high affinity 

with a number of these transporters (Mulato et al., 2000; Shitara et al., 2002; Sugiyama et 

al., 2003a; Nozaki et al., 2004; Ohtsuki et al., 2004; Morita et al., 2005), and thus their 

characteristics will be summarized below. In most instances, these transport proteins 

follow Michealis-Menten saturation kinetics, with a maximal transport rate (Vmax) and a 

half saturation constant (Km) as 

Saturable Transport Rate = Vmax x C / ( C + Km)             (1.1) 

where C = substrate concentration (Smith et al., 1987). At tracer substrate concentration 

and in the presence of only a single competitor, the concentration of competitor that 

decreases transport by 50% is defined as the IC50 of Ki. The apparent affinity of a 

transporter for a solute can be estimated from the inverse of Km or Ki.    

 Some of these drug transporters (e.g., oatp-2 and 14) are located at both the 

capillary luminal and abluminal membranes and serve to shuttle solutes both into brain 

and back into the circulation. Others are located only at either the capillary luminal 

membrane (e.g., P-gp, Mrp1 & 4) or abluminal membrane (e.g., OAT3) and serve 

primarily to mediate drug efflux from brain. Saturable influx is readily measured with the 

in situ brain perfusion technique and is best characterized by a decreasing apparent BBB 

permeability-surface area product to free drug (PSu) with increasing concentration of 

substrate or competitor: 

                                     BBB PSu  =  Influx/Average Capillary Concentration   

                                                 ≈  Vmax / (C + Km [1 + Σ(Ci/Ki)])       (1.2) 
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where Ki is the plasma or capillary fluid concentration of competitor. Saturable efflux, on 

the other hand, is best studied using direct measurement of the rate of drug movement 

from brain interstitial fluid to plasma, such as with the Brain Efflux Index technique 

(Terasaki and Ohtsuki, 2005). However, for a number of compounds that show active 

efflux, measured influx rises with increasing concentration of substrate or competitor. For 

example, the brain uptake of a number of P-gp substrates can be increased 2-10 fold by 

co-perfusing with saturating concentration of P-gp inhibitor (Dagenais et al., 2001). The 

rise in initial uptake is thought to occur because of saturation of the efflux component. 

This approach was used in the present dissertation to investigate the mechanism of 

transport of several acidic NSAIDs into brain in the presence of elevated concentration of 

self substrate or inhibitor.   

 

P-glycoprotein (P-gp) 

P-gp was the first BBB active drug efflux transporter to be described and 

characterized at the molecular level (Gaillard et al., 2001). It is a 170-kDa glycoprotein 

belonging to the ATP-binding cassette family of transporters and exhibits substrate 

affinity for a broad range of lipophilic and amphiphilic organic compounds (Wang et al., 

2002), including many anticancer agents, steroids, cardiovascular agents, and lipophilic 

peptides (Jette et al., 1995; Lum and Gosland, 1995; Krishna and Mayer, 2000). Early 

studies highlighted the importance of a lipophilic aromatic group linked to an amine 

nitrogen in P-gp binding. Subsequent work identified three or more P-gp pharmacophores 

showing significant substrate/inhibitor diversity (Seelig, 1998; Ekins et al., 2002; 

Garrigues et al., 2002). Humans express two P-gp isoforms commonly referred to as 
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multidrug resistance protein (MDR) 1 and MDR2 whereas rodents express three. MDR1 

in humans and Mdr1a and Mdr1b are active transport proteins. Western analysis of 

enriched brain capillary luminal membranes indicate that P-gp is localized at the luminal 

side of the BBB (Beaulieu et al., 1997; Mercier et al., 2004). In addition, immunological 

analysis also confirm the presence P-gp at apical side of the BBB (Mercier et al., 2004). 

In choroid plexus, P-gp is localized at the apical/CSF side of the BCSFB (Rao et al., 

1999). A number of solutes are used as P-gp inhibitors, including, verapamil, 

cylcosporin, PSC 833, GF 120918, and LY 335979. No absolutely selective P-gp 

inhibitor has yet been identified. The importance of P-gp to brain delivery comes from its 

very high BBB expression and broad substrate specificity. It has been shown to 

contribute to the protection of the brain from a broad range of potentially neurotoxic 

agents, including ivermectin (Schinkel et al., 1994). P-gp knockout animals have proved 

extremely useful in the demonstration of the critical transport carrier in limiting brain 

drug distribution of  circulating xenobiotics and toxins. For some drugs, the absence of P-

gp increases brain uptake and equilibration by 20-50 fold (Schinkel et al., 1995). 

 

Multidrug resistance associated proteins (MRPs) 

MRPs belong to the ATP-binding cassette transporter family. Nine members of 

the MRP family have been identified to date (MRP1-9) (Bera et al., 2001; Bera et al., 

2002); MRP2 is also known as canalicular organic anion transport protein (cMOAT). 

MRPs, like P-gp, are thought to serve as cellular defense mechanisms against toxic 

compounds and metabolites and to perform critical functions in drug elimination from the 

body. Substrate specificity varies widely across the family, as does tissue expression. Of 
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the various MRPs, three – MRP1, MRP4 and MRP5 - have been studied the most at the 

BBB (Regina et al., 1998; Zhang et al., 2000; Nies et al., 2004; Zhang et al., 2004). Some 

reports also suggest that MRP2 and MRP6 may be present, though at reduced levels 

(Nies et al., 2004). While the P-gp contribution of BBB transport has been fairly readily 

described in vitro and in vivo, the roles of the MRP transporters have been more subtle.  

Most all of the MRPs prefer anions as substrates, and thus their role in the BBB transport 

of acidic NSAIDs is important to consider. MRP1, 4 and 5 are discussed in greater detail 

below: 

MRP1.  MRP1 is expressed at measurable levels at the BBB and B-CSF-B where 

it is located principally at the brain capillary luminal membrane and basolateral 

membranes of the choroid plexus epithelium (Rao et al., 1999; Sugiyama et al., 2003b; 

Nies et al., 2004; Zhang et al., 2004). Indomethacin and probenecid are widely used as 

MRP1 inhibitors (Dallas et al., 2004). Studies have shown increased accumulation of 

flurescein, an MRP1 substrate, in the presence of these inhibitors in isolated brain 

microvessel endothelial cells and in brain in vivo in MRP1 knockout and wild type 

(control) mice (Wijnholds et al., 2000a; Sun et al., 2001). MRP1 tends to prefer organic 

anions, glutathione and glucuronide conjugates (Sugiyama et al., 2001).  Its contribution 

to BBB active efflux appears to be less than that of P-gp and in some studies no role 

could be demonstrated (Seetharaman et al., 1998; Cisternino et al., 2003). 

MRP4. MRP4 is also expressed widely in several tissues including brain and 

known to transport prostaglandins, steroid conjugates and cyclic nucleotides (Warner and 

Mitchell, 2003). It is strongly inhibited by several NSAIDs including flurbiprofen, 

ibuprofen and indomethacin, as well as probenecid (van Aubel et al., 2002; Reid et al., 
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2003). The transporter has been localized to the BBB capillary luminal membrane and 

basolateral membrane of the choroids plexus epithelium (Leggas et al., 2004; Nies et al., 

2004), but has also been reported to be present on the brain capillary abluminal 

membrane (Leggas et al., 2004; Zhang et al., 2004) used a MRP4 knockout mouse model 

to demonstrate the critical role of MRP4 in limiting topotecan  distribution to brain. 

MRP5. Brain tissue analysis using ribonuclease protection assay and Northern 

blot has revealed high BBB MRP5 expression (Kool et al., 1997) with clear 

immunofluororescence localization to the capillary luminal membrane (Nies et al., 2004; 

Zhang et al., 2004). The role of MRP5 at the BBB is just beginning to be explored.  

However, MRP5-transfected cells are resistant against anticancer drugs including 6-

mercaptopurine, thioguanine and anti-HIV drug 9-(2-phosphonyl methoxyethyl) adenine 

(Wijnholds et al., 2000b).  

 

Organic anion transporter polypeptides (oatps/OATPs) 

Oatps are sodium independent exchange transporters. In humans and rodents 

fourteen members of the Oatp/OATP gene family have been identified including recent 

oatp14 (Sugiyama et al., 2003b). Gao et al., (2000) using in situ hybridization and 

immunofluorescence microscopy (Gao et al., 2000) demonstrated strong distribution of 

rat oatp2 and human OATP-A at the BBB and choroid plexus. At the BBB, oatp2 is 

located at both the capillary luminal and abluminal membrane (Mayer et al., 1996). The 

oatp family transports a broad range of solutes, including organic anions. At the BBB, 

oatp2 has been shown to contribute to the brain efflux of delta opioid agonist [D-

penicillamine(2,5)]-enkephalin (DPDPE) (Dagenais et al., 2001) as well as 17β-estradiol-
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D-glucuronide efflux (Sugiyama et al., 2001). Digoxin (Ki = 0.037 µM) and probenecid 

(Ki = 73 µM) are potent oatp2 inhibitors, whereas acidic NSAIDs, such as indomethacin, 

ibuprofen and naproxen, are only active at elevated concentration (~1000 µM) (Shitara et 

al., 2002). Para-amino hippuric acid (PAH) shows no activity against oatp2 and thus can 

be used to more selectively block OAT transport (Sugiyama et al., 2001).     

 

Organic anion transporters (OATs) 

OATs are also a large family of efflux transporters which express affinity for a 

broad array of  organic anions,  including p-aminohippurate (Km=14.3 µM), antibiotics, 

diuretics and NSAIDs (Sekine et al., 1997). At the BBB and B-CSF-B, the primary OAT 

described has been OAT3 which is present at the luminal membrane of the brain capillary 

endothelium and the apical membrane of the choroid plexus epithelium (Ohtsuki et al., 

2004; Sykes et al., 2004). PAH, homovanillic acid, indoxyl sulfate and benzylpenicillin 

are effluxed from brain by OAT3 (Kakee et al., 1997; Hakvoort et al., 1998). Rat OAT3 

has also recently been shown to be involved in the BBB efflux of the thiopurines, 6-

mercaptopurine and thioguanine, thus limiting their brain distribution. Indomethacin (Ki = 

1.3 µM), ibuprofen (Ki = 3.6 µM), and naproxen (Ki = 19 µM) are potent OAT3 inhibitors 

(Morita et al., 2005), and indomethacin has been shown to reduce the CNS elimination of 

6-mercapopurine via OAT3 (Mori et al., 2004). In addition, probenecid (Ki = 20 µM) and 

PAH (Ki = 301 µM), but not digoxin, are OAT3 inhibitors (Sugiyama et al., 2001). OAT3 

mediates cellular organic anion uptake in exchange for glutarate or an other cellular 

anion, the concentration of which is maintained within the cell by a separate sodium-

independent transporter. Thus, OAT3 is indirectly driven by the sodium ion gradient. The 
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BBB expression and activity of other OAT family members remains to be more fully 

explored, but preliminary analysis suggests that expression of OAT1 is very low or 

absent at the BBB. 

 Oatp14 

Oatp14 is a new member of oatp family specifically expressed at the brain 

capillary and choroid plexus. Oatp14 was shown to transport thyroxine, taurocholate, 

cerivastatin, 17β estradiol-d-17β-glucuronide, and troglitazone sulfate. Taurocholate, 

probenecid and estrone sulfate were found to be inhibitors. Oatp14 is thought to be 

mainly involved in maintaining brain thyroxine level (Sugiyama et al., 2003b; Tohyama 

et al., 2004). 

 

Monocarboxylic acid transporters  

Short chain monocarboxylic acids, including acetic acid, lactic acid, pyruvic acid, 

and the ketone bodies, are taken up into brain from the circulation by proton-linked 

membrane carrier, the monocarboxylate transporter 1 (MCT1) (Oldendorf, 1973; Gjedde 

and Crone, 1975; Enerson and Drewes, 2003). The ketone bodies are important substrates 

for brain energy metabolism in developing animals (Dombrowski et al., 1989). In 

addition, MCT1 has an important role in removing lactate from the CNS in conditions 

where glycolysis powers over oxidative metabolism, such as in hypoxia or ischemia. 

MCTs are found in various tissues throughout the body. Three isoforms including MCT1, 

MCT2 and MCT4 have been identified in the CNS. MCT1 is expressed at luminal and 

abluminal membranes of brain capillary endothelial cells as well as at the choroid plexus 

and glial limiting membranes (Gerhart et al., 1997; Koehler-Stec et al., 1998; Hanu et al., 
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2000; Pierre et al., 2000; Baud et al., 2003; Vannucci and Simpson, 2003). MCT2 is the 

predominant monocarboxylate transporter of neurons (Debernardi et al., 2003). MCTs 

prefer primarily small organic anions and have been suggested to contribute to drug 

uptake for some agents (Enerson and Drewes, 2003). Pyruvate (Km ~1-2 mM) (Miller and 

Oldendorf, 1986) has been shown to competitively block the BBB MCT1 transporter and 

can be used to probe for MCT1 components of BBB drug transport.  

 

Other transporters 

Organic cation transporters (OCTs), OCTN1 and OCTN2, nutrient transporters 

including system LAT1 and glucose transporters (GLUTs) (Begley and Brightman, 2003) 

are also expressed at the BBB. Due to the structural differences of their substrates from 

NSAIDs, these transporters are not considered here. 

 

Brain capillary and peripheral drug metabolism 

 The brain capillaries of the BBB have been shown to express measurable levels of 

drug metabolizing enzymes that are involved in NSAID elimination (Minn et al., 1991).  

These include UGT which is important in NSAID glucuronidation. Fig. 1.8 shows the 

primary metabolic pathway for naproxen. Approximately 20-30% of administered 

naproxen is O-dealkylated to 6-O-desmethylnaproxen by cytochrome P450, primarily 

CYP2C9 and 1A2 (Rodrigues et al., 1996; Davies and Anderson, 1997). Both 6-O-

desmethylnaproxen and intact naproxen are conjugated via phase II metabolism to 

corresponding acyl glucuronide species. Virtually all the naproxen and 6-O-

desmethylnaproxen are excreted as glucuronide species. Only a small fraction is 
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eliminated as the sulfate (~10%) and free (unconjugated) naproxen and 6-O-

desmethylnaproxen are <2-3% in urine (Davies and Anderson, 1997). Glucuronidation 

occurs predominantly in the liver and kidney. In both rats and humans, naproxen 

circulates in plasma predominantly as intact naproxen or 6-O-desmethylnaproxen; the 

glucuronide species of each are essentially unmeasurable in plasma (Iwakawa et al., 

1991; Vree et al., 1992).   

Cytochrome P450 levels in brain and brain capillaries are low relative to liver and 

kidney, whereas the choroid plexus has levels which roughly approximate liver (Minn et 

al., 1991). However, given that the mass of the choroid plexus is only ~0.1% that of the 

liver (rat liver ~5-10 g vs rat choroid plexus ~0.005 g), P450 metabolism of naproxen in 

the CNS is expected to be minimal. The formation and transport of naproxen glucuronide 

species by the brain and BBB have not been reported to date in the literature. The brain 

capillaries have UGT enzyme and the capability of transporting glucuronides via MRP 

and other transporters. However, the contributions of these systems in experiments 

performed as part of this dissertation are expected to be low given the limited time of 

brain exposure (in most experiments <10 min) and the rapidity of naproxen transport. To 

test for this, HPLC methods were developed to measure and quantitate [14C]naproxen and 

[14C]naproxen acyl glucuronides in plasma and brain. In experiments allowing 

appreciable CNS naproxen uptake (i.e., in situ perfusion in the absence of protein or i.v. 

administration to the Nagase albumin deficient rat) only intact [14C]naproxen was 

observed in brain. Based on the tracer chosen for the experimental studies (i.e, 6-O-

methyl[14C]-naproxen, any 6-O-desmethylnaproxen formed would not be radioactive and 

did not contribute to the tracer analysis.   
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Plasma protein binding 

Most drugs, including NSAIDs, bind significantly to plasma proteins.  In a survey 

conducted by Kratochwil et al., (2002) of 500 common therapeutic agents, approximately 

half  were found to circulate in plasma 90% or greater bound to plasma proteins. Plasma 

protein binding decreases available free drug concentration in the circulation and reduces 

the whole body volume of distribution. For many drugs, it also limits brain drug uptake 

and equilibration. However, at present, there is no established model that predicts 

influence of plasma protein binding on brain drug availability and a number of studies 

report little or no effect (Tanaka and Mizojiri, 1999; Pardridge, 2001b).  

Fig. 1.9 illustrates the various components that impact plasma protein binding on 

brain drug uptake and availability from the circulation. Most drugs are thought to bind 

rapidly (t1/2 ~ms) and freely to plasma proteins. The fraction bound at equilibrium is 

determined by the KD, plasma protein concentration (P), drug free (unbound) 

concentration Cu, and the number of binding sites per protein molecule: 

fu = Cu/Ctot = (KD + Cu)/(nPtot + KD + Cu)             (1.3) 

Of the drug within the circulation, only unbound solute is thought to be the driving force 

for transport across BBB. This is because transport rates for most proteins at the BBB are 

very slow, at least 100 fold lower than that of most typical drugs. In the Kety-Crone-

Renkin model, blood plasma enters the capillary with the bound and unbound drug in 

equilibrium and then proceeds to transit from the arterial end to the venous end of the 

capillary. During the transit process, unbound drug is cabable of diffusing or being 

transported into brain based upon its apparent PSu. The unidirectional extraction (E) of 
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free drug can be expressed as, 

                                            Eu= 1 – e-PSu/F         (1.4) 

where F=cerebral blood or plasma flow rate. Assuming that drug dissociation and 

rebinding to plasma protein are so rapid that the capillary bound and free drug 

concentrations are in equilibrium at each stage of plasma transit through the cerebral 

capillary, then the predicted unidirectional total drug extraction by brain is given as, 

                                            E = 1 – e-fu x PSu/F           (1.5) 

Similarly, the unidirectional transfer coefficient (Kin) for drug uptake into brain can be 

expressed as 

                                     Kin = F x E = F (1 – e-fu x PSu/F )      (1.6) 

The Kin is analogous to a clearance for drug uptake into brain. 

With this model, plasma protein binding will limit brain drug uptake and 

unidirectional extraction when PSu/F is low so that Eu is <30%.  Under these conditions,  

E < fu and Kin ≈ fu x PSu, and essentially brain drug uptake is determined solely by the 

plasma unbound drug concentration. Under these conditions, plasma protein binding is 

said to have a “restrictive” effect on brain drug uptake.   

In contrast, if BBB transport is sufficiently rapid relative to F that the 

unidirectional E is high (>30-50%) and appreciably reduces the free drug concentration, 

then by mass action, bound drug can dissociate in an attempt to maintain equilibrium. 

When this occurs, E > fu and Kin > fu x PSu.  If PSu/F is sufficiently high, E can equal 1.0.  

Under these conditions, plasma protein binding is said to have a “nonrestrictive” effect on 

brain drug uptake.   

  All of the above analysis assumes that:  
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a. drug binding and dissociation are extremely rapid relative to blood transit 

through the cerebral capillaries (~0.1 – 1 s), 

b. plasma protein binding affinity and capacity remain stable during blood transit 

through the cerebral capillaries,  

c. the presence of plasma protein does not alter the BBB PSu to drug,  

d. brain free drug uptake can be described adequately with the Kety-Crone-

Renkin parallel tube model, 

e. the brain does not release significant quantities of binding competitors or 

modifiers during capillary transit that disrupt the binding equilibrium, and  

f. changes in F do not appreciably alter PSu. 

However, many studies in the literature do not fit the above model and suggest 

instead that brain drug uptake correlates better with only plasma total drug 

concentration (Pardridge and Landaw, 1984; Jones et al., 1988; Pardridge, 1998a; 

Tanaka and Mizojiri, 1999). In all of these studies, the measured brain E significantly 

exceeds that predicted by Eq. 1.5 using separately determined fu, F and PSu. To 

explain the greater brain uptake than predicted from the in vitro fu it has been 

hypothesized that plasma protein interacts with endothelial glycolcalyx or capillary 

membrane during transit through vascular bed (Pardridge and Landaw, 1984; 

Pardridge, 1998b). This interaction has been suggested to lead to a conformational 

change in the protein molecule which leads to increased dissociation constant (KD) 

for drug binding and locally raises the free drug concentration in the capillary (i.e., 

“enhanced dissociation”) (Pardridge, 2001a). The extent of the interaction appears to 

be variable, occurring for many hormones and drugs, but not all (Pardridge, 1998b).  
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The effect has been reported in the literature for both plasma albumin and alpha-acid 

glycoprotein, as well as serum. The net effect is that there is no clear understanding of 

how best to predict CNS drug uptake or action from circulating plasma levels in the 

presence of significant plasma protein binding. As part of this dissertation, I will 

closely examine the effect of plasma protein binding on brain NSAID uptake and 

distribution and determine to what extent the binding effect can be rationalized with 

existing models. 

 

Quantitation of drug transport across the BBB 

Multiple models exist to study drug transport at the BBB. These include both in 

vitro systems using freshly isolated or cultured brain endothelial cells. Transport can also 

be studied in vivo following central or peripheral administration.  

In vitro models of the BBB offer many very positive features (Youdim et al., 

2003). Bidirectional transport can be measured rapidly and efficiently under a wide 

variety of conditions. Concentrations of solutes, ions, and modulators can be set and 

varied at will. Transport can be studied very selectively at isolated endothelial luminal or 

abluminal membranes. The methods are mostly independent of flow (delivery) rates 

which change in vivo under many circumstances. Further, confounding variables, such as 

metabolites, can be more readily controlled or avoided.  

However, existing BBB in vitro models also have limitations. Those developed 

thus far generally show leaky intercellular junctions and modified activity of transporter 

proteins (Gumbleton and Audus, 2001). As a result, they do not always accurately model 

the in vivo drug transport. Furthermore, unstirred layer effects can be problematic and 
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there is no certainty that the model will respond to metabolic or stress challenges in a 

manner similar to in vivo. To improve model reproducibility and to enhance the 

expressed BBB phenotype, a number of investigators have included astrocyte-derived 

factors in their culture medium, which can be sources of variation. Finally, because in 

vitro cell culture models focus only on the BBB and do not include other parenchymal 

brain elements, their predictions for brain drug equilibration are limited.   

To avoid some of the complications of existing in vitro BBB models and to take 

into account all of the parameters that influence drug uptake into brain, I used primarily 

in vivo models as part of my dissertation. With most in vivo models, drug is administered 

peripherally, generally into an artery or vein, and then the brain is sampled after killing 

the animal at pre-determined time points (Smith, 2003). One of the most common such 

methods, is the i.v. administration method where the drug is injected as a bolus i.v. and 

the initial, unidirectional uptake of drug into brain is measured. The BBB Kin is 

calculated as: 

                                Kin = (Qtotal – VvCblood)/ ∫ Cplasma dt       (1.7) 

Where Qtotal = total quantity of drug in brain (including that which is in blood in the brain 

vasculature) (dpm/g), Vv = brain blood volume (ml/g),   Cblood = blood concentration of 

drug at the time of death (dpm/ml), and Cplasma = plasma concentration (dpm/ml) of drug 

measured over the course of the uptake experiment. Eq. 1.7 holds only for initial 

unidirectional uptake. However, the method can be expanded to provide a more complete 

pharmacokinetic analysis of brain drug uptake and equilibration. One such approach 

would be to infuse the drug i.v. so as to maintain a stable (constant) plasma concentration.  
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Under these conditions, the time course of vascularly corrected brain drug content (Qbr, 

dpm/g) is given as 

                                                 Qbr = Cplasma Vbr ( 1  - e –Kin/fuVbr )       (8) 

where Vbr = brain-plasma free drug distribution volume. This latter approach gives both 

the brain uptake Kin and the brain distribution volume (Vbr). From these, the rate 

coefficient for drug removal (efflux or metabolism) from brain can be calculated as kout = 

Kin/Vbr.   

The advantage of the i.v. administration method is that it measures brain uptake 

under very physiologic conditions. BBB uptake Kin can be accurately determined over a 

very wide range of permeability (5 orders of magnitude). BBB transporters, metabolic 

enzymes, plasma proteins, and small molecules/ions are all present at normal physiologic 

levels and activity. The method incorporates cerebral blood flow as well as drug 

distribution and exchange with brain parenchymal elements. Further, regional sampling 

can be performed to determine to what extent drug uptake and distribution vary across the 

brain. 

Limitations of the i.v. injection method include limited control of plasma and 

brain drug concentration as well as concentrations of modifiers. It can often be difficult to 

establish and maintain a specific level of drug in the circulation, and metabolites can 

accumulate which may modify the transport process. Further, it often can be very 

difficult to modify plasma concentrations of ions, modulators or inhibitors in order to 

study transport mechanism. Finally, while the method is ideally suited for determinations 

of drug uptake into brain, it is less readily used for determinations of brain drug efflux. 
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In vivo methods that have been developed to simplify and provide greater control 

than that of the i.v. administration method include (Smith, 2003): 

a. Brain uptake index (BUI) method, 

b. In situ brain perfusion method, and  

c. Brain efflux index (BEI) method 

The BUI method was first introduced by Oldendorf in 1970. With this technique, 

a 200 µl bolus of buffer containing drug substance and permeant reference tracer is 

injected rapidly as a bolus into the carotid artery. The bolus is allowed to make a single 

pass (~5-15 s) through the brain vasculature and then the brain and injectate levels of 

tracers are determined. The BUI is then calculated as, 

                              BUI  = 100 x (Cdrug/Creference)brain / (Cdrug/Creference)injectate        (1.9) 

where Cdrug and Creference are the concentration of drug and reference marker, respectively. 

The BUI is fast, simple to perform, and conceptually very easy to understand. If uptake is 

unidirectional, the BUI can be seen as a ratio of extractions (BUI = 100 x Edrug/Ereference) 

and thus it is possible to convert the BUI to any drug by multiplying by Erefernce/100. For 

many years, the reference marker used in the BUI was 3H-water or 3H-butanol. The BUI 

method allows one to readily vary the concentrations of ions, and solutes in the injectate 

in order to study transport mechanism. However, the control over injectate composition is 

not perfect (e.g., some mixing occurs with blood elements) and thus it is not easy to 

precisely relate BUI to cerebrovascular PS or brain capillary concentration. Further, F is 

not measured directly and can vary from animal to animal. 

The in situ brain perfusion method was developed to incorporate many of the best 

aspects of the i.v. administration and BUI methods (Takasato et al., 1984; Smith, 1996).   



 

 30

With in situ perfusion, the circulation is taken over with whole blood, artificial blood, 

plasma or saline fluid that is infused into the carotid artery.  This approach, like the BUI, 

allows one to set and vary perfusate concentrations of ions, proteins and solutes as 

desired. Like i.v. administration, uptake can be studied over an extended period at stable 

F. This technique is 100-fold more sensitive than the single pass BUI technique in 

measurement of BBB permeability to poorly penetrating compounds (Takasato et al., 

1984; Smith, 1989). Further, it allows ready control of flow which is determined by the 

rate of the infusion pump. To avoid problems related to vascular mixing, the brain can be 

pre-perfused with tracer free fluid prior to tracer exposure to allow washout of blood 

elements and equilibration of the perfusate concentrations. Drawbacks of brain perfusion 

are that the perfusate may, in and of itself, lead to modifications of the BBB. Further, 

vascular perfusion in the absence of red cells may alter vascular flow patterns in the 

absence of pulsatile flow. Lastly, while the perfusion approach allows ready control of 

some brain regions, it is difficult to perfuse the whole brain, due to the Circle of Willis.   

Nonetheless, because of the control afforded by the brain perfusion method, it is 

the primary method used to study NSAID uptake and distribution in three chapters of this 

dissertation. In the last chapter, i.v. uptake determinations were performed in control and 

Nagase analbuminemic rats to compare brain perfusion with in vivo data. 

The Brain Efflux Index method is an interesting technique to directly study solute 

transport out of brain across the BBB (Kakee et al., 1996; Kakee et al., 1997; Terasaki 

and Ohtsuki, 2005). With this technique, a drug or solute is injected directly into brain 

and then its rate of removal from brain is recorded. From this measurement of kout for 

BBB efflux can be calculated. Mechanism of efflux can also be studied by injecting high 
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level of transporter competitors or inhibitors. The BEI method assumes that drug 

injection into brain does not alter the BBB and that the brain interstitial fluid 

concentration of drug can be appropriately modeled. The BEI method was not used in 

this dissertation, but might be an avenue for following up the obtained results in future 

studies. 

 

Statement of the problem       

NSAIDs distribute poorly into brain (LogB/P = -2). At high doses NSAIDs may 

lead to severe GI toxicity. Furthermore, in vitro concentrations shown to be effective in 

neuroprotection are 100-fold greater than that obtained at normal therapeutic doses. 

 

Hypothesis 

We hypothesize that low brain accumulation of NSAIDs in CNS is mainly due to 

low distribution volume and high plasma protein binding. 

Overview of Experimental Plan of Dissertation 

Project 1 - Selectively test the role of specific factors including passive 

permeability, carrier mediated transport and plasma protein binding influencing initial 

brain uptake of the NSAID, naproxen using in situ rat brain perfusion for short term brain 

uptake. Use in situ rat brain perfusion technique that allows control of F, fu, etc. and test 

the Kety-Crone-Renkin model in the presence of plasma protein binding (Chapter 2). 

 

Project 2 - Selectively test the role of specific factors including passive 

permeability, carrier mediated transport and plasma protein binding influencing 
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initial brain uptake of other non-selective NSAIDs, ibuprofen, flurbiprofen and 

indomethacin using in situ rat brain perfusion for short term brain uptake and to 

extensively test the model Kety-Crone-Renkin model for these NSAIDs in the 

presence of plasma protein binding (Chapter 3). 

 

Project 3 - Test the extended Kety-Crone-Renkin model for brain uptake of 

naproxen at distributional equilibrium using in situ brain perfusion technique to study 

brain uptake of NSAID, naproxen over longer duration (Chapter 4). 

 

Project 4 - In vivo brain uptake and tissue distribution studies of naproxen in 

genetically analbuminemic Nagase rats to validate in situ brain perfusion experiments 

in in vivo settings. Examine the roles of plasma protein binding and active efflux in 

albumin knockout model (Chapter 5).  

In summary, this dissertation demonstrates the factors effecting poor brain 

availability of most non-selective NSAIDs. Passive permeability of the NSAIDs 

across the BBB is fairly high; active transport does not play an important role. 

However, plasma protein binding has tremendous effect in limiting brain uptake of 

NSAIDs. Kety-Crone-Renkin model and extended model can be used to predict the 

initial brain uptake as well as brain uptake at distributional equilibrium of NSAIDs. 

Finally, in situ brain perfusion experiments as validated by in vivo brain uptake of 

naproxen in albumin knockout Nagase rats could be used to examine the role of 

plasma protein binding. 
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Figure 1.1: The biosynthesis of prostaglandins, prostacylin and thromboxane from 
arachidonate. 
(PG, prostaglandin; TX, thromboxane) 
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Figure 1.2: Schematic representing NSAID traditional and newer uses and different 
mechanisms proposed for neuroprotection.   
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(Adapted from Brune and Neubert, 2001) 
 
 
 
Figure 1.3: Schematic representing summary of acidic NSAID distribution obtained from 
autoradiography.   
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(Redrawn from Reese & Karnovsky, 1967; Brightman & Reese, 1969) 
 
 
Figure 1.4: Schematic showing structure of blood-brain barrier 
 
 
 
 
 
 
 
 
 
 



 

 52

 
 
 
 
 
 
 
 
 
 

1E-06

1E-05

0.0001

0.001

0.01

0.1

1

PS
  (

m
l/s

/g
)

0.0001 0.001 0.01 0.1 1 10 100 1000

OCTANOL / WATER DISTRIBUTION COEFFICIENT

Sucrose

Fructose

Mannitol Glycerol
Urea

Methylurea
Ethylene glycol

Trimethylene glycol

Thiourea

Fluorouracil

Butanediol

Methanol
Water

Acetamide Nicotinamide

Iodoacetamide
Antipyrine

Ethanol
Iodoantipyrine

Aminopyrine

Butanol

Azido-deoxythymidine

Tetracycline
Theophylline

Phenobarbital

Caffeine
Reserpine

Daunomycin

Vinblastine

Vincristine

Leucine

Lysine
D-Glucose

Choline

Glutamate

Adenosine

Lactate

 
 
 
Figure 1.5: Diagram represents relationship between brain uptake and lipid partition 
coefficient of compounds. 
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(Adapted from Netter, 1953; Millen and Woollam, 1958) 
 
Figure 1.6: Diagram of choroid plexus villus (Left) showing leaky capillaries and tight 
epithelial junctions forming B-CSF-B and CSF circulation (Right) in the central nervous 
system. 
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(Adapted from Kusuhara, H and Sugiyama,Y, 2005) 

Figure 1.7: Schematic diagram of brain capillary endothelium and choroid plexus 
showing efflux transporters. 
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Figure 1.8: Naproxen metabolism by dealkylation and conjugation 
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Figure 1.9: Model of drug uptake into brain and the effect of plasma protein binding. 
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Figure 1.10: Diagram representing in situ brain perfusion for perfusing right cerebral 
hemisphere of rat. 
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CHAPTER II 

ROLES OF BLOOD-BRAIN BARRIER TRANSPORT AND PLASMA PROTEIN 

BINDING IN BRAIN UPTAKE OF NAPROXEN 

 

 
2.1 Introduction 

Nonsteroidal anti-inflammatory drugs (NSAIDs) are widely used for the treatment 

of pain, fever and inflammation. They are thought to act at normal doses predominantly 

via inhibition of one or more cyclooxygenase (COX) isozymes (COX-1, 2) which convert 

arachidonic acid to prostaglandins (Simmons et al., 2004). Both CNS and peripheral 

COX-dependent prostaglandin pathways have been implicated in NSAID pain relief 

(Ghilardi et al., 2004).   Moreover, at elevated doses COX-independent actions have also 

been demonstrated, including modulation of transcription factors, nuclear receptors, and 

cellular kinases (Tegeder et al., 2001). Both COX-2 selective and nonselective NSAIDs 

have been shown to be neuroprotective in animal models of ischemia, excitotoxic injury 

and neurodegenerative disease (Antezana et al., 2003; Gasparini et al., 2004; Silakova et 

al., 2004).  Further, some NSAIDs have been found to have antitumor activity, to induce 

apoptosis and to inhibit angiogenesis (Tegeder et al., 2001). 

The multiple CNS actions of NSAIDs have sparked renewed interest in brain NSAID 

uptake and delivery.  Most nonselective acidic NSAIDs, including naproxen, show very 

limited uptake into brain following peripheral administration (brain/plasma concentration 

= <0.01-0.08) (Frijlink et al., 1991; Eriksen et al., 2003; Mannila et al., 2005).  Clinical 

studies have demonstrated low penetration of selective and nonselective NSAIDs into 
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CSF (Bannwarth et al., 1989). By autoradiography, the CNS is one of the lowest 

distribution sites for acidic NSAIDs within the body (Rainsford et al., 1981). Together, 

these results suggest that a significant limitation exists for NSAID brain uptake and/or 

accumulation which may hamper their effectiveness as CNS protective agents. 

Drug distribution to brain is limited for many agents by the blood-brain barrier (BBB) 

which is formed by the brain vascular endothelium (Neuwelt, 2004; Hawkins and Davis, 

2005). Tight junctions between cerebrovascular endothelial cells block paracellular 

diffusion and force most agents to cross the BBB either by dissolving in and diffusing 

through the lipophilic capillary cell membranes or by carrier- or receptor-mediated 

transport. Most nonsalicylate NSAIDs are fairly lipophilic (octanol/ water LogD =  -1 to 

+1 at pH 7.4) and therefore might be expected to cross the BBB appreciably by passive 

diffusion. However, most NSAIDs are also acids and thus circulate predominantly in the 

charged, anionic form (>99.9%) at physiologic pH. The limited availability of the neutral 

form (<0.1%) may partially restrict passive uptake across the BBB (Greig, 1992). Brain 

uptake may also be limited by active efflux out of brain by one or more BBB drug 

transporters (Kusuhara and Sugiyama, 2005). NSAIDs are substrates or inhibitors of 

members of the MRP, OAT, MCT and oatp families (Tamai et al., 1995; Shitara et al., 

2002; Reid et al., 2003; Sugiyama et al., 2003; Ohtsuki et al., 2004) which have been 

shown to be present at the BBB. Furthermore, NSAIDs bind tightly to plasma proteins 

(mainly albumin) (Borgå and Borgå, 1997; Day and Myszka, 2003), which may also limit 

their brain uptake and distribution (Pardridge, 2001).  

The primary objectives of this study were to quantitatively determine the ability of one 

NSAID, naproxen, to cross the BBB and to investigate mechanisms that limit its brain 
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penetration in vivo. Brain uptake was measured using the in situ rat brain perfusion 

technique (Takasato et al., 1984; Smith, 2003). This method allows ready manipulation of 

vascular concentrations of drugs, transport competitors, and plasma proteins in the brain 

perfusion fluid. Further, it incorporates flow and measures transport at the normal in vivo 

BBB with natural expression levels of capillary transport carriers and junctional proteins. 

A preliminary abstract of this work has been published (Smith et al., 2003). 

 

2.2 Materials and Methods 

Chemicals 

[O-methyl-14C] Naproxen (55 mCi/mmol), [N-methyl-3H] diazepam (85 

Ci/mmol), and [methoxy-3H]inulin (2.25 mCi/g) were purchased from American 

Radiolabeled Chemicals, Inc (St. Louis, MO). [14C]Naproxen was purified prior to use  

by reverse-phase high performance liquid chromatography (HPLC). Chromatography 

was performed using a Vairan ProStar HPLC system with a C18 YMC ODS column (250 

mm x 10 mm ID, 10 µm) (Milford, MA) connected to a UV/visible spectrophotometer set 

to 270 nm. Mobile phase consisted of acetonitrile (25%): water with 1% acetic acid 

(75%; pH 3.5)  which was ramped to 100% acetonitrile in a linear gradient over 4 min. 

With a flow rate of 2 ml/min, [14C]naproxen eluted at 10 min post injection. The purity of 

rechromatographed tracer was shown to ≥99%.   

Indomethacin was obtained from Fluka (Milwaukee, WI), whereas p-

aminohippuric acid was purchased from ICN Biomedicals, Inc. (Irvine, CA). All other 

chemicals and reagents were from Sigma-Aldrich (St. Louis, MO). Human albumin was 
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fatty acid free (Sigma A-1887). Bovine and rat albumins were Fraction V (A3059 and A-

1887, respectively). 

 

Animals 

Adult, male rats (Sprague-Dawley strain, 250-350 g) were obtained from Charles 

River Laboratories (Wilmington, MA) and were allowed free access to food and water 

until the morning of the experiment. All studies were approved by the institutional animal 

care and use committee and the experiments were conducted in accordance with the NIH 

Guide for the Care and Use of Laboratory Animals.  

 

In situ brain perfusion technique 

Animals were anesthetized with sodium pentobarbital (45 mg/kg, i.p.). The left 

common carotid artery was catheterized with PE-60 tubing containing 100 IU/ml heparin 

in 0.9% sterile saline. In addition, the left external carotid, occipital and superior thyroid 

arteries were ligated with surgical silk. The pterygopalatine artery was not ligated or 

closed (Smith, 1996). Body temperature during and following surgery was monitored 

using a rectal probe and was maintained at 37 °C using a heating pad connected to a feed 

back device (YSI model 73A, Yellow Springs, OH).  

The common carotid artery catheter was connected via a four way valve to two 

37o C thermostated  glass syringes mounted in a Harvard dual syringe, variable rate 

infusion pump (Harvard Bioscience, South Natick, MA) (Smith, 1996). In most 

experiments the perfusion medium consisted of a bicarbonate-buffered physiologic saline 

(128 mM NaCl, 24 mM NaHCO3, 4.2 mM KCl, 2.4 mM NaH2PO4, 1.5 mM CaCl2, 0.9 
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mM MgSO4, 9 mM D-glucose; pH ~ 7.4) containing 0-20 mM unlabelled drug or 

transport competitor, 0-1% dextran, or 0-2.7% serum albumin. In a few experiments, the 

freshly-collected rat serum was used as perfusate. The first syringe was tracer free and 

was used to pre-perfuse the brain vasculature prior to tracer exposure.  The second 

syringe contained the identical perfusion medium with 0.01-0.1 µCi/ml [14C]naproxen for 

brain uptake and either 0.25-1.2 µCi/ml [3H]inulin to measure brain vascular volume or 

0.02-0.13 µCi/ml [3H]diazepam to determine cerebral perfusion fluid flow. Perfusate 

tracer concentrations were chosen so as to obtain at least 150 dpm of each tracer in brain 

specimens at the end of perfusion with a 3H:14C ratio of >2:1. All unlabelled drug agents 

were added to perfusion fluid from buffered (pH 7.4) stock solutions. The perfusion fluid 

was filtered, heated to 37 oC, and equilibrated with 95% O2/5% CO2 prior to use.   

A few seconds before the start of perfusion, the thoracic cavity was opened and 

the left ventricle was severed to stop blood flow. Then, the perfusion was begun by 

infusing tracer-free fluid into the left carotid artery at 5 or 20 ml/min. After 30-90 sec of 

pre-perfusion to wash the cerebral vasculature, the perfusate was switched to tracer-

containing fluid using the four-way valve (Smith, 1996). After 10-60 sec of initial uptake, 

the animal was decapitated and the perfusion pump turned off. The brain was removed 

from the skull and was placed on a filter paper lightly moistened with 0.9% NaCl and 

cooled in a glass Petrie dish on ice. The perfused left cerebral hemisphere and cerebellum 

were dissected into regions which were placed into tared glass scintillation vials 

(Takasato et al., 1984). Duplicate 50-100 µl samples of tracer-containing perfusion buffer 

were also collected and placed in separate vials. All samples were weighed and digested 

overnight at 55 °C in 1 ml of Solvable tissue solubilizer (Packard, Meriden, CT). The 
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next day 10 ml ScintisafeTM 30% scintillation cocktail (Fischer Scientific, Pittsburgh, PA) 

was added and the samples were assayed for 3H and 14C activity by dual label liquid 

scintillation counting (LSC) (Beckman LS 6500, Fullerton, CA) with matching correction 

for background activity, quench (H number) and counting efficiency.  

 

Plasma protein binding 

The [14C]naproxen free fraction in perfusion fluid was measured by ultrafiltration 

and equilibrium dialysis.  Ultrafiltration was performed using Microcon centrifugal filter 

devices (MW cutoff 10 kD; Amicon Bioseparations (Bedford, MA). Perfusate was 

collected immediately at the end of perfusion (500 µl) and spun at 4000 RPM at 37 °C for 

7 min under 95% O2 and 5% CO2. Centrifugation conditions were set to maintain 

temperature and pH as well as to filter only 10-15% of the perfusion fluid placed in the 

Microcon tube. Tracer naproxen concentrations in the initial fluid as well as filtrate and 

retentate were determined by LSC. Protein-free fluid was also filtered to determine drug 

filtration efficiency and membrane binding. Preliminary experiments demonstrated 

equality of NSAID free fractions between ultrafiltration and equilibrium dialysis. 

 

Octanol/water distribution coefficient 

 [14C]Naproxen was dissolved in 0.5 ml phosphate buffer (0.1 M, pH = 7.4). To 

this was added an equal volume of water-saturated n-octanol. The mixture was vortexed 

for 1 min and then allowed to separate. The 14C concentration in each phase was 

determined by LSC. The LogDoct 7.4 was calculated as log[(octanol 
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concentration)/(aqueous concentration)]. Determinations were performed in triplicate. 

Control experiments using [3H]inulin demonstrated the aqueous contamination of the 

octanol phase was <0.001%.  

 

Brain uptake kinetic calculations 

[3H]Inulin was coperfused along with [14C]naproxen in most experiments to 

measure brain vascular volume (Vv, ml/g) in the perfused hemisphere. Vv was calculated 

as brain 3H content (dpm/g) /perfusate 3H concentration (dpm/ml) at the end of the 

perfusion (Takasato et al., 1984). Brain [14C]naproxen uptake was expressed as an uptake 

space (Qbr/Cpf tot) which was obtained as the ratio of the vascularly-corrected brain 

[14C]content (Qbr; dpm/g) divided by the perfusate total [14C]naproxen concentration (Cpf 

tot; dpm/ml) (Smith, 1996; Smith, 2003). Qbr was calculated by subtracting the product  

VvCpf tot from the total measured 14C content of brain (Qtot; dpm/g). The initial linear 

period of [14C]naproxen uptake into brain was determined using the Patlak equation, 

Qbr/Cpf tot   = Kin x T + Vv                                            (2.1) 

where Kin is the unidirectional transfer constant (ml/s/g) for brain [14C]naproxen uptake, 

T is net perfusion time (s), and Vv is the brain [14C]naproxen vascular volume (ml/g) 

separate from that of [3H]inulin (as might occur from endothelial cell binding or 

sequestration). Once the linearity of initial [14C]naproxen uptake into brain was 

established, the BBB Kin for [14C]naproxen uptake was determined in single time-point 

experiments as, 

  Kin = (Qtot - VvCpf )/Cpf tot T    (2.2) 
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Brain uptake Kin can depend upon flow, BBB permeability, capillary surface area 

and the extent to which the drug is bound to blood constituents in the capillary circulation 

(Smith, 2003). If it is assumed that capillary transfer rate is proportional to the unbound 

drug concentration at the cell surface, then  Kin can be defined with the Kety-Crone-

Renkin equation modified for plasma protein binding as (Morgan and Huang, 1993),    

Kin = F ( 1 – e – fu x PSu/F)    (2.3) 

where PSu is the apparent BBB permeability-surface area product to free drug, fu is the 

free fraction of drug in perfusion fluid, and F is the flow rate of  perfusion fluid in the 

brain vasculature. The unidirectional extraction (E) was obtained as Kin/F.  

Equation 2.3 can be rearranged and solved for PSu in terms of Kin, fu and F as,  

      PSu = -(F/fu) ln ( 1 – Kin/F)    (2.4) 

F was measured in brain perfusion experiments using [3H]diazepam (Takasato et al., 

1984). The predicted [14C]naproxen fu in brain capillaries was also calculated from 

measurements of F, PSu and Kin as, 

                                                  fu = - F/PSu ln(1 – Kin/F)                                           (2.5) 

Finally, the in vivo dissociation constant (KD) for albumin binding of naproxen was 

determined from the calculated in vivo fu using the equation 

                                       fu = (Cu/Ctot)  =   (KD + Cu)/(nPtot + KD + Cu)                        (2.6) 

where Cu  is perfusate free (unbound) naproxen, Ctot is perfusate total naproxen 

concentration, Ptot is perfusate albumin concentration, and n is assumed to equal 1. The in 

vivo KD was then compared to that measured in vitro by ultrafiltration or equilibrium 

dialysis. 
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Data analysis 

Data are presented as means ± SEM unless otherwise noted. Statistically 

significant differences between groups were determined using one-way analysis of 

variance (ANOVA) with Dunnett’s or Tukey’s post-hoc test for multiple comparisons 

(Prism, Graphpad Software, San Diego, CA). Regression analysis was performed with 

Prism.  

 

2.3 Results 

Fig. 2.1 illustrates the 0-30 s time course of [14C]naproxen uptake into brain 

during vascular perfusion at tracer naproxen concentration (0.2-0.8 µM) with protein-free 

physiologic saline. Uptake was rapid and linear reaching a brain/perfusion fluid 

concentration ratio of >0.15 ml/g within 30 s. Because of the rapidity of brain 

[14C]naproxen influx, uptake was measured at two infusion rates: one (5 ml/min) which 

generated a brain F (0.021 ml/s/g) comparable to normal cerebral blood flow (Ohno et al., 

1979), and one (20 ml/min) which generated a F ~4 fold greater (0.083 ml/s/g) matching 

that originally reported by Takasato et al. (1984). As shown in Fig. 2.1, brain 

[14C]naproxen uptake was  ~10-15% lower at the reduced F (p<0.05), which was 

mirrored in the calculated BBB Kin (Table 2.1). Unidirectional E was 3.6 fold higher at 

reduced F, but BBB PSu values were virtually identical (<3% difference) with a pooled 

mean average of 6.47 x 10-3 ml/s/g (Table 2.1).   Brain Vv equaled 7.4 ± 0.5 x 10-3 ml/g 

and did not vary significantly with flow (p>0.05).  With the exception of the cerebellum, 

there were no significant regional differences in brain hemisphere Kin, PSu, F or Vv (Fig. 

2.2). Comparable brain [14C]naproxen uptake Kin and PSu values were obtained with 



 

 67

saline pre-perfusion of 0, 30 or 90 s (data not shown). Therefore, in all subsequent 

experiments, brain [14C]naproxen uptake was measured with 30 s pre-perfusion and brain 

uptake times, and data were presented as pooled cerebral hemisphere values, excluding 

cerebellum.   

To gain insight in to the mechanism of BBB naproxen transport,  the observed 

BBB Log PSu for [14C]naproxen was compared to that predicted using the measured Log 

octanol/water distribution coefficient at pH 7.4(LogDoct 7.4) (0.514 ± 0.007, n=3) and the 

empirical relation between BBB LogPS  and solute LogDoct 7.4 (Smith, 2003).  As shown 

in Fig. 2.3, the measured BBB LogPSu for [14C]naproxen approximated (but slightly 

underestimated) that predicted for passive diffusion by the relation between LogPS and 

LogDoct 7.4.  To test for carrier-mediated influx or efflux, brain [14C]naproxen uptake Kin 

was measured in the presence and absence of 1 and 10 mM unlabeled naproxen as well as 

various inhibitors of BBB organic anion and drug transport. As shown in Table 2.2, 

perfusion with unlabeled naproxen in protein-free saline (20 ml/min) did not significantly 

alter BBB Kin for [14C]naproxen (p>0.05). Similarly, brain [14C]naproxen uptake was not 

significantly modified by perfusion with inhibitors of organic anion (1 mM probenecid, 

20 mM p-aminohippuric acid, or 1 mM indomethacin), MCT1 (20 mM pyruvate) or p-

glycoprotein (150 µM verapamil) transport (p>0.05). Brain [3H]inulin Vv remained stable 

in all perfusions with unlabeled naproxen and transport inhibitors, consistent with an 

intact BBB (Table 2.2). Thus, no evidence was obtained for carrier-mediated 

[14C]naproxen transport across the BBB from these initial [14C]naproxen brain uptake 

experiments. 



 

 68

In contrast to the stability of brain [14C]naproxen uptake in the presence of 

transport competitors, brain [14C]naproxen accumulation was dramatically reduced by 

addition of 0.027 – 2.7% bovine (BSA), human, or rat serum albumin. Fig. 2.4 illustrates 

the effect of increasing concentrations of perfusate BSA on brain [14C]naproxen Kin, 

perfusate fu, and BBB PSu as measured at the normal physiologic 5 ml/min infusion rate. 

[14C]Naproxen Kin fell by >99% as perfusate BSA was raised from 0% to 2.7% in saline 

fluid. The reduction in Kin was mirrored by a comparable decline in perfusate fu. BBB 

[14C]naproxen PSu, calculated with Eq. 2.4, remained stable in the presence of BSA (Fig. 

2.4). The calculated albumin KD for brain [14C]naproxen uptake in vivo (0.9 ± 0.1 µM) 

matched that measured in vitro (1.2 ± 0.2 µM) by ultrafiltration. The amount of 

[14C]naproxen taken up into brain correlated directly with the perfusate free (unbound) 

[14C]naproxen  concentration (Fig. 2.5). No change in BBB Kin, fu or PSu was observed 

with perfusion with 1% dextran (70 kDa), which has a viscosity comparable to plasma 

(Fenerty and Lindup, 1989). Similarly, both F and Vv were not affected by addition of 1% 

dextran or 0.027 - 2.7% BSA to the saline perfusate (p>0.05). This suggests that the 

reduction in brain uptake Kin in the presence of albumin was due to albumin and not to 

the effect of altered perfusate viscosity, F, or BBB integrity.  

To further distinguish the separate roles of perfusate fu and albumin concentration, 

brain [14C]naproxen uptake was measured at constant BSA (2.7%) in the presence of 

differing concentrations of unlabeled naproxen (0-10 mM) to vary fu  from <0.01 to 0.60. 

As shown in Fig. 2.6, brain [14C]naproxen uptake Kin rose steadily in 2.7% BSA as 

perfusate naproxen concentration was increased from tracer to 10 mM.  The change in Kin 

correlated directly with fu and was associated with stable BBB PSu. A similar effect of 
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perfusate albumin on brain [14C]naproxen uptake was observed with human and rat 

albumin (0.027%) (Fig. 2.7). The calculated albumin binding affinity varied significantly 

among the species, as is reported in the literature (Day and Myszka, 2003), with BSA 

showing the highest affinity followed by human serum albumin and then rat serum 

albumin.   

To ensure that results were not skewed due to use of purified albumin in artificial 

saline, brain [14C]naproxen uptake from 2.7% BSA was compared to that from freshly 

collected  whole rat serum, which contains normal concentrations of endogenous 

proteins, ligands and competitors (Fig. 2.8).  [14C]Naproxen fu in rat serum significantly 

exceeded that in 2.7% BSA. The difference in measured brain uptake Kin correlated 

directly with fu and matched that predicted by Eq. 2.3.   

Fig. 2.9 shows the correlation between measured brain [14C]naproxen uptake Kin 

(relative to saline control) and  perfusate [14C]naproxen fu during perfusion with albumin 

or dextran for all of the experiments performed.  The direct correlation over 2 orders of 

magnitude between brain [14C]naproxen Kin and perfusate fu suggests that brain 

[14C]naproxen influx is driven predominantly by the perfusate free (unbound) 

[14C]naproxen concentration and thus that plasma protein binding has a restrictive effect 

on brain naproxen availability. The [14C]naproxen uptake Kin from whole rat serum was 

<1% of the free drug Kin or PSu. 

 

2.4 Discussion 

Despite widespread use of nonselective NSAIDs, such as naproxen, ibuprofen, 

and indomethacin, for fever control and pain relief, most nonselective NSAIDs show 
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minimal uptake in vivo into the CNS. Few studies have examined the factors determining 

poor CNS NSAID distribution.  This study demonstrates that for naproxen, BBB free 

drug permeability is not a limiting factor. With in situ perfusion, free [14C]naproxen is 

readily taken up into brain from protein-free saline reaching brain/perfusion fluid 

concentration ratios of >0.15 ml/g within 30 s. The calculated BBB PSu for 

[14C]naproxen (6.5 x 10-3 ml/s/g) lies just below that of  rapidly-penetrating compounds, 

such as antipyrine (PSu = 1.5 x 10-2 ml/s/g; Takasato et al., 1984), methanol and water 

(PSu = 1.9-2.2 x 10-2 ml/s/g; Smith, 2003). At normal flow rates, the BBB PSu to 

naproxen predicts a single pass brain extraction of >25% with an estimated plasma-to-

brain t1/2 for equilibration (t1/2 = ln2/(Kin/0.8) of  1.6 min, assuming a brain distribution 

volume of 0.8 ml/g. In preliminary experiments, we have obtained similar or higher BBB 

PSu values for other lipophilic acidic NSAIDs, including ibuprofen, indomethacin and 

flurbiprofen (Parepally et al., 2005). Consistent with this, lipophilic NSAIDs exhibit 

rapid uptake into CSF with low but measurable concentrations in the earliest samples 

(Bannwarth et al., 1989). However, Deguichi et al. (2000) in a mouse brain perfusion 

study reported that the lipophilic NSAID ketoprofen had a low BBB PSu, ~15 fold less 

than that reported here for naproxen.  Ketoprofen, with a LogDoct 7.4 (0.18) just under that 

of naproxen (0.51), would be expected to exhibit a similar brain uptake PSu based upon 

passive diffusion. The difference may relate to the presence of 0.5% bovine serum 

albumin in the saline perfusate used in the mouse perfusion experiments (Deguchi et al., 

2000). Ketoprofen, like naproxen, binds tightly to serum albumin (Borgå and Borgå, 

1997). Inclusion of 0.27% bovine serum albumin in our saline perfusate reduced the brain 

naproxen uptake Kin by 20 fold (Fig. 2.4). Thus, our findings suggest that lipophilic 



 

 71

NSAIDs in the absence of plasma proteins readily cross the BBB. In contrast, salicylate is 

quite polar (LogD = -1.86) and has a low BBB permeability (PSu = 4 x 10-4 ml/s/g) (Liu 

et al., 2004). 

Regarding the mechanism of BBB NSAID transport, NSAIDs have been shown to 

be weak substrates of two transporters, OAT3 and oatp1c1(oatp14) (Sugiyama et al., 

2003; Ohtsuki et al., 2004) which are expressed at the BBB. They are also inhibitors of 

variety of BBB anion transport carriers, including OAT3, oatp1a4 (oatp2), oatp1c1, 

MCT1, and MRP1, 4 and 5 (Tamai et al., 1995; Shitara et al., 2002; Reid et al., 2003; 

Sugiyama et al., 2003; Ohtsuki et al., 2004). Nozaki et al. (2004) reported that naproxen 

is a potent inhibitor of rat OAT3 (Ki =19 µM). It has weaker activity against rat oatp1a4 

(Ki ~1 mM) (Shitara et al., 2002). Both of these transporters are expressed at the BBB 

(Kusuhara and Sugiyama, 2005). Similarly, indomethacin, probenecid, and/or PAH  have 

all been shown to inhibit MRP1, 4, and 5, OAT3, and oatp1a4 and oatp1c1 (Shitara et al., 

2002; Reid et al., 2003; Sugiyama et al., 2003; Ohtsuki et al., 2004; Dallas et al., 2004).  

The absence of an appreciable change in brain [14C]naproxen uptake PSu in the presence 

of inhibiting concentrations of naproxen, indomethacin, probenecid or PAH, suggest that 

identified members of the MRP, OAT and oatp families have limited contributions to 

BBB [14C]naproxen uptake into the CNS. Similarly the stability of brain [14C]naproxen 

uptake in the presence of inhibiting concentrations of pyruvate (Miller and Oldendorf, 

1986) and verapamil (Zong and Pollack, 2003) suggest that BBB MCT1 and P-

glycoprotein, respectively,  contribute minimally to brain naproxen influx. The results 

may suggest that [14C]naproxen is taken up into brain by passive diffusion or by a low 
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affinity carrier that is yet to be identified. Given that NSAIDs are substrates of rOAT3, it 

is likely that some component of brain naproxen efflux is carrier mediated.   

In contrast to the stability seen in brain [14C]naproxen uptake in protein-free 

saline, brain [14C]naproxen Kin declined markedly upon addition of serum albumin. 

Naproxen binds with high affinity to albumin (Borgå and Borgå, 1997; Day and Myszka, 

2003), and addition of as little as 0.027% (~1/100th the normal plasma level) of bovine, 

human or rat albumin to the perfusate reduces [14C]naproxen fu and brain  uptake Kin by 

63-85%. In the presence of physiological concentration of albumin (~2.7%) or rat serum, 

the reduction in brain [14C]naproxen Kin was >99% such that the total perfusate 

[14C]naproxen uptake Kin was 1.0-2.5 x 10-5 ml/s/g (Fig. 2.8), on the same order as 

sucrose or mannitol (Takasato et al., 1984; Smith, 2003).  In a variety of perfusions using 

different concentrations of albumin and naproxen, brain [14C]naproxen uptake Kin 

correlated directly with perfusate fu over a ~100-fold range. The albumin KD calculated 

from in vivo brain uptake experiments matched that measured in vitro using 

ultrafiltration. Unlike a number of previous studies (Pardridge, 2001), no evidence was 

observed for significant induced dissociation of bound ligand from albumin during transit 

through brain capillaries. BBB [14C]naproxen PSu in the presence of serum protein 

calculated from measured Kin and fu matched that determined in the absence of protein 

(Figs 2.4 and 2.6). Similarly, brain [14C]naproxen uptake Kin calculated from the BBB 

PSu in the absence of protein and the [14C]naproxen fu in albumin perfusate matched that 

measured in the presence of albumin within 80-123%. Addition of albumin to the 

perfusate did not significantly modify brain vascular Vv or brain F. [3H]Diazepam binds 

to albumin and at elevated flow rates this binding can lead to reduced single pass brain 
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extraction (Smith, 2001). However, at the normal physiologic flow rate used in this study 

for the brain naproxen uptake determinations in the presence of plasma protein, the effect 

of protein binding on [3H]diazepam extraction is negligible (Smith, 2001). 

Naproxen has been shown to bind predominantly to Sudlow site II in subdomain 

IIIA of human serum albumin (Kragh-Hansen et al., 2002). The binding parameters of 

this site vary significantly among species, being generally higher affinity in bovine and 

human than in rat (Kosa et al., 1997; Day and Myszka, 2003). Consistent with this, 

measured brain [14C]naproxen Kin and perfusate fu were lower in the presence of purified 

human and bovine serum albumin than rat serum albumin (Fig. 2.7). Given that naproxen 

binds to the same albumin site as diazepam (Kragh-Hansen et al., 2002), a >150 perfusate 

[14C]naproxen/[3H]diazepam concentration ratio was maintained in all experiments where 

the two tracers were used together.  In most perfusion experiments using plasma protein, 

[3H]inulin was the matching tracer. No apparent difference was observed in brain 

[14C]naproxen Kin in the presence and absence of tracer concentrations of [3H]diazepam. 

Due to the avidity with which naproxen associates with albumin, the brain 

vasculature was briefly pre-perfused for 30 s fluid to wash out the animal’s existing 

albumin from the brain vascular space and to equilibrate with the new perfusion fluid. 

Clearly, from the 0.027% albumin perfusion experiments, the presence of albumin at 

1/100th of it normal plasma level  can reduce brain naproxen uptake by 3-6 fold.    

The results demonstrate that naproxen uptake into brain is strongly limited by 

plasma protein binding and that brain naproxen influx is determined predominantly by 

the plasma free naproxen concentration. Thus, plasma protein binding would be termed to 

have a restrictive effect on brain [14C]naproxen influx. Modeling with the Kety-Crone-
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Renkin equation (Eq. 2.4) indicates that at normal F, plasma protein binding will be 

restrictive for all solutes with a BBB PSu of <0.02 ml/s/g. In general, the unidirectional 

brain extraction of free drug must exceed 50% for the vascular free drug concentration to 

become sufficiently depleted during transit through the brain vasculature to cause 

appreciable redistribution of drug from the protein-bound pool by mass action. For 

naproxen, the brain free drug extraction is too small to allow appreciable redistribution. 

As a consequence, brain Kin for naproxen can be approximated as ~fu x PSu. As shown in 

Fig. 2.2, elevation of F has only a minor effect (<15%) on brain [14C]naproxen uptake 

Kin. Thus, despite rapid BBB permeability, the initial brain uptake and delivery of 

naproxen is minimal because of plasma protein binding. Naproxen could be converted 

from a restrictive into a nonrestrictive drug by either enhancing its BBB PSu (such as 

through formation of a more lipid soluble prodrug) or reducing F by >5 fold. In the short 

term,  naproxen delivery could be increased the short term by raising plasma fu, with 

concomitant  administration of a protein binding competitor. Such a strategy was utilized 

by Haradhahira et al., (2000)to increase brain delivery of N-methyl-D-aspartate (NMDA) 

receptor, glycine binding ligand. 
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Table 2.1: Brain F, Kin, E and PSu for [14C]naproxen during perfusion with physiologic 
saline at 5 or 20 ml/min 
 
 
  
                          Carotid  Infusion Rate  
 
Parameter        5 ml/min         20 ml/min  
 
 
Cerebral perfusion  2.13 ± 0.12 x 10-2     8.31 ± 0.53 x 10-2* 
fluid flow, F   (ml/s/g) 
 
Brain uptake Kin for  5.58 ± 0.14 x 10-3    6.18 ± 0.19 x 10-3* 
[14C]naproxen (ml/s/g)  
 
Brain extraction, E (%)     26.3 ± 1.4            7.4 ± 0.5* 
 
BBB PSu to [14C]naproxen 6.51 ± 0.19 x 10-3    6.42 ± 0.26 x 10-3 
(ml/s/g) 
 
 
 
 
Data represent mean ± SEM for n=10-11.  *p<0.05 from mean value at 5 ml/min by 
ANOVA. 
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Table 2.2: Effect of unlabeled naproxen and various transport competitors/inhibitors on 
brain [14C]naproxen uptake Kin and [3H]inulin Vv from protein-free saline 
 
 
  
Solute                Concentration  Naproxen Kin      [3H]Inulin Vv 
                                        (ml/s/g x 10-3)    (µl/g)   
 
Control   6.07 ± 0.27  7.4 ± 0.5 
 
Naproxen  1 mM          5.92 ± 0.32  6.7 ± 0.6  
 
      10 mM          5.67 ± 0.28             8.7 ± 0.5    
   
Probenecid          1 mM          6.33 ± 0.58  7.3 ± 0.8      
                           
 
Indomethacin      1 mM          6.94 ± 0.80  6.9 ± 0.8 
                           
 
p-Aminohippurate                        20 mM          5.36 ± 0.19  7.5 ± 0.8   
     
Pyruvate                  20 mM          6.83 ± 0.35  7.5 ± 0.6   
     
Verapamil              150 µM          6.14 ± 0.45  8.2 ± 0.8      
      
 
 
 
Data represent mean ± SEM for n=3-8.  Brains were perfused for 30 s at 20 ml/min with 
tracer-free fluid and then switched to matching perfusate containing [14C]naproxen and 
[3H]inulin. Brain [3H]inulin content was expressed as a distribution volume (Vv) whereas 
brain [14C]naproxen uptake was expressed as a BBB transfer constant (Kin). 
Values did not differ significantly from control by ANOVA. 
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Figure 2.1. Time course of [14C]naproxen uptake during perfusion with saline.  
20 ml/min infusion rate ( ), 5 ml/min infusion rate ( ). Data represent mean ± SD (n = 
3-5) for the perfused (left) cerebral hemisphere (excluding cerebellum). Brain 
[14C]naproxen content was corrected for residual vascular [14C]naproxen using the 
[3H]inulin vascular volume.   
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Figure 2.2. Regional brain flow, vascular volume, Kin and PSu  for [14C]naproxen during 
protein-free saline perfusion. 

Regional brain flow (A), vascular volume (B), Kin (C) and PSu (D) for [14C]naproxen 
during protein-free saline perfusion obtained at 5 and 20 ml/min infusion rates .  (Frontal 
Ctx = Frontal cortex, Parietal Ctx = Parietal cortex, Occipital Ctx = Occipital cortex, 
Caud = Caudate, Thal = Thalamus/hypothalamus, Coll = Colliculus). Values represent 
mean ± S.E.M (n = 8-11).  
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Figure 2.3. Relation between BBB LogPSu and LogDoct 7.4 for naproxen.  
Relation of BBB LogPSu vs LogDoct 7.4 for [14C]naproxen ( ) in comparison to published 
values for BBB passive permeability ( ) (Smith, 2003). Values represent mean ± S.E.M 
(n=9-15).  
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Figure 2.4. Effect of dextran (1%) or bovine serum albumin (BSA; 0.027 – 2.7%) on 
brain uptake of [14C]naproxen  and perfusate [14C]naproxen free fraction at tracer 
naproxen concentration.  
 
A) Kin measured ( ) and predicted Kin ( ). B) Free fraction measured ( ) and predicted 
( ). C) BBB PSu calculated from the measured Kin corrected for F and fu using Eq. 4.  
Values represent mean ± S.E.M (n = 3-5). Infusion rate = 5 ml/min. All Kin and fu values 
measured in the presence of albumin differed significantly (p<0.01) from matching 
controls (no albumin). 
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Figure 2.5: Correlation between free naproxen concentration measured at different 
protein levels (left) and brain naproxen concentration (right).  
 
Values represent mean ± S.E.M (n = 3-9). 
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Figure 2.6: Effect of increasing perfusate concentration of unlabeled naproxen on brain 
uptake of [14C]naproxen  and perfusate [14C]naproxen free fraction in the presence of 
2.7% BSA. 
 
A) Kin measured ( ) and predicted Kin ( ). B) Free fraction measured ( ) and predicted 
( ). C) BBB PSu calculated from the measured Kin corrected for F and fu using Eq. 4.  
Values represent mean ± S.E.M (n = 3-5). Infusion rate = 5 ml/min. Kin and fu measured 
in the presence of albumin and added unlabeled naproxen (1-10 mM) differed 
significantly (p<0.01) from matching controls in the absence of added naproxen (protein-
free saline and 2.7% albumin). 
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Figure 2.7: [14C]Naproxen brain uptake Kin, PSu and fu with 0.027% bovine, human, and 
rat serum albumin at tracer naproxen concentration.  
 
A) Measured Kin  and fu using 0.027% albumin of different species. B) PSu calculated 
using Eq. 4. Values represent mean ± S.E.M (n = 3-5). Infusion rate = 5 ml/min.  *, p < 
0.05 from bovine value (ANOVA with Tukey’s multiple comparison test). 
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Figure 2.8: Brain [14C]naproxen uptake Kin and perfusate free fraction in 2.7% BSA and 
whole rat serum.  
 
Values represent mean ± S.E.M (n = 3-5). Infusion rate = 5 ml/min. * p < 0.05 (ANOVA) 
2.7% BSA vs rat serum. 
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Figure 2.9: Relationship between brain [14C]naproxen Kin ratio and perfusate 
[14C]naproxen free fraction for the perfusion fluids studied containing albumin or dextan.  
 
Values represent mean ± S.E.M. (n = 3-5). The dotted line is the line of identity. 
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CHAPTER III 
 
BRAIN UPTAKE OF NONSTEROIDAL ANTI-INFLAMMATORY DRUGS - 

IBUPROFEN, FLURBIPROFEN AND INDOMETHACIN 

 
3.1 Introduction 

Considerable evidence exists that supports a neuroprotective role of nonsteroidal 

anti-inflammatory drugs (NSAIDs) in Alzheimer’s disease (AD) and other 

neurodegenerative disorders. Epidemiologic studies have consistently linked chronic 

NSAID use with a reduced risk for AD (in t' Veld et al., 2001). In vitro, NSAIDs inhibit 

Aβ aggregation, decrease Aβ formation,  and limit microglial and astrocytic activation 

(Gasparini et al., 2004). Chronic administration of high doses of NSAIDs in Tg2576 

trangenic AD mice in vivo, has shown less immunoreactive plaques in brain along with 

reduced brain levels of Aβ42 (Eriksen et al., 2003; Weggen et al., 2003). Both 

cyclooxygenase (COX)-dependent and –independent mechanisms have been linked to 

these actions. However, the concentrations over which some COX-independent pathways 

exhibit Aβ lowering activity in vitro (20-150 µM) exceeds by >1-2 orders of magnitude 

those generally obtained in brain at normal doses (0.4-3 µM) (Eriksen et al., 2003; 

Weggen et al., 2003; Gasparini et al., 2004). 

Most NSAIDs which exhibit good activity against AD models, such as ibuprofen, 

flurbiprofen, and indomethacin, distribute poorly into brain in vivo. For ibuprofen, the 

vascular corrected brain concentration at steady state is only 1-2% of that in plasma 

(Mannila et al., 2005). Similar low values have been reported for flurbiprofen, 

ketoprofen, and naproxen (Eriksen et al., 2003). CSF distribution is also minimal (<1-5% 
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of plasma) (Bannwarth et al., 1995; Matoga et al., 1999). Together, these results suggest 

that some barrier exists that limits brain uptake and efficacy of acidic NSAIDs.  

Brain delivery for many agents is restricted in vivo by blood-brain barrier (BBB). 

The BBB is formed at the cerebral capillaries by a continuous endothelial cell layer 

joined by tight junctions (Begley and Brightman, 2003; Clark, 2003). These junctions 

block paracellular transfer and force most agents to use either lipophilic transcellular 

diffusion or specialized carrrier transport systems in order to gain access to brain. Most 

acidic NSAIDs are fairly lipophilic (LogDoct -1 to +2) and might be expected to cross cell 

membranes well by passive diffusion (Habgood et al., 2000). However, this transport 

may be restricted by the polar carboxylate group which is >99% charged at physiological 

pH. Moreover, the BBB expresses a large number of efflux and influx transporters 

(Kusuhara and Sugiyama, 2005) that are capable of generating significant concentration 

gradients between brain and plasma. A number of these transporters are known to interact 

with NSAIDs either as substrates or inhibitors (Shitara et al., 2002; Nozaki et al., 2004).  

In addition, many NSAIDs bind with high affinity to serum albumin, thus 

reducing the circulating free fraction in plasma to ≤5% (Davies and Skjodt, 2000). In 

several tissues, drug uptake is thought to be driven principally by the free drug 

concentration in serum. However, exceptions to this rule are known such that tissue 

uptake exceeds that predicted by the free concentration and mass action exchange 

between the free and bound pools (Tanaka and Mizojiri, 1999). Thus, contribution of 

plasma protein binding to brain NSAID availability remains to be determined 

experimentally. 
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In the present study, we examined BBB permeability, saturable influx/efflux 

transport, and plasma protein binding to identify key limiting factors in initial brain 

NSAID uptake. Three nonselective NSAIDs, ibuprofen, flurbiprofen and indomethacin, 

were studied which have been linked to CNS AD protection in vitro and in vivo. Brain 

NSAID uptake was measured using the in situ rat brain perfusion technique (Takasato et 

al., 1984), which allows ready control of perfusion fluid composition (e.g., concentrations 

of drug, plasma protein and transport inhibitors) and accurately measures brain uptake 

over a 104 range.  

 

3.2 Materials and Methods 

Chemicals 

Ibuprofen, RS [carboxyl-14C] (55 mCi/mmol), flurbiprofen [3H (G)] (400 

mCi/mmol), [N-methyl-3H]diazepam (85 Ci/mmol), [methoxy-14C]inulin (3.75 mCi/g) 

and [methoxy-3H]inulin (2.25 mCi/g) were purchased from American Radiolabeled 

Chemicals Inc. (St. Louis, MO). [14C]diazepam (56 mCi/mmol) was obtained from 

Amersham Biosciences (Piscataway, NJ). Indomethacin, [2-14C] (20 mCi/mmol) was 

procured from PerkinElmer Life Sciences (Boston, MA). Radiochemical purity was 

confirmed for these tracers by reverse-phase high performance liquid chromatography 

(HPLC) using a C18 column and acetonitrile/1% aqueous acetic acid mobile phase. 

Unlabelled ibuprofen, probenecid, indomethacin, digoxin, valproate, pyruvic acid and 

bovine albumin (fraction V, A3059, γ-globulin free) were purchased from Sigma-Aldrich 

(St. Louis, MO).  
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Brain perfusion method 

BBB permeability of NSAIDs was measured using the in situ rat brain perfusion 

technique (Takasato et al., 1984; Smith, 1996). Adult, male rats (Sprague-Dawley strain, 

250-350g) obtained from Charles River Laboratories (Wilmington, MA) were 

anesthetized with sodium pentobarbital (Nembutal, 40 mg/kg, i.p.) (Abbott Laboratories, 

North Chicago, IL). The neck region was shaved and a ventral midline incision was made 

in the skin. The left common carotid artery was gently exposed and catheterized with PE-

60 tubing filled with heparinized 0.9% NaCl (100 U/ml). The external carotid artery was 

ligated with surgical silk, but the pterygopalatine artery was left open (Smith, 1996). 

Body temperature was maintained at 37 °C device using a heating pad linked to a YSI 

Indicating Controller (Yellow Springs Instruments, Yellow Springs, OH). The catheter 

was attached to a four-way stopcock connected to a dual syringe Harvard infusion pump 

(Harvard Bioscience, South Natick, MA).  

Both syringes of the infusion pump were filled with bicarbonate-buffered 

physiologic saline containing 128 mM NaCl, 24 mM NaHCO3, 4.2 mM KCl, 2.4 mM 

NaH2PO4, 1.5 mM CaCl2, 0.9 mM MgSO4, and 9 mM D-glucose (Smith, 1996). The 

solution was oxygenated with 95% O2-5% CO2 to pH 7.4 ± 0.05. In some experiments, 

unlabelled drug or albumin (0.027, 0.27 or 2.7 g/100 ml) was added to the perfusate. All 

unlabelled drug agents were added to perfusion fluid from buffered (pH 7.4) stock 

solutions to ensure control of perfusate pH. Most experiments contained dual labeled 

(3H/14C) tracer with one label used for NSAID and the other used either for diazepam to 

measure cerebral flow rate or inulin to measure brain vascular volume. 
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To start the perfusion, the heart was severed (2-3 sec) and then tracer-free fluid 

was infused into the common carotid artery for 30 sec at a rate of 5 or 20 ml/min. Then, 

after 30 sec, the perfusion fluid was switched using the four-way valve to matching fluid 

containing radiotracer. After 10-30 sec of uptake, the animal was decapitated and the 

pump was turned off. The left brain was dissected into different regions and the samples 

were weighed. In addition, duplicate samples of perfusion fluid were obtained. Samples 

were digested overnight at 55 °C in 1 ml of Solvable tissue solubilizer (Packard, 

Meriden, CT). The following morning, 10 ml ScintisafeTM 30% scintillation cocktail 

(Fischer scientific, Fair Lawn, NJ) was added and the samples were assayed for 

radioactivity by dual label liquid scintillation counting (LSC) (Beckman LS 6500, 

Fullerton, CA). Counts per minute were converted to disintegrations per minute (dpm) 

after appropriate correction for background, quench, spillover, and efficiency.  

 

Plasma protein binding 

The unbound fraction of radiolabeled NSAID in perfusion fluid was measured by 

ultrafiltration and equilibrium dialysis. Ultrafiltration was performed using a Microcon 

centrifugal filter device (10 kD MW cutoff, Amicon Bioseperations, Bedford, MA). 

Briefly, perfusate fluid collected immediately at the end of perfusion (0.5 ml) was placed 

in an ultrafiltration tube and spun at 4000 RPM at 37 °C for 7 min under 95% O2 and 5% 

CO2. Conditions were set so that the temperature was maintained at 37 °C and only 10-

15% of perfusion fluid sample was filtered. Tracer NSAID concentration in the initial 

fluid as well as filtrate and retentate were measured using LSC. Matching protein-free 

perfusion samples were also run to correct for binding of drug to filter membrane. 
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Equilibrium dialysis was performed at 37 oC using acrylic equilibrium dialysis 

cells (1ml) with a dialysis membrane MW cutoff 6 kDa (Bel-Art Products, Pequannock, 

NJ). The equilibration time for free drug (~4 hrs) was determined for each agent tested. 

At the end of dialysis period, samples were collected from both chambers (protein 

containing and protein free) and concentrations determined by LSC.  

 

Distribution coefficient 

The octanol-water distribution coefficient was measured using the shake flask 

technique. Briefly, radiolabeled NSAID was dissolved in 0.5 ml phosphate buffer (0.1 M, 

pH = 7.4) to which an equal volume of water-saturated n-octanol was added. The mixture 

was vortexed for one minute and then allowed to separate into two phases. Aliquots were 

sampled from each phase and analyzed via LSC for tracer NSAID concentration.  

 

Calculations 

Unidirectional transfer constants (Kin) for brain uptake of  [14C]ibuprofen, 

[3H]flurbiprofen and [14C]indomethacin were calculated, as previously described 

(Takasato et al., 1984; Smith, 2003), 

                  Kin = (Q 
*

tot
 -Vv x C*

tot)/T x C*
tot                     (3.1) 

where Q*
tot is the measured quantity of radiolabeled NSAID in brain (vascular and 

extravascular) at the end of the perfusion (dpm/g), Vv is the cerebral vascular volume 

measured using radiolabeled inulin (ml/g), C*
tot  is the total perfusate concentration of 

radiolabeled NSAID (dpm/ml), and T is the net perfusion time. In Eq. 3.1 Q*
tot was 
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corrected for residual vascular tracer (Vv x C*
tot) to obtain the quantity of labeled NSAID 

tracer that was predicted to have crossed the BBB (Q*
br = Q*

tot
 - Vv x C*

tot). Eq. 3.1 

assumes that uptake is linear with time and that metabolic loss is negligible. Linearity 

was confirmed by examining the initial time course (0-30 sec) of NSAID uptake into 

brain (Smith, 2003).  

 For a number of solutes that do not bind appreciably to plasma proteins, Kin has 

been shown to depend on cerebral perfusion fluid flow (F; ml/s/g) and the apparent BBB 

permeability-surface area product (PSu) as given by the Kety-Crone-Renkin equation 

(Smith, 2003), 

Kin = F (1 – e – PSu/F)     (3.2)  

For solutes that bind reversibly and rapidly to plasma proteins, Eq. 3.2 has been adapted 

as follows assuming that bound and free drug are in equilibrium at all points in the fluid 

as it transits the cerebral capillary (Morgan and Huang, 1993), 

          Kin = F (1 – e – fu x PSu/F)     (3.3)   

where fu is the free fraction of drug in the saline perfusion fluid or plasma.   

PSu was determined for each NSAID from measured Kin, F and fu by rearranging 

Eqs. 3.2 and 3.3 as,  

PSu = -F/fu ln(1-Kin/F)     (3.3) 

where F was determined from brain uptake of [3H]diazepam or [14C]diazepam (Takasato 

et al., 1984). 

 The concentration dependence of ibuprofen uptake into brain was analyzed with a 

model containing a saturable and a nonsaturable component as,  

       PSu = Vmax/ (Km + Ctot) + Kd     (3.4) 
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where Vmax and Km, respectively, are the maximal transport rate (nmol/s/g) and half 

saturation constant (mM) of the saturable component, and Kd is the coefficient of 

nonsaturable transfer (ml/s/g). 

 

Statistics 

All the values are means ± SEM, unless otherwise noted. One-way analysis of 

variance (ANOVA) was used to determine statistical significance with either Dunnet's or 

Tukey’s posthoc test for multiple comparisons (Prism 4, GraphPad Software, San Diego, 

CA). Regression analysis was also performed using Prism. 

 

3.3 Results 

Time-course of brain uptake of NSAIDs from protein-free saline 

Fig. 3.1 illustrates the time-course of [14C]ibuprofen, [3H]flurbiprofen and 

[14C]indomethacin uptake into brain (i.e., left cerebral hemisphere) at tracer concentration 

during perfusion with protein-free bicarbonate-buffered saline. Uptake was linear for 

each of the NSAID from 10-30 sec with a y-axis intercept that did not differ significantly 

(p>0.05) from zero. Best-fit BBB Kin obtained from linear regression equaled 2.31 ± 0.07 

x 10-2, 1.41 ± 0.08 x 10-2 and 0.60 ± 0.02 x 10-2  ml/s/g, respectively for [14C]ibuprofen, 

[3H]flurbiprofen and [14C]indomethacin. Based upon this data, a 30 sec uptake time was 

used in all subsequent experiments. Brain Vv equaled 0.66 ± 0.04 x 10-2 ml/g (n=3) and 

was comparable to previous reports. 

 

Regional brain uptake of NSAIDs 
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Dissection of the cerebral hemispheres into 8 separate areas demonstrated 

minimal regional differences in BBB drug transport (Fig. 3.2). Calculated BBB PSu in 

different brain regions varied by only 10-30% among regions with the highest values in 

the frontal and parietal cerebral cortex and the lowest values in the hippocampus or 

midbrain-colliculus. F followed a similar pattern, but was significantly lower (40-60% in 

the cerebellum, which gets much of its flow from the basilar artery. Preliminary 

experiments demonstrated that BBB PSu did not differ significantly (<8%) at flow rates 

of 9.8 ± 2.3 x 10-2 ml/s/g (20 ml/min infusion rate, n= 9) or 2.8 ± 0.7 x 10-2 ml/s/g (5 

ml/min infusion rate, n=11) (p>0.05). Based upon these results, subsequent perfusions 

used an infusion rate of 5 ml/min, and data were presented as a pooled left cerebral 

hemisphere value excluding cerebellum. 

 

Rapid uptake of free NSAIDs from saline 

Fig. 3.3 illustrates the plot of BBB LogPSu vs LogDoct 7.4 for the three NSAIDs 

expressed relative to markers of passive uptake (Smith, 2003). BBB PSu, calculated from 

F and Kin using Eq. 3.2, equaled 2.63 ± 0.10 x 10-2 (ibuprofen), 1.60 ± 0.12 x 10-2 

(flurbiprofen) and 0.64 ± 0.05 x 10-2 ml/s/g (indomethacin). The values for the three 

NSAIDs fell under that predicted from the apparent relation between LogPSu and LogDoct 

7.4. The difference was fairly slight for ibuprofen and furbiprofen (one Log unit), but was 

more noticeable for indomethacin (2 Log units). However, BBB PSu for all three agents 

was rapid, with predicted half times for brain equilibration of 21, 35 and 87 sec, 

respectively (t1/2 = ln2/[PSu/V]) assuming a brain distribution volume of ~0.8 ml/g based 
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upon perfusate free drug concentration. These results suggest that free NSAID can 

rapidly cross the BBB at physiologic pH. 

 

Brain uptake in the presence of inhibitory transport substrates 

In order to evaluate the relative contribution of carrier-mediated transport to brain 

NSAID uptake, BBB PSu to each tracer NSAID was determined in the presence of 

elevated concentrations of matching unlabeled NSAID (Fig. 3.4). Brain [14C]ibuprofen 

PSu fell by 60% (p<0.01) as perfusate unlabeled ibuprofen concentration was raised to 20 

mM, demonstrating self saturation. Best fit kinetic parameters using a model with one 

Michaelis-Menten saturable and one nonsaturable component equaled Vmax = 13.5 ± 0.4 

nmol/s/g, Km = 0.85 ± 0.02 mM, and Kd = 9.36 ± 0.05 x 10-3 ml/s/g (r2 = 0.9998) for 

ibuprofen transport across BBB. Addition of anion transport competitors, such as 100 µM 

digoxin, 10 mM probenecid, 20 mM valproate or 20 mM pyruvate, did not significantly 

modify BBB [14C]ibuprofen PSu. However, 10 mM indomethacin reduced brain 

[14C]ibuprofen uptake by 42% (p<0.05). In contrast, brain uptake of [3H]flurbiprofen and 

[14C]indomethacin were not reduced by addition of  100 µM unlabeled flurbiprofen or 10 

mM unlabeled indomethacin, respectively,  to the perfusate (Fig. 3.4) suggesting that for 

these two NSAIDs either carrier-mediated component of BBB transport was of low 

affinity or mediated predominantly by passive diffusion. No regional differences were 

observed in Kin response in the self saturation and competitor experiments, such that the 

pooled brain hemisphere value represented the pattern for all sampled brain regions. 

 Because the NSAIDs or transport inhibitors at elevated concentrations may alter 

brain vascular responsivity or BBB integrity, brain F and Vv were also measured in these 
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experiments. Table 3.1 summarizes the obtained values. F and Vv did not differ 

significantly from control for any of the groups, suggesting that BBB integrity and F 

were maintained throughout the experiments. 

 

Influence of plasma protein binding on brain uptake of NSAIDs 

All three NSAIDs that were examined bind highly to albumin. Therefore, the 

influence of plasma protein binding on brain uptake Kin and PSu was also assessed. Fig. 

3.5 illustrates the effect of 0.027%, 0.27% or 2.7% bovine serum albumin on brain uptake 

Kin of [14C]ibuprofen. Perfusate albumin levels roughly matched 1%, 10% and 100% of 

that in serum as the normal rat plasma level of albumin is 2.5 – 3.0 mg/dl (%) (Peters, 

1996). For these experiments, F equaled 2.4 ± 0.2 x 10-2 ml/s/g (n=9) and matched that in 

the normal rat (Rapoport et al., 1979). As shown in Fig. 3.5, unidirectional Kin for 

[14C]ibuprofen decreased sharply by >20 fold with increasing albumin concentration.  

Comparable reductions were noted in perfusate [14C]ibuprofen fu. Albumin did not affect 

calculated BBB [14C]ibuprofen PSu (p>0.05). Measured [14C]ibuprofen Kin matched (98 ± 

7%) that predicted from perfusate fu and F and the separate PSu measured in the absence 

of protein. A comparable pattern was seen for [3H]flurbiprofen (Fig. 3.6) and 

[14C]indomethacin (Fig. 3.7). The influence of plasma protein binding was pronounced, 

decreasing brain uptake of [14C]ibuprofen  and [3H]flurbiprofen at the 2.7% and 0.27% 

albumin concentration by >95% and 92%, respectively. Thus, in addition to BBB 

transport, plasma protein binding critically influences BBB NSAID Kin. 
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3.4 Discussion 

The present study demonstrates that the NSAIDs ibuprofen, flurbiprofen and 

indomethacin readily cross the BBB with cerebrovascular PSu values approaching or 

exceeding that of rapidly penetrating solutes, such as [3H]water and [14C]antipyrine 

(Rapoport et al., 1979; Smith, 2003). No evidence was found for saturable brain uptake of 

flurbiprofen and indomethacin over the concentration range tested. In contrast, BBB 

ibuprofen transport was in part saturable with a Km of 0.88 mM, a Vmax of 13.5 noml/s/g 

and a Kd of 9.3 x 10-3 ml/s/g. Brain ibuprofen uptake was inhibited by indomethacin, but 

not by pyruvate, probenecid, valproate or digoxin. This suggests that at least part of BBB 

ibuprofen uptake is carrier mediated. Further, plasma protein binding was found to have a 

dramatic effect on brain uptake for all three NSAIDs. Measured NSAID Kin followed that 

predicted using the modified Kety-Crone-Renkin equation with no significant change in 

PSu. The results suggest that brain distribution of ibuprofen, flurbiprofen and 

indomethacin is limited in part by plasma protein binding which reduces the plasma free 

fraction in vivo by >90%.  

 BBB drug penetration has long been known to be strongly influenced by solute 

lipophilicity (Rapoport et al., 1979; Takasato et al., 1984). In addition, the presence of 

charge (Oldendorf et al., 1993), ionization, and hydrogen bonding groups have also been 

shown to have significant effects (Habgood et al., 2000). Ibuprofen, flurbiprofen and 

indomethacin are fairly lipophilic and thus might be expected to show good brain uptake.  

Most NSAIDs meet the five simple rules of thumb outlined by Clark, (2003) for good 

probability of entering brain. As shown in this study, their BBB PSu for brain uptake is 

actually quite high and approximates that predicted by the LogDoct 7.4. The fact that the 
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values fall below that predicted for passive diffusion may hint at an active efflux process.  

In support of this, Fukuda et al., (2005) reported that probenecid increased brain-to-

plasma concentration ratio of two NSAIDs, diclofenac and mefenamic acid, suggesting 

an active efflux process. The dislocation between steady state brain-plasma concentration 

ratios for NSAIDs (0.01-0.08) and their appreciable BBB PSu values, as reported here, 

highlights the fact that multiple parameters impact drug uptake and distribution into 

brain. For these NSAIDs, something additional is going on that appreciably limits brain 

drug distribution. This can include active efflux transport, poor brain distribution volume, 

rapid brain drug metabolism, and/or plasma protein binding. 

 NSAIDs are known to interact with a number of transport carrriers (Russel et al., 

2002; Shitara et al., 2002; Ohtsuki et al., 2004). The demonstration of a saturable 

component of [14C]ibuprofen uptake into brain with a Km of 0.88 mM, suggests that one 

or more carriers may facilitate ibuprofen influx into brain at the BBB. Brain capillaries 

have been shown to express a number of transporters that accept organic anions 

(Kusuhara and Sugiyama, 2005). The fact that brain [14C]ibuprofen uptake was not 

inhibited by pyruvate, probenecid, or digoxin casts doubt on the contributions of BBB 

MCT1 (pyruvate), OAT3 (probenecid), oatp 1a4, 1a5, or 1c1 (probenecid and/or 

digoxin), and Mrp1, 4 or 5 (probenecid) (Russel et al., 2002; Enerson and Drewes, 2003). 

Ibuprofen and salicylic acid have been shown to inhibit MCT1 (Tamai et al., 1995; Tsuji, 

2005). However, it is possible that ibuprofen is too large to be an appreciable substrate 

for that transporter. OAT3 and members of the MRP family transport solutes out of brain, 

and therefore their contributions to saturable influx would be expected to be small.  

Several members of the oatp family mediate bidirectional transport of organic solutes at 
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the BBB (Kusuhara and Sugiyama, 2005). Ibuprofen and indomethacin inhibit rat oatp2 

with Ki’s of ~1.3 and 0.17 mM, respectively (Shitara et al., 2002). However, the absence 

of BBB [14C]ibuprofen uptake inhibition by either digoxin or probenecid, which are 

known inhibitors of oatp 1a4 (Kusuhara and Sugiyama, 2005),  and the fact that 

indomethacin had a weaker inhibitory effect on brain [14C]ibuprofen uptake than 

ibuprofen, contrary to their oatp 1a4 Ki’s, argue against the role of oatp 1a4 in brain 

[14C]ibuprofen influx. Similarly, probenecid has been shown to inhibit oatp 1a5 and 1c1 

(Ohtsuki et al., 2003; Tohyama et al., 2004). The fact that 20 mM valproate did not 

significantly reduce brain [14C]ibuprofen PSu, suggests that the saturable ibuprofen 

carrier may not be the BBB valproate transporter (Adkison and Shen, 1996). Thus, brain 

ibuprofen uptake may be mediated by an as yet unidentified BBB carrier, or it may be 

that multiple transport mechanisms contribute and determinations at single concentrations 

with a few inhibitors are not adequate to unravel the roles of influx and efflux 

components. In contrast, neither [3H]flurbiprofen or [14C]indomethacin exhibited clear 

evidence of a saturable component over the range tested.  

Most acidic NSAIDs bind tightly to plasma albumin (Sudlow site II) decreasing 

the available free fraction to <5% (Peters, 1996). Conventionally, free drug has been 

thought to be the driving force for the drug uptake into tissues. However, many studies 

have found that in the presence of plasma protein the net exchangeable fraction of drug in 

the brain capillaries markedly exceeds that measured in vitro (Pardridge, 1998). Our 

results suggest that brain influx for ibuprofen, flurbiprofen and indomethacin correlated 

well with free drug fraction with no evidence for enhanced dissociation. Upon addition of 

albumin to the perfusion fluid there was a drastic decrease in brain uptake, which was in 



 

 104

accordance with the free fraction consistent with studies showing good agreement 

between plasma unbound concentration and CSF or brain drug concentrations 

(Hammarlund-Udenaes et al., 1997). Plasma protein binding appears to play a major role 

in restricting brain uptake of NSAIDs, reducing Kin by over 10 fold from PSu. However, 

prior to this study, this concept had not been clearly elucidated. In fact, in CSF studies of 

brain NSAID uptake, plasma protein binding was noted to have a minor role (Bannwarth 

et al., 1989; Matoga et al., 1999) and the BBB permeability of NSAIDs was reported to 

be quite low (Deguchi et al., 2000; Liu et al., 2004). Given the role that plasma protein 

plays in unidirectional brain NSAID uptake, it may be possible to transiently increase 

brain drug delivery via administration of a plasma protein binding inhibitor (Haradahira 

et al., 2000). However, this approach would not be expected to appreciably change brain 

exposure with chronic administration. 

There is a widespread interest in NSAIDs regarding the role of COX in CNS 

disorders. Many traditional acidic NSAIDs show poor delivery to the brain based upon 

low brain-to-plasma ratios and plasma protein binding. In contrast, several neutral 

NSAIDs, including acetaminophen, antipyrine, and the newer COX-2 inhibitors, show 

markedly improved CNS distribution. The newer neuroprotective effects recently 

ascribed to a subset of nonselective NSAIDs, including ibuprofen, indomethacin, and 

fluribiprofen, and not seen with better penetrating COX-2 or nonselective analogs, 

suggest that improved brain delivery may be of interest for these poorly distributing 

NSAIDs to enhance CNS activity and reduce peripheral toxicity. Our results suggest that 

at least one NSAID, ibuprofen, may be taken up into brain by a saturable carrier that is 
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sensitive to indomethacin. Design of NSAIDs with less plasma protein binding may aid 

in CNS distribution. 
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Table 3.1: Effect of inhibitors on BBB permeability and vascular integrity 

Blood-brain barrier flow and vascular volumes measured during the brain uptake of 
[14C]ibuprofen by in situ brain perfusion in the presence of  unlabeled inhibitors. 
Flow and vascular space values measured in the presence of inhibitors 
 
  
     Inhibitors                               Flow    Vascular Space 
                                              (ml/s/g x 10-2)      (ml/g x 10-2)  
 
 
Control                    2.83 ±0.40   0.53 ± 0.07 

Ibuprofen 1 mM     N.D    0.43 ± 0.13                          

Ibuprofen 10 mM     N.D    0.51 ± 0.11 

Ibuprofen 20 mM                     2.16 ± 0.18               0.79 ± 0.08 

Pyruvate 20 mM                      2.70 ± 0.35                    N.D  

Indomethacin 10mM             2.34 ± 0.12     0.48 ± 0.13 

Probenecid 10 mM      N.D                0.63 ± 0.08 

Digoxin 100 µM  2.57 ± 0.12           N.D 

 

 
Each value represents the mean ± SEM for (n = 3-9) 
 
* Significantly different from control by ANOVA (P < 0.05) 
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Figure 3.1: Time-course of brain uptake of NSAIDs from protein free saline 
 
Time profile of brain A. [14C]ibuprofen (♦) B. [3H]flurbiprofen (◊) and C. 
[14C]indomethacin ( ) uptake during perfusion with protein-free saline. Data represents 
mean ± SEM (n = 3-5) values of average brain samples collected after brain perfusion. 
Measured brain NSAID radioactivity (dpm/g) was corrected for residual vascular tracer 
by subtracting the product of the inulin vascular volume (ml/g) and perfusate NSAID 
concentration (dpm/ml). Perfusate NSAID concentration equaled 0.54, 0.15 and 2.5 µM 
for [14C]ibuprofen, [3H]flurbiprofen and [14C]indomethacin, respectively. 
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Figure 3.2: Regional uniformity in brain uptake of NSAIDs  
 
Regional blood-brain barrier PSu (ml/s/g) for uptake of A. [14C]ibuprofen, B. 
[3H]flurbiprofen and C. [14C]indomethacin. Values represent mean ± S.E.M (n = 9-11). p 
> 0.05 (one-way ANOVA and then Tukey’s multiple comparison test for regional PS). 
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Figure 3.3: Brain uptake of NSAIDs in the presence of inhibitory transport substrates 
 
Concentration-dependence and effect of unlabeled transport substrates/inhibitors. A. 
ibuprofen, B. flurbiprofen,  and C. indomethacin. Control represents uptake of 
[14C]ibuprofen (A), [3H]flurbiprofen (B) and [14C]indomethacin (C) in the absence of 
unlabeled compound. Values represent mean ± S.E.M (n = 3-5). *,Differs significantly 
from matching control (p < 0.05 by one-way ANOVA and Dunnett’s multiple 
comparison). 
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Figure 3.4: Relationship between log BBB PS and octanol/water distribution coefficient 
of NSAIDs 
 
Relationship of log BBB LogPSu vs LogDoct7.4 for [14C]ibuprofen (♦), [3H]flurbiprofen 
( ) and [14C]indomethacin ( ) in comparison to those of established values of passively 
permeating compounds ( ). Values represent means. 
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Figure 3.5. Influence of plasma protein binding on brain uptake of ibuprofen 
 
Figure 5.  Effect of bovine albumin (BSA; 0.027 – 2.7%) on brain Kin, perfusate fu and 
BBB PSu to [14C]ibuprofen (tracer concentration). A) Kin measured ( ) and predicted 
( ). B) Free fraction measured ( ) and predicted ( ). C) BBB PSu calculated from the 
measured Kin corrected for F and fu using Eq. 3.3.  Values represent mean ± S.E.M (n = 
3-5). Infusion rate = 5 ml/min. All Kin and fu values measured in the presence of albumin 
differed significantly (p<0.01) from matching controls (no albumin). 
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Figure 3.6. Influence of plasma protein binding on brain uptake of flurbiprofen 
 
Effect of bovine albumin (BSA; 0.027 – 2.7%) on brain Kin, perfusate fu and BBB PSu to 
[3H]flurbiprofen (tracer concentration). A) Kin measured ( ) and predicted ( ). B) Free 
fraction measured ( ) and predicted ( ). C) BBB PSu calculated from the measured Kin 

corrected for F and fu using Eq. 3.3.  Values represent mean ± S.E.M (n = 3-5). Infusion 
rate = 5 ml/min. All Kin and fu values measured in the presence of albumin differed 
significantly (p<0.01) from matching controls (no albumin).  
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Figure 3.7. Influence of plasma protein binding on brain uptake of indomethacin 
 
Effect of bovine albumin (BSA; 0.027 – 2.7%) on brain Kin, perfusate fu and BBB PSu to 
[14C]indomethacin (tracer concentration). A) Kin measured ( ) and predicted ( ). B) 
Free fraction measured ( ) and predicted ( ). C) BBB PSu calculated from the measured 
Kin corrected for F and fu using Eq. 3.3.  Values represent mean ± S.E.M (n = 3-5). 
Infusion rate = 5 ml/min. All Kin and fu values measured in the presence of albumin 
differed significantly (p<0.01) from matching controls (no albumin). 
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CHAPTER IV 

BRAIN UPTAKE AND DISTRIBUTION OF NAPROXEN AS STUDIED WITH THE 

IN SITU BRAIN PERFUSION TECHNIQUE  

 
4.1 Introduction 

Nonsteroidal anti-inflammatory drugs (NSAIDs) have received increased 

attention based upon findings that they are neuroprotective under a number of conditions, 

including excitotoxicity, ischemia and neurodegenerative diseases (Sasaki et al., 1988; 

Eriksen et al., 2003; Silakova et al., 2004). Both cyclooxygenase (COX)-2 selective and 

nonselective NSAIDs have been noted to exert neuroprotective effects (Eriksen et al., 

2003; Minghetti, 2004). For Alzherimer’s disease, particular interest has focused on a 

subset of nonselective acidic NSAIDs which inhibit Aβ aggregation, decrease Aβ 

metabolism via modulation of γ-or β-secretase, and limit microglial and astrocytic 

activation (Eriksen et al., 2003; Weggen et al., 2003; Gasparini et al., 2005). However, a 

number of the most interesting effects are seen only at elevated concentrations, above that 

generally associated with COX inhibition.  

Most nonselective acidic NSAIDs distribute poorly to the CNS.  In an 

autoradiographic study by Rainsford et al., (1981), the brain was one of the lowest  

distribution sites for acidic NSAIDs in the body. Mannila et al., (2005) in a carefully 

crafted study showed that the steady-state brain/plasma ratio for ibuprofen was only 0.01-

0.02 after corrected of brain samples for drug contained in residual blood in the brain 

vasculature. Similarly, Eriksen et al., (2003) surveyed a number of agents, including 

naproxen, and found non-vascularly corrected ratios of 0.01-0.08. Equivalent poor 

distribution has been noted for acidic NSAIDs in cerebrospinal fluid (Bannwarth et al., 
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1995). 

Multiple factors influence a drug’s ability to gain access and distribute in brain. 

Traditionally, one of the most important has been thought to be transport across the 

blood-brain barrier (BBB). The BBB is formed in good part by tight junctions at brain 

capillaries, which restrict movement of solutes between plasma and brain interstitial fluid 

via the aqueous paracellular diffusion (Hawkins and Davis, 2005). This, together with the 

absence of endothelial fenestra, bestow upon the BBB a high electrical resistance of 

1500-2000 Ω.cm2 or higher (Butt et al., 1990). The BBB phenotype is also formed by 

high level expression of a range of active and facilitated transport carriers (Kusuhara and 

Sugiyama, 2005) and  enzymes (Pardridge et al., 1994) that efflux or degrade solutes that 

get into the CNS. Overall, good BBB penetrability has generally been associated with 

molecules that are small MW <500, lipophilic (LogDoct 7.4 = -1 to 2), uncharged or 

appreciable neutral fraction, and posses a limited number of hydrogen bonding groups 

(Clark, 2003). The presence of the BBB is a serious detriment to brain uptake. Pardridge 

(2001) has estimated that >98% of potential CNS drug agents do not cross the BBB. 

The factors that restrict CNS distribution of nonselective NSAIDs are not clear. 

Therapeutic efficacy of the drug mainly depends on the ability of the moiety to cross the 

BBB and attain concentration within the therapeutic window. Within the circulation, 

most NSAIDs bind tightly (>95%) to plasma proteins (primarily albumin), and thus 

reduce the free fraction available for transport. The contribution of protein bound drug at 

the BBB has been complex, with many studies reporting important contribution to brain 

uptake from the bound fraction (Tanaka and Mizojiri, 1999; Pardridge, 2001). Once 

within brain interstitial fluid multiple factors impact a drug’s brain distribution, including 
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cellular uptake, lipid or protein binding, membrane potential and pH gradients, as well as 

active transport and metabolism. In the present study, we examined the brain uptake and 

distribution of the nonselective NSAID, naproxen, using in situ brain perfusion technique 

(Takasato et al., 1984; Smith, 1996). The time course was measured in the presence and 

absence of albumin as well as with elevated naproxen in the absence of albumin to test 

for transport self saturation. An abstract of this work has been published (Smith et al., 

2004). 

 

4.2 Materials and Methods 

Chemicals 

[O-methyl-14C]Naproxen (55 mCi/mmol), [N-methyl-3H]diazepam (85 Ci/mmol), 

and [methoxy-3H]inulin (2.25 mCi/g) were purchased from American Radiolabeled 

Chemicals Inc (St. Louis, MO). Unlabelled naproxen and bovine albumin (fraction V, 

A3059, γ-globulin free) were obtained from Sigma-Aldrich (St.Louis, MO).  

 

Experimental procedures  

All experimental procedures were approved by the Texas Tech University IACUC 

and were conducted in accordance to the NIH Guide to the Care and Use of Laboratory 

Animals. Adult male, Sprague-Dawley rats (230-350 gm) were anesthetized with sodium 

pentobarbital (Nembutal, Abbott Laboratories, North Chicago, IL, 40 mg/kg, i.p.). A PE-

60 catheter filled with 100 IU/ml in sterile 0.9% NaCl was placed in the left common 

carotid artery, and the right external carotid was ligated with surgical silk. Body 

temperature, as monitored with a rectal probe, was maintained throughout the 
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experimental procedures using a heating pad linked to a YSI Indicating Controller 

(Model 73A, Yellow Springs Instruments, Yellow Springs, OH). To initiate perfusion, 

the heart was stopped by severing the left ventricle and then perfusion fluid was infused 

into the common carotid artery at 5 ml/min using a Harvard variable rate infusion pump 

(Harvard Bioscience, South Natick, MA) which maintained perfusion pressure at 80-100 

mm Hg. The brain was initially perfused for 30-90 s with tracer-free fluid so as to wash 

out the brain vasculature and establish steady-state conditions. Then, the perfusate was 

switched to matching fluid containing [14C]naproxen (0.02 µM) and [3H]inulin (0.6 µM). 

The brain was perfused with radioactive fluid for 30-600 s, at the end of which the head 

was decapitated and the perfusion pump was turned off. In some experiments, cerebral 

perfusion fluid flow was measured from the 20-30 s uptake of [3H]diazepam (0.01 nM). 

 

Perfusion buffer 

Perfusion fluid in all experiments consisted of bicarbonate-buffered physiologic 

saline containing 128 mM NaCl, 24 mM NaHCO3, 4.2 mM KCl, 2.4 mM NaH2PO4, 1.5 

mM CaCl2, 0.9 mM MgSO4, and 9 mM D-glucose (Smith, 1996). The solution was 

oxygenated with 95% O2-5% CO2 to pH 7.4 ± 0.05 prior to perfusion. In some 

experiments, unlabelled naproxen or albumin (0.0135 or 2.7 g/100 ml) was added to the 

perfusate. All unlabelled drug agents were added to perfusion fluid from buffered (pH 

7.4) stock solution to ensure control of perfusate pH. Perfusion fluid pH was confirmed 

by direct measurement before use. 

 

Analysis of radioactivity in tissue and perfusate samples 



 

 122

At the end of perfusion, the brain was removed from the skull and dissected on ice 

as described by Takasato et al., (1984). Samples (0.03-0.10 g) were collected from nine 

brain regions and from perfusion fluid.  All were weighed and placed in glass scintillation 

vials. Most samples were digested overnight at 55 °C in 1 ml of solvable tissue 

solubilizer (Packard, Meriden, CT), and in the morning 10 ml ScintisafeTM 30% 

scintillation cocktail (Fischer scientific, Fair lawn, NJ) was added. [14C]- and [3H]- 

radioactivity (dpm) were determined using dual-label liquid scintillation counting with 

correction for quench, background and efficiency (Beckman LS 6500, Fullerton, CA).  

 

Chromatography 

Radiochemical purity for [14C]naproxen (>99%) was confirmed prior to perfusion 

as initial testing demonstrated the presence of 2-4% mixed contaminants in the 

radiotracer batch received from the supplier.  In addition, perfusate and brain [14C] was 

examined in some experiments to confirm integrity of the [14C]naproxen tracer. Drug 

analysis was performed with a modified version of Upton et al., (1980) with an assay 

recovery of total [14C] tracer of >90%. Samples were acidified to minimize hydrolysis or 

isomerization of glucuronide conjugates. Brain samples were acidified with phosphate 

buffer (pH 2.0), homogenized and these samples were extracted with 2 ml of diethyl ether 

three times. Dried extract was reconstituted with 200 µl of mobile phase before injecting 

onto the HPLC column. HPLC analysis was performed using a Varian ProStar HPLC 

system linked with a C18 YMC ODS column (150 mm x 4.5 mm ID, 5 µm) (Milford, 

MA) and connected to a UV/visible spectrophotometer set to 270 nm (λmax for naproxen). 

Mobile phase consisted of acetonitrile (25%): water with 1% acetic acid (75%; pH 3.5). 
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Gradient conditions were maintained by varying the concentration of acetonitrile 20% to 

95% over 13 min at the flow rate of 1 ml/min. Retention times for and [14C]naproxen was 

10.9 min. Radioactivity of the eluent was determined by LSC. Disintegrations per minute 

(dpm) were obtained from counts per minute (cpm) by automatic quench correction in 

Beckman liquid scintillation counter (Beckman LS 6500, Fullerton, CA). Percent intact 

was obtained by dividing the amount of radioactivity in the peak eluent by the total 

amount injected on to the column.  

 

Plasma protein binding assay  

The free, unbound fraction (fu) of drug in perfusion fluid samples was measured 

by ultrafiltration at 37 °C (Barre et al., 1985; March and Blanke, 1985). Ultrafiltration 

was performed using Microcon centrifugal filter devices (MW cutoff 10 kD; Amicon 

Bioseparations, Bedford, MA). Perfusate was collected immediately at the end of 

perfusion (500 µl) and spun at 4000 RPM at 37 °C for 7 min under 95% O2 and 5% CO2. 

Centrifugation conditions were set so as to maintain temperature and pH as well as to 

filter only 10-15% of the perfusion fluid placed in the Microcon tube. Tracer naproxen 

concentrations in the initial fluid as well as filtrate and retentate were determined by 

LSC. Protein-free fluid was also filtered to determine drug filtration efficiency and 

membrane binding.  

 

Calculations  

Brain [14C] naproxen uptake space was calculated as (Smith, 2003), 

       Brain space (ml/g) = Qbr/Ctot = [Qtot  – Vv Ctot]   /Ctot     (4.1) 
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where Qtot is the brain total content of [14C]naproxen (intravascular and parenchymal) at 

the end of perfusion (dpm/g), Qbr is the vascularly corrected brain content of 

[14C]naproxen (dpm/g), Vv is the brain vascular volume (ml/g), and Ctot is the perfusate 

total (bound and unbound) [14C]naproxen concentration (dpm/ml). Vv was determined in 

each experiment as the ratio of brain [3H]inulin content (dpm/g) divided by the perfusate 

[3H]inulin concentration (dpm/ml). F was measured separately using [3H]diazepam, as 

previously described (Takasato et al., 1984).  

[14C]Naproxen uptake into brain was analyzed using a two-compartment model  

incorporating the Kety-Crone-Renkin equation of trasncapillary transfer (Morgan and 

Huang, 1993) (Fig. 4.1),   

Qbr/Ctot = fu x Vbr (1 – e – Kin x T/(fu x Vbr) )              (4.2) 

            Kin = F (1 – e –fu x PSu/F)    (4.3) 

 

where fu = free fraction of [14C]naproxen in the perfusate, Kin = unidirectional transfer 

constant for [14C]naproxen uptake (ml/s/g), PSu = BBB permeability-surface area product 

to free [14C]naproxen, T = net perfusion time (s), and Vbr = brain distribution volume to 

[14C]naproxen in reference to perfusate free [14C]naproxen concentration (ml/g).   This 

model assumes a) constant input concentrations of free (Cu) and total (Ctotal) drug in 

perfusion inflow, b) rapid rates of drug binding and dissociation from protein (<100 ms) 

relative to capillary transit time (0.4-1.0 s) (Wei et al., 1993) so that free and bound drug 

can be assumed to be in equilibrium at all points along the capillary (i.e., fu ~ constant), 

c) only perfusate free drug is taken up across the BBB (“free drug hypothesis”).  
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 With this model, brain uptake during the initial, linear phase of perfusion when 

transfer is unidirectional, can be given as, 

        Qbr/Ctot = F (1 – e –fu x PSu/F) T               (4.4) 

When fu x PSu <<F,  Eq. 4.4 simplifies to, 

    Qbr/Ctot = fu x PSu
 T                 (4.5) 

which, given that fu = Cu/Ctot, can be alternately expressed as, 

      Qbr/Cu =  PSu
 T                 (4.6) 

Thus, with this model, when fu x PSu <<F, initial brain uptake is determined by the free 

drug concentration and the PSu of the BBB.   

 At steady state when T → ∞, Eqs 4.2 and 4.3 reduce to, 

     Qbr/Ctot = fu x Vbr         (4.7) 

which, because fu = Cu / Ctot,  can be expressed as, 

        Qbr/Cu   = Vbr     (4.8) 

Finally, the single pass extraction (E) of total drug by brain was obtained as Etot = 

Kin/F, whereas free drug extraction was calculated as (1 – e –PSu/F).  

 

Statistics 

All values are mean ± SEM for n= 3-6 separate determinations. One-way analysis 

of variance (ANOVA) was used to determine statistical significance at p<0.05 with 

Dunnett’s post hoc test for multiple comparisons (Prism 4, GraphPad Software, San 

Diego, CA). Nonlinear regression was performed using Prism with weighted = 1/y.   
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4.3 Results 

Naproxen Uptake and Equilibration in CNS 

Fig. 4.2 shows the time course of [14C]naproxen uptake and equilibration in brain 

(left cerebral hemisphere) during perfusion with physiologic saline in the presence and 

absence of unlabeled naproxen and bovine serum albumin.  In the absence of plasma 

protein, [14C]naproxen was rapidly taken up into brain reaching a plateau in 5-10 min of 

~0.8 ml/g. The calculated t1/2 was 1.33 ± 0.2 min. The time course was described by Eqs. 

4.2 and 4.3 with best-fit values of PSu and Vbr by nonlinear regression of 7.0 ± 0.9 x 10-3 

ml/s/g and 0.79 ± 0.04 ml/g, respectively (Table 4.1). Chromatography demonstrated that 

>95% of radiotracer in perfusate and brain eluted as [14C]naproxen. Addition of 1 mM 

unlabeled naproxen to protein-free perfusate did not significantly affect either the initial 

rate of [14C]naproxen uptake, the steady-state [14C]naproxen equilibration space (Fig. 

4.2), or the best-fit PSu and Vbr values (Table 4.2). However, addition of 0.0135% or 

2.7% bovine serum albumin produced a marked reduction in [14C]naproxen  Qbr/Ctot 

values (Fig. 4.3) that were proportional to the reduction in perfusate fu. For example, 

Qbr/Ctot at 10 min of perfusion fell from 0.83 ml/g in saline to 0.25 ml/g (70% reduction) 

with 0.0135% albumin and to 0.005 ml/g (99.4% reduction) with 2.7% albumin 

(p<0.001). The corresponding perfusate free fraction was fu= 0.30 ± 0.01 and 0.0052 ± 

0.0001 with 0.0135% and 2.7% albumin, respectively. Nonlinear regression fitting of 

Eqs. 4.2 and 4.3 to albumin perfusion data, using protein-free values of PSu = 7.1 ± 0.8 x 

10-3 ml/s/g and Vbr = 0.81 ± 0.04 ml/g (pooled from Table 4.2), provided best-fit in vivo 

fu estimates that did not differ significantly from values measured by ultrafiltration (Table 
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4.3). The magnitude of the 10 min brain [14C]naproxen  space varied linearly with fu over 

a 200 fold range (Fig. 4.3). No evidence was obtained for a significant elevation in 

capillary fluid [14C]naproxen fu during in situ perfusion. In vivo predicted values matched 

in vitro by ultrafiltration. Though plasma protein binding reduced the magnitude of the 

brain [14C]naproxen uptake, it did not affect the half time for brain equilibration (p>0.05). 

The results demonstrate that both initial brain [14C]naproxen uptake and distribution are 

proportionately affected by plasma protein binding, but that half time for brain 

equilibration remains unchanged,  as predicted by Eqs. 4.3 and 4.4.  

 

Free concentration dependence of naproxen uptake and equilibration in CNS 

The direct relation between brain [14C]naproxen uptake and perfusate fu suggests 

that perfusion fluid free (unbound) [14C]naproxen concentration was the driving force for 

naproxen uptake and equilibration across the BBB. Therefore, brain [14C]naproxen spaces 

in Fig. 4.2 were re-expressed as Qbr/Cu. As shown in Fig. 4.4, [14C]naproxen Qbr/Cu in the 

presence of protein showed considerable overlap with the Qbr/Cu values in protein-free 

saline, rising with a t1/2 of ~1-2 min and approaching a plateau of ~0.7-0.9 ml/g. 

Calculated Vbr in the presence of protein (0.0135% and 2.7%) normalized to unbound 

concentration equaled 0.76 ± 0.1 and 1.1 ± 0.1 ml/g, respectively. Thus, conversion from 

Qbr/Ctot to Qbr/Cu reduced the difference among groups from >100 fold to <2 fold.   

 

Regional brain distribution at equilibrium of naproxen  

To determine whether regional differences exist in [14C]naproxen Vbr, animals 

were perfused with [14C]naproxen in protein-free saline for 10 min, and then at the end of 
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perfusion the brains were taken out and dissected into 7 regions. Fig. 4.5 shows regional 

brain [14C]naproxen space (Qbr/Ctot) values obtained from normal saline and saline 

containing 1 mM unlabeled naproxen. There were no statistically significant regional 

differences in [14C]naproxen Vbr. Values also did not differ with and without 1 mM 

unlabeled naproxen.  

 

BBB integrity and cerebral perfusion fluid flow  

BBB integrity was confirmed during saline perfusion using [3H]inulin (Fig. 4.6).  

No difference was observed in the 45 s brain [3H]inulin uptake space during perfusion 

(total time) for 1, 3, 5 or 10 min (p > 0.05). [3H]Inulin is a polar 4 kDa MW 

polysaccharide that normally does not cross the intact BBB. Thus, the results suggest that 

BBB integrity was maintained during vascular perfusion for 1-10 min. No difference in 

brain was observed in brain [3H]inulin space relative to control when unlabeled naproxen 

or bovine serum albumin were added to the perfusate (Fig. 4.6). Further, regional 

differences in brain Vv were minimal and matched those previously reported (Takasato et 

al., 1984). 

Table 4.1 lists regional values of cerebral F as measured during perfusion with 

bicarbonate-buffered saline using [3H]diazepam as flow marker. Perfusion fluid flow 

ranged from 1.74 to 2.59 x 10-2 ml/s/g among different brain regions (20-30%) (p>0.05. 

The average flow in pooled brain equaled 2.42 ± 0.16 x 10-2 ml/s/g and was not altered 

by addition of albumin to the perfusate or 1 mM unlabeled naproxen (p>0.05). 
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4.4 Discussion 

Several studies have demonstrated integrity of the BBB and normal brain ATP 

levels over extended duration of in situ brain perfusion (Abbruscato et al., 1997a; 

Abbruscato et al., 1997b; Thomas et al., 1997). The present findings are consistent with 

this and suggest that in situ brain perfusion can be used not only for initial uptake BBB 

permeability studies, but also of drug distribution and equilibration in the CNS.  Our 

results demonstrate that poor brain uptake is not simply the result of low BBB 

permeability or BBB active efflux, but at least for naproxen of plasma protein binding.  

Naproxen binds avidly to albumin in plasma and circulates normally with <0.6% free 

(Davies and Anderson, 1997). The free fraction is sufficiently low that impurities can 

lead to errors when unpurified radiolabeled naproxen is used (Borga and Borga, 1997).  

Special care was taken in this study to purify the tracer prior to use and to demonstrate 

brain uptake of chromatographically confirmed [14C]naproxen in the absence of protein 

perfusate.  

At normal plasma protein levels with naproxen fu <0.01, the model predicts that 

the steady-state brain naproxen Qbr/Ctot space will be <0.01 ml/g. With 2.7% albumin, 

which is in the range of plasma rat albumin concentration (2.5 – 3.0 g/dl), Eq. 4.7 

specifies,  Qbr/Ctot = fu x Vbr = 0.005 x 0.8. =  0.004 ml/g. Consistent with this, Mannila et 

al., (2005) measured a vascular-corrected, brain content/total plasma concentration ratio 

at steady state of 0.01-0.02 ml/g for ibuptofen in rats. Similarly, Eriksen et al. (2003) 

reported total brain/plasma ratios of 0.02 for naproxen in mice. Given that brain residual 

plasma volume is commonly ~0.01 ml/g (Smith et al., 1988), this corresponds to a 

vascular-corrected naproxen space in vivo of ≤ 0.01 ml/g.  Further, Frijlink et al., (1991) 
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obtained naproxen brain/plasma ratios of 0.01-0.02 at 10 and 60 min after i.v. injection in 

rats.   These values are 40-80 times less that for naproxen Vbr (0.80 ml/g) in the absence 

of plasma protein and consistent with the low naproxen fu  (0.005 – 0.01).   Naproxen and 

ibuprofen are two of the most commonly used lipophilic nonselective NSAIDs in the 

United States. With normal plasma levels of ~50-200 µM, this predictes brain levels of 

these NSAIDs of ~0.01 x 50-200 µM ≈ 0.5 – 2.0 µM, which is significantly lower than 

levels associated with positive anti-aggregation activity >20-200 µM (Gasparini et al., 

2004).   

Some drugs have been observed to exhibit greater brain uptake than that predicted 

by the plasma free drug concentration (e.g., diazepam) (Tanaka and Mizojiri, 1999; Smith 

and Nagura, 2001). Such behavior is predicted for rapidly penetrating compounds for 

which PSu/F >1. Under such conditions, the free drug extraction in brain capillary is 

>50% and leads to dissociation of drug from the protein-bound pool by mass action to 

maintain equilibrium. For sufficiently high PSu/F ratios, the single pass brain extraction 

of total drug can markedly exceed fu and can even approach 100% (Smith and Nagura, 

2001). However, naproxen has a PSu/F ratio of 0.007/0.025 = 0.28 and thus would have a 

single pass brain extraction of free drug of <25% under normal physiologic conditions.  

With such a low free drug extraction, brain uptake predicted using Eq. 4.4 [Kin = F (1 – e 

–fu x PSu/F)] would only exceed by ~12% that calculated assuming only free drug is 

available for uptake [i.e., Kin calculated assuming only free drug contributes Kin = Eu x fu 

= fu x (1 – e –PSu/F)]. Therefore, for naproxen under normal circumstances, the 

contribution of plasma protein-bound naproxen to brain uptake would be predicted to be 

negligible, However, under ischemic conditions, where brain F may fall by >5 fold, 
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single pass naproxen will rise to >75% and  the assumption that only plasma free 

naproxen contributes to brain uptake will underestimate the total by >2 fold.  

Vbr is the ratio of parenchymal brain drug concentration to plasma or perfusate 

free drug content at equilibrium. Little is known about regional NSAID distribution and 

compartmentalization in brain. This topic was highlighted by (Gasparini et al., 2004) with 

regard to potential NSAID actions in AD. [14C]Naproxen Vbr showed no statistically 

significant differences among the sampled brain regions. Further, in a separate study we 

found no statistically significant differences in regional BBB PSu (Parepally et al., 

2005b). This suggests that naproxen is handled similarly across the brain with regard to 

BBB exchange. The exception to this would be the “nonbarrier” regions (i.e., 

circumventricular organs) that do not have a BBB. The mean Vbr reported here for 

naproxen (0.8 ml/g) is on the same order as that for valproate (0.41 ml/g) which was 

determined by (Scism et al., 2000) using intravenous administration in rabbits. Both 

naproxen and valproate are organic acids that bind significantly to plasma proteins. Like 

naproxen, the steady-state brain/total plasma concentration ratio for valproate is low 

(Qbr/Ctot = 0.069; Scism et al., 2000) due in good part to plasma protein binding. 

Valproate has been shown to have a saturable component of efflux from brain which is 

inhibitable by probenecid, suggesting mediation by an efflux transporter. In the present 

study, probenecid was not used, but no evidence was obtained for a self-saturable 

component of BBB naproxen transport up to a concentration of 1 mM. NSAIDs are 

known to be substrates of some organic acid transporters (OAT1, OAT3, oatp 1a4, oatp 

1c1) and inhibitors of many others (Mrp 1, 4 and 5) (Russel et al., 2002; Kusuhara and 

Sugiyama, 2005). Thus, it is very possible that there is a saturable component of 
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naproxen transport at the BBB or blood-cerebrospinal fluid barrier. Naproxen Vbr at 

equilibrium (0.8 ml/g) was greater than the brain interstitial space (0.15-0.2) (Levin et al., 

1970) indicating some cellular uptake or binding. The BBB PSu obtained by fitting Eqs. 

4.2 and 4.3 to the 1 – 10 min time course of brain [14C]naproxen uptake and equilibration 

(7.0 ± 0.7 x 10-3 ml/s/g) matched that obtained from linear uptake analysis over 10-30 s 

(6.5 ± 0.2 x 10-3 ml/s/g) using the brain perfusion technique with protein-free saline 

(Parepally et al., 2005a). Thus, there was good agreement in BBB PSu between the two 

approaches. 

CSF uptake of acidic NSAIDs has also been reported to be low, 0.01- 0.05 of that 

in plasma. Several investigators have reported that protein binding does not impact CSF 

uptake of NSAIDs (Bannwarth et al., 1989; Matoga et al., 1999). However, the present 

analysis would suggest that CSF naproxen levels would, as a first approximation, match 

plasma free levels at equilibrium, if no active transport is involved. Therefore, expected 

CSF/plasma total concentration ratio would be <0.05 for many acidic NSAIDs, and <0.01 

for naproxen. The ratio may be higher or lower if there is active transport of NSAID into 

or out of CSF. But, caution must be exercised in interpretation of simple CSF naproxen 

concentrations as the protein level in CSF is low, but not zero. For example, albumin is 

present in cisternal and lumbar CSF at concentrations of 12.7-18.6 mg/dl (Fishman, 

1992). This translates to 0.0127-0.0186%, which matches or exceeds the 0.0135% used in 

this study at which fu equaled 0.3 (i.e., 70% bound). Thus, for high affinity binding 

ligands, such as the NSAIDs, CSF drug should not be assumed to represent free 

concentration as for some agents CSF protein binding may be significant.   
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Brain availability of naproxen was poor in the presence of plasma albumin. 

However, the t1/2 required to reach steady state in brain remained stable over a >100 range 

in perfusate fu. Mannila et al., (2005) observed constant levels of ibuprofen in brain well 

before plasma steady state concentration was achieved in plasma by i.v infusion 

consistent with short time to reach equilibration (Mannila et al., 2005). The results of the 

present study suggest that naproxen rapidly reaches steady state distribution between 

plasma and brain after intravenous injection, but that brain levels are kept low relative to 

plasma total concentration by plasma protein binding. For naproxen, it would be 

preferable under most circumstances to base kinetic studies on plasma free drug 

concentration. However, for more rapidly penetrating solutes (PSu/F>0), this would lead 

to underestimation in brain initial uptake rates. Many studies do not routinely incorporate 

brain uptake determination of drug uptake in the presence and absence of protein to better 

assess the individual roles of the separate components. Kin for [14C]naproxen with 2.7% 

albumin is 200 times less than BBB PSu, thus it is essential to understand and take care to 

differentiate free drug PSu from total drug Kin. To a certain extent this occurred in 

Deguchi et al., (2000) in which brain ketoprofen uptake was measured in the presence of 

0.5% albumin. The authors concluded that ketoprofen poorly crosses the BBB with a 

small BBB Kin, 14-20 times lower than that for free naproxen. Our results would suggest 

that this discrepancy likely results from reduction in the free ketoprofen concentration by 

plasma protein, similar to that reported here for naproxen and separately in preliminary 

studies for ibuprofen, flurbiprofen and indomethacin (Parepally et al., 2005). When brain 

uptake determinations are based upon total plasma concentration, without incorporation 

of fu, calculated BBB PSu values can be severely undersestimated, diverging low values 



 

 134

for the predicted BBB LogPSu vs LogDoct 7.4 relation and giving the appearance of a 

solute that is actively transported out of brain (Deguchi and Morimoto, 2001).  

 Finally, it should be noted that under disease conditions the integrity of the BBB 

can be altered, as shown by Huber et al., (2001) for inflammatory pain. Therefore, BBB 

PSu and Vbr may need to be separately assessed under specific disease conditions, 

especially given the very low Qbr/Ctot for NSAIDs caused by plasma protein binding. A 

hint of the impact of plasma protein binding on brain NSAID availability was obtained by 

(Hirate et al., 1984) who found 6 fold greater brain uptake of salicylic acid in 

analbuminemic rats which had plasma fu of 0.90 instead of 0.07 in normal rats. 

 

 

 



 

 135

4.5 References 

 
Abbruscato TJ, Thomas SA, Hruby VJ and Davis TP (1997a) Blood-brain barrier 

permeability and bioavailability of a highly potent and mu-selective opioid 
receptor antagonist, CTAP: comparison with morphine. J Pharmacol Exp Ther 
280:402-409. 

 
Abbruscato TJ, Thomas SA, Hruby VJ and Davis TP (1997b) Brain and spinal cord 

distribution of biphalin: correlation with opioid receptor density and mechanism 
of CNS entry. J Neurochem 69:1236-1245. 

 
Bannwarth B, Lapicque F, Pehourcq F, Gillet P, Schaeverbeke T, Laborde C, Dehais J, 

Gaucher A and Netter P (1995) Stereoselective disposition of ibuprofen 
enantiomers in human cerebrospinal fluid. Br J Clin Pharmacol 40:266-269. 

 
Barre J, Chamouard JM, Houin G and Tillement JP (1985) Equilibrium dialysis, 

ultrafiltration, and ultracentrifugation compared for determining the plasma-
protein-binding characteristics of valproic acid. Clin Chem 31:60-64. 

 
Eriksen JL, Sagi SA, Smith TE, Weggen S, Das P, McLendon DC, Ozols VV, Jessing 

KW, Zavitz KH, Koo EH and Golde TE (2003) NSAIDs and enantiomers of 
flurbiprofen target gamma-secretase and lower Abeta 42 in vivo. J Clin Invest 
112:440-449. 

 
Frijlink HW, Franssen EJ, Eissens AC, Oosting R, Lerk CF and Meijer DK (1991) The 

effects of cyclodextrins on the disposition of intravenously injected drugs in the 
rat. Pharm Res 8:380-384. 

 
Graff CL and Pollack GM (2004) Drug transport at the blood-brain barrier and the 

choroid plexus. Curr Drug Metab 5:95-108. 
 
Jones DR, Hall SD, Jackson EK, Branch RA and Wilkinson GR (1988) Brain uptake of 

benzodiazepines: effects of lipophilicity and plasma protein binding. J Pharmacol 
Exp Ther 245:816-822. 

 
Khamdang S, Takeda M, Noshiro R, Narikawa S, Enomoto A, Anzai N, Piyachaturawat 

P and Endou H (2002) Interactions of human organic anion transporters and 
human organic cation transporters with nonsteroidal anti-inflammatory drugs. J 
Pharmacol Exp Ther 303:534-539. 

 
Kratochwil NA, Huber W, Muller F, Kansy M and Gerber PR (2002) Predicting plasma 

protein binding of drugs: a new approach. Biochem Pharmacol 64:1355-1374. 
 



 

 136

March C and Blanke RV (1985) Determination of free valproic acid concentrations using 
the Amicon Micropartition MPS-1 Ultrafiltration System. Ther Drug Monit 
7:115-120. 

 
Mori S, Ohtsuki S, Takanaga H, Kikkawa T, Kang YS and Terasaki T (2004) Organic 

anion transporter 3 is involved in the brain-to-blood efflux transport of thiopurine 
nucleobase analogs. J Neurochem 90:931-941. 

 
Neuwelt EA (2004) Mechanisms of disease: the blood-brain barrier. Neurosurgery 

54:131-140; discussion 141-132. 
 
Pardridge WM (1998) CNS drug design based on principles of blood-brain barrier 

transport. J Neurochem 70:1781-1792. 
 
Pardridge WM (2001) Drug targeting, drug discovery, and brain drug development, in 

Brain Drug Targeting: The Future of Brain Drug Development pp 14-18, 
Cambridge University Press. 

 
Pardridge WM and Landaw EM (1984) Tracer kinetic model of blood-brain barrier 

transport of plasma protein-bound ligands. Empiric testing of the free hormone 
hypothesis. J Clin Invest 74:745-752. 

 
Rapoport SI, Fitzhugh R, Pettigrew KD, Sundaram U and Ohno K (1982) Drug entry into 

and distribution within brain and cerebrospinal fluid: [14C]urea 
pharmacokinetics. Am J Physiol 242:R339-348. 

 
Robinson PJ and Rapoport SI (1986) Kinetics of protein binding determine rates of 

uptake of drugs by brain. Am J Physiol 251:R1212-1220. 
 
Smith Q (1996) Brain perfusion systems for studies of drug uptake and metabolism in the 

central nervous system. 
 
Smith QR and Allen DD (2003) In situ brain perfusion technique. Methods Mol Med 

89:209-218. 
 
Smith QR, Ziylan YZ, Robinson PJ and Rapoport SI (1988) Kinetics and distribution 

volumes for tracers of different sizes in the brain plasma space. Brain Res 462:1-
9. 

 
Sun H, Dai H, Shaik N and Elmquist WF (2003) Drug efflux transporters in the CNS. 

Adv Drug Deliv Rev 55:83-105. 
 
Takasato Y, Rapoport SI and Smith QR (1984) An in situ brain perfusion technique to 

study cerebrovascular transport in the rat. Am J Physiol 247:H484-493. 
 



 

 137

Tanaka H and Mizojiri K (1999) Drug-protein binding and blood-brain barrier 
permeability. J Pharmacol Exp Ther 288:912-918. 

 
Thomas SA, Abbruscato TJ, Hruby VJ and Davis TP (1997) The entry of [D-

penicillamine2,5]enkephalin into the central nervous system: saturation kinetics 
and specificity. J Pharmacol Exp Ther 280:1235-1240. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 138

Table 4.1: Cerebrovascular fluid flow summary at 5 ml/min infusion rate. 
 
Cerebral perfusion fluid flow was calculated from brain uptake of [3H]diazepam during 
the brain uptake of [14C]naproxen by in situ brain perfusion at the infusion rate of 5 
ml/min. 
 
 
 
           Brain Sample        Flow (ml/s/g x 10-3) 
 
 

Frontal Cortex     25.9 ± 2.1 

Parietal Cortex    24.9 ± 1.4 

Occipital Cortex   21.2 ± 2.8 

Hippocampus     18.0 ± 1.4 

Caudate/Putamen    20.2 ± 1.8 

Thal/Hypothalamus   17.6 ± 1.1 

Midbrain/Colliculus    17.4 ± 6.4 

 
Each value represents the mean ± SEM for (n = 12-18) 
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Table 4.2: Bestfit parameters PSu (ml/s/g) and Vbr (ml/g) obtained from brain uptake of 
[14C]naproxen from protein free perfuste in the presence or absence of 1 mM unlabeled 
naproxen. 
 
  
                                                              PSu                   Vbr                           R2 
       Saline Perfusion                          (ml/s/g)               (ml/g)                             
                                                                                
 
    Tracer [14C]Naproxen                     7.0 ± 0.9        0.79 ± 0.04              0.8980 
 
+ 1 mM Unlabeled Naproxen             7.1 ± 0.6        0.82 ± 0.03              0.9550 
 
 
Values are means ± SEM (n=3-5) as calculated by nonlinear regression using PRISM 
(Graphpad). Unbound fraction and cerebrovascular fluid flow were fu=1.0 and F = 2.5 x 
10-2 ml/s/g. 
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Table 4.3: Bestfit parameters of unbound fraction (fu) obtained from brain uptake of 
[14C]naproxen from saline perfusate in the presence 0.0135% and 2.7% bovine albumin. 
 
 
 
BSA Perfusion                           (F = 25 µl/s/g, PSu = 7 µl/s/g, Vbr = 0.81 ml/g)  
                                                        
                                                         Measured fu             Fitted fu             R2 
         
 
+ 0.0135% BSA                             0.303 ± 0.009        0.288 ± 0.020        0.7680 
 
+ 2.7% BSA                                 0.0052 ± 0.0003   0.0059 ± 0.0003       0.9085 
 
 
 
Values represent means ± SEM (n=3-5) of measured unbound concentration by 
ultrafiltration and calculated unbound concentration by using nonlinear regression 
program  (PRISM Graphpad) assuming constant F, PSu and Vbr obtained from brain 
uptake in the presence of protein free saline.  
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Figure 4.1:  Model of drug uptake into brain and the effect of plasma protein binding.  
 
Schematic representing brain drug uptake of plasma in the presence of plasma protein  
binding. Cb, concentration of the bound drug; Cu, concentration of the free drug; kon, rate 
association constant; koff, dissociation rate constant; Vbr, volume of distribution of the 
free drug; Kin, unidirectional transfer constant; kout, , Qbr, amount of drug in brain. 
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Figure 4.2: Naproxen uptake and equilibration in CNS.    
 
Multiple-time brain uptake of [14C]naproxen measured by in situ brain perfusion. (◊) 
Uptake of [14C]naproxen from protein free saline in the absence added unlabeled 
naproxen. (▲)Uptake of [14C]naproxen from protein free saline in the presence 1 mM 
unlabeled naproxen. [14C]naproxen brain uptake from 0.0135% (▼) and 2.7% (○) bovine 
albumin added to the perfusate. Each value represents the mean ± SEM for (n = 3-5). 
Lines represent nonlinear regression model fit to the data. 
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Figure 4.3: Free concentration dependence of naproxen uptake and equilibration in CNS.  
  
Multiple-time brain uptake of [14C]naproxen measured by in situ brain perfusion. (■) 
Uptake of [14C]naproxen from protein free saline in the absence added unlabeled 
naproxen. [14C]naproxen brain uptake space of the free drug in the presence of 0.0135% 
(▲) and 2.7% (○) bovine albumin added to the perfusate. Each value represents the mean 
± SEM for (n = 3-5). Lines represent nonlinear regression model fit to the data. 
 
 
 
 
 
 
 
 
 
 



 

 144

 
 
 
 
 
 
 
 

0.0 2.5 5.0 7.5 10.0
0.0

0.2

0.4

0.6

0.8

 Tracer Naproxen
+ 1 mM Naproxen
+ 2.7% BSA
+ 0.0135% BSA

Time (min)

B
ra

in
 Q

br
/C

u 
Sp

ac
e

(m
l/g

)

 
 
 
Figure 4.4: Linear relationship between brain uptake space and the unbound naproxen 
concentration.    
 
Diagram represents brain space obtained at different levels of unbound [14C]naproxen 
after brain perfusion with bicarbonate buffered saline in the presence or absence of 
plasma protein for 10 min. Values represent mean ± S.E.M (n = 3-5). Slope of the line 
indicates Vbr (ml/g) obtained from linear regression. 
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Figure 4.5: Regional brain distribution at equilibrium of naproxen.    
 
Regional brain space Vbr (ml/g) for uptake of [14C]naproxen after brain perfusion in the 
presence of protein free saline for 10 min. Values represent mean ± S.E.M (n = 3-5). p > 
0.05 (one-way ANOVA and then Dunnett’s multiple comparison test for regional Vbr). 
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Figure 4.6: Effect of brain perfusion on BBB integrity  
 
Each bar represents the vascular volume measured during the brain uptake of 
[14C]naproxen at different time points by in situ brain perfusion. Each value represents 
the mean ± SEM for (n = 3-9). * Significantly different from control by ANOVA (P < 
0.05) and Dunnett’s multiple comparison test. 
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CHAPTER V 

BRAIN NAPROXEN UPTAKE IN NAGASE ANALBUMINEMIC RATS: ROLES OF 

PLASMA PROTEIN BINDING AND ACTIVE EFFLUX 

 

5.1 Introduction 

Nonsteroidal anti-inflammatory drugs (NSAIDs) are one of the most widely used 

classes of drugs in the world. They exhibit broad activity against pain, fever and 

inflammation. Further, they have been shown more recently to exert neuroprotective 

effects in a number of pathological conditions, including ischemia, stroke, excitotoxicity 

and neurodegenerative disease (Hurley et al., 2002; Eriksen et al., 2003; Silakova et al., 

2004). NSAIDs are principally recognized for their cyclooxygenase (COX) inhibitory 

activity, which reduces formation of prostaglandins involved in disease processes. In 

recent years, a number of COX-independent actions have also been found including 

inhibition of aggregation and formation of β-amyloid in Alzheimer’s disease (Gasparini 

et al., 2004). However, many of these newly discovered actions are prominent only at 

elevated doses (>50 µM), which can predispose individuals to GI ulcers and kidney 

disease.  

The CNS therapeutic efficacy of NSAIDs might be improved through the 

development of agents that show better brain distribution and targeting. For most acidic 

NSAIDs, brain distribution is very low, with brain-to-plasma distribution ratios of 0.05 or 

less (Eriksen et al., 2003; Mannila et al., 2005). Clinical studies have demonstrated very 

limited penetration of traditional, nonselective NSAIDs into CSF (Matoga et al., 1999). 

At therapeutic doses CSF concentrations were found to be 1-2% of the plasma levels in 
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humans and rats (Bannwarth et al., 1995; Kokki et al., 2002). Together, these results 

suggest that a significant limitation exists for NSAID uptake and distribution in brain, 

which may limit potential neuroprotective action of NSAIDs within the CNS. 

 Most drugs are restricted from entering the CNS by the blood-brain barrier 

(BBB) which is located at the brain capillaries (Hawkins and Davis, 2005). The BBB 

functions to maintain homeostasis of brain interstitial fluid and to protect brain from 

circulating neuroactive solutes, xenobiotics and toxins. This function is achieved through 

a variety of mechanisms, including low passive permeability, active efflux transport and 

enzymatic degradation. The BBB is one of the major sites for expression of drug 

transporters including P-gp, MRPs, and organic anion transporters (OATs/oatps) 

(Kusuhara and Sugiyama, 2005). NSAIDs are known to be substrates or inhibitors of 

various members of the MRP, OAT and oatp families (Shitara et al., 2002; Ohtsuki et al., 

2004), and thus may be actively effluxed from brain. 

In addition to the above, NSAIDs are also known to bind highly to plasma 

proteins. The Sudlow site II of albumin has particularly high affinity for acidic NSAIDs 

(Peters, 1996) and at normal concentrations the plasma free fraction (fu) for such drugs is 

<5% (Davies and Skjodt, 2000). Historically, drug transport and activity is thought to be 

driven by the plasma free drug concentration. However, in many studies, measured brain 

uptake markedly exceeds that predicted from the measured free concentration in vitro 

leading to the hypothesis that “enhanced dissociation” occurrs in the capillary circulation 

that enhances the local free fraction for brain transport. Enhanced dissociation may occur 

due to a conformational change in plasma protein that leads to a reduction in binding 
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affinity (Pardridge, 2001). Ultimately, for many solutes, it has been recommended that 

the effect of plasma protein binding must be experimentally determined.   

In the present study we used Nagase analbuminemic rats (NAR) for in vivo 

experiments to explore the role of plasma protein binding on brain uptake and 

distribution of the NSAID naproxen. Nagase rats are a variant of Sprague-Dawley rats 

that have a 7 base-pair deletion in their albumin gene (Nagase et al., 1979; Esumi et al., 

1980). This deletion causes a splicing defect which essentially abolishes albumin 

expression (Esumi et al., 1980). Plasma total protein concentration is normal due to 

upregulation of globulins and other proteins (Nagase et al., 1980). Nagase analbuminemic 

rats show dramatically elevated plasma free fraction and pharmacokinetics for a number 

of drugs that bind avidly to albumin, including phenytoin, salicylic acid, and furosemide  

(Hirate et al., 1989). Thus, Nagase rats provide a valuable opportunity to examine brain 

naproxen uptake in the absence of albumin protein binding. Human analbuminemia also 

occurs and thus the findings also have implications for drug therapy in such cases (Peters, 

1996). An abstract of this work has been published (Parepally et al., 2005). 

 

5.2 Materials and Methods 

Animals 

Adult, male Sprague-Dawley rats, 250-350g were obtained from Charles River 

Laboratories (Wilmington, MA). Nagase analbuminemic rats were obtained from TGC, 

Inc. (Sagamihara, Japan). Rats were allowed free access to food and water until the 

morning of the experiment. All studies were approved by the institutional animal care and 
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use committee and the experiments were conducted in accordance with the NIH Guide 

lines for the Care and Use of Laboratory Animals. 

 

Chemicals 

[O-methyl-14C]Naproxen (55 mCi/mmol), dextran [carboxyl-14C] and [methoxy-

3H]inulin (2.25 mCi/g) were purchased from American Radiolabeled Chemicals, Inc. (St. 

Louis, MO). [14C]Naproxen was purified prior to use by reverse-phase high performance 

liquid chromatography (HPLC) as described in the following section. The purity of 

rechromatographed tracer was shown to be  ≥99%. Unlabeled naproxen was obtained 

from Sigma-Aldrich (St. Louis, MO). 

 

Experimental Procedures  

I.v. bolus injection  

Unidirectional transfer constants (Kin) for brain and CSF uptake of naproxen 

uptake were determined for SDR and NAR using the i.v. administration method of 

(Rapoport et al., 1979). SDR and NAR were anesthetized with sodium pentobarbital (30 

mg/kg, i.p.) and catheters were placed in the left femoral artery and vein. Body 

temperature was maintained at 37 oC with a heating pad. [14C]Naproxen (8.0 uCi/kg) and 

[3H]inulin (27 µCi/kg) dissolved in 0.9% NaCl were injected as a bolus into the femoral 

vein. Blood samples were collected from the femoral artery at various time points 

thereafter for determination of the time course of plasma tracer concentration. At either 

45 s or 10 min after injection, the cardiac ventricles were severed, and radiotracer 

concentrations were determined in tissues and fluids by dual-label liquid scintillation 



 

 151

counting (LSC) (Smith and Rapoport, 1986; Duncan et al., 1991). [3H]inulin was used to 

correct for residual vascular tracer in brain. Data were expressed as total plasma (Ctot), 

free plasma (Cu), CSF (Qcsf)  and brain (Qbr) concentration (dpm/ml) or content (dpm/g).  

Cu and the free fraction (fu) of [14C]naproxen in plasma were determined by ultrafiltration 

(see below). Measured brain 14C content (Qtot) was corrected for residual vascular tracer 

using the brain [3H]inulin space (Vv) as Qbr = Qtot – VvCtot (Smith and Rapoport, 1986). 

The plasma-to-brain and plasma –to-CSF Kin were calculated as, 

Kin = Qbr or Ccsf / ∫ Ctot dt    (5.1) 

where ∫Ctot dt was determined from T = 0  to T = 45 s using the trapezoidal method. The 

BBB permeability-surface area product (PSu) too was estimated for [14C]naproxen as  

PSu  ≈  Kin/fu     (5.2) 

 

Variable rate i.v infusion 

Steady-state brain and CSF [14C]naproxen distribution volumes (Qbr/Ctot and 

Qcsf/Ctot) were determined for SDR and NAR following variable rate i.v infusion 

designed to maintain constant arterial plasma [14C]naproxen following the method of 

Patlak and Pettigrew, (1976). Animals were prepared for experimentation as described 

above. From i.v bolus experiments of [14C]naproxen in SDR and NAR, the plasma time 

course of tracer activity was fit to a three compartment model using PRISM nonlinear 

regression program and microconstants were derived for an i.v infusion protocol to 

maintain constant plasma concentration. This infusion schedule was then used to infuse 
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[14C]naproxen into the femoral vein with a variable-rate syringe pump. [14C]naproxen 

was infused in bicarbonate-buffered saline containing 3% dextran into femoral vein with 

Harvard 22 programmable syringe pump (Harvard Apparatus, Holliston, MA). Arterial 

blood was sampled at different times (1-10 min) and plasma was separated immediately 

to measure plasma [14C] concentration. Plasma [14C]naproxen concentration was 

maintained constant for 5 and 10 min to mimic prior perfusion experiments that have 

previously shown near steady state brain [14C]naproxen distribution at 5 or 10 min 

(Parepally, Chapter 4). At the end of the infusion, the heart was severed, and samples 

were quickly collected of blood, plasma, cerebrospinal fluid, brain and peripheral tissues. 

Tracer concentrations were determined by LSC, Cu by ultrafiltration. Results were 

expressed as (Qbr or Ccsf) / (Ctot or Cu) ratios. 

 

In situ brain perfusion 

Brain [14C]naproxen uptake and distribution were determined in NAR rats at 1, 5 

and 10 min from protein-free saline using the in situ brain perfusion technique of 

Takasato et al., (1984). The procedure matched that described in Chapter 4, except NAR 

animals were used. Results were expressed as Qbr/Ctot which for saline equaled Qbr/Cu (fu 

= 1.0). The time course for uptake was fit to the equations,  

Qbr/Ctot = fu x Vbr (1 – e – Kin x T/(fu x Vbr) )               (5.3) 

Kin = F (1 – e –fu x PSu/F)              (5.4) 

using weighted nonlinear regression (weighting = 1/y2).  In Eqs. 5.3 and 5.4, Vbr is the 

brain-to-free plasma distribution volume and F is cerebral plasma or blood flow, which 

was assumed to equal 2.5 x 10-2 ml/s/g (Rapoport et al., 1979).   
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Sample processing 

The tissue samples were digested at 55 °C in 1 ml of solvable tissue solubilizer 

(Packard, Meriden, CT) overnight. Ten ml of ScintisafeTM 30% scintillation cocktail 

(Fischer scientific, Fair lawn, NJ) were added to each sample in the morning, and then 

samples were counted for tracer content by LSC. Colored samples were treated with 100 

µl of 10% hydrogen peroxide. Disintegrations per minute (dpm) were obtained from 

counts per minute (cpm) by automatic quench correction in Beckman liquid scintillation 

counter (Beckman LS 6500, Fullerton, CA). 

 

Protein binding 

In vitro protein binding of naproxen was measured by ultrafiltration. 

Ultrafiltration was performed using Centricon centrifugal filter devices (Amicon 

Bioseperations, Bedford, MA). 0.5 ml serum was transferred immediately after separation 

from the blood collected at the time of kill, was spun at 4000 RPM at 37 °C for 7 min 

under 95% O2 and 5% CO2. Centrifugation conditions were set so as to maintain 

temperature and pH as well as to filter only 10-15% of the perfusion fluid placed in the 

Microcon tube. Tracer naproxen concentrations in the initial fluid as well as filtrate and 

retentate were determined by LSC. Protein-free fluid was also filtered to determine drug 

filtration efficiency and membrane binding.   

 

Analysis of intact [14C]naproxen 



 

 154

Sample Preparation and Chromatography: Intact [14C]naproxen analysis was 

performed with a modified version of Upton et al. (1980). Briefly, 0.5 ml serum was 

collected after centrifugation at 7000 rpm for 1 min and stabilized by adding equal 

volumes of phosphate buffer (pH 2.0). Extraction from brain sample was performed 

similarly following homogenization. Acidified samples were extracted three times with 2 

ml of diethyl ether. Dried extract was reconstituted with 200 µl of mobile phase before 

injecting onto the column. HPLC system composed two pumps (Dynamax Model 200, 

Varian Inc, Walnutcreek, CA), a Rheodyne Valve (Rheodyne Inc., Cotati,CA) equipped 

with a loop of 500 µl, a C18 YMC ODS column (150 mm x 4.5 mm ID, 5 µm) (Milford, 

MA), and a variable UV-detector (Dynamax model 320, Varian Inc, Walnutcreek, CA). 

The mobile phase consisted of 100 % water (Solvent A) and 100 % acetonitrile (Solvent 

B). Gradient conditions were maintained by varying the concentration of acetonitrile 20% 

to 95% over 13 min. Retention time for [14C]naproxen was 10.9 min. Radioactivity of the 

eluent was determined by LSC. Percent intact was obtained by dividing the amount of 

radioactivity in the peak eluent by the total amount injected onto the column.                                 

 

Statistics 

All data represent mean ± SEM values. The model selection criterion was based 

on Akaike Information Criterion provided by PRISM nonlinear regression program. 

Student’s unpaired t test was used to compare parameters obtained in NAR and SDR. A p 

<0.05 was considered statistically significant. 
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5.3 Results 

Plasma free fraction 

Plasma [14C]naproxen free fraction (fu) was 66-fold greater in NAR (fu = 0.56 ± 

0.04) as compared to normal SDR (fu = 0.008 ± 0.001), consistent with the NAR lack of 

circulating albumin. 

 

Initial brain uptake of naproxen 

Brain and CSF uptake Kin were measured for NAR and SDR at 45 sec after i.v. 

bolus injection of [14C]naproxen.  Fig. 5.1 illustrates the time course of [14C]naproxen in 

plasma. From 10 – 45 s plasma Ctot was ~5 fold lower in NAR than in SDR due to the 

absence of tight albumin binding. At 45 s, though SDR Ctot > NAR Ctot, plasma 

[14C]naproxen Cu, Ccsf, and Qbr in NAR exceeded those in SDR by 8, 17, 19 fold 

respectively. Calculated BBB Kin, PSu and [3H]inulin Vv are shown in Fig. 5.1 while 

BBB PSu and Vv did not differ between the two rat strains, brain and CSF uptake Kin’s 

based upon Ctot were ~100 times greater in NAR than in SDR consistent with the 

difference in plasma fu.  The calculated in vivo BBB PSu to [14C]naproxen in NAR  and 

SDR matched that previously reported (Chapters 2 and 4) for SDR by in situ perfusion 

(6-7 x 10-3 ml/s/g).  

  Given that brain-to-plasma distributional equilibrium was approached with 10 

min of exposure with the in situ perfusion method, [14C]naproxen was administered by  

i.v. bolus injection, and then tracer concentrations and ratios were determined 10 min 

thereafter.  As shown in Table 5.1, [14C]naproxen Ctot was 5-fold greater in SDR than 

NAR, whereas plasma Cu, Qbr, and Ccsf were 18, 9 and 6 times greater in NAR than in 
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SDR for equivalent dose administration (p<0.001). Thus, significantly greater naproxen 

was taken up into the CNS of NAR than SDR at the same dose in this short 10 min 

experiment.   

Results were also expressed in term of Qbr/(Ctot or Cu) or Ccsf/(Ctot or Cu) ratios. 

From prior in situ perfusion experiments, a Qbr/Cu of ~0.8 ml/g was anticipated in the 

absence of plasma protein binding (Parepally, Chapter 4). The SDR Qbr/Cu (1.3) was a 

high but given possible errors associated with the very small SDR fu (0.008) and the 

limited quantity of tracer in brain (Qbr/Ctot ~ 0.009 ml/g), the value was considered within 

the reasonable range.  However, Qbr/Cu (0.54 ml/g) in NAR was smaller than that in SDR 

and raised the possibility of an alteration (reduction) in Vbr in the NAR animals. NAR Qbr 

and Ccsf/Ctot values were about half Qbr/Cu due to fu = ~0.5.  In contrast, SDR Qbr/Ctot was 

very low because fu = 0.008. A similar pattern was seen in CSF. 

 

Constant plasma concentration obtained by variable rate i.v. infusion 

 To double check the Qbr/Cu values obtained by i.v. injection, similar experiments 

were performed except that plasma [14C]naproxen concentration was maintained constant 

from 1-10 min by variable rate i.v. infusion. A variable rate i.v infusion schedule was 

developed using the Patlak and Pettigrew method (Patlak and Pettigrew, 1976). The 

coefficient of variation (% CV) of plasma [14C]naproxen Ctot in SDR was 1.5 % and 8.9 

% in NAR. Plasma at 10 min was collected, immediately acidified, and processed for  

[14C]naproxen HPLC. Plasma and tissue samples were acidified (pH ~4) to minimize 

hydrolysis or isomerization of glucuronide conjugates. HPLC chromatography 

demonstrated that 92-97% of plasma and >96% of brain [14C] tracer at 10 min of i.v. 
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administration was [14C] naproxen (Fig. 5.3). Naproxen eluted at ~11 min with RP HPLC 

method using C18 column. Radiolabeled naproxen metabolites (glucuronide conjugates) 

were estimated to be <4%.  Assay recovery of total plasma [14C] tracer was >90%.  

 

Tissue and fluid [14C]naproxen  concentrations and plasma ratios at 5 and 10 min 

exposure to constant plasma [14C]naproxen concentration 

[14C]Naproxen Qbr/(Ctot or Cu) or Ccsf/(Ctot or Cu) ratios for 5 and 10 min constant 

plasma concentration exposure are summarized in Table 5.2.  The Qbr/Ctot and Ccsf/Ctot 

ratios at 10 min were 26-35 x greater in NAR than in SDR, as anticipated from the 

difference in fu and the large fraction of protein bound naproxen in SDR Ctot. The 

absolute NAR Qbr/Ctot at 10 min by constant plasma level i.v. infusion (0.300 ml/g) 

matched well that obtained at 10 min by i.v. bolus injection (0.304 ml/g) (p>005).  The 

NAR Qbr/Cu at 10 min (0.566 ± 0.012 ml/g) was significantly lower than that obtained in 

SDR by in situ perfusion with protein-free saline, again suggesting a possible difference 

in Vbr between NAR and SDR rats. Assuming Ccsf at 10 min approximates steady state, 

the NAR Ccsf/Cu of ~0.5 may suggest that the free naproxen concentration does not 

equilibrate between plasma and CSF.  A steady-state Ccsf/Cu ratio of 0.5 suggests that 

active BBB efflux contributes 2 fold to maintenance of low CSF naproxen concentration.  

In contrast, plasma protein binding lowers the total plasma ratio by >50 fold. 

Tracer distribution was also determined in a number of peripheral tissues and the 

results are summarized in Fig. 5.5. Marked tissue–to-tissue differences existed in 

[14C]naproxen tissue/total plasma concentration ratio (p<0.001). In general, brain had one 
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of the lowest naproxen distribution ratios of all the tissues studied. Chromatography to 

confirm intact tracer was only performed for brain and plasma.   

 

Naproxen uptake and equilibration by brain perfusion  

Given that the NAR Qbr/Cu at 10 min by i.v. administration (~0.5 ml/g) was 

significantly less than that obtained using protein-free saline perfusion of SDR with the in 

situ brain perfusion technique (0.8 ml/g), brain perfusions were performed on NAR to 

assess the 1, 5 and 10 min brain distribution spaces in the absence of plasma protein 

binding using protein-free physiologic saline. Fig. 5.5 illustrates the obtained Qbr/Cu in 

NAR by perfusion, with comparison to the prior existing SDR data. NAR Qbr/Cu at 5 and 

10 min where significantly lower than matching SDR values by perfusion (p<0.01), but 

virtually overlapped values obtained in NAR by i.v. administration.  Kinetic analysis of 

the time course using Eqs 5.3 and 5.4 provided PSu and Vbr estimates that are 

summarized in Table 5.3. BBB PSu values did not differ significantly between the two rat 

strains, but best fit Vbr was significantly lower in NAR than in SDR, suggesting some 

resetting of this paramenter in analbuminemia.  Brain uptake of [14C]naproxen was rapid 

from the protein free saline with  0.80 ± 0.02  min half time of equilibration matched that 

obtained by in situ brain perfusion in Nagase rats (0.52 ± 0.02 ml/g, n=3). 

 

5.4 Discussion 

This study validates our previous studies using in situ brain perfusion. The 

unidirectional transfer constant (Kin) and brain space (Qbr/Cpf) at equilibrium obtained 

from i.v. bolus and i.v. infusion experiments in NAR matched with parameters obtained 
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by in situ brain perfusion experiments. Brain and CSF/plasma total naproxen 

concentration ratios were greatly enhanced (>30 fold) in NAR as compared to SDR 

consistent with higher bound drug concentration in SDR plasma. Approximately 95% of 

the [14C] radioactivity was found to be intact naproxen at 10 min of i.v. administration. 

Measured brain and CSF uptake of naproxen followed the measured plasma free 

concentration.  The steady-state Vbr appears to be lower by in situ brain perfusion and i.v. 

administration in NAR as compared to SDR animals.  The latter may suggest enhanced  

BBB efflux transport in NAR, possibly in response to lower circulating albumin and 

greater brain uptake of toxins and xenobiotics. 

In situ brain perfusion is only a model of in vivo. Therefore, in order to confirm the 

perfusion findings and demonstrate their in vivo validity, in vivo drug uptake and 

equilibration studies were performed with Nagase analbuminemic and matching Sprague-

Dawley control rats. Several investigators have used NAR to study the effect of plasma 

protein binding on drugs (Tsao et al., 1986; Takeda et al., 1997; Kim and Lee, 2001; Kim 

et al., 2003b). Serum albumin concentrations in NAR are reported to be <0.1% of that in 

SDR plasma. An fu of ~0.5 was obtained for naproxen in NAR serum, indicating that 

some plasma protein binding occurs for this drug even with a <1000 fold reduction in 

albumin. Based upon our previous work, albumin, at 1/1000 normal plasma 

concentration, would be expected to lower fu by <20%. Therefore, other plasma proteins, 

likely globulins, contribute to binding (Davies and Anderson, 1997). The Nagase rat 

model allows us to examine brain drug uptake and distribution at low plasma drug 

concentrations with little or greatly reduced bound drug in plasma. Without the Nagase 

albumin knockout, the only way to markedly elevate fu in normal animals would be to 



 

 160

either greatly elevate total plasma drug concentration or add significant levels of a 

binding inhibitor (Haradahira et al., 2000). Either of these steps might dramatically alter 

BBB transport (e.g., active or facilitated transport) and parenchymal brain distribution. 

Naproxen is primarily metabolized by O-demethylation (28%) and 

glucuronidation (78%) (Bougie and Aster, 2001). O-demethylation is carried out by two 

cytochrome P450 enzyme (CYP) isoforms including  CYP 2C9 (32-54%) and CYP 1A2 

(36-75%)  (Rodrigues et al., 1996). CYP 1A2 is reported to be upregulated by 3.5 fold in 

NAR when compared to normal SDR (Kim et al., 2003a). We have selected 

[14C]naproxen with a label at O-methyl carbon so that major metabolites generated are 

devoid of radioactivity and any demethylation that occurs will produce volatile MeOH 

that will evaporate during processing. In fact, >95% of [14C] radioactivity plasma at 10 

min after administration co-eluted with naproxen. The only predicted radiolabeled 

conjugate is naproxen acylglucuronide. However, studies have shown that glucuronide 

conjugates minimally cross BBB (Bickel et al., 1996) and in fact may be candidates for 

active efflux transport. Furthermore, brain [14C]radioactivity was found to be > 96% 

intact naproxen as analyzed by HPLC.  

Unidirectional brain uptake transfer constant Kin obtained from i.v bolus studies 

(45 sec) matched with Kin obtained from the brain perfusion studies in Nagase rats. At 

equivalent dose, vascular corrected [14C]naproxen concentration in brain and CSF were 

8-19 fold greater in Nagase rats when compared to Sprague-Dawley rats at 45s and 10 

min exposure. At 10 min, Qbr/Cu matched the uptake space obtained by in situ brain 

perfusion consistent with model predictions that Qbr  at steady state is determined by Vbr 

and fu. Several studies reported good agreement between plasma unbound concentration 
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and CSF or brain drug concentrations (Dubey et al., 1989; Marathe et al., 1991; 

Hammarlund-Udenaes et al., 1997; Kalvass and Maurer, 2002; Ohe et al., 2003). 

Initial uptake Kin obtained by in situ brain perfusion with protein free saline in 

NAR was similar to that obtained in SDR. Steady state brain space values were 

significantly lower in NAR when compared to SDR probably due to low Vbr or 

contribution of efflux in NAR decreasing accumulation of naproxen in CNS. 

Using variable infusion schedule we maintained constant plasma concentration in 

SDR and NAR through out the study consistent with our previous experiments (Patlak 

and Pettigrew, 1976; Murphy et al., 1991; Washizaki et al., 1994; Grange et al., 1995). 

However, in NAR plasma concentration had initial dip which may be due to 

imperfections in the constants obtained from initial i.v. bolus experiments used to design 

infusion schedule or existence of another slowly equilibrating compartment. Distribution 

rate constant (α1) obtained in NAR was ~10 fold lower than that of SDR consistent with 

elevated free drug level in analbuminemic rats indicating rapid distribution and/or 

clearance from the central compartment. Brain and CSF concentrations reached steady-

state by 10 min of i.v. infusion. The fact that both the brain/plasma free and CSF/plasma 

free [14C]naproxen ratios at steady state were ~0.5 in Nagase animals suggests that active 

BBB efflux contributes 2 fold to maintaining a low CNS naproxen concentration (i.e., 

reducing the ratio from 1.0 to ~0.5). In contrast, plasma protein binding lowers the total 

plasma ratio by >50 fold. When brain concentrations were normalized to free plasma 

concentration in both NAR and SDR the tissue ratio was ~1 illustrating the predicted 

effect of plasma protein binding on low extraction ratio drugs (Benet and Hoener, 2002). 

However, vascular corrected brain space was low in SDR and free fraction determined at 
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>99 bound concentrations is prone to wide variability as reported by Borga and Borga, 

(1997). Since the uptake of naproxen in SDR was at the limit of detection, normalized 

free plasma ratios are difficult to quantitate. 

Tissue distribution in NAR was greater in most of the tissues when compared 

with that of SDR consistent with greater availability of the free drug in Nagase rats. 

Stomach, duodenum, liver and kidney were some of the tissues with greater naproxen 

accumulation in NAR. Brune and Neubert reported similar distribution of acidic NSAIDs 

in rats by autoradiography including aspirin, diclofenac and ibuprofen accumulating in 

stomach wall, inflamed tissues and organs with leaky endothelium (Brune and Neubert, 

2001). Selective distribution of acidic aspirin like NSAIDs into inflamed tissue, stomach 

wall and kidney was accounted for their therapeutic efficacy and side effects. Higher 

liver, duodenum and kidney ratios might be due to elimination of naproxen in these 

tissues. 
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Table 5.1: Summary of parameters calculated after i.v bolus administration of 
[14C]naproxen at 10 min 
 
  
     Parameter        SDR         NAR  
 
 
Dose/Kg (µCi/kg)                             0.0074 ± 0.0008      0.0087 ± 0.001 

Ctot  (dpm/g)                                   120,530 ± 8,650              19,978 ± 2,222* 

Cu (dpm/g)    603 ± 43   11,213 ± 633* 

Qbr (dpm/g)    693 ± 4      6102 ± 891* 

Ccsf (dpm/g) 1,062 ± 90       6,082 ± 485* 

Qbr/CTot                                             0.0067 ± 0.0001      0.304 ± 0.018* 

Qbr/Cu                                                   1.34 ± 0.01       0.54 ± 0.05* 

 
 
Data represent mean ± SEM for n=3.  *, Differs significantly from matching control (p < 
0.05 by Student’s t-test). Ctot, total concentration; Cu, unbound concentration; Qbr, amount 
in the brain; Ccsf, cerebrospinal fluid concentration.  
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Table 5.2: Tissue and fluid [14C] concentrations and plasma ratios (sample/plasma) after 
10 min exposure to constant plasma [14C]naproxen concentration 
 
  
Sample                   Sprague-Dawley Rat      Nagase Analbumenemic Rat                              

SDR (ml/g )                 NAR (ml/g)                     

                          5 min                  10 min     5 min                  10 min                                 
 
Plasma           

Cu/Ctot                       0.0079 ± 0.006                      0.53 ± 0.01          0.54 ± 0.08                                        

Brain           

Qbr/CTot        0.007 ± 0.001    0.009 ± 0.001            0.22 ± 0.03         0.30 ± 0.05  

      Qbr/Cu            0.83 ± 0.08         1.11 ± 0.12              0.42 ± 0.07         0.58 ± 0.02     

Qbr/Ccsf          0.58 ± 0.20         0.98 ± 0.11              1.39 ± 0.04         1.27 ± 0.29 

CSF 

Ccsf/Ctot         0.013 ± 0.003    0.009 ± 0.001            0.16 ± 0.02      0.24 ± 0.02 

Ccsf/Cu              1.6 ± 0.3             1.1 ± 0.004           0.31 ± 0.06      0.46 ± 0.08 

             

Data represent mean ± SEM. (n = 3). Brain radioactivity was corrected for residual 
intravascular radioactivity using a measured brain vascular space using [3H]inulin.   
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Figure 5.1: Plasma concentration time-course of [14C]naproxen after i.v. bolus 
administration 
 
Arterial plasma concentrations of [14C]naproxen after i.v bolus injection. SDR, Sprague-
Dawley rats and NAR, Nagase analbuminemic rats. Table indicates parameters such as 
Kin, PSu calculated using Eqs. 5.1 and 5.2 and vascular volume measured using 
[3H]inulin. 
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Figure 5.2: Constant plasma concentration achieved by variable rate infusion in SDR and 
NAR. 
 
Plasma [14C] concentration and infusion rate during variable rate infusion of 
[14C]naproxen in adult Sprague-Dawley (Left) and Nagase-analbuminemic rats (Right). 
Data points represent plasma concentration (n=1). Dotted line represents average plasma 
concentration. Grey line indicates infusion rate (µCi/min) 
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Figure 5.3: Analysis of plasma and brain [14C] radioactivity in a Nagase analbuminemic 
rat. 
 
Representative HPLC radiochromatogram of plasma (Left) and brain (Right) [14C] 
radioactivity in a Nagase-analbuminemic rat (n=1) after 10 min of constant plasma 
[14C]naproxen exposure. 
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Figure 5.4: Multiple-time brain uptake of [14C]naproxen measured by in situ brain 
perfusion or variable rate infusion in SDR and NAR.  
 
(♦) Uptake of [14C]naproxen from protein free saline in SDR measured using brain 
perfusion. (◊)Uptake of [14C]naproxen from protein free saline in NAR measured using 
brain perfusion. [14C]naproxen brain uptake after variable rate infusion corrected for free 
plasma concentration (٭). Each value represents the mean ± SEM for (n = 3-5). Lines 
represent nonlinear regression model fit to the data. 
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Figure 5.5: Distribution of [14C]naproxen radioactivity among tissues and fluids at 5 and 
10 min of constant plasma [14C]naproxen exposure. Values represent mean ± SEM for n 
= 3.    
 
 
 
 
 


