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ABSTRACT 

Brain injury occurs in many diseases and is associated with marked morbidity and 

mortality. One of the worst brain diseases is stroke, which is the second leading cause of 

death worldwide and third leading in the United States after cardiovascular disease and 

cancer. Currently, the only FDA approved drug for the treatment of stroke is tissue 

plasminogen activator, which has many limitations. Thus, there is a need for development 

of new therapeutic agents for the treatment of stroke as well as other central nervous 

system (CNS) disorders associated with injury, including traumatic brain injury, chronic 

pain, epilepsy, and neurotoxicity. One of the major medical problems in brain injury is 

the cellular and interstitial fluid edema that arises in part due to activation of the sodium 

potassium chloride co-transporter! (NKCCl). This transporter is located throughout the 

CNS at brain capillaries (i.e., blood-brain barrier; BBB), glial cells and neurons. Upon 

activation, it leads to net movement ofNa+-K+-zcr ions into brain and brain cells, which 

also brings in water. The resulting elevated intracranial pressure collapses blood vessels 

and compromises blood flow leading to worsened cerebral ischemia and neuronal death. 

An agent which blocks cerebral edema and cell swelling under conditions of neural injury 

would be a major advance. Bumetanide and other loop diuretics are potent inhibitors of 

NKCC 1 and have the potential to reduce cerebral edema, infarct volume, and neural 

death associated with NKCC 1 activation. However, most studies have relied on 

intracerebral drug administration, which is highly invasive, or very high dose peripheral 

administration. Little is known of the extent to which bumetanide and other loop 

diuretics cross into brain and reach active concentrations within the CNS. Based upon 
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their structures, we hypothesized that bumetanide and other loop diuretics would show 

extremely limited distribution to brain and would be kept out by active efflux transport at 

the BBB. To test this hypothesis, we measured the rate of eHJ-bumetanide uptake into 

brain using the in situ brain perfusion technique. eH]Bumetanide as well as other loop 

diuretics were found to have very low permeability at the BBB. Brain bumetanide uptake 

was limited by high plasma protein binding as well as a low capacity BBB saturable 

influx process with properties of an organic anion transporting polypeptide ( oatp ), 

including sensitivity to inhibition by digoxin. In vivo pharmacokinetic analysis in rats 

demonstrated that bumetanide distribution to brain was limited (brain/serum 

concentration ratio= <2%) and that at steady state the free bumetanide concentration in 

brain and cerebrospinal fluid were only 8-20% of that of serum, suggesting net active 

efflux transport. Further, even at the highest doses (30 mg.kg i.v.), free bumetanide 

concentration in brain equaled or exceeded the Ki ofNKCCl for only 30-60 min. The 

results demonstrated a marked delivery problem ifbumetanide were to be considered for 

future neural therapy. Delivery was limited even in the presence of permanent middle 

cerebral artery occlusion, where the integrity of the BBB may be partially compromised. 

Bumetanide, though anionic at physiological pH, is lipophilic and would be predicted to 

readily cross lipid membranes. Therefore, if a CNS delivery problem exists, it may lie in 

active BBB efflux. Bumetanide transport out of brain was measured with the brain efflux 

index method. With this approach, bumetanide clearance from brain was found to exceed 

uptake by 3 fold and to be saturable upon addition of elevated bumetanide concentration, 

consistent with the presence of active efflux transport. Inhibitor analysis provided 

evidence for roles of oatp2, organic acid transporter 3 (OAT3) and possibly multidrug 
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resistance protein 4 (MRP4). Rat oatp2 and OAT3 were confirmed to have the ability to 

transport bumetanide using Xenopus transportocytes. The results suggest that BBB active 

efflux transport markedly restricts bumetanide exposure to the CNS and may limit use of 

this agent as a potential therapy. This problem may be overcome by future development 

of new NKCC 1 inhibitors which are not substrates for the BBB efflux carriers and 

potentially may target brain NKCCI over renal NKCC2. Alternatively, it may be wise 

to explore bumetanide bio-conjugates with BBB drug delivery vectors that preferentially 

deliver bumetanide to brain, overcoming the efflux transporters and simultaneously 

limiting NKCC2 inhibition and fluid diuresis in the kidney. 
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CHAPTER I 

Introduction 

Brain edema, such as that which occurs following cerebral ischemia, traumatic 

brain injury, diabetic ketoacidosis and liver injury, requires immediate treatment to 

minimize brain injury. The loop diuretic bumetanide has been found to reduce 

intracerebral edema (Yan et al. 2003, O'Donnell et al. 2004), presumably by inhibiting 

transport of ions by the sodium potassium chloride co-transporter protein (NKCC), but 

the extent to which bumetanide and other loop diuretics cross the blood brain barrier 

(BBB) and whether it must be present in brain or can exert its effects on the luminal side 

of the BBB are not fully understood. The ability ofbumetanide to reach therapeutic 

concentrations in brain is also of interest with recent reports of direct anticonvulsant 

effects ofbumetanide in infant seizures. In this chapter, I provide background 

information on the BBB, the NKCC transporter protein, and transporters that may be 

involved in the efflux transport ofbumetanide and other loop diuretics out of brain at the 

BBB. 

1.1 History and background 

The concept of a BBB initiated in 1885 when Paul Ehrlich administered a dye into 

the circulation of an animal and found that it stained all organs of the body except for 

brain. Subsequent work by Ehrlich's student Edwin Goldmann showed that the lack of 
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staining was due to a barrier that blocked uptake of the dye from the circulation into the 

central nervous system (CNS) (Hawkins & Davis 2005, Davson 1989). The exact 

location of the BBB was debated until the late 1960's and the development of electron 

microscopy, when Reese and colleagues were able to directly observe restriction of solute 

entry out of brain at the cerebral capillary endothelium (Reese & Karnovsky 1967, Reese 

et a/. 1971 ). Since then, there have been numerous advances in knowledge of the 

structure and function of the BBB (Abbott eta/. 2010, Cardoso eta/. 2010) (Abbot, 

Cardoso Revs 2009-2010) as well as BBB genomics (W.M.Pardridge 2007, Pottiez et at. 

2009), proteomics (Uchida et at. 2011), impact on drug delivery (Alavijeh & Palmer 

2010, Pajouhesh & Lenz 2005) and research methods (Hawkins & Egleton 2008). The 

BBB has been found to be present in most all organisms with >50-1 00 neurons, is 

formed in the first trimester of human life, and is thought to have originated first in 

primitive organisms at glial cells, shifting over to the brain capillary endothelium about 

400-500 million years ago (Bundgaard & Abbott 2008). 

1.2 Blood-brain and blood-cerebrospinal fluid barriers 

The importance of the BBB arises through its role as a critical regulatory interface 

between the blood and the brain which helps maintain homeostasis of the CNS, promotes 

stable CNS electrical and synaptic function, and protects the brain from harmful 

xenobiotics, metals, and infectious agents (Figure 1.1). The BBB is formed for the most 

part by brain capillary endothelial cells (BCEC's) which are closely sealed together by 

continuous bands of tight junctions (T J). These junctions block solute diffusion across the 
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capillary endothelium via the aqueous paracellular pathway. The paracellular pathway is 

one of the principal means of transcapillary transport for small polar solutes ( <20,000 

daltons) in other vascular systems (e.g., skeletal muscle). In addition, unlike capillary 

endothelial cells in many other organs, BCEC's do not express fenestra and pinocytotic 

vesicles (Begley & Brightman 2003). Hence, to cross into brain, most solutes must either 

diffuse across the lipoid plasma membranes ofBCEC's or be transported across by a 

carrier or receptor-mediated mechanism. TJ's at the BBB are formed by a complex of 

integral membrane proteins (claudio, occludin, and junctional adhesion molecules) linked 

to peripheral membrane proteins (zonula occludens) (Forster 2008, Findley & Koval 

2009). Pericytes, microglia, and nerve terminals are also closely associated with the 

endothelium and play key regulatory roles in barrier induction, maintenance and function 

(Armulik et al. 2010, Daneman et al. 2010). 

A separate barrier exists between the blood and the cerebrospinal fluid (CSF). 

This barrier is termed the blood-cerebrospinal fluid barrier (BCSFB), and is formed by 

choroid plexus epithelial cells which are joined by bands ofTJ's similar but not as 

restrictive as those of the BCEC's (Segal2000). 

Together, these two anatomical barriers create a "wall" that isolates the CNS from 

the peripheral circulation (Nitta et al. 2003). The advantage of this barrier system is in 

more stable CNS function and protection from injury or harm. The disadvantage is that it 

also limits access to brain for many potentially therapeutic compounds. Further, these 

barriers can be compromised in disease, including stroke/ischemia, epilepsy, traumatic 
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brain injury, CNS infection, autoimmune disease, brain tumors, and various 

neurodegenerative disorders. 

The BBB, through its low permeability properties, creates a second problem of 

how to deliver critical nutrients and other solutes required for cerebral function into brain 

in a controlled maiUler. This problem has been overcome through the high-level 

expression of a number of key ion and organic solute transporters at the membranes of 

BCEC's. The first transporter to be identified at the BBB was in the 1960's forD

glucose, which is the primary solute used by the brain for oxidative metabolism (Crone 

1965a). In the intervening 50 years, > 30 other transporters have been identified for 

amino acids, nucleic acid precursors, vitamins, hormones (thyroid hormones- T3, T4), 

electrolytes and other solutes at both the BBB and BCSFB (Ohtsuki & Terasaki 2007). 

These transporters are critical for facilitating the controlled entry of organic building 

blocks and salts to sustain neural function. In addition, in the last 20 years, it has been 

recognized that the BBB and BCSFB also express a good number of A TP-dependent 

active efflux transporters (P-gp, MRPl-7 and BCRP) as well as solute exchange carriers 

(i.e. organic anion and organic cation transporters) that have critical roles in regulating 

solute availability, including drugs, to brain (Figure 1.2) (Urquhart & Kim 2009, Shen & 

Zhang 20 10, Van Wert et at. 2010, Srimaroeng et a!. 2008, Ciarimboli 2008). Active 

efflux transport coupled together with low passive permeability have been shown to 

account for the marked ability of the BBB and BCSFB systems to maintain low 

concentrations of critical solutes in brain interstitial fluid, even in the face of extended 

plasma exposure. Through these mechanisms the brain maintains low concentrations of 
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critical metabolites, peptides, hormones, and neurotransmitters, which otherwise might 

impair neuronal signaling (Banks 1999). The role of transporters in CNS drug exposure is 

expanding, as new carriers are identified and their functions are evaluated in in vitro and 

in vivo models. Though brain drug delivery traditionally has been thought to be 

controlled primarily by passive diffusion, transporters are increasingly seen to have 

significant roles, such that the balance between the two modes of transport is increasingly 

a topic of debate (Sugano et a!. 2010, Dobson & Kelt 2008). 

Of the more than 30 transporters currently recognized at the BBB, the NKCC 

proteins play critical roles in cell volume regulation and are known to be affected by 

bumetanide. Other transporters of organic anions and perhaps members of the multidrug 

resistance protein (MRP) family of transporters have also been implicated in our studies 

as playing a role in the transport of loop diuretics, while other transporters, namely BCRP 

and Pg-p do not appear to contribute. These transporters are discussed in more detail 

below. 

1.3 Select transporters at the BBB 

1.3.1 Na + -K+ -2Cr co-transporters (NKCC) 

NKCC's are a family of membrane proteins that transport Na+, K+ and Cl- across 

biological membranes and function in cell volume regulation and ion homeostasis (Haas 

& Forbush 1998, Pedersen eta!. 2006). Two isoforms of the NKCC have been identified 

by eDNA cloning, NKCCl and NKCC2. NKCCI is expressed on the basolateral 
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membrane of secretory epithelial cells and has a wide range of tissue distribution. In 

contrast, the NKCC2 isoform is primarily expressed in the kidney - in the epithelial cells 

of the thick ascending limb ofthe loop of Henle (Payne & Forbush 1994, Delpire eta/. 

1996, Haas & Forbush 1998, Pedersen et al. 2006, Chen & Sun 2005). 

In the central nervous system (CNS) NKCCl is expressed in neurons, astrocytes 

and throughout the brain (Figure 1.3) (Marty et a/. 2002, Plotkin et a/. 1997, Y an et a/. 

2001a). The distribution ofNKCCl in rat brain microvascular endothelial membranes 

was examined by O'Donnell et al (2004) with primary (T4 monoclonal or T84 

polyclonal) and secondary (gold particle-conjugated) antibodies and analyzed with 

immunoelectron microscope (O'Donnell et al. 2004). With this approach, the majority of 

the plasma membrane NKCC 1 co-transporter protein was found at the luminal membrane 

(-80%) ofBCEC's, consistent with transport ofNa+, K+ and Cr from blood to brain. A 

smaller fraction (- 20%) was localized to the abluminal membrane (O'Donnell et al. 

2004). This indicates a split distribution of the transporter between brain capillary 

luminal and abluminal membranes. In bovine BCEC's, NKCC1 was found primarily at 

the abluminal membrane (Paulson eta/. 2006) with up regulation of the basolateral 

transporter under ischemic conditions (Abbruscato eta/. 2004). In choroid plexus, 

NKCC 1 is localized primarily to the apical (CSF facing) membrane (Plotkin et al. 1997). 

Results suggest that the apical and basolateral NKCC 1 transporters may be differentially 

regulated at the BBB (Abbruscato et al. 2004). One important physiological difference 

between the two NKCC isoforms is that the renal NKCC2 is continuously active and is 

critical to NaCl reabsorption by kidney, whereas non renal NKCC 1 is often silent, unless 
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under osmotic stress, and is critical in the control of cell volume (Hannaert et a/. 2002). 

Up-regulation ofNKCCl expression was observed in ischemic cortex and striatum as 

early as 2 hr ischemia and throughout 24 hr reperfusion. Phosphorylated NKCCl up

regulation was also observed at 4 and 8 hr of reperfusion in the ischemic cortex (Y an et 

al. 2003). 

1.3.2 Organic anion transporter 3 (OAT3) 

OAT3 was cloned from rat kidney eDNA library as a homolog of organic anion 

transporter 1 (OAT1) and has 12 putative transmembrane domains with a molecular mass 

of 92 kDa (Kusuhara eta/. 1999). OAT3 shows highest expression in the liver and to a 

lesser extent in the kidney, brain and eye (Kusuhara et al. 1999). Immunohistochemical 

staining revealed abluminallocalization of OA T3 at brain capillaries (Kikuchi eta/. 

2003, Mori eta/. 2003, Ohtsuki eta/. 2002, Ohtsuki eta/. 2004) however, low signals 

were also reported on the luminal membrane of rat brain capillaries (Kikuchi et al. 2003). 

rOAT3 is also expressed in the brush border membrane of the choroid plexus (Nagata et 

a/. 2002), whereas both OAT1 and OA T3 have been shown to be expressed in the human 

choroid plexus (Alebouyeh eta!. 2003). Functional expression in transportocytes and 

mammalian cells has revealed that OAT3 has broad substrate specificity including 

amphipathic organic anions, such as estradiol 1 7-~-D-glucuronide, estrone sulfate and 

dehydroepiandrosterone sulfate; hydrophilic organic anions, such as P AH and benzyl 

penicillin; and organic cations, such as cimetidine and ranitidine (Kusuhara et al. 1999, 

Nagata et al. 2002, Nagata et al. 2004). OAT3 has been reported to play a major role in 

the efflux of organic anion metabolites, such as indoxyl sulfate, and homovanillic acid, 
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out of the CNS (Kikuchi et al. 2003, Mori et al. 2003, Ohtsuki et al. 2002). It has been 

reported that hOAT3 and/or hOAT1 is involved in the uptake ofbumetanide and hOAT4 

is involved in the excretion in the renal proximal tubules of kidney (Hasannejad eta/. 

2004) and in another report mOAT2 (Km = 9.12 ± 2.42J.1M) and mOAT3 (Km = 1.01 ± 

0.27 J.1M) as well as human homo logs are involved in the transport of bumetanide with 

high affinity when expressed in transportocytes (Kobayashi et a/. 2005). But there is no 

report available in the transport ofbumetanide by rOAT3 at the BBB and there might be 

some species differences. 

1.3.3 Organic anion transporting polypeptide 2 (oatp2) 

Oatps/OATPs are a family of 12 transmembrane domain proteins which mediate 

sodium- independent solute transport (Hagenbuch & Meier 2003). Immunohistochemical 

staining of rat brain has shown that oatp2 protein is present at both the luminal and the 

abluminal membranes of the BBB and also is localized at the basolateral membrane of 

the choroid plexus epithelium. Oatp2 has been shown to mediate bidirectional transport 

of amphipathic organic anions and other solutes, thus facilitating both influx into brain as 

well as efflux out ofthe CNS (Gao et al. 1999). Oatp2 exhibits an amino acid sequence 

percent identity of77% to oatp1 and 73% to the human OATP. Oatp2 mediates 

facilitated exchange of organic anions (Li et al. 2000). Oatp2 has broad substrate 

specificity similar to oatp1 and OATP. In rat, it exhibits saturable kinetics for taurocholic 

acid (Km of :::: 35 J.1M), cholate (Km of:::: 46 J.lM), 17P-estradiol-glucuronide (Km of :::: 3 

J.lM), estrone-3- sulfate (Km of :::: 11 J.lM), and ouabain (Km of:::: 470 J..LM). A unique high-
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affinity substrate of oatp2 is digoxin with an apparent Km of::::: 0.24 J.LM. Oatp2 is also a 

substrate for bulky organic cations such as N-methyl N-( 4, 4-azo-n-pentyl)-21-

deoxyajmalinium, N-methy-quinidine, N-methyl-quinine and rocuronium as well as 

anionic peptides, such as, BQ-123, enkephalin and deltorphin (Gao eta/. 2000). High

level expression of oatp2 in brain, liver and kidney may play a role in the accumulation 

of digoxin in brain tissue and in the hepatobiliary and renal excretion of digoxin from the 

body. No oatp2-mediated transport has been found for p-aminohippurate, pyruvate, 

glutamate, norepinephrine, epinephrine, serotonin, dopamine, corticosterone, and 

leukotriene C4 (Gao et al. 1999). The affinity of mouse oatp2 for digoxin (Km of::::: 5.7 

J.LM) is much less than the affinity of rat oatp2 and species show significant differences in 

substrate specificity (van Montfoort eta/. 2002). However, there is no literature available 

in the transport ofbumetanide by roatp2 at the BBB. 

1.3.4 Multidrug resistance protein-4 (MRP4) 

Multidrug resistance protein-4 (ABCC4) belongs to the C subfamily of the A TP 

binding cassette (ABC) transporters. MRP4 is highly expressed at the apical membrane 

of proximal tubular cells of the kidney and mediates luminal effiux of diuretics 

(furosemide and hydrochlorothiazide) (Hasegawa eta/. 2007), cephalosporins 

(ceftizoxime and cefazolin) (Ci eta/. 2007) and antivirals (adefovir and tenofovir) 

(Imaoka eta/. 2007). In the brain it is expressed at the luminal membrane of the capillary 

endothelium, and also at the basolateral membrane of the choroid plexus and astrocytes 

(Russel et a/. 2008). Genetic knock out of MRP4 has increased the brain penetration and 
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therapeutic efficacy oftopotecan (Leggas eta/. 2004) and nucleoside analogues {lmaoka 

et al. 2007). In humans, bumetanide has been shown to be a substrate for MRP4 using 

membrane vesicles and analysis by LC-MS/MS (Uchida eta/. 2007). 

1.3.5 P-Giycoprotein (P-gp) and breast cancer resistance protein (BCRP) 

P-Glycoprotein and breast cancer resistance protein are ATP-driven efflux pump 

transporters present on the luminal side of the BBB that transport a wide variety of 

substrates from brain to blood and limit therapeutic efficacy of drugs to treat CNS 

disorders (Hartz & Bauer 2010, Miller et a/. 2008). Recent studies (Uchida et al. 20 11, 

Kamiie et a/. 2008) observed that protein expression of BCRP in human brain 

microvessels is nearly 2-fold more than in mice, while, in contrast, P-gp expression in 

humans is 2-fold less than that in mice. There is no literature regarding bumetanide 

transport by P-gp or BCRP. Our studies also found that bumetanide is not a substrate of 

these transporters. 

1.4 Brain injury and the role of NKCC 

Brain injury occurs in many diseases and is associated with marked morbidity and 

mortality. In a number of diseases involving brain injury, evidence suggests that 

activation ofNKCCl occurs, causing imbalance in the homeostasis of ion movement and 

cell volume regulation, which leads to cerebral edema or brain swelling. Cerebral edema 

occurs when fluid accumulates in the brain parenchyma within the non-distensible skull. 

Brain swelling increases intracranial pressure, which collapses blood vessels and further 
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worsens cerebral blood flow, leading to brain ischemia and neuronal death. As a 

consequence of these actions, brain edema is an emergency situation. Some specific 

examples of the role that NKCC l plays in diseases with brain injury are listed below: 

Stroke/ischemia: 

NKCC 1 in cortical astrocytes contributes to astrocyte swelling and brain edema 

during cerebral ischemia (Yan et a/. 2001 b). NKCC 1 is also involved in ischemic 

necrotic cell death (Yan et al. 2003). NKCC 1 is stimulated by the conditions present 

during ischemia to promote brain uptake of Na +, cr and water leading to edema 

formation (O'Donnell et al. 2004). Both pharmacological inhibition and transgenic 

knockout ofNKCCl significantly attenuate neuronal Na+ overload and cell death in brain 

ischemia (Chen eta/. 2005). 

Traumatic brain injury (TBI): 

NKCC1 contributes to traumatic brain injury-induced brain edema and neuronal 

death (Lu eta/. 2006). It plays an important role in TBI-induced brain edema and 

neuronal damage via activation of MAP kinase cascade (Lu eta/. 2008). 

Hepatic failure: 

Activation ofNKCC 1 plays an important role in the mediation of ammonia

induced astrocyte swelling and edema associated with fulminant hepatic failure 

(Jayakumar eta/. 2008). 
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Diabetic ketoacidosis (DKA): 

Ischemia-induced and /or ketoacid-induced stimulation ofNKCC 1 activity in 

BBB endothelial cells and/or astrocytes contributes to cerebral edema formation in DKA 

(Lam et a/. 2005). 

Alcohol abuse/binge drinking: 

An edema-based mechanism is involved in the brain damage due to episodic 

alcohol exposure in vivo and in vitro (Collins eta/. 1998). 

Excitotoxicity: 

NKCC 1 activity is involved in acute excitotoxicity as a result of excessive Na + 

and cr entry and disruption of ion homeostasis (Becket a/. 2003). 

Of these diseases, stroke is the second leading killer worldwide and third leading 

cause of death in United States after heart disease and all cancers (Thon T 2006). Recent 

statistics show that around 700,000 people have strokes each year, resulting in 150,000 

deaths. The annual cost for treatment and rehabilitation is more than 50 billion dollars. 

Stroke can be either ischemic (87%) or hemorrhagic (13%). Hemorrhagic strokes 

include subarachnoid hemorrhage, intracerebral hemorrhage and subdural hematomas. 

Hemorrhagic stroke is significantly more lethal than ischemic stroke, although it is less 

common. Ischemic stroke results from a transient or permanent reduction in cerebral 

blood flow caused either by local thrombus formation or by embolic phenomenon, 

resulting in occlusion of a major cerebral artery. Risk factors for ischemic stroke include 
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atherosclerosis of cerebral vasculature, hypertension, cigarette smoking, diabetes, atrial 

fibrillation, and dislipidemia (Joseph T 2008). 

Normal cerebral blood flow averages -50 mL/100 g per min in the adult human 

brain. When the cerebral blood flow falls below 20 mL/1 00 g per min, ischemia starts 

and if further reductions below 12 mL/100 g per min persist, irreversible damage to the 

brain (infarction) occurs. Tissue that is ischemic but maintains membrane integrity is 

referred to as the ischemic penumbra and usually surrounds the infarct core. This 

penumbra is potentially salvageable through therapeutic intervention (Thon T 2006). 

Normally, physiologically important ions (Na+, K+, Ca2+, and Cr) are not in 

electrochemical equilibrium across the cellular plasma membranes. Their gradients are 

maintained by two major primary active transport proteins Na + IK+ -ATPase and Ca2+-

A TPase. Primary transport systems use energy in the form ATP to transport specific ions 

against concentration or electrochemical gradients. For each A TP molecule hydrolyzed, 

Na+/K+-ATPase usually drives 3 Na+ ions out of the cell and two K+ ions in. Secondary 

ion active transport mechanisms such as Na +- dependent chloride transport (NKCC), 

Na+ /H+ exchange (NHE), and Na+ /Ca2+ exchange (NCX) derive their energy from the 

combined chemical gradients of the transported ions, which are generated by Na+/K+-

A TPase and Ca2+ -A TPase. These two mechanisms are important in maintaining the 

intracellular concentrations of ions (Siesjo 2008). 

1.5 BBB permeability changes during stroke 

Many experimental studies have been conducted to assess BBB integrity and 
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function in animal models using small (e.g., sucrose, sodium flourescein, amino butyric 

acid) (Huang et al. 1999, Preston eta!. 1993, Todd eta/. 1986, Dobbin eta/. 1989) and 

large (e.g., Evans blue albumin, dextran) permeability markers (Gotoh eta/. 1985, 

Wolman eta/. 1981 , Belayev eta/. 1996, Sampaolo eta/. 1991). During permanent 

ischemia, edema develops within 3 hr and shows significant correlation with increased 

Na+ and decreased K+ levels in brain. (Paulson et al. 2006, Yang eta/. 2006, Gotoh et al. 

1985). 

Opening of the BBB occurs to a variable extent in many ischemic models. The 

nature of the BBB disruption depends upon the duration of the ischemic insult and on the 

animal model used. Measurable changes in BBB tight junction permeability during focal 

ischemia appear to require substantial time, with hours of continuous reduction in blood 

flow necessary to induce an observable increase in paracellular permeability (Betz 1996). 

The first multiphasic ischemia and reperfusion permeability was shown in a cat MCAO 

(middle cerebral artery occlusion) model (Kuroiwa eta/. 1985). They found an initial 

hyperemia phase followed by a refractory period, then a biphasic increase in paracellular 

permeability at 5 and 72 hr respectively. Similar results were observed in other models 

(Belayev et al. 1996, Huang et al. 1999, Kuroiwa et al. 1985, Preston et al. 1993, 

Rosenberg eta/. 1998, Witt et al. 2008). 

Reactive hyperemia is linked to opening of BBB tight junctions after return of 

blood flow and is confirmed by a rise in blood pressure (Spengos et a/. 2006). The first 

phase of the biphasic permeability occurs at - 3-8 hr post reperfusion and has been 

attributed to increased inflammatory and oxidative stress on the BBB and enzymatic 
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degradation of the extra cellular matrix (ECM) (Heo eta/. 2005, Wang & Shuaib 2007). 

The final phase of biphasic BBB tight junction permeability occurs at -18-96 hr and 

coincides with angiogenesis and increased vasogenic edema (Belayev et al. 1996, Huang 

et al. 1999, Kuroiwa et al. 1985, Preston et al. 1993, Rosenberg et al. 1998). However, 

neurovascular remodeling may continue for weeks after an ischemia and reperfusion 

(Zhao et al. 2006, Strbian et al. 2008). 

1.6 Role of NKCCl in the pathogenesis of ischemic cerebral edema 

During ischemia/stroke, interruption of blood flow to brain causes decreased 

delivery of oxygen and nutrients, which in tum leads to depletion of high energy ATP 

that is necessary for the maintenance of membrane integrity and ion transport. This 

metabolic compromise creates ionic imbalances and causes elevation of extracellular 

potassium and intracellular accumulation ofNa+, cr along with water. Elevated 

intracellular calcium results in activation of lipases, pro teases, and endonucleases, and the 

release of free fatty acids from membrane phospholipids. Depolarization of the neuron 

leads to the release of excitatory amino acids such as glutamate and aspartate which in 

tum damage the neurons when released in excess. The accumulation of arachidonic acid 

results in the formation of prostaglandins, leukotrienes and free radicals. In ischemia, the 

magnitude of free-radical production overwhelms the normal scavenging system, leaving 

these reactive molecules to attack cell membranes and contribute to the mounting 

intracellular acidosis. 

Development of cerebral edema is a complex and stepwise process that starts 

initially with cytotoxic edema of neuroglial cells that then develops into ionic and 
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vasogenic edema. The initial, and to some extent the predominant, type of edema 

following ischemia is cytotoxic edema (Ito et al. 1996, Unterberg et al. 2004). Cytotoxic 

edema is due to cellular entry of sodium and other solutes through ion transporters (e.g., 

NKCC 1) and channels, thereby loading the cells with fluid. Many co-transporters and ion 

channels are involved in the intracellular accumulation of solutes from interstitial space 

during cytotoxic edema. Vasogenic edema results from alteration of the 888, allowing 

net fluid accumulation in the brain interstitial space. NKCC 1 involvement in cytotoxic 

edema in astrocytes and endothelial cells, and vasogenic edema, makes it an intriguing 

novel target for the treatment ofbrain swelling (Kahle et al. 2009b). Currently, 

treatments for brain edema are limited. 

1.7 Loop diuretics, inhibitors ofNKCC co-transport, may reduce brain injury 

Diuretic selectivity to NKCC1/NKCC2 has been measured in both activated and 

basal states. Bumetanide shows equal potency in inhibition ofNKCC2 and activated non

renal NKCC1 , with IC50 's of0.33-0.34 flM for free drug. Basal NKCC1shows an - 10 

fold lower affinity with ICso of 2.2-2.5 flM (Ellory & Stewart 1982, Garay eta/. 1991, 

Garay et al. 1986, Homma eta/. 1990, Keep et al. 1994, Palfrey eta!. 1980, Vigne eta!. 

1994). Similar values are found for bumetanide inhibition of basal NKCC at the rat 888 

and choroid plexus (4.1-5.0 flM). 

Bumetanide has been reported to decrease brain injury and reduce cerebral edema 

after either systemic or intracerebral administration. Systemic administration of high dose 

bumetanide (7.6- 30.4 mg/kg) has been shown to decrease infarction volume and brain 

edema by >50%. The effect was observed even in the presence of nephrectomy, thereby 
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excluding the renal complications ofbumetanide (O'Donnell et al. 2004). Studies of 

intracerebral bumetanide (100 JJ.M) administration (Yan et al. 200lb, Yan et al. 2003) as 

well as with NKCC 1 knockout mice, strongly implicate a role for parenchymal brain 

NKCC 1 in ischemic brain edema and damage (Chen et al. 2005). In these studies, the fact 

that bumetanide was delivered into brain interstitial fluid behind an intact BBB, suggests 

that the protective effects ofbumetanide may arise from neuronal and glial NKCCI 

inhibition and not simply as a side effect of luminal BBB NKCC 1 blockade. 

In other models, bumetanide (15.2 mglkg IV) (Lu et al. 2006, Lu et al. 2008) and 

torsemide (1-10 mglkg, iv) (Staub et al. 1994) have been shown to have neuroprotective 

effects after systemic administration in traumatic brain injury. Brain edema and elevated 

intracranial pressure are also major complications of acute liver failure, which can be 

ameliorated by bumetanide inhibition of ammonia-induced astrocyte swelling (Jayakumar 

et al. 2008). Systemic bumetanide administration also reduces cerebral edema in diabetic 

ketoacidosis (Lam et al. 2005) and cell swelling during excitotoxicity (Beck et al. 2003). 

Bumetanide has been used in many studies as the preferred diuretic due to increased 

potency. However, furosemide also limits brain damage in episodic alcohol exposure 

(Collins et al. 1998) and acts as antioxidant in reversing ethanol-induced neurotoxicity 

(Hamelink et a/. 2005). Finally, apart from using bumetanide in the treatment of brain 

injury i.e. stroke/ischemia, the drug has also shown potential in various other CNS 

diseases, such as: 

epilepsy: combined treatment with bumetanide and phenobarbital counteracted 

several of the behavioral consequences of status epilepticus, (Kahle et a/. 2009a, Brandt 
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et a/. 201 0), 

pain: inhibition ofNKCCl with its potent antagonist bumetanide reduced chronic 

pain behavior in rats following spinal cord injury (Hasbargen et al. 201 0), and 

gliomas: twice daily injection ofbumetanide caused a reduction in glioma cell 

invasion (Haas & Sontheimer 2010). 

From the above literature, is has been clear that bumetanide and other NKCC 

symport inhibitors can have significant positive neuroprotective effects in an array of 

diseases. However, little is known of the extent to which bumetanide and other loop 

diuretics reach the brain after systemic exposure. As charged anions, they have been 

suggested to show poor brain delivery due to inability to cross the BBB. Yet, their neutral 

species are highly lipophilic and should cross the BBB readily by passive diffusion. Such 

has been shown for nonsteroidal anti-inflammatory drugs (e.g., ibuprofen and naproxen) 

as well as valproic acid, which are organic anions and are readily taken up into brain. 

Also, it is not known whether bumetanide must cross the BBB in order to act at the 

NKCC 1 of glial or neuronal membranes, or if its action on NKCC 1 present on the 

luminal side of the BBB is sufficient to reduce edema. The data presented above on 

systemic and intracerebral administration suggest that best results would be obtained if 

bumetanide could readily reach both locations in sufficient amounts to reach active 

concentrations. Thus, several questions were raised for this dissertation: 
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• To what extent can bumetanide gain access to brain and reach active 

concentrations after systemic administration? 

• Is it possible to separate out brain neuroprotective effect from the diuretic effect 

on the kidney? 

• Could analogs be developed with improved brain protective and antiedema 

activity and less side effects? 

The diuretic doses reported in the neuroprotective studies above (5-30 mglkg i.v.) 

are far higher (up to 2000x) than normally used in humans for diuretic effects (1-2 mg/70 

kg = 0.014 - 0.28 mglkg). This difference partially arises because bumetanide is much 

more rapidly metabolized in rodents than in humans or dogs (Magnussen & Eilertsen 

1974). The metabolites ofbumetanide are desbutylbumetanide (major), butyric acid 

derivative, primary and secondary alcohol derivatives, 3,4-dihydroxybutyl derivative as 

well as a small percentage ( <6%) of conjugated products. Inhibition of bumetanide 

metabolism in rats has been shown to prolong plasma half life and markedly enhance 

diuresis and saluresis (Halladay et a!. 1978). Thus, it is necessary to take into 

consideration this metabolic difference when comparing doses in rodents vs. other 

species. The difference in plasma clearance between rats and humans is 12-13 fold. 

Thus, the remaining difference (> 100 fold) results in higher plasma concentrations in 

order to observe the protective CNS effects. We selected similar doses of20 and 30 

mglkg i.v. in order to match the higher end for our brain pharmacokinetic studies. The 

objective was to determine the extent that bumetanide was taken up into brain and 

whether it reached inhibitory concentrations based upon the reported Ki of the drug for 
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NKCCl at either the luminal BBB membrane or intraparenchymally at brain interstitial 

fluid. If brain bumetanide delivery was restricted, the objective was also to ascertain the 

reasons for limited brain penetration and whether active BBB efflux transport was 

involved. 
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1.8 Hypothesis: 

Bumetanide and other loop diuretics show restricted distribution to brain which 

limits therapeutic potential of these agents as neurotherapeutic drugs. 

1.9 Specific aims 

1) Determine the time course ofbumetanide uptake and equilibration in brain, showing 

that bumetanide has low BBB permeability and poor brain distribution volume. 

2) Demonstrate, using LC-MS/MS detection, that brain uptake is also limited for other 

NKCC 1 inhibitors, including torsemide, piretanide and furosemide. 

3) Show that measured serum, brain interstitial fluid, and cerebrospinal fluid 

concentrations of free bumetanide are low, only reaching the K0 ofthe NKCC transporter 

for short periods of time after injection. 

4) Demonstrate that bumetanide uptake into brain is restricted by two or more active 

efflux systems (oatp2, OAT3, and possibly MRP4) at the BBB. 
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Figure 1.1: Neurovascular unit 
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Blood-brain barrier is a dynamic interface between the blood and the brain and most of 

the BBB is formed by the brain capillary endothelial cells. The paracellular route for the 

hydrophilic solutes is restricted by the presence oftightjunctions between the endothelial 

cells. The lipophilic drugs either dissolve or diffuse across the BBB or are transported by 

carrier mediated transport mechanisms. Astrocytes, neuron and endothelial cells together 

form the neurovascular unit (Abbott et al. 2010). 
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Figure 1.2: Localization of influx and efflux transporters at the blood-brain barrier 
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Influx and efflux transporters have critical roles in regulating solute availability, 

including drugs, to brain. BBB and BCSFB also express various transporters including 

A TP-dependent active efflux transporters (P-gp, MRP 1-7 and BCRP) as well as solute 

exchange carriers (i.e. organic anion and organic cation transporters). 
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Figure 1.3: NK.CC 1 distribution in brain and direction of transport 
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In the central nervous system (CNS) NKCC 1 (indicated by red circle) is expressed in 

neurons, astrocytes, choroid plexus epithelium and throughout the brain. The distribution 

of this transporter is asymmetrical at the blood-brain barrier. 
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CHAPTER2 

METHODS AND MODELS 

Details of the primary experimental methods and models used in this dissertation 

are provided in this chapter. Methods used in the evaluation of the brain distribution and 

transport of loop diuretics include: 

• The in situ brain perfusion technique to evaluate the initial rate of uptake of loop 

diuretics (e.g., bumetanide, torsemide, piretanide and furosemide) into brain and 

to characterize influx transport systems at the BBB that may facilitate loop 

diuretic transport across the BBB, 

• The brain efflux index method to study bumetanide efflux out of the CNS and to 

characterize the BBB active efflux transport systems that have critical roles in 

limiting bumetanide exposure to brain, 

• In vivo pharmacokinetics of bumetanide in serum, brain and cerebrospinal fluid 

after intravenous (i.v.) administration of drug in rats to determine the ability of 

free drug to distribute to brain and reach active concentrations within the CNS. 

• Tandem liquid chromatography- mass spectrometry (LC-MS/MS) to accurately 

measure low-levels of diuretics in brain. 

• Tissue slice and homogenate dialysis methods to determine the free fraction of 

bumetanide in brain, which can be used to calculate the free drug concentration, 
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• Xenopus oocytes expressing rat OAT3 or oatp2 to demonstrate bumetanide 

transport by these carriers in vitro, and 

• Rat MCAO ischemia model to evaluate the distribution ofbumetanide to brain 

following stroke. 

All animal studies were conducted in accordance with the Animal Use and Care 

Guidelines issued by the National Institute of Health using a protocol approved by the 

Institutional Animal Use and Care Committee of the Texas Tech University Health 

Sciences Center. 

2.1 In situ rat brain perfusion technique 

To study the transport of drugs into brain across the BBB, several techniques have 

been developed, including intravenous injection, in situ brain perfusion, brain uptake 

index, indicator-diffusion, and single injection external registration, (Andjus eta!. 1967, 

Crone 1965b, Ohno eta!. 1978, Oldendorf 1971, Patlak & Fenstermacher 1975, Raichle 

et al. 1976). All of these techniques have benefits and limitations (Fenstermacher et al. 

1981 , Hardebo & Nilsson 1979, Woods & Youdim 1977). The ideal technique would 

allow one to accurately measure permeability across the BBB to both poorly penetrating 

compounds, such as sucrose or mannitol ( P = 10-8 to 10-7 crnfs), and to rapidly 

penetrating compounds, such as antipyrine or caffeine (P = 104 crnfs) (Takasato eta!. 

1984). In addition, the ideal method would allow one to readily control the composition 

of the fluid perfusing the brain vasculature for studies of transport mechanisms, to avoid 
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artifacts due to circulating metabolites, and to use the intact BBB with its full 

complement of regulatory systems and transport carriers. 

One method that accomplishes many of these goals is the in situ brain perfusion 

technique ofTakasato et al. (Takasato, Rapoport et al. 1984). This method was developed 

in the early 1980's at the NIH and was subsequently modified by many groups in the 

intervening 30 yrs. (Smith 2003, Smith 1996, Takasato et al. 1984, Smith & Allen 2003). 

The primary objective of this method is to study brain uptake with careful control of the 

environment and the compounds reaching brain from the blood circulation. To achieve 

this goal, one takes over the circulation to the brain via the carotid artery and perfuses the 

cerebral vasculature with artificial blood or bicarbonate-buffered physiologic saline 

containing the compounds of interest for transport into brain. The perfusion is continued 

for a period of time sufficient to allow uptake that exceeds residual vascular tracer. Once 

this is achieved, the perfusion is stopped and the level of the solute of interest is 

detennined in perfusion fluid and brain tissue. Kinetic equations are used to calculate 

the BBB penneability-surface area product (PS), which is a measure of BBB 

penneability. In addition, the unidirectional rate of influx can also be calculated and used 

for studies of saturable transport kinetics. 

The advantages of the in situ brain perfusion technique are: 

• The method uses the in vivo BBB with its complete allotment of transport carriers, 

enzymes, receptors, signaling pathways, and associated support cells (e.g., 

astrocytes, pericytes ), 
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• The technique is sufficiently accurate and sensitive to measure permeability of 

compounds with very low or very high permeabilities, 

• Perfusate composition and concentration can be controlled at will and maintained 

constant throughout the experiment, 

• Compounds are presented to the brain intact and free of peripheral metabolism, 

• The method is readily adapted to study contributions to uptake from saturable 

influx or efflux carriers and to document the transport kinetics (e.g., Vmax. Km), 

• Transport can be measured directly for free drug from physiologic saline or for 

total drug (free and plasma protein bound) using whole blood or artificial plasma. 

Because of these many positive points, we used the in situ rat brain perfusion 

technique to measure the ability of loop diuretic drugs to cross the BBB and be taken up 

into brain (Figure 2.1). To perform these experiments, rats were first anaesthetized with 

sodium pentobarbital (Nembutal, 50 mg kg- 1 i.p., Abbott Laboratories, North Chicago, 

IL, USA) and the left common carotid artery was gently exposed and ligated with 

surgical silk. The external carotid artery was ligated and a PE-60 catheter filled with 

heparinized 0.9% NaCl (100 U/mL) was placed in the common carotid artery for fluid 

delivery to the brain. Throughout the surgical procedure, body temperature was 

maintained at 37 °C using a heating pad linked to an YSI Indicating Controller (Yellow 

Springs Instruments, Yellow Springs, OH, USA). Perfusion fluid containing drug of 

interest as well vascular marker, and in some cases inhibitors or plasma proteins, were 

infused into the carotid artery using a syringe pump (Harvard Bioscience, South Natick, 
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MA, USA) attached to the carotid catheter. Perfusion fluid consisted ofbicarbonate

buffered physiologic saline: 128 mM NaCl, 24 mM NaHC03, 4.2 mM KCl, 2.4 mM 

NaH2P04, 1.5 mM CaC12, 0.9 mM MgS04, and was buffered with 95% Or5% C02 to 

a pH of7.4. D-glucose (5-10 mM) was added on the day of the experiment in order to 

maintain cerebral glucose metabolism and adenosine triphosphate (ATP) production. The 

temperature of the perfusate was maintained at 3 7 oc using a copper coil attached to a 

temperature-controlled circulating water bath. Radio-labeled sucrose or inulin were used 

to measure brain vascular volume (Takasato et al. 1984, Smith 1996). Just prior to the 

start of perfusion, the thoracic cavity was opened and the cardiac ventricles were severed 

to stop blood flow to the brain. Artificial brain perfusion was then initiated at constant 

rate ( 5 mL/min) for 0.5-5.0 min. Perfusion was terminated by decapitation at a selected 

time point (usually 1 min) and the pump was turned off. The brain was removed from the 

skull, and the left cerebral hemisphere was rapidly dissected out and placed on an ice cold 

filter paper moistened lightly with 0.9% NaCl, The brain was dissected into regions 

which were processed and analyzed for drug content using either liquid scintillation 

counting (LSC) (Beckman Coulter LS 6500) or LC-MS/MS (Varian 1200L). 

It is necessary to account for drug that remains in the cerebral vasculature. This 

was accomplished in one of two ways. In some experiments, drug remaining in brain at 

the end of perfusion was washed out by infusing drug-free bicarbonate saline or with 6% 

dextran (70 kDa) into the carotid cannula for 15-60 s with the infusion pump. This 

procedure was shown to remove >95% of the residual intravascular tracer from brain 

vasculature. In other experiments, the perfusion was stopped at the assigned time and a 
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correction was made for the amount of drug (Qvas) remaining in the intravascular volume 

at the end of the experiment. This was performed using a vascular marker, such as eH]

sucrose or e4C]-inulin, that does not normally cross the BBB. These intravascular 

markers were included in the perfusion fluid used during the perfusion experiment 

(Momma et al. 1987, Takasato et al. 1984). 

BBB PS was calculated in brain perfusion experiments using the following 

equations which have been discussed in detail in prior reviews (Smith 2003, Smith 1996, 

Takasato et al. 1984, Smith & Allen 2003): 

Time course of drug uptake during brain perfusion at constant concentration (Cpr 

=constant) 

Linear uptake method (to establish unidirectional uptake) 

Qbr I Cpr = Kin x T + Yo 

Single time point method (used to calculate Kin in individual animals) 

Correction of brain for residual intravascular drug or tracer 

BBB Kin was converted to free drug BBB PS using the Crone-Renkin equation: 
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PS = -FIn [ 1 -Kin x fu,pf IF] 

Where, Qbr = quantity of vascularly corrected drug or solute of interest in brain at 

the end of the perfusion, 

Cpr= total concentration of drug or solute of interest in perfusion fluid (e.g., ng/g 

or dpm/g), 

Kin =unidirectional BBB transfer coefficient for uptake of drug or solute of 

interest into brain across the BBB (mL/s/g); similar to "clearance" into brain, 

V br = total distribution volume of drug or solute of interest in brain (mL/g), 

T = perfusion time, 

V0 = residual volume of drug or solute of interest remaining in vascular space 

which was not adequately corrected for by the vascular marker (mL/g), 

V v = residual intravascular volume as measured by common vascular marker, 

such as sucrose or inulin (mL/g), 

Q101 = total quantity or content (vascular+ parenchymal) of drug or solute of 

interest in brain at the end of the perfusion, 

F = the flow rate of perfusion fluid through the brain vasculature as measured 

using radiolabeled diazepam or other flow marker (mL/s/g), and 
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fu,pf = free fraction of drug in perfusion fluid as measured by equilibrium dialysis 

(In most experiments= 1.0 because no plasma proteins were added to the perfusate) 

In some experiments, the initial linear time course of drug uptake into brain was 

determined to indentify the time period over which uptake is unidirectional. Kinetic 

equations for the other methods will be provided in the chapters in which the methods are 

used. 

2.2 Brain efflux index {BEl) study 

The BEl method was used to obtain evidence for active efflux transport of 

bumetanide at the BBB and to identify the primary efflux transporters that contribute to 

active efflux transport ofbumetanide out of brain. There are many methods that have 

been used to study efflux from brain to the circulating blood across the BBB, such as 

ventriculo-cistemal perfusion (Adkison eta/. 1994), intracerebroventricular injection 

(Banks eta/. 1993, Barrera eta/. 1991), in vivo wash out by the Brain uptake index (BUI) 

technique (Oldendorf eta/. 1982, Comford eta/. 1985), brain microdialysis (Wong eta/. 

1993), and other methods reviewed in Fenstermacher et al. (Fenstermacher et al. 1981 ). 

Ventriculo-cistemal perfusion is an older method to measure brain-to-blood transport and 

has a complicated procedure which is only suitable for substances with high to moderate 

BBB permeability. In the BUI wash out method, the brain is loaded by intra-carotid 

administration of a solution which contains both test and reference substances and then 

the washout of these substances out of brain is measured over time. This method is also 

limited to fairly rapidly penetrating materials (Fenstermacher et al. I 98 I). 
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The brain efflux index (BED method is an alternative approach which was 

developed in 1996 (Kakee et a/. 1996) to address the limitations of these previous 

methods. The advantages of this method are that a direct determination of the efflux rate 

from brain to circulating blood can be obtained, elucidation of symmetrical transport 

across the BBB is possible, and the role of inhibitors on the efflux rate can be measured 

through direct pre- or co-administration along with drug tracer. 

The BEl method was performed as described previously by Kakee (Kakee et al. 

1996) (Figure 2.2). Rats were anaesthetized with sodium pentobarbital (Nembutal, 

50 mg/kg i.p., Abbott Laboratories, North Chicago, IL, USA) and the head was shaved 

clean. A midline incision was made on the skull to locate the reference point on the skull 

called the bregma. From the bregma using the stereotaxic machine (Stoelting Co. Wood 

Dale, IL, USA.) with coordinates anterior 2 mm, lateral5.5 mm, a bore hole (Osada 

electric Co.Ltd, Tokyo, Japan) was made at a depth of 4.5 mm without rupturing blood 

vessels. eH]-Bumetanide (0.05 J.!Ci) and [ 14C]-sucrose (0.005 J.!Ci), dissolved in 0.5 J.!L 

of extracellular fluid (ECF) buffer, were injected into the parietal cortex region 2 (par 2) 

using a 5 J.!L micro syringe (Hamilton, Reno, NE, USA) over a period of 60 sec. Pre

administration of unlabeled drug and inhibitors was done 60 sec before the administration 

of tracer compounds. After a specified time, rats were decapitated and brain was removed 

immediately and dissected into left and right hemispheres and cerebellum. Solvable 

(PerkinElmer, Waltham, MA, USA) was added for tissue digestion. After digestion, 

scintillation fluid was added and radioactivity was measured by LSC. 
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2.3 In vivo pharmacokinetic study 

In vivo pharmacokinetics was performed to directly measure brain bumetanide 

uptake and distribution as a function of time after i.v. administration (Figure 2.3). 

Bumetanide was administered either by i.v. bolus injection or infusion, and total serum 

and brain concentrations were measured by LC-MS/MS. Serum concentrations were 

corrected for plasma protein-bound drug, which was measured using equilibrium dialysis, 

to obtain unbound bumetanide serum concentrations. Total brain concentrations were 

corrected for bound drug by determining the free fraction of drug using brain slices, using 

the procedures describe in 2.5 below. CSF concentrations were directly measured and 

were assumed to represent primarily free drug, due to the very low protein content of 

CSF. 

Rats were anaesthetized with sodium pentobarbital (40-50 mglkg, i.p.) or 

ketamine/ xylazine (90: 10 mg!kg, i.p.). The femoral vein was cannulated in most animals 

for injection of drug solutions. Similarly, in most animals, the femoral artery was 

cannulated for blood sampling at different time periods. Bumetanide or other loop 

diuretics were delivered either as intravenous bolus injections at doses of 20 and 30 

mg!kg, or infused at 8. 78 mg!hr for 5 hr at constant rate. At different time points (I, 2, 5, 

15, 30, 45, 60, 75, 90, 110, 120 min), blood samples were collected. At the terminal time 

point, CSF was collected and brain was rapidly removed and dissected on ice. Collected 

blood samples were centrifuged at 8000 rpm for 10 min and the serum samples were 

stored at -20 oC until analysis using LC-MS/MS. 
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2.4 LC-MS/MS analysis 

LC-MS/MS analysis was used to measure low levels of non-radioactive loop 

diuretics in brain and serum. Figure 2.4 gives the schematic diagram. The LC-MS/MS 

system is a 1200 L triple quadrupole mass spectrometer equipped with an electrospray 

ionization source from Varian (Palo Alto, CA, USA) and included a ProStar 430 

autosampler and two ProStar 210 pumps. Varian MS Workstation version 6.8 software 

was used for data acquisition and processing. 

2.4.1 Liquid chromatographic conditions 

Chromatographic separation was achieved with automated injection of 10 flL 

samples onto a Polaris 3 C18-A column (150 mm x 2.0 mm, 3 f.!m particle size, Varian 

Inc., Lake Forest, CA, USA) at ambient temperature. A guard column containing the 

same packing material (Meta Guard, 4 mmx2.0 mm, Varian Inc., Lake Forest, CA, USA) 

was used to extend the life of the analytical column. The mobile phase consisted of 

acetonitrile and water, each with 0.1% formic acid. For bumetanide and piretanide, an 

isocratic system of 40:60 (water: acetonitrile) at a flow rate of0.2 mLimin was used with 

each drug serving as internal standard for the other. Elution times were 3.1 and 3.5 min 

for piretanide and bumetanide, respectively. Torsemide and furosemide required a 

gradient system at a flow rate ofO.l mL/min to adequately separate the compounds from 

the remaining endogenous phospholipids that suppressed ion signal. The system was 

isocratic at 60:40 for 2.5 min, ramped to 80% acetonitrile in 3 min and held for 6.5 min 

before returning to starting conditions for equilibration. Elution times were 4.8 min and 7 
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min for torsemide and furosemide, respectively, with each serving as internal standard for 

the other. 

2.4.2 Mass spectrometer conditions 

fu order to select the optimum mass spectrometer conditions for each drug, full

scan mass spectra of each analyte were first acquired in both positive and negative ion 

modes with infusion of the drug (1 ~g/mL, dissolved in methanol) directly into the ESI 

source. Bumetanide, piretanide and torsemide were found to have higher ionization 

efficiency in positive mode, while furosemide had higher ionization efficiency in 

negative mode. Air was used as the drying gas for mobile phase evaporation and 

ionization. The atmospheric pressure ionization (API) housing and drying gas 

temperatures were maintained at 41 oc and 350 °C, respectively. Parent-product 

transitions, capillary voltages, and collision energies for each analyte were selected using 

the mass spectrometer (MS) workstation optimization programs, with argon as the 

collision. Detector multiplier voltage was set to 2000 V, needle voltage was 5000 V and 

shield voltage was 600 V. 

2.4.3 Calibration standards and quality control samples 

fudividual stock solutions ofbumetanide, piretanide, torsemide, and furosemide 

(100 ~g /mL) were prepared by accurately weighing the required amounts into separate 

volumetric flasks and dissolving in methanol. Stock solutions were stored at 4 oc. 

Working solutions were prepared fresh daily by diluting standard stock with methanol. 

The highest calibrator was prepared by adding 200 ~L (0.5 ~g/mL) of analytes, 50 ~L 
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(0.5 J..lg/mL) of internal standard (IS), and 50 JJ.L of methanol to ~ 0.1 g of previously 

weighed rat brain homogenate. Further dilutions were used to prepare calibration 

standards of 10, 25, 50, 100, 150, 250, 500 and 1000 ng/(g brain). Quality control (QC) 

standard solutions at 100 J..lg/(g brain) were prepared separately by adding appropriate 

volumes of stock solutions to blank brain. Four QC samples at I 0, 75, 125, and 300 ng/g 

were prepared for all drugs. Calibrators and controls were freshly prepared before each 

analysis. 

2.4.4 Sample preparation 

Brain samples were homogenized with a chilled mortar and pestle. To :::::0.1 g 

homogenized brain tissue, 300 JJ.L of methanol containing internal standard was added to 

precipitate proteins. Samples were sonicated until the mass broke apart, vortexed for 10 

minutes, and centrifuged at 10,000 x g for 3 min. The resultant supernatant was 

transferred to a Varian Captiva NDLipids filter well. The process was repeated with an 

additional200 IlL of methanol and added to the same filter well. Vacuum was applied to 

the filter apparatus and the resultant filtrate was transferred to a clean eppendorf tube and 

evaporated to dryness under nitrogen in a water bath at 30 °C. Samples were 

reconstituted with appropriate mobile phase with vortexing and centrifugation. The clear 

supernatant was pipetted into an autosampler vial with insert for analysis. 

2.4.5 Sample quantification 

The amount of each analyte in a brain sample was determined using the ratio of 
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the analyte's monitored mass transition peak area to the peak area of the mass transition 

characteristic for the internal standard. A calibration curve covering the range of 

concentrations in brain samples for each analyte was prepared using linear regression 

analysis of the ratio of analyte peak area/internal standard peak area versus analyte 

amounts with a weighting factor of 1/x. Regression analysis was performed using Prism. 

Unknown analyte amounts were calculated from the calibration curve based on the 

measured peak area ratios for the various analytes monitored. 

2.4.6 Validation 

The developed LC-MS/MS assay was validated for brain samples for linearity, 

accuracy, precision, recovery, and matrix effect. 

2.4.6.1 Linearity 

Linearity was evaluated over the range of 10 to 1000 ng/g for all analytes. 

Calibration standards were prepared freshly in duplicate for three validation runs on three 

separate days. The assay acceptance criterion for each standard concentration was ± 15% 

deviation of the nominal concentration, except for the lower limit of quantification 

(LLOQ) where a deviation of ±20% was accepted. 

2.6.6.2 Precision and accuracy 

The intra- and inter-day accuracy and precision were evaluated by the analysis of 

LLOQ and low, middle, and high QC samples with seven determinations per 

48 



TTUHSC, Satya Goda, May 2011 

concentration on the same day over 3 days. The amount of each sample was determined 

using calibration standards prepared on the same day. Accuracy was expressed as 

percentage value(% accuracy = [measured concentration/nominal concentration] 

x 100% ). The precision was estimated as percentage relative standard deviation 

(%R.S.D.). For acceptable intra- and inter-day values, accuracy should be within 85-

115% and R.S.D. values should be :515% over the calibration range, except at the LLOQ, 

where accuracy should be between 80% and 120% and R.S.D. should not exceed 20% 

(US Food and Drug Administration 2001). 

2.4.6.3 Recoverv tmd matrix effect 

Recovery and matrix effect of brain on signal area were assessed at three 

concentrations (75, 125, and 300 ng/g) for each of the analytes, comparing the peak areas 

of five replicates at each concentration for analyte standards in mobile phase and 

standards spiked before and after protein precipitation. Relative recovery was expressed 

as the ratio ofthe mean peak area of an analyte spiked before extraction to the mean peak 

area of the same analyte spiked post extraction in the same matrix multiplied by 100. 

Absolute recovery was calculated as the ratio of the mean peak area of an analyte spiked 

before extraction to the mean peak area of the same analyte spiked in mobile phase at the 

same concentration multiplied by 100. The matrix effect was evaluated by comparing the 

mean peak area of analyte spiked post extraction to the mean peak area of an equivalent 

concentration of the same analyte standard in mobile phase. 
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2.4. 7 Serum sample preparation 

Samples were prepared by protein precipitation with methanol as follows. 

Aliquots of serum (50 J.!L) from calibration samples, quality control samples, or serum 

samples with unknown drug concentrations were transferred to 2 ml micro centrifuge 

tubes. Methanol (200 J..lL) containing 10 J..lL of internal standard (10 J..lg/mL) was added to 

each tube. Samples were vortex-mixed for 15 min at high speed and then centrifuged at 

10,000 g for 10 min at 25 °C. The supernatant of each tube was transferred to another 

micro centrifuge tube. This process was repeated twice, and the combined supernatants 

were evaporated under nitrogen gas and then reconstituted with 150 J..lL of mobile phase 

and transferred to a clean autosampler vial with insert for analysis. A 10 J.!L aliquot of the 

solution was subsequently injected into the LC-MS/MS system. 

2.4.8 Serum calibration standards and quality control samples 

Primary stock solutions of analyte (bumetanide) and IS (piretanide) were prepared 

at concentrations of 4 mg/mL and 1 mg/mL in methanol and stored at -20 °C. The highest 

calibrator at a concentration of 400 J..lg/mL was prepared by taking 100 J.!L of bumetanide 

stock solution and adding it to 900 J..lL of blank rat serum. Serial 1 :2 dilutions of the 

highest calibrator in blank rat serum were used to prepare calibration samples with 

concentrations of 12.2, 24.4, 48.8, 97.7, 195.3, 390.6, 78 1.2, 1562.5,3125,6250, 12500, 

25000, 50,000, 100,000, 200,000 and 400,000 ng/ml. The internal standard working 

solution was diluted to 10 J..lg/mL in methanol. 

50 



TTUHSC, Satya Goda, May 2011 

The 1 mg/mL quality control (QC) standard solutions were prepared separately. 

Quality controls were prepared by adding appropriate volumes of stock solutions to blank 

serum. Three QC concentrations of 100, 1000, and 10,000 ng/mL were prepared. 

Calibrators, controls, and buffer standards were freshly prepared before each analysis. 

2.5 Brain slice method 

The brain slice preparation technique was developed by Henry Mcilwain in the 

1950s for biochemical studies of brain tissue (Collingridge 1995) {Figure 2.5). In 1997, 

Kakee et al. applied the approach to study drug distribution in brain (Kakee et a!. 1997) 

and subsequent modifications were made by other groups for steady-state experiments of 

free drug concentration and free fraction (Friden eta!. 2007, Friden eta/. 2009a). The 

brain slice method is an indirect method to measure the unbound fraction of drug in brain. 

From this in vitro measurement of the content of drug in brain divided by that in 

surrounding incubation medium (V u, brain ) , one can estimate unbound drug concentration 

in brain as (total brain concentration) x IN u, brain or (total brain concentration) x free 

fraction (fu = l!Vu, brain). In this method, the integrity of the cellular membranes and 

transporters are maintained, mimicking the physiological intact brain, but there is no 

barrier between the incubation fluid and the brain slice. It is difficult to determine V u, brain 

in vivo because the BBB, in contrast to other organs, restricts distribution of drugs to 

brain. 

The distribution volume (V u, brain) of eH]-bumetanide in brain was determined by 

the in vitro brain slice uptake method. Drug-naive rats were anaesthetized with sodium 
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pentobarbital (Nembutal, 50 mg kg- 1 i.p., Abbott Laboratories, North Chicago, IL, USA). 

The brain was removed immediately and immersed in ice-cold oxygenated pH 7.4 ECF 

buffer (122 mM NaCl, 25 mM NaHC03, 10 mM D-glucose, 3 mM KCl, l.4 mM CaCh, 

1.2 mM MgS04, 0.4 mM K2HP04, 10 mM HEPES). Six 300-J.lm thick coronal slices of 

striatal area were cut using a Mcilwain tissue chopper (Gomshall, Surrey, England). 

Slices were pre-incubated for 5 min in 10 mL of oxygenated extracellular fluid (ECF) 

buffer at 37 oc before being transferred into 15 mL eH]-bumetanide in ECF buffer. 

Slices were then incubated for 6 hr while supplying 95% oxygen and 5% carbon dioxide 

on an orbital shaker at 50 rpm (New Brunswick Scientific, Edison, NJ). At different time 

points (15, 30, 60,120,180, 240, 300, 360 min), the slice (40-60 mg after blotting on both 

sides with filter paper) and 100 JlL of buffer were removed and radioactivity was 

measured using LSC. 

V u, brain was calculated using Equation 1: 

(1) 
vu,brain - c buffer (1 - vi ) 

Where Astice, = Amount of drug in the slice 

Cbuffer, = Concentration of drug in the ECF buffer 

Vi = Adherent water volume 
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Vi was calculated in a separate experiment using [14C]-sucrose by incubating 

brain slices for 1, 2 or 4 min and then plotting Aslicel Cbuffer as a function of time to obtain 

the value at T = 0 by extrapolation. 

2.6 Equilibrium dialysis method 

The equilibrium dialysis method is an indirect method used to measure the free 

fraction of drug in brain or serum (Figure 2.6). Equilibrium dialysis was performed using 

12-14 kDa Spectra-Por 2 dialysis membranes. Membranes were preconditioned in 50% 

alcohol overnight and in 100 mM phosphate buffer for 1 hr before use. Equal volumes 

(150 }!L) of serum or brain homogenate were dialyzed with phosphate buffer (pH 7.4) 

using fast equilibrium dialyzers for 6 hr at 37 oc and at 100 RPM. The collected samples 

were extracted and analyzed using LC-MS/MS as described above. 

To prepare brain homogenates, drug-naive rats were anaesthetized with sodium 

pentobarbital (Nembutal, 50 mg kg- 1 i.p., Abbott Laboratories, North Chicago, IL, USA), 

the brain was removed, 3 volumes of 180 mM phosphate buffer (pH 7.4) was added and 

the brain was homogenized and stored at 4 °C. On the day of the experiment, eHJ

bumetanide was added to the homogenate. Equilibrium dialysis of 150 }!L of homogenate 

and buffer was performed for 6 hours at 37 oc at 100 RPM on an orbital shaker using a 

cut off dialysis membrane of 12-14 kDa Spectra-por 2 (Spectrum Laboratories Inc, CA, 

USA). 
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The equilibrium dialysis method differs from the brain slice method in that in 

brain homogenate no intracellular compartment exists with functional membranes and 

transporters. With organic anions, the Vu, brain determined with brain slice is generally 

lower than that with the homogenate method because of lower partitioning of organic 

anions into the intracellular compartment due to negative membrane potential and active 

efflux from cells. Therefore, in most brain free drug determinations for bumetanide, the 

brain slice method was used. 

2. 7 Xenopus transportocytes 

Xenopus Laevis oocytes (transportocytes) were injected with cRNA of rat OAT3 

or oatp2 and then were used to study transport by these carrier systems. The purpose of 

these experiments was to evaluate whether the transport of bumetanide was mediated by 

OAT3, oatp2, or both. These transportocytes were obtained from a commercial source 

BD Biosciences, NJ, USA. 

Prior to the assay, transportocytes were examined under a low power dissecting 

microscope to confirm viability. Live, healthy transportocytes are spherical with two 

distinct hemispheres. Any transportocytes that did not appear healthy were discarded. 

Water-injected transportocytes were used as negative controls and the compounds 

taurocholic acid (2 ~M) for oatp2 and para-aminohippuric acid (2 ~M) for OA T3 were 

used as positive control transport substrates. Eight to 12 transportocytes were used for 

each data point. The transportocytes were washed three times with 3 mL of room 

temperature Na +buffer, after which 100 ~L of test compound was added and the 
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transportocytes were incubated for 2 hr at room temperature. At the end of the incubation 

time, the solution containing the radioactive compound was removed with a pipette. 

Transportocytes were washed three times with 3 mL of ice-cold Na+buffer and 

subsequently transferred into scintillation vials with one oocyte per vial. The 

transportocytes were lysed by the addition of300 J.lL of 10% SDS buffer to each 

scintillation vial. Scintillation fluid was then added and samples were counted for 

radioactivity. The specific activity of the radiotracer was used to convert disintegrations 

per minute ( dpms) into the number of moles of tracer taken up by the oocytes. 

2.8 Ischemia model 

From previous studies (O'Donnell et al. 2004), bumetanide has been shown to be 

neuroprotective in permenant cerebral ischemia in rats. It is known that the brain 

environment is different in ischemia than in normal brain. Hence, to evaluate the extent 

to which bumetanide gains entrance to ischemic brain, bumetanide distribution studies 

were performed using middle cerebral artery occlusion (MCAO) rats. In this ischemic 

model, rats are given an artificial stroke produced in their brains by surgical interruption 

of blood flow to a defined region of the brain (i.e., middle cerebral artery). It is possible, 

therefore, to study the rate and extent to which bumetanide gains access to brain 

following administration into the blood stream in these ischemic rats. 

Rats were anesthetized with sodium pentobarbital (40-50 mg/kg, i.p.) or 

ketamine/xylazine (90/ 10 mglkg, i.p. or i.m.). Anesthesia was maintained throughout the 

experiments. Body temperature was maintained at 37 °C using a heating pad attached to 
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a monitoring device (YSI Indicating Controller). Once the animal was surgically 

anesthetized, the left femoral artery and vein was cannulated with separate PE- 50 

polyethylene tubing for blood sampling and injection of loop diuretics. The tubing was 

filled with 0.9% NaCl containing 25 IU/mL sodium heparin. Bumetanide was 

administered 20 min prior to onset of cerebral ischemia (stroke and sham surgical control 

animals). 

Focal cerebral ischemia was induced by occlusion of the left middle cerebral 

artery (MCA) (Figure 2.7). Briefly, under an operating microscope, the left common 

carotid artery was exposed through a midline incision. The superior thyroid artery and 

the occipital artery were isolated and coagulated. The external carotid artery was 

dissected and coagulated. The internal carotid artery was isolated and carefully separated 

from the adjacent vagus nerve. The pterygopalatine artery was dissected and ligated. A 

20-mm-long 3.0 monofilament nylon suture with a blunted tip was introduced into the 

external carotid artery lumen through a puncture and then gently advanced into the 

internal carotid artery lumen to block middle cerebral artery (MCA) blood flow (80% 

blood flow is reduced). The nylon suture was tied in place, and then the incision was 

closed. Sham-operated rats were subjected to the same procedures except for 

intravascular filament occlusion. 

Bumetanide was administered intravenously (30 mg/kg in buffered saline - pH 

10.5, ~200 )lUrat) into the femoral vein via bolus injection (t = <10 s) or constant rate 

infusion (<200 )lLihr). Blood samples (~120 J.lL each; n=8 or less) were obtained from 

the femoral artery cannula at various times after drug administration. Samples were 
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processed for serum concentration of diuretic drug at each time point. At the end of the 

distribution period, intra-cardiac wash out was performed for the drug remaining in the 

brain vasculature with 6% dextran (70 kDa) for a brief period of time (15-60 sec) at a 

flow rate of 10-20 mL/min. Cerebrospinal fluid was collected from the cisterna magna 

using a glass pipette. Brain tissue was collected from ischemic and non ischemic areas 

and weighed. Concentrations of drug were determined in all samples using LC-MS/MS 

as described in section 2.6. 

2.9 Statistics 

All the values are means ± SEM unless otherwise noted. One-way analysis of 

variance (ANOVA) was used to determine statistical significance with either Dunnett's 

or Turkey's post hoc test for multiple comparisons (Prism 5, Graph Pad Software, San 

Diego, CA, USA). Regression analysis was performed using Prism 5. 
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Figure 2.1: In situ rat brain perfusion technique 
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This is a very elegant technique to study the transport of free drugs across the BBB in the 

absence of peripheral metabolism and plasma proteins. In this technique we can control 

both the concentration and composition of the perfusate (Smith QR, Pharmaceutical 

Biotech. 8:285-303, 1996) 
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Figure 2.2: Brain efflux index (BEl) method 
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In this technique drug along with a reference tracer is injected into the left cerebrum and 

at appropriate times measured both the drug and reference tracer remaining in the brain. 

Transport inhibitors are either pre-administered or co-administered inorder to test the role 

of efflux transporters (Kakee et al, JPET 283: 1018-1025, 1997). 
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Figure 2.3: Brain pharmacokinetic model 
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Free drug concentration at the site of action is a better predictor of drug activity than the 

total concentration. This free drug concentration is related to the K0 of the transporter 

after administering the bumetanide either by i.v. bolus or infusion. 
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Figure 2.4: Flow diagram ofLC-MS/MS 
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High performance liquid chromatography (HPLC) is attached to a mass spectrometer. 

The solute containing the drug, which is coming from the HPLC, is introduced into the 

electro spray ionization (ESD chamber of the mass spectrometer. The solvent around the 

drug molecule is evaporated and the molecule gets charged due to presence of high 

temperature and voltage. This charged molecule ism detected as m/z by the detector. 

64 



Figure 2.5: Brain tissue slice method 
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In vitro brain slice method was used to measure the free distribution of the drug in the 

brain extraxcellular fluid in the absence of the blood-brain barrier 
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Figure 2.6: Equilibrium dialysis 
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In vitro equilibrium dialysis method was used to measure the free fraction of the drug 

both in the brain homogenate and serum 
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Figure 2.7: Surgical occlusion of middle cerebral artery . 
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Middle cerebral artery occlusion was performed as described in the methods section (EZ 

Longa, et al. Stroke 20:84-911989) 

67 



TTUHSC, Satya Goda, May 2011 

CHAPTER3 

DETERMINATION OF BUMET ANIDE PERMEABILITY AND MECHANISM 

OF UPTAKE ACROSS THE BBB INTO BRAIN 

3.1 Introduction 

Bumetanide (3-butylamino-4-phenoxy-5-sulfamoyl-benzoic acid, Bumex) is a 

potent, high ceiling loop diuretic that closely resembles furosemide in its diuretic action. 

However, on a weight basis, the natriuretic potency ofbumetanide is 40-60 times that of 

furosemide in man. The major site of action ofbumetanide and other loop diuretics is on 

the thick ascending limb of the loop of Henle, where they act as potent inhibitors of the 

NKCC symporter family and function to reduce reabsorption of sodium, chloride and 

water into the circulation (Asbury eta/. 1972, Olesen eta/. 1973, Murdoch & Auld 

1975). Their diuretic action is of benefit in reducing peripheral edema in patients with 

heart failure. Bumetanide has also been shown to reduce intracerebral edema formation 

and infarct volume following cerebral injury, including ischemia, contusion, and diabetic 

ketoacidosis (O'Donnell et al. 2004, Lam et al. 2005, Yan et al. 2001b, Yan et al. 2003, 

Lu et al. 2006). In addition, loop diuretics are used for the management of edema 

secondary to heart failure, hepatic disease or renal disease. 

The structure ofbumetanide is given in Figure 3.1. It is an organic acid with a 

pKa of 4.5 so that at a physiologic pH of7.4, 99% of the drug is charged. It is highly 
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lipophilic with an octanol/water Log P value of3.2. The measured Log D value at pH 7.4 

is 0.14 while the predicted log D value at pH 7.4 is 0.43 using Prolog D and Pallas. 

Bumetanide binds extensively(> 98%) to plasma proteins in serum (Walker et al. 

1989, Turmen et al. 1982). The neuroprotective effect ofbumetanide is observed when 

the drug is either directly administered into the CNS via microdialysis or is injected at 

very high doses into systemic circulation. It is not clear whether the protective effect in 

ischemia comes from inhibiting NKCC 1 symporters at the BBB or by inhibiting the same 

symporter at neuronal and glial membranes. In its beneficial actions in epilepsy, pain, 

excitotoxicity, and other conditions, it would appear necessary that bumetanide needs 

gain access to brain interstitial fluid so that it could act at NKCC at neuronal membranes. 

Under healthy and normoxic conditions, NKCC 1 that is present at the luminal 

side of the BBB generates 30% of the brain interstitial fluid (ISF) and very likely exhibits 

its effect through the abluminal Na+/K+ ATPase and Cr efflux pathways (Cserr et al. 

1986, Keep et al. 1993). As we have discussed in Chapter 1, studies suggest that NKCC1 

present at the neurons, glia and endothelium of the BBB plays an important role in 

cerebral ischemia. Recent studies have also implicated aquaporin-4 (AQP4), the most 

abundant water channel in brain, in the pathogenesis of cerebral edema in a variety of 

brain injuries including ischemic stroke (King & Agre 1996, Manley et al. 2000, Badaut 

et al. 2002, Vajda et al. 2002, Amiry-Moghaddam et al. 2004). Bumetanide selectively 

blocks AQP4 channels both in vitro and in vivo, but at high concentration (> 10 J.!M) 

(Migliati et al. 2009, Migliati et al. 2010). 
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Although there is significant literature studying the role of bumetanide in the 

brain vasculature and its interactions with NKCC 1, little is known about the extent to 

which bumetanide crosses the BBB, and whether it also exhibits effects within the CNS. 

To examine the extent to which bumetanide can cross into brain, we measured the time 

course of eH]-bumetanide uptake into brain using the in situ rat brain perfusion 

technique. The mechanism ofbumetanide transport across the BBB was explored by 

examining the concentration dependence and inhibitor sensitivity of brain eHJ

bumetanide influx. In addition, the influence of plasma protein binding was investigated, 

as bumetanide binds extensively (>97%) to plasma albumin. 

3.2 Materials and method 

3.2.1 Animals 

Adult male Sprague-Dawley (SD) rats, weighing 200-300 g, were purchased from 

the Charles River Laboratories (Wilmington, MA, USA). 

3.2.2 Chemicals 

Bumetanide [N-butyl-1 _3H] (20 Ci/mmol) was purchased from American 

Radiolabeled Chemicals Inc. (St.Louis, MO, USA). Sucrose, [14C (U)] - (498 mCi/mmol) 

was obtained from Moravek Biochemicals, Inc. (California, USA). Unlabeled 

bumetanide, torsemide, and piretanide were acquired from MP Biochemicals, Inc 

(Aurora, OH), USP (Rockville, MD, USA), and Hoechst-Roussel Pharmaceuticals Inc 
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(Somerville, NJ), respectively. Elacridar (GF120918) was a kind gift from 

GlaxoSmithKline (Research Park Triangle, NC). All other drugs and chemicals were 

from Sigma-Aldrich (St.Louis, MO, USA). 

3.2.3 Methods 

The in situ rat brain perfusion technique was discussed in detail in Chapter 2. 

3.2.4 Calculations 

The BBB influx transfer coefficient (Kin) for unidirectional uptake of loop 

diuretics into brain from perfusion fluid was calculated from the exponential two 

compartmental pharmacokinetic model (Smith 1996) by considering that the uptake is 

linear and that there is negligible brain metabolism. With these assumptions, the 

exponential equation simplifies to a linear relationship: 

(1) 

Where Q101 is the total amount ofbumetanide in brain (parenchymal (Qbr) + 

vascular (Qvas)) (expressed in dpm/g or nglg of brain), Cpr is the total perfusate 

concentration ofbumetanide (JlCilmL or J.Lg /mL), Vv is the vascular volume measured 

using radiolabeled sucrose (mLI g), and Tis the perfusion time (sec). The brain space 

V br, which is also steady-state brain/perfusion fluid distribution ratio is equal to Qb!Cpr· 
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In Eq. (1 ), the amount of diuretic in the intra vascular volume (V vCpr) was 

subtracted from Qtot. yielding the parenchymal amount of loop diuretic that crossed the 

BBB. The influx transfer coefficient, Kin can be obtained by rearranging Eq. (1) and 

using the relationship V v = Qvas/Cpr to yield equation (2): 

(2) 

A plot of QtotiCpr measured at different perfusion time points as a function ofT 

yields Kin as the slope of the initial linear portion of the uptake curve, with an intercept of 

the vascular volume V v· 

Kin mainly depends on flow (F), capillary surface area (A), permeability (P) and 

the fraction of drug in the perfusate in the un-ionized and unbound form (f). For a number 

of solutes that do not bind appreciably to plasma proteins, and when the transfer constant 

(Kin) is small relative to the flow (F) (i.e. Kin < 0.2F), Kin equals PSin and the uptake is 

flow independent. If Kin is more than 30% of flow (Kin >0.3F), then uptake will depend on 

both flow and permeability. In this case, the flow of the perfusate must be included. To 

convert Kin to permeability-surface area product (PSin), the Crone-Renkin equation 

(Smith 2003) can be used: 

( 

PS,. J 
Kin =F 1-e F (3) 

Flow can be measured using radiolabeled iodoantipyrine or diazepam. 
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3.2.5. Statistics 

All values are mean ± SEM unless otherwise noted. One-way analysis of variance 

(ANOVA) was used to determine statistical significance with either Dunnett' s or Tukey's 

or Bonferroni's post hoc test for multiple comparisons (Prism 5, Graph Pad Software, 

San Diego, CA, USA). Regression analysis was also performed using Prism. 

3.3 Results 

The purity of eH]-bumetanide was checked using HPLC prior to use, with a 

mobile phase composition of methanol: water (50:50), both containing 0.5% acetic acid 

at a flow rate of 1 mL/min (Smith 1982). A chromatogram of eH]-bumetanide is shown 

in Figure 3.2. The purity was found to be >97%. Tracer was intact over the period of the 

perfusions, as determined by HPLC. 

3.3.1 Time dependent uptake of eH]-bumetanide from saline 

Figure 3.3 illustrates the time dependent uptake of eH]-bumetanide into brain. 

eH]- Bumetanide (0.3 J..I.Ci/mL) along with vascular tracer [ 14C]-sucrose (0.1 J..I.Ci/mL) 

were infused at 5 mL!min in protein-free bicarbonate-buffered saline. eH]-Bumetanide 

uptake was linear up to 60 seconds and then reached a plateau at - 5 minutes. From the 

slope of the initial line, Kin is 1.7 ± 0.2 x 104 mL!s/g, with a steady-state brain/perfusion 

fluid distribution ratio (Vbrain) of0.025 ± 0.002 mL!g. A non-linear fit to all the data was 

also calculated, which validated the choice of time points for the linear uptake period. 

Based upon these data, a 60 second uptake time was used in all subsequent experiments. 
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A vascular volume of0.8 ± 0.02 x 10"2 mL/g was measured with [14C]-sucrose and 

matched with previous results from our laboratory (Takasato et al. 1984). The integrity of 

the BBB was evaluated with vascular markers, either [ 14C]-sucrose or eH]-inulin and the 

values remained constant for control, competitive, and inhibitor experiments. 

We have measured the logDoctanoVsaline of eH]-bumetanide using the octanol: water 

distribution coefficient at pH 7.4. From this value (logDoctanoVsaline= 0.14) we predicted 

the BBB PSin by plotting eHJ-bumetanide BBB log PSin vs. logDoctanovsaline (Figure 3.4). 

The line represents the regression line of the passive diffusion compounds. The 

extrapolated predicted PSin value is 10·2 whereas the measured PSin value is around 104
, 

which is two orders of magnitude less than predicted, suggesting a role of active efflux. 

3.3.2 Regional brain uptake 

There is no statistically significant difference in the distribution of eHJ -

bumetanide among different brain regions (Figure 3.5). Cerebellum is not perfused well 

with in situ rat brain perfusion and therefore was excluded from the data analysis. 

3.3.3 Saturable brain uptake 

We investigated whether bumetanide transport occurs through a saturable 

mechanism by co-perfusing with unlabeled bumetanide (Figure 3.6). Varying 

concentrations of unlabeled bumetanide (20, 100, 1000 J.!M) were added to the perfusion 

fluid and brain PSin values were calculated. Brain eHJ-bumetanide PSin declined by 81% 

when the concentration of unlabeled bumetanide in perfusate was raised to l mM, 

demonstrating self saturation. Best-fit kinetic parameters using the Michaelis-Menten 
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equation resulted in v max (maximal saturable transport rate) = 1.14 X 1 o-J nmol/s/g, Km 

(Michealis-Menten constant) = 7.4 J.LM, and~ (non saturable transport rate) = 3.25 x w-s 

mL/s/g for burnetanide transport across BBB. These results suggest that bumetanide is 

transported by a carrier-mediated transport processes. 

3.3.4 Competition with bumetanide analogues 

Perfusion with burnetanide analogues furosemide, torsemide and piretanide, each 

at a concentration of 100 J.LM demonstrated competitive inhibition of eH]-bumetanide 

uptake (Figure 3. 7). Brain eH]-bumetanide PSin values were significantly reduced by 

other loop diuretic analogues with structural similarities to bumetanide. 

3.3.5 Brain uptake in presence of transport substrate inhibitors 

The roles of different transport processes were evaluated using transport 

substrates/inhibitors added to the perfusion fluid (Figure 3.8). Addition of the combined 

P-gp/BCRP inhibitor GF120918 also called elacridar (2 J.LM) did not significantly 

increase BBB eH]-bumetanide PSin, (P>0.05), suggesting that P-gp and BCRP do not 

have significant roles in limiting bumetanide transport into brain. In contrast, addition of 

anion transport inhibitors i.e. indomethacin (1 mM), an MRP inhibitor, and probenecid (1 

mM), an inhibitor ofMRP and oatp, significantly reduced the eH]-bumetanide PSin 

values (P<0.05). A similar effect was seen with addition of digoxin ( 10 J.LM), a 

preferential inhibitor of Oatp2, which lowered brain eH]-bumetanide PSin by 76% (p < 

0.05), suggesting that brain bumetanide uptake is mediated by an organic anion 

transporting polypeptide, possibly Oatp2. 
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3.3.6 Influence of plasma protein binding on brain uptake of bumetanide 

Previous studies have shown that bumetanide binds extensively (97%) to plasma 

proteins i.e. albumin (Walker et al. 1989). Therefore, we assessed the influence of plasma 

protein binding on eHJ-bumetanide brain uptake in the presence of varying 

concentrations of bovine serum albumin (BSA, 0.027 and 0.27%). Figure 3.9 illustrates 

the effect ofBSA on brain uptake ofeHJ-bumetanide. As albumin concentration was 

increased, both Kin and the free fraction of drug in the perfusate fell in direct proportion 

to the reduction of the free concentration of drug in the perfusate. These data suggest that 

in addition to BBB transport, protein binding also plays a major role in restricting 

bumetanide distribution to the parenchymal brain. 

3.4 Discussion 

The present study demonstrates that bumetanide shows limited uptake into brain 

across the BBB. Based on the lipophilicity ofbumetanide, we predicted that bumetanide 

would get into brain to a similar extent as a vascular flow marker, such as antipyrine or 

water. In reality, the measured uptake is 1 00 times less than that predicted from 

lipophilicity alone. There are many possible reasons for poor drug uptake across the BBB 

i.e. active efflux, low passive distribution, brain metabolism, and/or plasma protein 

binding. We tested whether the low eHJ-bumetanide uptake is due to parenchymal 

distribution or simply endothelial binding by wash-out studies using drug-free 

bicarbonate saline immediately after perfusion with drug. The results suggest that low 

permeability of bumetanide is due to parenchymal distribution. 
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Transport of eH]-bumetanide across the BBB into brain was partly saturable over 

the concentration range tested (Km =7.4 ).1M, Vmax =1.14 x 10-3 nmol/s/g and KJ =3.25 x 

10-5 mL/s/g). The ratio ofV max!Km at pH 7.4 is estimated to be 0.154 )lU s/g brain, which 

is 4.7-fold greater than the value ofl«J (3 .25 x 10-2 )lUs/g brain), and constitutes 

approximately 83% (V max1Km) of the total transport (V max1Km + l«J). The remaining 17% 

ofl«J can be attributed to a non-saturable process. Our results suggest that saturable 

uptake of eH]-bumetanide is in agreement with saturable eH]-bumetanide binding in 

vascular endothelial cells (O'Donnell 1989). It is also in agreement with renal saturable 

bumetanide uptake by mouse OAT2 (Km = 9.12 ± 2.42 J.lM) and OAT3 (Km= 1.01 ± 0.27 

J.lM) (Kobayashi et al. 2005) and human OAT2 and OAT3 (Hasannejad et al. 2004). In 

our studies, uptake was competitively reduced with the bumetanide analogues 

furosemide, torsemide and piretanide. The existence of saturable influx and competitive 

inhibition suggest that at least part of the BBB bumetanide uptake is via carrier mediated 

transport processes. 

Bumetanide is an organic anion and when dissolved in perfusion fluid buffer at 

pH 7.4, 99% of the drug is ionized. Generally, only un-ionized drug crosses the BBB by 

passive diffusion. Additionally, an abundance of influx and efflux transporters are present 

at the luminal and abluminal sides of the BBB (Kusuhara & Sugiyama 2005). Our 

findings led us to consider that bumetanide may be a substrate for some of these 

transporters. Our studies demonstrate that brain eH]-bumetanide uptake was not 

increased by the potent P-gp/BCRP inhibitor (elacridar) GF120918 (2 J.1M) suggesting 
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that both of these critical BBB transporters play little role if any in limiting bumetanide 

distribution to brain. 

Several members of the oatp family mediate bidirectional transport of organic 

solutes at the BBB (Kusuhara & Sugiyama 2005). Reduction in the uptake ofbumetanide 

with 1 mM probenecid (i.e., inhibitor of0AT3, oatp, and MRP) suggests that there might 

be an oatp influx transporter involved in the influx ofbumetanide across the BBB 

because OAT3 and members of the MRP family transport solutes out of the brain, and 

therefore their contributions to saturable influx would be expected to be small. 

Bumetanide uptake was reduced in the presence of 1 mM indomethacin suggesting that 

both oatp 1 and oatp2 might be involved in bumetanide brain uptake (Shitara eta/. 2002). 

Oatp2 protein has been detected in rat liver hepatocytes, brain capillary 

endothelial cells (i.e., BBB), and the choroid plexus (Gao et al. 1999, Kakyo eta/. 1999, 

Reichel et a/. 1999), suggesting that it may play an important role in the disposition of 

some drugs. Oatp2 has broad substrate specificity and is able to transport anionic 

compounds such as bile salts, estrone-3-sulfate (Et S), DHEAS, ouabain, and the oatp2-

specific substrate digoxin (Reichel et al. 1999). 

Administration of digoxin, a preferential inhibitor of oatp2, at 10 J..i.M 

significantly reduced the uptake of eH]-bumetanide by >75%. It has been reported, from 

saturation kinetics, that digoxin has an apparent Km of::::: 0.24 J..i.M for oatp2-mediated 

uptake (Noe et a/. 1997). At 10 J..i.M, digoxin would be expected to almost completely 

inhibit oatp2-mediated transport, further suggesting that digoxin is a selective inhibitor of 
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oatp2 (Shitara et al. 2002). Our results show decreased bumetanide transport with 

concomitant digoxin administration, suggesting that there might be oatp involvement in 

the transport ofbumetanide across the BBB. Oatp2-mediated uptake is more commonly 

observed in P-gp knock-out mice and is characterized by digoxin, verapamil, and 

fexofenadine (Dagenais et a/. 2001 ). The fact that oatp2 is expressed both in the luminal 

and abluminal membranes suggests the possibility that oatp2 mediates the uptake and/or 

subsequent efflux process in the transcellular transport across the BBB (Ose eta/. 201 0). 

It is possible that there are multiple transport mechanisms, including unidentified 

transporters involved in the transport ofbumetanide into brain. More inhibitors and drug 

concentration studies are necessary to further unravel the roles of influx and efflux 

components. 

Protein binding characteristics of a drug can play a significant role in its 

distribution and can also influence both its therapeutic and toxic effects. Evaluation of 

protein binding is important in assessing the benefits and risks of drug therapy. 

Bumetanide is highly (approximately 98-99%) bound to plasma proteins in human serum 

(Walker et al. 1989, Turmen et al. 1982), therefore, plasma protein binding plays a major 

role in restricting the brain uptake of bumetanide. Addition of different concentrations of 

albumin to the perfusion fluid caused brain bumetanide uptake Kin to fall in accordance 

with the decrease in measured free fraction. These results correlate with a separate study 

of the NSAIDs ibuprofen, flurbiprofen and indomethacin, which showed that K in and free 

fraction decreased as the albumin concentration increased (Parepally eta/. 2006). 
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3.5 Conclusions 

Our results suggest that free bumetanide uptake into brain is very low and is 

further limited by plasma protein binding, which reduces the free drug in serum to :::; 2%. 

Bumetanide uptake is mediated by a saturable influx transporter and it is transported by 

an organic anion transporting polypeptide ( oatp ), possibly oatp2. The involvement of 

transporters or carriers must be taken into account when targeting therapeutic drugs to 

brain. Further exploration of the exact functional role, directionality of transport, and 

structure/activity relationships of oatp2 in bumetanide transport under physiological and 

pathological conditions is important for a better understanding of the gate keeping 

functions of these transporters at the strategic location between blood and brain 

compartments. 
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Figure 3.1: Structure ofbumetanide 

Molecular formula: C ,1H2oN20sS 

Molecular Weight: 364.42 g/mol 
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Figure 3.2: Typical HPLC chromatogram of eHJ-bumetanide 
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The purity of the tracer was evaluated by HPLC. The tracer was found to be intact 

throughout the experiments. 
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Figure 3.3 Time dependent uptake ofeH]-bumetanide from protein-free saline. 
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Data represent mean± SEM (N = 3-6 per time point). Brain eH]-bumetanide content was 

corrected for residual intravascular tracer using [14C]-sucrose. Linear regression of 

bumetanide brain space versus time (red line) in the linear portion of the curve (up to 60 

sec) yields Kin and Vbrain (slope and intercept, respectively). The blue line is the non-

linear regression fit to all time points. 
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Figure 3.4 Relationship ofBBB log PSin vs. log Doctanovsatine at pH 7.4 for eH]
bumetanide. 
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Figure 3.5: Regional brain distribution of eH]-bumetanide during in situ brain perfusion 
with bicarbonate saline. 
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Data represent mean ± SEM (N = 6). Statistical significance was determined using 

ANOVA with Bonferroni's post hoc test (P>0.05) for all well-perfused regions. 
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Figure 3.6: Self saturation ofbrain eH]-bumetanide uptake 
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Increasing concentrations of unlabeled bumetanide were perfused with eH]-bumetanide. 

Control represents uptake of eH]-bumetanide in the absence of unlabeled bumetanide. 

Values represent mean± SEM (N = 3-4); *P <0.05 (one-way ANOVA and then Dunnett's 

multiple comparison test for PSin)· 
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Figure 3.7: Competition by other loop diuretic analogues: 
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100 11M each of furosemide, torsemide, and piretanide were perfused. A significant 

decrease in uptake was found for all three analogues relative to control. Data represent 

mean ± SEM (N = 3-6); *P < 0.05, **P < 0.01 (one-way ANOVA and then Dunnett's 

multiple comparison test for PSin)· 
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Figure 3.8: Role of inhibitors on the uptake ofeHJ-bumetanide 

The effect of various concentrations of different inhibitors was evaluated by adding them 

to the perfusion fluid. A significant decrease in uptake was found for probenecid, 

indomethacin, and digoxin. Data represent mean± SEM (N = 3-6); **P < 0.01 (one-way 

ANOVA and then Dunnett's multiple comparison test for PSin). 
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Figure 3.9: Effect of plasma protein binding on eH]-bumetanide uptake 
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CHAPTER4 

QUANTIFICATION OF LOOP DIURETIC PERMEABILITY AT THE BBB BY 

IN SITU PERFUSION AND LIQUID CHROMATOGRAPHY- TANDEM MASS 

SPECTROMETRY 

4.1. Introduction 

We have shown in the previous chapter that the BBB PSin to eH]-bumetanide is 

low (1.7 ± 0.2 X 104 mL/s/g); 2 orders of magnitude less than that predicted by its lipid 

solubility (Log D = 0.14). Bumetanide may be limited in its brain penetration by active 

efflux transport. It is known to be a substrate of several active efflux transporters (e.g., 

OAT 1 & 3, MRP4, and MCT6), some of which are expressed at the BBB (Hasegawa et 

al. 2007, Murakami eta!. 2005, Uchida et al. 2007). Other loop diuretics such as 

piretanide, torsemide and furosemide have the same mechanism of action as bumetanide, 

namely inhibition of the luminal NKCC co-transporter of the thick ascending limb of 

Henle's loop (Wittner et al. 1987). Loop diuretics have no NKCC1/NKCC2 selectivity 

and all these drugs inhibited the NKCC1/NKCC2 with same potency (Hannaert et al. 

2002). Based on the lipophilic nature of these compounds (Table 4.1), we would predict 

that they would cross the blood-brain barrier (BBB) easily and also might show 

neuroprotective effects. Each of these compounds differs in structure from bumetanide 

and may evade the efflux transporters of the BBB. In addition, we know that compounds 

containing an acid group do not cross the BBB well. Torsemide, which is the only one of 
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the three diuretics that does not have a carboxylic acid moiety, might be expected to cross 

the barrier better than the others. However, to our knowledge, there is no literature 

available examining the extent to which these loop diuretics cross the BBB. 

In Chapter 3, bumetanide was quantitated in brain using radiolabeled compound, 

which allowed for sensitive detection of low drug levels in brain. However radio labeled 

furosemide, torsemide and piretanide are not commercially available. The sensitivity of 

HPLC with UV or fluorescence detection is not sufficient to measure the expected low 

levels of these loop diuretics in the brain. Although numerous LC-MS/MS assays have 

been reported for the measurement of diuretics in urine and plasma (Deventer et al. 2002, 

Zhang et a!. 2008, Thieme et al. 2001, Politi et a!. 2007), to our knowledge, there is no 

published method for measuring loop diuretics at very low concentrations in brain. 

Therefore, the purpose of this study was to 

• Develop and validate a novel LC-MS/MS method for the quantification of loop 

diuretics in brain, which could also be used with blood, serum, and CSF. 

• Use this method and in situ brain perfusion to evaluate the ability of several loop 

diuretics, including furosemide, piretanide, and torsemide, to cross the BBB. 

Loop diuretics, especially bumetanide, have been used in treating various diseases 

other than ischemia, such as epilepsy, glioma, and pain (Brandt et al. 2010, Haas & 

Sontheimer 2010, Kahle et al. 2009a, Hasbargen et al. 201 0). A sensitive, selective and 

rapid LC/MS-MS method could easily be adapted for measuring these diuretics in other 
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media such as blood, serum and CSF and might find utility in preclinical and clinical 

studies. 

4.2 Materials and methods: 

4.2.1 Chemicals 

Bumetanide was purchased from MP Biochemicals, Inc (Aurora, OH), piretanide 

was purchased from Hoechst-Roussel Pharmaceuticals Inc (Somerville, NJ), furosemide 

was purchased from Sigma-Aldrich (St. Louis, MO, USA) and torsemide was purchased 

from USP (Rockville, MD, USA). Captiva NDLipids filtration apparatus was purchased 

from Varian, Inc., (Lake Forest, CA, USA). Acetonitrile and methanol were purchased 

from Fisher Scientific (Fair Lawn, NJ) and are ofHPLC or LC-MS grade. 

4.2.2 Methods 

LC-MS/MS instrumentation, linearity and validation are explained in detail in 

Chapter 2. 

4.2.3 Calculations 

The calculations used to obtain Kin and PSin for uptake of loop diuretics into brain 

from perfusion fluid are described in detail in Chapters 2 & 3. 

107 



TTUHSC, Satya Goda, May 2011 

The presence of drug in the brain vasculature must be considered when 

concentrations are measured in whole-brain homogenates. A significant part of the drug 

found in brain homogenates may come from this vascular contamination, especially for 

any drug with poor brain distribution. Therefore, a correction must be applied in order to 

assess accurately the penetration of the drug into the brain (Khor eta/. 1991). In our 

experiments, a vascular volume of 0.8% that was measured from our previous 

experiments with [14C]-sucrose was subtracted from total diuretic uptake into brain to 

determine the amount of loop diuretic in the parenchyma. 

4.2.4 Statistics 

All values are mean± SEM unless otherwise noted. One-way analysis of variance 

(ANOV A) was used to determine statistical significance with either Dunnet's or 

Bonferroni 's post hoc test for multiple comparisons (Prism 5, GraphPad Software, San 

Diego, CA, USA). Regression analysis was also performed using Prism. 

4.3 Results and discussion 

4.3.1 Method optimization 

Liquid-liquid extraction was investigated for processing homogenized samples, 

since it is a simpler and often faster procedure than the commonly used solid phase 

extraction (SPE) for separation of compounds from brain matrix. Liquid-liquid extraction 

solvents tert-butyl methyl ether and ethyl acetate gave poor recoveries. Instead, we found 

that protein precipitation with methanol followed by filtration through Captiva NDLipidS. 
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gave reproducible recoveries of more than 80%. Phospholipid carry-over is one of the 

main problems in LC-MS/MS bioanalysis when using protein precipitation as the sample 

preparation technique. The new Captiva NDLipids filtration unit is designed to efficiently 

remove phospholipids, protein and surfactant interferences from biofluids, which helps 

avoid fouling of the mass spectrometer and ion suppression from phospholipids. 

An electro spray ionization interface (ESI) was used for ion generation. A Q l full 

scan of each analyte was acquired in both positive and negative mode with constant 

infusion at 90 ~-tLimin of each analyte dissolved in methanol at 1 Jlg/mL. Parent 

compounds were identified from total ion counts (TIC) over the range ofrnlz 100-500. 

The software optimization program was used to find product ions and optimize mass 

spectrometer parameters. A unique ion pair (precursor and product ion) was identified for 

each compound. The signal-to-noise ratio for determining the limit of detection and 

quantification was determined by integrating noise peaks at or near the retention time of 

the analytes in an extracted blank brain sample. The area of analyte peaks was compared 

to the area of these noise peaks to determine sensitivity. Greatest sensitivity was found in 

positive ion mode for bumetanide, piretanide and torsemide, while for furosemide the 

negative ion mode was more sensitive (Sora eta!. 2010, Abdel-Hamid 2000). The 

protonated form of the analyte molecules [M+H] +were monitored at rnlz 365.4, 363.4, 

349.4 for bumetanide, piretanide, torsemide respectively, and for furosemide, the 

deprotonated form [M-H]- was monitored at rnlz 329.7. Similarly, the most abundant 

product ion of each analyte was selected for observation in the multiple reaction 

monitoring (MRM) scan, but when there were two significant product ion transitions, the 
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second transition was also monitored for confirmation. Table 4.2 gives the selected mass 

transitions for quantitative analysis. 

!socratic mobile phase flow was used for bumetanide and piretanide analysis, 

while gradient elution was necessary for torsemide and furosemide analysis because of 

some interference with residual phospholipids. All analytes and the internal standard had 

retention times of less than 7.5 min and the total assay run time was 8 min including the 

solvent equilibration time. Figure 4.4 shows representative chromatograms for blank and 

perfused brains of each analyte with respective internal standards. 

4.3.2 Assay performance 

For all analytes, good linearity in the calibration curves was achieved with 

correlation coefficients, R2 > 0.987. Figure 4.3 depicts calibration curves for each 

analyte. For bumetanide, piretanide, torsemide and furosemide, the assay allowed 

quantification in the range of 10 to 1000 ng/g. The lower limit of quantification for each 

analyte was defined as the lowest concentration on the calibration curve with the signal

to noise ratio (SIN) > 10. The upper limit of quantification was defined as the highest 

concentration on the calibration curve. Precision and accuracy for each analyte are 

summarized in Table 4.4. The mean accuracy ranged from 84.4 to 119.9% and the intra

day and inter-day precision was between 0.3- 15.5% and 3.3- 14.8%, respectively. 

Table 4.5 presents the summarized data for absolute recovery, relative recovery and 

matrix effect. There was no significant interference detected from the brain tissue with 

the internal standards. Relative recoveries ranged from 73.6-113.6%, absolute recoveries 
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ranged from 71.7-119.1%, and matrix effect assessments ranged from 88.8-119.9% for 

all of the analytes. The high relative recovery suggests a good extraction efficiency of the 

protein precipitation method for all analytes and the internal standards. Similarly, 

percentage values for absolute recovery and matrix effect assessment were relatively high 

for all analytes. 

4.3.3 Application of the method 

Permeability-surface area products (PSin) for free (unbound) bumetanide, 

piretanide, torsemide and furosemide were calculated from their measured concentrations 

in brain, corrected for vascular volume (see Chapter 3 for a discussion of the 

calculations). The PSin values obtained for all four diuretics were low, as shown in Table 

4.2. Even torsemide, which does not contain an acid group (Figure 4.1) showed uptake 

that was no better than bumetanide (P>0.05). The PSin value of CH]-bumetanide uptake 

found in Chapter 3 were slightly higher than what was found by the LC-MS/MS method 

(1.7 ± 0.2 X 10-4 mL/s/g vs. 9.5 ± 1.9 X w-5 mL/s/g). This difference is primarily due to 

differences in perfusion concentrations. eHJ-Bumetanide was perfused at nano molar 

(nM) levels whereas bumetanide in the LC-MS/MS experiments was perfused at micro 

molar (13.7 JlM) levels, which is in the saturable zone. Back-calculation of the PSin 

values to what they would be at nanomolar levels gives similar results to the radio

labeled experiments (self saturation at 20 JlM concentration, PSin value 7.4 ± 0.6 x 10-
5 

mL!s/g ). 
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The PSin values were 2:: 2 orders of magnitude less than those predicted for passive 

permeation based upon solute lipophilicity (Log D), suggesting that active efflux 

transport may play a role in limiting brain uptake. The results shown in Figure 4.2 imply 

that brain uptake of the four loop diuretics was uniformly low, even for torsemide that 

does not contain an acid moiety. All these drugs fall well below the passive diffusion 

line, indicating that they are likely substrates for active efflux transporters. These drugs 

also bind >97% to plasma proteins and thus fractional uptake is significantly lower from 

albumin-containing perfusate (P<O.OOI). As we found in Chapter 3, raising the perfusate

free bumetanide concentration by - 2 orders of magnitude was not associated with 

increased BBB PSin, suggesting that transport efflux was not saturated over this range. 

4.4 Conclusions 

An accurate, sensitive, and reliable LC-MS/MS method was developed and 

validated to quantify loop diuretics in rat brain. The results demonstrate that loop 

diuretics have only a limited ability to cross the normal BBB and that uptake is restricted 

in part by plasma protein binding and active efflux transport at the BBB. Such transport 

may be compromised in cerebral ischemia, allowing drug access to the nervous system. 
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Table 4.1: Log P and Log D values of loop diuretics 

Analyte LogP LogD 

Btnnetanide 2.86 0.14 

Piretanide 1.82 -0.94 

Torseinide 3.54 0.59 

Furosemide 1.96 -0.95 
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Table 4.2: LC-MS/MS method optimized conditions 

Compound Bumetanlde Plretanlde Torsemlde Furosemide 

Molecular Weight 364.4 362.4 348.4 330.7 

Selected Jon pairs mlz 365-240(Pos) 363- 236 (Pos) 349-264 (Pos) 329- 284 (Neg) 

Capillary Voltage M 60 68 48 -60 

Collision energy M 11 21 13 19 

Dwell Time (Sec) 0.25 0.25 0.25 0.25 
-----·---~ 
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Table 4.3: Permeability surface area product (PSin) values of loop diuretics 

Analyte Perfusate Cone. PStn (mUs/g) 

Bumetanide 5 f.lg/mL 9.5 ± 1.9 x 10·5 

Pil·etanide 5 f.lg/mL 10.8 ± 0.1 X 10·5 

Torsemide 5 f.lg/mL 9.0 ± 1.0 X 10-5 

Furosemide 5pg/mL 3.8 ± 0.9 X 10·5 
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Table 4.4: Intra and inter day accuracy and precision of loop diuretics in brain tissue 

Analyte Nominal Accuracy (%) Intra-day Inter-day 
Concentration precision precision 
(ng/g) Day 1 Day2 Day3 (% CV) (%CV) 

Bumetanide 10 104.9 100.3 114.9 0.3 14.8 
75 89.3 102.5 88.0 2.4 9.3 
125 91 .7 102.2 86.8 2.2 8.8 
300 113.8 102.4 87.1 2.3 9.7 

10 85.9 91.5 84.4 15.5 14.8 
Piretanide 

75 114.5 110.1 107.6 6.4 9.6 

125 106.6 104.9 106.9 8.2 5.8 

300 98.2 94.7 102.6 2.2 3.3 

10 108.3 96.9 119.5 3.1 9.0 
Torsemide 75 106.5 109.5 109.2 8.6 7.7 

125 87.1 104.8 89.0 4.6 10.6 

300 99.7 113.3 92.3 11.7 6.8 

10 88.8 108.4 108.3 2.1 9.4 
Furosemide 75 113.1 100.8 94.8 8.2 5.9 

125 103.9 99.2 112.6 2.2 5.2 
300 106.5 95.8 101.5 10.0 4.0 
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Table 4.5: Recovery and matrix effect ofloop diuretics in brain tissue 

Analyte Relative recovery (%) Absolute recovery (%) Matrix effect (%) 
-

Bumetanide 101.5-106 95.9-119.1 94.4 -118.8 

Piretanide 93.7-95.8 97.9-106.8 102.6 -114.1 

Torsemide 73.6-80.8 71.7-83.1 88.8 -106.3 

Furosemide 91.1 -113.6 104.2-110.6 91.7 -119.9 
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Figure 4.1 : Molecular structures, formulae, and weights for (A) bumetanide, (B) 
piretanide, (C) furosemide, and (D) torsemide. 
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Figure 4.2: Relationship ofBBB log P Sin vs. log D octanoVsaline at pH 7.4 for loop diuretics. 
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Loop diuretics fall below the line predicting permeability based on liphophilicity, 

indicating the possibility of a mechanism that inhibits uptake. 

121 



TTUHSC, Satya Goda, May 2011 

Figure 4.3: Calibration curves for (A) bumetanide, (B) piretanide, (C) furosemide, and 
(D) torsemide. 
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Figure 4.4 A Blank brain chromatogram 
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Representative chromatograms of 1: blank rat brain monitored at 1: rnlz transitions for 

bumetanide and piretanide, and 2: rnlz transitions for furosemide and torsemide 
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Figure 4.4 B Perfused rat brain chromatograms ofloop diuretics 
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Representative chromatograms of rat brain perfused at a concentration of 5 J.!g/mL with 

1: bumetanide (piretanide internal standard), 2: piretanide (bumetanide internal standard), 

3: torsemide (furosemide internal standard), and 4: furosemide (torsemide internal 

standard) 
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CHAPTERS 

DETERMINATION OF FREE SERUM, BRAIN AND CSF CONCENTRATIONS 

OF BUMET ANIDE AND THEIR RELATIONSHIP TO THE Kn OF THE NKCCl 

TRANSPORTER 

5.1 Introduction 

Loop diuretics are of interest as potential therapeutic agents for the treatment of 

multiple CNS disorders, including brain edema, ischemia, epilepsy, and chronic 

neuropathic pain (Yan et al. 2003, O'Donnell et al. 2004, Kahle et al. 2009b, Simard et al. 

2009, Brandt et al. 2010, Migliati et al. 2010, Hasbargen et al. 2010, Lam et al. 2005, Liu 

et al. 2010). In Chapters 3 and 4 of this dissertation, BBB permeability to bumetanide and 

other common loop diuretics was determined and found to be low (BBB PSin = 1-2 x I 04 

mL/s/g), potentially limiting brain delivery and efficacy. The BBB PSin value may be 

low because of active efflux transport. 

Brain penetration is essential for compounds where the site of action is within the 

CNS. In pharmaceutical research, several parameters have been used to assess the ability 

of a compound to gain access to brain and reach therapeutic concentrations within the 

CNS (Hammarlund-Udenaes et al. 2008). This includes the brain-to-plasma 

concentration ratio (Kp), the% dose to brain, and the BBB PSin or Kin (Pardridge 2003, 

Abbott et al. 2008, Liu et al. 2008, Reichel2009, Jeffrey & Summerfield 2010). 

However, each of these has drawbacks and provides only a partial picture of the overall 

ability of a compound to distribute effectively and reach therapeutic concentrations in 
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brain. For example, both brain Kp and BBB PSin are biased toward lipophilic compounds 

which partition readily in lipid membranes (high BBB PS) and accumulate to greater 

extent in brain parenchyma due to nonspecific lipid and protein binding (Summerfield et 

al. 2006, Summerfield eta/. 2007, Wan et al. 2007, Lanevskij et a/. 20 11, Friden et al. 

2009a). Extensive modeling studies have been performed to identify the structural and 

physiochemical properties of a drug for good BBB penetration (Pajouhesh & Lenz 2005, 

Mehdipour & Hamidi 2009, Nienaber 2009). 

In pharmacology, a common thinking is that the free drug concentration at the site 

of action is a better predictor of drug activity than the total concentration (Hammarlund

Udenaes 2009, Jeffrey & Summerfield 2010). For CNS drugs that mediate their actions 

through plasma membrane transporters, like NKCC 1, this translates into the free drug 

concentration in brain interstitial fluid (Liu & Chen 2005). Free brain concentration can 

then be compared with the affinity of the drug for its receptor, expressed as the 

equilibrium Ko , or with other measures of drug activity (i.e., ECso or minimal effective 

concentration) (de Lange et al. 2005, Kalvass et al. 2007b, Liu et al. 2009, Watson et al. 

2009, Alavijeh & Palmer 2010). 

For assessment ofbumetanide distribution and activity within the CNS, it would 

be appropriate to evaluate unbound bumetanide concentrations in brain, as well as brain 

total concentration, as bumetanide is known to bind significantly to proteins. Therefore, 

we measured the time course of free and total bumetanide concentrations in serum and 

brain, at various times after i.v. administration to rats to assess the ability ofbumetanide 

to reach therapeutic concentrations within the CNS. Measured brain free drug 
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concentrations were then compared to reported NKCC 1 binding Ko or Ki values of 

bumetanide in rats (Basal= 2-5 J.!M; Activated= 0.334 JJ.M) (Keep et al. 1994, Vigne et 

al. 1994, Hannaert et al. 2002). In addition, the integrated or steady-state brain-to-serum 

free bumetanide concentration ratio, defined as Kp,uu = (Cu, brain)/ (Cu,ptasma), was 

determined as an index of the role of the BBB in limiting bumetanide distribution to 

CNS. The Kp,uu provides a quantitative estimate of the role of BBB in influencing brain 

drug bioavailability (Hammarlund-Udenaes et al. 2008, Reichel2009). For example, if a 

drug distributes passively between serum and brain interstitial fluid, then one would 

expect the free drug concentrations in the two fluid to be more-or-less equal at steady 

state, with a Kp,uu of ~ 1. In contrast, if free drug concentration in brain interstitial fluid 

is much less than serum (i.e., Kp, uu is<< 1) at steady state, this would suggest a 

significant role of active efflux transport or net metabolism in limiting brain 

equilibration. In contrast, if free drug concentration in brain interstitial fluid markedly 

exceeds that in serum (Kp,uu is > > 1) this would suggest active influx transport or net drug 

synthesis in brain (Hammarlund-Udenaes et al. 2008, Hammarlund-Udenaes 2009). 

Microdialysis has been the reference method for determination of free drug 

concentration in brain in pharmacokinetic studies in vivo (Brunner & Langer 2006). 

However, microdialysis is difficult to use with some highly lipophilic drugs where non

specific binding of the drug to microdialysis tubing limits drug recovery and quantitation 

(Cameheim & Stahle 1991, Lindberger eta/. 2002). Further, microdialysis can be quite 

time-consuming. Therefore, additional methods have been sought which can be applied 

to high scale drug discovery and development. 
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One approach has been to measure the free fraction of drug in brain tissue 

homogenates or tissue sections in vitro. The homogenate method was developed by 

Kalvass and Maurer in 2002 and is based on equilibrium dialysis between free drug 

solution and brain tissue homogenate (Kalvass & Maurer 2002). The method measures 

the free fraction of drug in brain (fu, brain) which then can be applied to brain total 

concentration (Qbr) to calculate the brain free concentration (Cu, brain= Qbr x fu, brain). 

Since its introduction in 2002, the brain homogenate method has been tested and used in 

a large range of studies examining the drug distribution in brain tissue (Maurer et a/. 

2005, Summerfield et al. 2006, Summerfield et al. 2007, Wan et al. 2007, Kalvass et al. 

2007a, Longhi et al. 2011). However, one weakness of the homogenate approach is that it 

ignores difference in drug distribution within brain based upon cellular 

compartmentation. With the homogenate method, cell membranes are broken and 

distribution differences within tissues based upon active transport, pH, or membrane 

potential are lost. Therefore, an alternative approach was sought that would retain these 

elements. The brain tissue slice method was initially tested by Becker and Liu in 2006, 

and then brought to full implementation by Friden and collaegaues in 2007-2011 (Friden 

et al. 2007, Friden et a/. 2009b, Becker & Liu 2006, Friden et al. 2009a, Friden et al. 

2010, Friden et a/. 2011 ). With the tissue slice method, the equilibrium distribution of 

drug is measured between brain tissue slice (Qbr) and free drug in incubation medium (Cu, 

brain). From this, a volume of distribution is calculated based upon the free drug 

concentration of the extracellular bathing fluid (V u, brain= Qbrl Cu. brain). The slice method 

better preserves heterogeneity of drug compartmentation within tissue and cells based 

upon active transport, pH, and membrane potential (Friden et al. 2009a, Friden et al. 
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2009b, Friden et al. 2010, Friden et al. 2011 ). With measured V u,brain, brain total drug 

measurements can be converted to free drug concentrations in brain interstitial fluid [Cu, 

brain= Qbr x (1Nu, brain), with the assumption of rapid intracellular distribution based upon 

large brain cell surface area (Pardridge 2005). These newer approaches offer alternative 

methods for assessment of free drug concentration in brain, which can then be related to 

drug action. 

The validity of free brain interstitial fluid concentration estimates can be tested 

semiquantitatively through comparison with CSF concentrations (CcsF) as CSF is in 

direct free communication with brain interstitial fluid and contains very low 

concentration of cells or proteins. CcsF has been evaluated in a number of studies as an 

indirect estimate of Cu. brain at steady state (Liu eta/. 2006, Shen eta/. 2004, Friden et al. 

2009b). For many drugs, it has been found to provide a good approximation (±2-3 fold) 

(Liu et al. 2006, Lin 2008, Shen et al. 2004). In some instances, it differs due to 

prominent BCSFB active efflux or influx transport. Further, in some instances, CcsF will 

underestimate Cu, brain due to the CSF sink effect, which is caused by the bulk flow of 

CSF out ofbrain into the venous system (Saunders eta/. 1999). However, the BBB PSin 

for bumetanide ( ~ 1. 7 x 104 mL/s/ g) exceeds the cutoff BBB PSin for sink effect ( < 3 x 

w-s mL/s/g) by >5 fold. Hence, CcsF can provide a helpful double check or confirmation 

of Cu, brain at steady state. 

Prior pharmacokinetic studies in rodents have demonstrated that bumetanide has a 

short plasma halflife (t112; 0.3 - 1.0 hr) and binds extensively to plasma proteins (>97%) 

(Robertson & Karp 1986, Lee eta/. 1994, Kim & Lee 2001). Tissue distribution, 
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measured as the tissue/plasma concentration ratio, is high in kidney (17), and liver (3) 

and lower in heart, lung, muscle, and fat (0.1 0-0.20). Little information exists on the 

brain distribution ofbumetanide or other diuretic drugs. Brandt et al. (2010), in a recent 

study, reported brain/plasma distribution values of 0.017 and 0.175 at 30 and 60 min, 

respectively after i. v bumetanide administration in rats. Measured brain bumetanide 

concentrations were close to the limit of the HPLC assay. From the short time interval of 

the study, it was unclear ifbumetanide was substantially taken up and sequestered in 

brain, and no information was given on whether brain bumetanide distribution changed 

under conditions brain injury or ischemia. 

From previous studies, bumetanide has been shown to exhibit positive 

neuroprotective actions in rats at i. v. doses as low as 7.6 mg/kg to as high as 30.4 mg/kg 

(O'Donnell et al. 2004, Lam et al. 2005, Brandt et al. 2010, Migliati et al. 2010, Liu et al. 

2010). Therefore, in this paper, we selected two bumetanide doses, one mid range (20 

mg/kg) and one at the higher end of doses (30 mg/kg) tested so as to bracket the free drug 

concentrations obtained. Further, we examined the concentration profile over a longer 

time course as the detection limit of the LC-MS/MS assay was > 10 fold better than 

HPLC. Our goals were to address the extent to which bumetanide distributes to brain and 

whether therapeutic concentrations are attained at key sites within the CNS (e.g., BBB, 

glia, and neurons). We find that: 

• Brain and CSF free bumetanide concentrations approximated that of activated 

NK.CC Ko for 30-70 min after high dose i. v. administration in rats. 
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• Brain bumetanide concentration differed minimally at 90 min between MCAO 

and sham rats, suggesting that cerebral ischemia does not greatly enhance brain 

bumetanide distribution. 

• Brain/serum free bumetanide concentration at steady state equaled 0.08-0.ll, 

suggesting a marked role (> 10 fold) for active clearance. 

5.2 Materials and method 

5.2.1 Materials 

Bumetanide was purchased from MP Biochemicals, Inc (Aurora, OH), PE-50 

tubing and 1 mL syringes were purchased from Fisher Scientific (St.Louis, USA). 

5.2.2 Methods 

Detailed descriptions of the methods used in the pharmacokinetic studies are 

discussed in Chapter 2. 

5.3 Results 

5.3.1 Bumetanide serum, brain and CSF pharmacokinetics at 30 mg/kg dose 

The bumetanide total concentration-time profile for serum (bound and free) is 

shown in Figure 5.1 for injection of 30 mglkg single i. v. dose. Serum total bumetanide 

concentration declined from a peak of ~500 J!M with a half life of 24 ± 6 min. Serum free 
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fraction was determined using equilibrium dialysis and equaled 0.0134 ± 0.002 in normal 

rats (n=20). The rapid plasma half life matched well that of prior studies (Kim & Lee 

2001, Brandt et al. 2010). 

The bumetanide total concentration-time profile for brain is shown in Figure 5.2 

and in general was - 2 orders ofmagnitude less than that of serum. Brain concentrations 

were corrected for residual intravascular drug by vascular washout and were expressed as 

J.I.M assuming 1 Kg brain ::::::1 L. Brain total bumetanide concentrations at all measured 

time measured points were low, representing <2% of matching serum concentrations. 

Bumetanide distribution and binding in brain tissue specimens were measured 

with the tissue slice and homogenate methods. V u,brain with tissue slice method at 

equilibrium (2 hrs) equaled 2.51 ± 0.03 mL/g (n=6). This value was slightly lower than 

that predicted by the fu, brain of the homogenate method (llfu, brain = 4.03 ± 0.19 mL/g, 

n=3). The lower value for organic anions is predicted due to reduced cell free drug 

concentration based upon pH and membrane potential (Friden et al. 2009b ). Equilibrium 

brain homogenate fu,brain equaled 0.248 ± 0.012 (n==3). 

Bumetanide total drug concentrations in brain and serum were converted to free 

drug concentrations using the formulas: Cu, brain = ( 1/V u,brain) X Qbr and Cu, serum = fu, serum X 

Ctot, serum). CcsF was measured using LC-MSIMS assuming that CSF concentration 

represented free drug (fu - 1.0). 

Bumetanide free drug concentration-time profiles are shown in Figure 5.3 for 

serum, brain and CSF for high dose (30 mg/kg) bumetanide administration. Literature 
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Ko values for burnetanide binding and inhibition ofNKCC1 (basal and activated) are 

shown in the figure as well for comparison. Table 1 summarizes reported literature 

values ofbumetanide Ko for NKCC1 and NKCC2. Calculated brain and CSF free 

bumetanide concentrations never reached the K0 of basal NKCC 1, but approached or 

briefly exceeded the Ko of activated NKCC 1 for the first 30-60 min following drug 

administration. Serum free bumetanide concentration exceeded the K0 of the unactivated 

NKCC1 for the first 15-30 min after drug administration and exceeded the Ko of 

activated NKCC 1 for the first 60-7 5 min (Figure 5.3). The results suggest that 

bumetanide free drug concentrations in serum, brain, and CSF are appreciable after high 

dose administration (30 mg/kg) and may partially inhibit activated NKCC 1 during the 

first hour after bumetanide administration. Thus, the results may be consistent with 

reported positive anti edema actions ofbumetanide on the CNS at high doses (O'Donnell 

et al. 2004). However, the calculated free bumetanide concentrations only equal or 

approximate the K0 of the activated transporter for up to 1 hr and only attain these levels 

at very high dose administration. 

5.3.2 Brain bumetanide uptake in MCAO rats 

Cerebral ischemia may alter bumetanide uptake and distribution within brain due 

to alteration of BBB passive permeability, compromise of active efflux transport, or 

disruption of cerebral electrolyte and pH homeostasis. Therefore, brain bumetanide 

concentration was determined at 90 min after 30 mg/kg i.v. bumetanide administration in 

animals with unilateral MCAO and sham-operated controls (Figure 5.6). No difference 

133 



TTUHSC, Satya Goda, May 2011 

was noted in bumetanide concentration between cerebral hemispheres in sham controls 

(P>0.05). In contrast, brain bumetanide concentration in ipsilateral cerebral hemisphere 

ofMCAO animals was slightly higher (P<0.05) than contralateral hemisphere (Figure 

5.6). The difference, however, was small and suggested that short term MCAO did not 

greatly elevate brain bumetanide distribution. 

5.3.3 AUC or steady state bumetanide distribution 

The bumetanide concentration-time profiles for free and total drug of the 30 

mglkg experiment were used to calculate AUC exposures as presented in Figure 5.4. The 

integrated brain-to-serum free AUC ratio (Kp, uu) ofbumetanide equaled 0.084 ± 0.0124. 

Similarly, the CSF-to-serum free AUC ratio ofbumetanide equaled 0.138 ± 0.0231. Both 

were significantly below 1, suggesting considerable active efflux transport out of brain at 

the BBB and/or BCSFB. 

To confirm the Kp, uu determination, bumetanide was infused intravenously in a 

separate group of rats for 5 hrs at a rate of 8. 78 mg/hr/kg. Serum concentrations rose to 

steady state within 3 hrs. The infusion was then continued for an additional 2 hrs. At the 

end of the experiment, measured bumetanide concentrations were used to calculate Kp, uu 

(Figure 5.5). Steady-state brain Kp, uu equaled 0.117 ± 0.018 (n=4-5). The steady state 

CSF Kp, uu equaled 0.171± 0.085 (n=4-5). Both sets of values were consistent with a 

marked component of active efflux transport from brain. 
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5.3.4 Bumetanide serum, brain and CSF pharmacokinetics at a 20 mg/kg dose 

Given that bumetanide free concentrations in brain and CSF just approached or 

equaled that for 30-60 min of the Ko for activated NKCC1, we also examined the 

bumetanide concentration profile at a more mid moderate dose of 20 mglkg (Figure 5. 7). 

Under these conditions, bumetanide free concentrations in brain and CSF only 

approximated the Ko of the activated NKCC 1 transporter for 30 min and then fell off to 

considerably lower values. Similarly, serum free bumetanide concentrations exceeded 

activated NKCC1 Ko for only 30-60 min. Together, the results would suggest reduced 

NKCC1 inhibition with the lower doses regimen. 

5.4 Discussion 

From previous reports, bumetanide has been shown to be neuroprotective by 

inhibiting the NKCC1 transporter present at the BBB and also at the glia and neurons 

(O'Donnell et al. 2004, Yan et al. 2001b). A comparison of the Ko of the 

NKCC 1 transporter with drug concentration to evaluate efficacy must use free bumetanide 

concentrations, not total concentrations. The Ko of the transporter for both NKCC 1 and 

NKCC2 at basal and activated states in rat is summarized in Table 1 (Hannaert et al. 

2002, Keep et al. 1994, Vigne et al. 1994). At moderate doses (20 mg/kg), only the free 

serum concentration was sufficiently high for the first 30 min to show efficacy at the 

transporter (0.565 !J.M vs. Ko= 0.33 J..lM) (Figure 5.7). This free serum concentration 

matches with the literature value (Lee et al. 1994). Free brain and CSF concentrations 

might be barely sufficient to have an effect at 30 min. At the 30 mglkg bumetanide dose, 
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free brain bumetanide concentration could inhibit the transporter only for 30 min before 

the concentration falls below the Ko for activated NKCC 1. Bumetanide concentrations in 

CSF would be expected to be similar to those in brain, as we indeed observed, validating 

the brain measurements. Previous studies have reported that NKCC 1 is predominantly 

located at the luminal side of the BBB and concentrations in serum are sufficient for the 

inhibition of this transporter. However, we have found that free serum concentrations 

(Figure 5.5) are only sufficiently high for the first 60-90 min at the top 30 mg/kg dose. 

The results reinforce the problem presented with bumetanide for therapy of CNS 

diseases. Even at the very high dose employed, which is >2000 times higher than that 

used in humans, the serum and brain free drug concentrations only fall possibly within 

the range associated with activity for a very short period of time. Further, for the CNS 

(i.e., brain and CSF), intracerebral levels may not be adequate to produced significant 

NKCC1 inhibition for any significant period of time (<60 min). 

We have also observed that the free brain to free serum concentration ratio (Kp, uu) 

is much less than unity (Kp, uu = 0.084 at 30 mg/kg and 0.117 at constant rate infusion), 

consistent with a marked clearance mechanism for bumetanide at the BBB. Infusion of 

bumetanide for 5 hr gave free steady state levels with low Kp, uu values. These results 

strongly support the hypothesis that there is net clearance ofbumetanide at the BBB that 

markedly limits bumetanide distribution in brain. Clearance may be metabolism, 

breakdown and/or active efflux. Given the high level expression of efflux transporters at 

the BBB, active efflux transport will be further pursued in Chapter 6 to identify the 

carrier mechanisms involved. 
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One of the most likely clearance mechanisms for bumetanide at the BBB is the 

organic anion transporter-3 (OAT3). OAT3 and MRP4 have both been shown to mediate 

saturable transport ofbumetanide. Loop diuretics are potent competitive inhibitors of 

OAT3. Our observation that the bumetanide CSF concentrations were greater than the 

free brain concentrations suggests that active efflux at the blood-cerebrospinal fluid 

barrier (BCSFB) is less than active efflux at the BBB. From the literature we know the 

rate of bumetanide metabolism is negligible in the brain. 

CSF protein concentrations are normally 0.5% or less of the respective plasma 

concentrations, it has been assumed that the protein binding in CSF is negligible in most 

CSF studies (Lin & Lu 1997). The use of CSF concentrations has been questioned, partly 

because the blood-CSF barrier has been shown to express active transporters differently 

than the BBB (de Lange & Danhof 2002). However, the CSF represents a different 

compartment and the turnover of CSF is different from that of brain interstitial fluid 

(Abbott 2004). Acidic compounds exhibit a lower free fraction in serum relative to brain, 

consistent with the observation that the volume of distribution for acids is lower than that 

of nonacids. These results are consistent with the fact that acidic compounds exhibit a 

high affinity for blood proteins, such as albumin. 

O'Donnell (O'Donnell et al. 2004) evaluated the cerebral edema in rats subjected 

to permanent MCAO by magnetic resonance imaging and by measuring apparent 

diffusion coefficients. Pre-administration ofbumetanide was shown to cause a decrease 

in apparent diffusion coefficients. It was concluded that luminal NKCC is involved in 

edema formation during cerebral ischemia. In this study we have measured the brain 
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uptake and free concentration ofbumetanide under the same conditions. We found no 

statistically significant difference in bumetanide uptake between stroke- and sham

operated animals at 90 min. Permanent ischemia for 90 min did not appear to cause 

marked disruption in barrier integrity or drug uptake. The results appear to be consistent 

with the hypothesis that inhibition of brain and BBB NKCC 1 may occur and be 

beneficial under the high dose condition studied. But, the results also emphasize need for 

NKCCl inhibitor drug with longer plasma half life and markedly improved brain 

distribution. 

5.5 Conclusions: 

Bumetanide shows restricted uptake and distribution in rat brain relative to blood 

following systemic administration. Measured free brain concentrations equal or exceed 

NKCCl Ko for only short period of time (<30-60 min) at the highest administered dose. 

Free bumetanide concentration in brain is only one-tenth that of free serum concentration, 

as measured by two methods: i.v (obtaining the integrated AUC) or steady state, 

suggestive of a marked clearance mechanism from brain. 
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Table 5.1: Ko ofNKCCl and NKCC2 transporters in basal and activated state in rat. 

Rat NKCCl K0 (Jal\1 ) NKCC2K0 Rcfea-ence 
(l\1 

Red blood ceUs 0.33 (Acth·uted) Hunnnea1. Ah·urez-Gucrru 
etnl.2002 

Tb,moc,1e 0.3-' (ActiYilted) llnnnueJ1, Ah·1u-ez-GueJTU 
et lll.2002 

Kidney 0.33 llunnue11, Ah·1u"t'z-Gunrn 
etnL2002 

Red blood ceUs 2.5 (Bos1d) Hnnnue11, Ah·nrez-Guc•·r,, 
et ;11.2002 

Th,moc,1e 2.2 (Ba.•ml) Hannaert, Ah·;,rez-Guerra 
etaL2002 

Choa'Oid plexus .u (Bmml) Keep, Xiang et al. 1994 

Ba·ain endothelial cell 5 (Bnsnl) \ ·igne. Lopez Ftn·re et.199-' 

C)1oplasts 0.19 (Acti\'ated) Hoffmann ct al. 199-' 

Kidney (mouse) 0.20 Kaji Dl\1. 1993 
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Figure 5.1: Bumetanide mean arterial serum total concentration-time profile 
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A: Bumetanide mean arterial serum total concentration-time profile after intravenous 

administration of 30 mg/kg to rats. B: Same data plotted on a semilog plot. Data represent 

mean ± SEM (n = 4). 
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Figure 5.2: Bumetanide total concentration-time profiles in serum and brain 
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A: Bumetanide total concentration-time profiles in serum and brain after intravenous 

administration of 30 mg/kg to rats. B: Brain/serum total concentration ratios at different 

time points. Data represent mean ± SEM (n = 4-8). 
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Figure 5.3 Bumetanide free concentration-time profile for serum, brain and CSF 
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A: Bumetanide free concentration-time profile for serum, brain and CSF after intravenous 

administration of 30 mg/kg to rats. B: Brain/serum free bumetanide concentration ratios 

at differing time points. Bumetanide free concentrations are compared with the Ko of the 

basal and activated NKCCI transporter. Data represents mean± SEM (n = 4-8). 
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Figure 5.4: Integrated total and free AUC ofbumetanide in serum, brain and CSF 
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A: Integrated total and free AUC ofbumetanide in serum, brain and CSF after 

intravenous administration of 30 mg/kg to rats. B: Brain/serum and CSF/serum integrated 

free AUC ratios for bumetanide. 
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Figure 5.5: Steady-state infusion 
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Steady-state concentrations (total or free) in serum, brain and CSF for 5 hr of infusion. 

Brain/serum and CSF/serum free bumetanide concentration ratios (Kp, uu). Data represents 

mean± SEM (n = 4-5). 
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Figure 5.6: Bumetanide total uptake in rat MCAO model and in sham control rats. 
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Bumetanide total uptake was measured at 90 min after administration in rat MCAO 

model and in sham control rats ofboth ipsilateral and contralateral hemispheres. Data 

represents mean ± SEM (n = 6-8). *p <0.05 unpaired two tailed student t-test. 
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Figure 5.7: Bumetanide concentration-time profiles (total and free) in serum, brain and 
CSF 
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Bumetanide concentration-time profiles (total and free) in serum, brain and CSF after 

administration of 20 mg/kg. Data represents mean ± SEM (n = 4-8). 
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CHAPTER6 

RESTRICTED BRAIN DISTRIBUTION OF BUMETANIDE IS MEDIATED BY 

ACTIVE EFFLUX TRANSPORT (OATP2 & OAT3) AT THE BLOOD-BRAIN 

BARRIER 

6.1. Introduction 

The BBB maintains a controlled interstitial fluid environment in the CNS by I) a 

physical barrier formed by tight junctions between endothelial cells of the brain 

capillaries and epithelial cells of the choroid plexus, 2) an enzymatic barrier in the 

endothelial and epithelial cells, and 3) transporters that mediate active efflux of 

compounds from brain to the circulating blood. 

Once a drug enters the CNS either by systemic or intracerebral administration, it 

returns to the circulation by crossing the endothelial cells of the brain capillaries, by 

crossing the epithelial cells of the choroid plexus, or by bulk flow of cerebrospinal fluid 

and reabsorption at the arachnoid membrane. The concentration and distribution of a drug 

in the brain interstitial fluid are factors determining the drug's effects in the central 

nervous system (CNS). Both influx and efflux transporters present at the BBB modulate 

a drug's distribution into brain. 

In our previous studies (Chapters 3 and 4) we measured the uptake ofbumetanide 

and three other loop diuretics (piretanide, furosemide and torsemide) using the in situ rat 
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brain perfusion technique. The results suggest that uptake across the BBB is low, 

approximately two orders of magnitude less than that predicted based on the lipophilicity 

of these drugs. In our study of the pharmacokinetics ofbumetanide brain distribution 

(Chapter 5), we found that the free brain concentration was less than the free serum 

concentration. These results further suggest that there is some clearance mechanism that 

is keeping brain levels low even at steady state; hence this is not simple low BBB passive 

permeability. Clearance may be by metabolism, breakdown, or active efflux. In brain 

there is negligible metabolism ofbumetanide and there is no breakdown ofbumetanide 

for the measured distribution time in the perfusion buffer. Therefore, active efflux, the 

final clearance mechanism remaining, must be evaluated. Previous studies reported that 

bumetanide is a substrate for both mouse ( oat2 & oat3) and human (OAT2 & OAT3) 

transporters at proximal tubular cells of the kidney (Kobayashi et al. 2005, Hasannejad et 

al. 2004). These transporters are also present at the BBB. Hence, these transporters might 

also play a significant role in limiting bumetanide brain distribution. 

The purpose of the present study was to investigate the brain-to-blood transport of 

bumetanide and identify the transporters involved in bumetanide transport at the BBB. 

The in vivo efflux transport ofbumetanide was characterized using the brain efflux index 

(BEl) method, using results from the in vitro brain slice method. The transport 

characteristics ofbumetanide were confirmed with an in vitro expression system i.e., 

transportocyte expression system. 
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6.2 Materials and methods 

6.2.1 Materials 

Bumetanide [N-butyl-l-3H] (20 Ci mmor1
) was purchased from American 

Radiolabeled Chemicals Inc. (St.Louis, MO, USA). Sucrose, [14C (U)]-(498 mCi mmor1
) 

was purchased from Moravek Biochemicals, Inc. (California, USA). Unlabeled para-

aminohippuric acid, probenecid, indomethacin, digoxin, taurocholic acid, and cimetidine 

were purchased from Sigma-Aldrich (St.Louis, MO, USA). Bumetanide was purchased 

from MP Biochemicals, Inc (Aurora, OH). 

6.2.2 Methods 

A detailed description of the brain efflux index and brain slice methods is in 

Chapter 2. 

6.2.3 Calculations of BEl from brain 

BEl is defined as the relative percentage of the drug effluxed from the ipsilateral 

cerebrum to the circulating blood across the BBB, compared with the amount of drug 

injected into the cerebrum. 

= Drug effluxed at the BBB X 
1 00 BEl D . . t d. t b . rug Jnjec e 1n o ram 

(1) 

In order to minimize the inter-individual injection errors, a reference compound 

(sucrose, inulin, or mannitol) that has minimal BBB permeability was always used for 

comparison. The percentage of the drug remaining in the left cerebrum is determined 
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using Equation 2. 

(
100 

_BEl)(%)= (Amountoftestdruginthebrain/Amountofreferencein the brain) (2) 
(Amount of test drug injected I Amount of reference injected) X 

1 00 

The apparent BBB efflux rate constant (kour) can be estimated by fitting a semi 

logarithmic plot of ( 100- BEl) versus time. The slope of the least-squares regression fit 

to the line is kout· The apparent permeability-surface area product for efflux out of brain, 

(PSout) is then obtained from Equation 3. 

PSout, = kout X V u, brain (3) 

where Vu, brain is the brain distribution volume ofbumetanide determined by the in 

vitro brain slice uptake method in the absence of the BBB and based upon free drug in 

the incubation fluid (See section 6.3.3 below). 

6.3 Results 

6.3.1 Time profile of the efflux of the eH]-bumetanide from the brain across the 

BBB 

The percentage of eH]-bumetanide remaining in the ipsilateral cerebrum after 

cerebral microinjection at different time points (10, 20, 30, 60, 120 min) in the absence 

and presence of unlabeled bumetanide is shown in Figure 6.1. The apparent elimination 

rate constant (kout) was determined to be 0.013 ± 0.001 min, with a halflife of 
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approximately 51 min. Approximately 2: 80% of the administered dose was eliminated 

from the ipsilateral cerebrum within 120 min. No significant eHJ-bumetanide or [14C]

sucrose was present in the contralateral cerebrum or cerebellum. Pre-administration of 10 

mM unlabeled bumetanide reduced the efflux significantly, by nearly two orders of 

magnitude to a kout of 3 ± 0.13 X 104 min. From Equation 3, the PSout of eHJ-bumetanide 

was found to be 5.6 ± 0.1 x 104 mL/s/g/ using Vu, brain= 2.51 ± 0.03 mL!g from the in 

vitro brain slice uptake experiment. 

6.3.2 Inhibitory effects of various compounds on eu)-bumetanide efflux transport 

from brain 

To characterize bumetanide efflux transport across the BBB in vivo, the inhibitory 

effects of various pre-administered compounds on the percentage ofeH]-bumetanide 

remaining in the brain at 120 min after micro injection was investigated (Figure 6.3). In 

the presence of 10 mM unlabeled bumetanide, the percent efflux was significantly 

decreased by 2:80%. Oatp2 inhibitors taurocholic acid and digoxin significantly reduced 

brain eH]-bumetanide elimination by 2:60%, while OAT3 inhibitors para-aminohippuric 

acid and cimetidine significantly reduced efflux by 2:50% (Kusuhara et al. 1999, Feng et 

a/. 2001 ). MRP4 inhibitors indomethacin and probenecid reduced the efflux by 2:3 0%. 

Simultaneous pre-administration of inhibitors of both transporters (P AH and digoxin) 

reduced the brain efflux signal to the same extent as unlabeled bumetanide. 
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6.3.3 eH]-bumetanide uptake in rat brain slices 

The distribution volume (V u, brain) of eHJ-bumetanide in the brain was determined 

by in vitro brain slice uptake (Figure 6.2). The slice was blotted on both sides in order to 

remove any adsorbed adherent buffer. The apparent slice-to-buffer concentration ratio 

increased in a time dependent manner and reached steady state at 120 min. There is no 

significant difference in the slice-to-buffer concentration ratio for intact eHJ-bumetanide 

between incubation periods of 120-180 min, giving a steady state distribution volume 

(V u, brain) of 2.51 ± 0.03 mL/g. 

6.3.4 eH]-bumetanide uptake by rat OA T3 transportocytes 

To elucidate the involvement of OAT3 in eHJ-bumetanide transport at the BBB, 

the transportocyte expression system was employed. The uptake rate of eHJ-bumetanide 

in oocytes expressing OAT3 was 10 times higher than that of water-injected oocytes 

(Figure 6.4). OAT3-mediated uptake of eH]-bumetanide was statistically significantly 

inhibited by 1 mM unlabeled bumetanide and also was competitively inhibited by 10 mM 

PAH. These results suggest that eHJ-bumetanide is a substrate ofOAT3. 

6.3.5 eH]-bumetanide uptake by rat oatp2 transportocytes 

Xenopus oocytes transfected with rat oatp2 transporters were used to elucidate the 

involvement of oatp2 in eHJ-bumetanide transport at the BBB. The uptake rate of eHJ

bumetanide in oocytes expressing oatp2 was - 6 times higher than that of water-injected 

oocytes (Figure 6.5). The oatp2-mediated uptake of eHJ-bumetanide was statistically 
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significantly inhibited by 1 mM unlabeled bumetanide and also was competitively 

inhibited by 500 J..LM ofTCA. Uptake was further reduced competitively by digoxin, a 

specific inhibitor of oatp2 at low concentration. These results suggest that eHJ

bumetanide is a substrate of oatp2. 

6.4 Discussion 

In the present study, in vivo evidence was obtained to show that bumetanide, a 

loop diuretic, is transported via a carrier-mediated efflux transport process from brain to 

the circulating blood across the BBB. We have calculated the bumetanide efflux PSout 

(5.6 ± 0.1 x 10-4 mL/s/g) out of brain across the BBB, which is the product of the 

apparent efflux rate constant (kout = 0.0134 ± 0.001 min-1
, measured using the in vivo 

BEl method) and the in vitro brain distribution volume (Vbr,brain = 2.51 mL/g, measured 

with the in vitro brain slice method). A comparison of efflux with influx (PSin= 1. 7 ± 0.1 x 

10-4 mL/s/g), which we measured previously using in situ rat brain perfusion, suggests 

that bumetanide PSout was 3 times greater than PSin, indicative of asymmetric BBB 

transport. eHJ-0-methyl glucose (OMG), which is known to be a substrate ofthe GLUT

I transport system, has been shown to be transported symmetrically across the BBB (i.e. 

no significant difference in influx and efflux PS). Also, L-glucose is not eliminated from 

the ipsilateral cerebrum. Both these results support the assumption that the BEl method 

is a valid method to investigate stereo specific efflux transport at the BBB (Kakee et al. 

1996). 
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The PSout was concentration-dependent, decreasing 43-fold in the presence of 

elevated unlabeled bumetanide, consistent with saturable transport. These results indicate 

that bumetanide is transported via a carrier-mediated efflux transport process across the 

BBB. During the course of the efflux study, less than 0.5% of the administered dose of 

eH]-bumetanide and [ 14C]-sucrose was found in the contralateral cerebrum and 

cerebellum suggesting that diffusion from the injection site to the rest of the CNS was 

limited. According to Cserr et al, total efflux from the brain (kout) is a sum of three 

parallel effluxes: Kp- efflux across the BBB, kcsr- efflux into cerebrospinal fluid CSF, 

and kx,- efflux through unknown pathways or carrier mediated (Cserr eta/. 1981 ). 

Lipophilic drugs are effluxed by simple diffusion across the BBB and the net brain efflux 

will be the same as efflux across the capillary because the contribution of convective or 

bulk flow transport is small (Groothuis et al. 2007). 

V u, brain of eH]-bumetanide was calculated using the brain slice method. This 

method measures the partitioning of bumetanide between buffer and brain slice to yield 

the unbound brain volume of distribution Vu, brain= 2.51 ± 0.03 mL/g. The concept of 

brain volume is used as a link between the total brain concentration (Abrain) and the 

pharmacologically active unbound brain concentration (Cu, brain)· Bumetanide reached 

equilibrium within 2 hr. The time to reach this equilibrium increases with increasing V u, 

brain (Becker & Liu 2006, Friden et al. 2007). A low value ofVu, brain. close to the volume 

of interstitial space, indicates predominantly extracellular distribution, where as a high 

value indicates that the drug enters brain cells and binds to tissue components (Gupta et 

a/. 2006). The distribution volume of the extracellular marker [
14

C]-sucrose after 1, 2, 
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and 4 min incubation was 0.12 mL/g. Our measurement ofVu,brain, which is more than 

20 times larger than the volume of the interstitial space, indicates that bumetanide binds 

significantly to tissue components. 

The inhibitors used in this efflux study are listed in Table 6.1. The selected 

concentrations are chosen carefully so that the particular transporter will be inhibited with 

minimal effect on other physiological transporters. Rat OAT3 is expressed at the 

abluminal membrane of the brain capillary endothelial cells (Kikuchi et al. 2003, Mori et 

al. 2003) and is involved in the efflux ofindoxyl sulfate (Ohtsuki et al. 2002), para

aminohippuric acid (PAH) and benzyl pencillin (Kikuchi et al. 2003), homovanillic acid 

(Mori et al. 2003), thiopurine nucleobase analogs (Mori eta/. 2004). 

P AH and cimetidine, which are substrates for OAT3 (Ohtsuki et al. 2002), 

significantly inhibited the bumetanide efflux transport from the brain. PAH, an organic 

anion, is selectively eliminated from brain to circulating blood via OA T3 across the BBB 

(Kakee et al. 1997). Cimetidine has been reported as a substrate of an organic anion 

transporter (OAT3) at the choroid plexus (Kusuhara et al. 1999, Nagata et al. 2002). 

Human OAT3 has been isolated as a human homolog of rat OAT3 (Chaetal. 2001). The 

transport properties and tissue distribution of human OA T3 are similar to those of rat 

OAT3, suggesting that human OAT3 may also be expressed at the human BBB. 

Therefore, bumetanide most likely undergoes efflux by OA T3 from the brain to the 

circulating blood across the BBB. 
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Na+-independent organic anion transporting polypeptide type 2 (oatp2) has been 

isolated from rat brain (Noe et al. 1997, Abe et al. 1998), is localized both luminally and 

abluminally in rat capillary endothelial cells (Gao et al. 1999), and mediates bidirectional 

transport (Li et al. 2000). Recent reports reveal that 24S-hydroxycholesterol, 

dehydroepiandrosterone sulfate, estrone sulfate and 17~-Estradiol-D-17~-glucuronide are 

transported out of the CNS by oatp2 (Ohtsuki et al. 2007, Asaba et al. 2000, Hosoya et 

al. 2000, Sugiyama et al. 2001). TCA and digoxin, which are substrates for oatp2 (Noe 

et al. 1997), significantly inhibited bumetanide efflux transport from the brain. These 

results suggest that oatp2 is involved in the efflux transport ofbumetanide. 

The total efflux ofeH]-bumetanide consists of uptake at the abluminal membrane 

followed by elimination through the luminal membrane of the brain capillary endothelial 

cells. Indomethacin, which inhibits MRP4 at the BBB, also significantly reduced the 

efflux ofbumetanide from brain to the circulating blood (Reid eta/. 2003). Probenecid, 

which, although it is a substrate/inhibitor ofMRPl, MRP5, OAT1, OAT3 and MCT1, 

only inhibits MRP4 and possibly OATs at the concentrations used. The data suggest that 

there might be involvement ofMRPs (especially MRP4) in the transport ofbumetanide 

out of brain, but overall their role may be small. 

Pre-administration of both oatp2 and OAT3 inhibitors reduced brain efflux in a 

similar amount as unlabeled bumetanide. In the net efflux transport of eH]-bumetanide, 

the degree of inhibition by TCA or digoxin is greater than that by P AH or cimetidine, and 

also greater than inhibition by indomethacin or probenecid. Another study (Kikuchi et a/. 

2004) has shown that at least two BBB transporters (oatp2 and OAT3) are involved in the 
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efflux transport of both pravastatin and pitavastatin out of brain. Recent studies have 

shown that organic anions show significantly limited brain distribution compared with 

neutral and basic drugs such as P AH, valproic acid, and benzyl pencillins (Kakee et al. 

1997, Comford et al. 1985, Suzuki et al. 1989). This restriction is due to either 1) higher 

protein binding in plasma compared to that in brain, or 2) greater efflux than influx PS 

across the BBB, or 3) significant efflux via BCSFB. 

In order to confirm the in vivo role of these transporters in the transport of 

bumetanide, we used an in vitro expression system i.e., transportocytes which contain 

only the transporter of our choice (rat oatp2 and rat OAT3). Saturable bumetanide 

transport was shown for both rat OAT3 and rat oatp2 using this system. Bumetanide 

transport was selectively blocked by the appropriate transport inhibitor: PAH and 

cimetidine for OAT3 and digoxin and TCA for oatp2. The results demonstrate that 

bumetanide is a substrate for both rat OAT3 and oatp2, consistent with the in vivo rat 

brain efflux index results. 

6.5. Conclusions 

Bumetanide efflux from rat brain was shown to be blocked by self saturation and 

by inhibitors of oatp2, OAT3 and MRP4 at the BBB (Figure 6.6). The largest component 

ofbumetanide transport is mediated by oatp2 followed by OAT3 and MRP4. Bumetanide 

transport by rat oatp2 and OA T3 was confirmed with the transportocyte expression 
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system. The results suggest that BBB active efflux transport limits bumetanide exposure 

to brain and may limit its potential therapeutic effect. 

163 



TTUHSC, Satya Goda, May 2011 

6.6 References 

Abbott, N.J. (2004) Evidence for bulk flow ofbrain interstitial fluid: significance for 
physiology and pathology. Neurachem Int, 45, 545-552. 

Abbott, N.J., Dolman, D. E. and Patabendige, A. K. (2008) Assays to predict drug 
permeation across the blood-brain barrier, and distribution to brain. Curr Drug 
Metab, 9, 901-910. 

Abbott, N.J., Patabendige, A. A., Dolman, D. E. , Yusof, S. R. and Begley, D. J. (2010) 
Structure and function of the blood-brain barrier. Neurabiol Dis, 37, 13-25. 

Abbruscato, T. J., Lopez, S. P., Roder, K. and Paulson, J . R. (2004) Regulation of blood
brain barrier Na,K,2Cl-cotransporter through phosphorylation during in vitro 
stroke conditions and nicotine exposure. J Pharmacal Exp Ther, 310,459-468. 

Abdel-Hamid, M. E. (2000) High-performance liquid chromatography-mass 
spectrometric analysis of furosemide in plasma and its use in pharmacokinetic 
studies. Farmaco, 55,448-454. 

Abe, T., Kakyo, M., Sakagami, H. et al. (1998) Molecular characterization and tissue 
distribution of a new organic anion transporter subtype ( oatp3) that transports 
thyroid hormones and taurocholate and comparison with oatp2. J Bioi Chem, 273, 
22395-22401. 

Adkison, K. D., Artru, A. A., Powers, K. M. and Shen, D. D. (1994) Contribution of 
probenecid-sensitive anion transport processes at the brain capillary endothelium 
and choroid plexus to the efficient efflux of valproic acid from the central nervous 
system. J Pharmacal Exp Ther, 268,797-805. 

Alavijeh, M.S. and Palmer, A.M. (2010) Measurement of the pharmacokinetics and 
pharmacodynamics of neuroactive compounds. Neurobial Dis, 37, 38-47. 

Alebouyeh, M., Takeda, M., Onozato, M. L. et al. (2003) Expression of human organic 
anion transporters in the choroid plexus and their interactions with 
neurotransmitter metabolites. J Pharmacal Sci, 93, 430-436. 

Amiry-Moghaddam, M., Xue, R., Haug, F. M. et al. (2004) Alpha-syntrophin deletion 
removes the perivascular but not endothelial pool of aquaporin-4 at the blood
brain barrier and delays the development of brain edema in an experimental 
model of acute hyponatremia. F ASEB J, 18, 542-544. 

Andjus, R. K., Suhara, K. and Sloviter, H. A. (1967) An isolated, perfused rat brain 
preparation, its spontaneous and stimulated activity. J Appl Physial, 22, I 033-
1039. 

Armulik, A., Genove, G., Mae, M. et al. (2010) Pericytes regulate the blood-brain barrier. 
Nature, 468, 557-561. 

164 



TTUHSC, Satya Goda, May 2011 

Asaba, H., Hosoya, K., Takanaga, H., Ohtsuki, S., Tamura, E., Takizawa, T. and 
Terasaki, T. (2000) Blood-brain barrier is involved in the efflux transport of a 
neuroactive steroid, dehydroepiandrosterone sulfate, via organic anion 
transporting polypeptide 2. J Neurochem, 75, 1907-1916. 

Asbury, M. J., Gatenby, P. B., O'Sullivan, S. and Bourke, E. (1972) Bumetanide: potent 
new "loop" diuretic. Br Med J, 1, 211-213. 

Badaut, J., Lasbennes, F., Magistretti, P. J. and Regli, L. (2002) Aquaporins in brain: 
distribution, physiology, and pathophysiology. J Cereb Blood Flow Metab, 22, 
367-378. 

Banks, W. A. (1999) Physiology and pathology of the blood-brain barrier: implications 
for microbial pathogenesis, drug delivery and neurodegenerative disorders. J 
Neurovirol, 5, 538-555. 

Banks, W. A., Kastin, A. J. and Ehrensing, C. A. (1993) Endogenous peptide Tyr-Pro
Trp-Gly-NH2 (Tyr-W-MIF-1) is transported from the brain to the blood by 
peptide transport system-1 . J Neurosci Res, 35, 690-695. 

Barrera, C. M., Kastin, A. J ., Fasold, M. B. and Banks, W. A. (1991) Bidirectional 
saturable transport of LHRH across the blood-brain barrier. Am J Physiol, 261, 
E312-318. 

Beck, J., Lenart, B., Kintner, D. B. and Sun, D. (2003) Na-K-Cl cotransporter contributes 
to glutamate-mediated excitotoxicity. J Neurosci, 23, 5061-5068. 

Becker, S. and Liu, X. (2006) Evaluation of the utility of brain slice methods to study 
brain penetration. Drug Metab Dispos, 34, 855-861 . 

Begley, D. J. and Brightman, M. W. (2003) Structural and functional aspects of the 
blood-brain barrier. Prog Drug Res, 61, 39-78. 

Belayev, L., Busto, R., Zhao, W. and Ginsberg, M.D. (1996) Quantitative evaluation of 
blood-brain barrier permeability following middle cerebral artery occlusion in 
rats. Brain Res, 739, 88-96. 

Betz, A. L. (1996) Alterations in cerebral endothelial cell function in ischemia. Adv 
Neurol, 71, 301-311; discussion 311-303. 

Brandt, C., Nozadze, M., Heuchert, N., Rattka, M. and Loscher, W. (2010) Disease
modifying effects of phenobarbital and the NKCC I inhibitor bumetanide in the 
pilocarpine model of temporal lobe epilepsy. J Neurosci, 30, 8602-8612. 

Brunner, M. and Langer, 0 . (2006) Microdialysis versus other techniques for the clinical 
assessment of in vivo tissue drug distribution. AAPS J, 8, E263-271. 

Bundgaard, M. and Abbott, N.J. (2008) All vertebrates started out with a glial blood
brain barrier 4-500 million years ago. Glia, 56, 699-708. 

165 



TTUHSC, Satya Goda, May 2011 

Cardoso, F. L., Brites, D. and Brito, M.A. (2010) Looking at the blood-brain barrier: 
molecular anatomy and possible investigation approaches. Brain Res Rev, 64, 
328-363. 

Cameheim, C. and Stahle, L. (1991) Microdialysis oflipophilic compounds: a 
methodological study. Pharmacol Toxicol, 69, 378-380. 

Cha, S. H., Sekine, T., Fukushima, J. I., Kanai, Y., Kobayashi, Y., Goya, T. and Endou, 
H. (200 1) Identification and characterization of human organic anion transporter 3 
expressing predominantly in the kidney. Mol Pharmacol, 59, 1277-1286. 

Chen, H., Luo, J., Kintner, D. B., Shull, G. E. and Sun, D. (2005) Na(+)-dependent 
chloride transporter (NKCC l )-null mice exhibit less gray and white matter 
damage after focal cerebral ischemia. J Cereb Blood Flow Metab, 25, 54-66. 

Chen, H. and Sun, D. (2005) The role ofNa-K-Cl co-transporter in cerebral ischemia. 
Neural Res, 21, 280-286. 

Ci, L., Kusuhara, H., Adachi, M., Schuetz, J. D., Takeuchi, K. and Sugiyama, Y. (2007) 
Involvement ofMRP4 (ABCC4) in the luminal efflux of ceftizoxime and 
cefazolin in the kidney. Mol Pharmacol, 11, 1591-1597. 

Ciarimboli, G. (2008) Organic cation transporters. Xenobiotica, 38, 936-971. 

Collingridge, G. L. ( 1995) The brain slice preparation: a tribute to the pioneer Henry 
Mcilwain. J Neurosci Methods, 59,5-9. 

Collins, M.A., Zou, J. Y. and Neafsey, E. J. (1998) Brain damage due to episodic alcohol 
exposure in vivo and in vitro: furosemide neuroprotection implicates edema-based 
mechanism. FASEB J, 12,221-230. 

Comford, E. M., Diep, C. P. and Pardridge, W. M. (1985) Blood-brain barrier transport 
ofvalproic acid. J Neurochem, 44, 1541-1550. 

Crone, C. (1965a) Facilitated transfer of glucose from blood into brain tissue. J Physiol, 
181, 103-113. 

Crone, C. (1965b) The permeability of brain capillaries to non-electrolytes. Acta Physiol 
Scand, 64, 407-417. 

Cserr, H. F., Cooper, D. N. , Suri, P. K. and Patlak, C. S. (1981) Efflux ofradiolabeled 
polyethylene glycols and albumin from rat brain. Am J Physiol, 240, F319-328. 

Cserr, H. F., Depasquale, M., Patlak, C. S. and Pullen, R. G. (1986) Convection of 
cerebral interstitial fluid and its role in brain volume regulation. Ann NY A cad 
Sci, 481, 123-134. 

Dagenais, C., Ducharme, J . and Pollack, G. M. (2001) Uptake and efflux ofthe peptidic 
delta-opioid receptor agonist. Neurosci Lett, 301, 155-158. 

166 



TTUHSC, Satya Goda, May 2011 

Daneman, R., Zhou, L., Kebede, A. A. and Barres, B. A. (20 1 0) Pericytes are required for 
blood-brain barrier integrity during embryogenesis. Nature, 468, 562-566. 

Davson, H. (1989) History of the Blood-Brain Barrier Concept. In: Implications of the 
Blood-Brain-Barrier and Its Manipulation, (E. A. Neuwelt ed.), Vol. 1. Plenum 
medical Book Company, New York and London. 

de Lange, E. C. and Danhof, M. (2002) Considerations in the use of cerebrospinal fluid 
pharmacokinetics to predict brain target concentrations in the clinical setting: 
implications of the barriers between blood and brain. Clin Pharmacokinet, 41, 
691-703. 

de Lange, E. C., Ravenstijn, P. G., Groenendaal, D. and van Steeg, T. J. (2005) Toward 
the prediction of CNS drug-effect profiles in physiological and pathological 
conditions using microdialysis and mechanism-based pharmacokinetic
pharmacodynamic modeling. AAPS J, 7, E532-543. 

Delpire, E., Kaplan, M. R., Plotkin, M. D. and Hebert, S. C. (1996) The Na-(K)-Cl 
cotransporter family in the mammalian kidney: molecular identification and 
function(s). Nephrol Dial Transplant, 11, 1967-1973. 

Deventer, K., Delbeke, F. T., Roels, K. and Van Eenoo, P. (2002) Screening for 18 
diuretics and probenecid in doping analysis by liquid chromatography-tandem 
mass spectrometry. Biomed Chromatogr, 16, 529-535. 

Dobbin, J., Crockard, H. A. and Ross-Russell, R. (1989) Transient blood-brain barrier 
permeability following profound temporary global ischaemia: an experimental 
study using 14C-AIB. J Cereb Blood Flow Metab, 9, 71-78. 

Dobson, P. D. and Kell, D . B. (2008) Carrier-mediated cellular uptake of pharmaceutical 
drugs: an exception or the rule? Nat Rev Drug Discov, 7, 205-220. 

Ellory, J. C. and Stewart, G. W. (1982) The human erythrocyte Cl-dependent Na-K 
co transport system as a possible model for studying the action of loop diuretics. 
Br J Pharmacal, 75, 183-188. 

Feng, B., Dresser, M. J., Shu, Y., Johns, S. J. and Giacomini, K. M. (2001) Arginine 454 
and lysine 370 are essential for the anion specificity of the organic anion 
transporter, rOAT3. Biochemistry, 40, 5511-5520. 

Fenstermacher, J. D. , Blasberg, R. G. and Patlak, C. S. (1981) Methods for Quantifying 
the transport of drugs across brain barrier systems. Pharmacal Ther, 14, 217-248. 

Findley, M. K. and Koval, M. (2009) Regulation and roles for claudin-family tight 
junction proteins. IUBMB Life, 61,431-437. 

Forster, C. (2008) Tight junctions and the modulation ofbarrier function in disease. 
Histochem Cell Bioi, 130, 55-70. 

167 



TTUHSC, Satya Goda, May 2011 

Friden, M., Bergstrom, F., Wan, H., Rehngren, M., Ahlin, G., Hammarlund-Udenaes, M. 
and Bredberg, U. (2011) Measurement of Unbound Drug Exposure in Brain: 
Modeling of pH Partitioning Explains Diverging Results between the Brain Slice 
and Brain Homogenate Methods. Drug Metab Dispos, 39, 353-362. 

Friden, M., Ducrozet, F., Middleton, B., Antonsson, M., Bredberg, U. and Hammarlund
Udenaes, M . (2009a) Development of a high-throughput brain slice method for 
studying drug distribution in the central nervous system. Drug Metab Dispos, 37, 
1226-1233. 

Friden, M., Gupta, A., Antonsson, M., Bredberg, U. and Hammarlund-Udenaes, M. 
(2007) In vitro methods for estimating unbound drug concentrations in the brain 
interstitial and intracellular fluids. Drug Me tab Dispos, 35, 1711-1719. 

Friden, M. , Ljungqvist, H ., Middleton, B. , Bredberg, U. and Hammarlund-Udenaes, M. 
(20 1 0) Improved measurement of drug exposure in the brain using drug-specific 
correction for residual blood. J Cereb Blood Flow Metab, 30, 150-161. 

Friden, M., Winiwarter, S., Jerndal, G., Bengtsson, 0., Wan, H., Bredberg, U. , 
Hammarlund-Udenaes, M. and Antonsson, M. (2009b) Structure-brain exposure 
relationships in rat and human using a novel data set of unbound drug 
concentrations in brain interstitial and cerebrospinal fluids . J Med Chern, 52, 
6233-6243. 

Gao, B., Hagenbuch, B., Kullak-Ublick, G. A., Benke, D., Aguzzi, A. and Meier, P. J. 
(2000) Organic anion-transporting polypeptides mediate transport of opioid 
peptides across blood-brain barrier. J Pharmacal Exp Ther, 294, 73-79. 

Gao, B. , Stieger, B., Noe, B. , Fritschy, J. M. and Meier, P. J. (1999) Localization ofthe 
organic anion transporting polypeptide 2 (Oatp2) in capillary endothelium and 
choroid plexus epithelium of rat brain. J Histochem Cytochem, 47, 1255-1264. 

Garay, R. P., Hannaert, P. A., Nazaret, C. and Cragoe, E. J., Jr. (1986) The significance 
of the relative effects ofloop diuretics and anti-brain edema agents on the 
Na+,K +,Cl- cotransport system and the Cl-/NaC03- anion exchanger. Naunyn 
Schmiedebergs Arch Pharmacal, 334,202-209. 

Garay, R. P ., Nazaret, C. and Cragoe, E. J ., Jr. ( 1991) Evidence for the 0-sulfo derivative 
ofMK-447 as active metabolite ofMK-447. EurJ Pharmacal, 200, 141-146. 

Gotoh, 0 ., Asano, T. , Koide, T. and Takakura, K. (1985) Ischemic brain edema following 
occlusion of the middle cerebral artery in the rat. 1: The time courses of the brain 
water, sodium and potassium contents and blood-brain barrier permeability to 
1251-albumin. Stroke, 16, 101-109. 

168 



TTUHSC, Satya Goda, May 2011 

Groothuis, D. R., Vavra, M. W., Schlageter, K. E., Kang, E. W., Itskovich, A. C., 
Hertzler, S., Allen, C. V. and Lipton, H. L. (2007) Efflux of drugs and solutes 
from brain: the interactive roles of diffusional transcapillary transport, bulk flow 
and capillary transporters. J Cereb Blood Flow Metab, 27,43-56. 

Gupta, A., Chatelain, P., Massingham, R., Jonsson, E. N. and Hammarlund-Udenaes, M. 
(2006) Brain distribution of cetirizine enantiomers: comparison of three different 
tissue-to-plasma partition coefficients: K(p), K(p,u), and K(p,uu). Drug Metab 
Dispos, 34, 318-323. 

Haas, B. R. and Sontheimer, H. (2010) Inhibition of the Sodium-Potassium-Chloride 
Cotransporter Isoform-1 reduces glioma invasion. Cancer Res, 70, 5597-5606. 

Haas, M. and Forbush, B., 3rd (1998) The Na-K-Cl cotransporters. J Bioenerg 
Biomembr, 30, 161-172. 

Hagenbuch, B. and Meier, P. J. (2003) The superfamily of organic anion transporting 
polypeptides. Biochim Biophys Acta, 1609, 1-18. 

Halladay, S. C., Carter, D. E. and Sipes, I. G. (1978) A relationship between the 
metabolism ofbumetanide and its diuretic activity in the rat. Drug Metab Dispos, 
6, 45-49. 

Hamelink, C., Hampson, A., Wink, D. A., Eiden, L. E. and Eskay, R. L. (2005) 
Comparison of cannabidiol, antioxidants, and diuretics in reversing binge ethanol
induced neurotoxicity. J Pharmacal Exp Ther, 314,780-788. 

Hammarlund-Udenaes, M. (2009) Active-Site Concentrations of Chemicals - Are They a 
Better Predictor of Effect than Plasma/Organ/Tissue Concentrations? Basic Clin 
Pharmacal Taxicol. 

Hammarlund-Udenaes, M. , Friden, M., Syvanen, S. and Gupta, A. (2008) On the rate and 
extent of drug delivery to the brain. Pharm Res, 25, 1737-1750. 

Hannaert, P., Alvarez-Guerra, M., Pirot, D., Nazaret, C. and Garay, R. P. (2002) Rat 
NKCC2/NKCCI cotransporter selectivity for loop diuretic drugs. Naunyn 
Schmiedebergs Arch Pharmacal, 365, 193-199. 

Hardebo, J. E. and Nilsson, B. ( 1979) Estimation of cerebral extraction of circulating 
compounds by the brain uptake index method: influence of circulation time, 
volume injection, and cerebral blood flow. Acta Physiol Scand, 107, 153-159. 

Hartz, A. M. and Bauer, B. (20 1 0) Regulation of ABC transporters at the blood-brain 
barrier: new targets for CNS therapy. Mol lnterv, 10, 293-304. 

Hasannejad, H., Takeda, M., Taki, K. et al. (2004) Interactions of human organic anion 
transporters with diuretics. J Pharmacal Exp Ther, 308, I 021-1 029. 

169 



TIUHSC, Satya Goda, May 2011 

Hasbargen, T., Ahmed, M. M., Miranpuri, G., Li, L., Kahle, K. T., Resnick, D. and Sun, 
D. (2010) Role ofNKCCl and KCC2 in the development of chronic neuropathic 
pain following spinal cord injury. Ann N Y Acad Sci, 1198, 168-172. 

Hasegawa, M., Kusuhara, H., Adachi, M., Schuetz, J.D., Takeuchi, K. and Sugiyama, Y. 
(2007) Multidrug resistance-associated protein 4 is involved in the urinary 
excretion ofhydrochlorothiazide and furosemide. JAm Soc Nephrol, 18, 37-45. 

Hawkins, B. T. and Davis, T. P. (2005) The blood-brain barrier/neurovascular unit in 
health and disease. Pharmacal Rev, 57, 173-185. 

Hawkins, B. T. and Egleton, R. D. (2008) Pathophysiology of the blood-brain barrier: 
animal models and methods. Curr Top Dev Bioi, 80,277-309. 

Heo, J. H., Han, S. W. and Lee, S. K. (2005) Free radicals as triggers ofbrain edema 
formation after stroke. Free Radic Bioi Med, 39, 51-70. 

Homma, T., Hoover, R. L. and Harris, R. C. (1990) Loop diuretic-sensitive potassium 
flux pathways of rat glomerular mesangial cells. Am J Physiol, 258, C862-870. 

Hosoya, K., Asaba, H. and Terasaki, T. (2000) Brain-to-blood efflux transport of estrone-
3-sulfate at the blood-brain barrier in rats. Life Sci, 67, 2699-2711. 

Huang, Z. G., Xue, D. , Preston, E. , Karbalai, H. and Buchan, A.M. (1999) Biphasic 
opening of the blood-brain barrier following transient focal ischemia: effects of 
hypothermia. Can J Neural Sci, 26, 298-304. 

Imaoka, T., Kusuhara, H. , Adachi, M., Schuetz, J.D., Takeuchi, K. and Sugiyama, Y. 
(2007) Functional involvement of multidrug resistance-associated protein 4 
(MRP4/ABCC4) in the renal elimination of the antiviral drugs adefovir and 
tenofovir. Mol Pharmacal, 71, 619-627. 

Ito, J., Marmarou, A., Barzo, P., Fatouros, P. and Corwin, F. (1996) Characterization of 
edema by diffusion-weighted imaging in experimental traumatic brain injury. J 
N eurosurg, 84, 97-103. 

Jayakumar, A. R., Liu, M., Moriyama, M., Ramakrishnan, R., Forbush, B., 3rd, Reddy, P. 
V. and Norenberg, M.D. (2008) Na-K-Cl Cotransporter-1 in the mechanism of 
ammonia-induced astrocyte swelling. J Bioi Chern, 283, 33874-33882. 

Jeffrey, P. and Summerfield, S. (2010) Assessment of the blood-brain barrier in CNS 
drug discovery. Neurobiol Dis, 37, 33-37. 

Joseph T, R. L. T., Gary C.Yee, Gary R.Matzke, Barbara G.Wells, L.Micheal Posey 
(2008) Pharmacotherapy: A pathophysiologic Approach. (J. T. D. e. al ed.). 

Kahle, K. T., Barnett, S.M., Sassower, K. C. and Staley, K. J. (2009a) Decreased seizure 
activity in a human neonate treated with bumetanide, an inhibitor of the Na( + )
K( + )-2Cl(-) cotransporter NKCC 1. J Child Neural, 24, 572-576. 

170 



TTUHSC, Satya Goda, May 2011 

Kahle, K. T., Simard, J. M., Staley, K. J., Nahed, B. V., Jones, P. S. and Sun, D. (2009b) 
Molecular mechanisms of ischemic cerebral edema: role of electroneutral ion 
transport. Physiology (Bethesda), 24,257-265. 

Kakee, A., Terasaki, T. and Sugiyama, Y. (1996) Brain efflux index as a novel method of 
analyzing efflux transport at the blood-brain barrier. J Pharmacal Exp Ther, 277, 
1550-1559. 

Kakee, A., Terasaki, T. and Sugiyama, Y. (1997) Selective brain to blood efflux transport 
of para-aminohippuric acid across the blood-brain barrier: in vivo evidence by use 
ofthe brain efflux index method. J Pharmacal Exp Ther, 283, 1018-1025. 

Kakyo, M., Sakagami, H., Nishio, T. et al. (1999) Immunohistochemical distribution and 
functional characterization of an organic anion transporting polypeptide 2 ( oatp2). 
FEBS letters, 445, 343-346. 

Kalvass, J. C. and Maurer, T. S. (2002) Influence of nonspecific brain and plasma 
binding on CNS exposure: implications for rational drug discovery. Biopharm 
Drug Dispos, 23, 327-338. 

Kalvass, J. C., Maurer, T. S. and Pollack, G. M. (2007a) Use of plasma and brain 
unbound fractions to assess the extent of brain distribution of 34 drugs: 
comparison of unbound concentration ratios to in vivo p-glycoprotein efflux 
ratios. Drug Metab Dispos, 35, 660-666. 

Kalvass, J. C., Olson, E. R., Cassidy, M.P., Selley, D. E. and Pollack, G. M. (2007b) 
Pharmacokinetics and pharmacodynamics of seven opioids in P-glycoprotein
competent mice: assessment of unbound brain EC50,u and correlation of in vitro, 
preclinical, and clinical data. J Pharmacal Exp Ther, 323, 346-355. 

Kamiie, J., Ohtsuki, S., Iwase, R. et al. (2008) Quantitative atlas of membrane transporter 
proteins: development and application of a highly sensitive simultaneous 
LC/MS/MS method combined with novel in-silico peptide selection criteria. 
Pharm Res, 25, 1469-1483. 

Keep, R. F., Xiang, J. and Betz, A. L. (1993) Potassium transport at the blood-brain and 
blood-CSF barriers. Adv Exp Med Bioi, 331, 43-54. 

Keep, R. F., Xiang, J. and Betz, A. L. (1994) Potassium cotransport at the rat choroid 
plexus. Am J Physiol, 267, C 1616-1622. 

Khor, S. P., Bozigian, H. and Mayersohn, M. (1991) Potential error in the measurement 
of tissue to blood distribution coefficients in physiological pharmacokinetic 
modeling. Residual tissue blood. II. Distribution of phencyclidine in the rat. Drug 
Metab Dispos, 19, 486-490. 

171 



TIUHSC, Satya Goda, May 2011 

Kikuchi, R., Kusuhara, H., Abe, T., Endou, H. and Sugiyama, Y. (2004) Involvement of 
multiple transporters in the efflux of 3-hydroxy-3-methylglutaryl-CoA reductase 
inhibitors across the blood-brain barrier. J Pharmacal Exp Ther, 311, 1147-1153. 

Kikuchi, R., Kusuhara, H., Sugiyama, D. and Sugiyama, Y. (2003) Contribution of 
organic anion transporter 3 (Slc22a8) to the elimination of p-aminohippuric acid 
and benzylpenicillin across the blood-brain barrier. J Pharmacal Exp Ther, 306, 
51-58. 

Kim, E. J. and Lee, M.G. (2001) Pharmacokinetics and pharmacodynamics of 
intravenous bumetanide in mutant Nagase analbuminemic rats: importance of 
globulin binding for the pharmacodynamic effects. Biapharm Drug Dispas, 22, 
147-156. 

King, L. S. and Agre, P. (1996) Pathophysiology of the aquaporin water channels. Annu 
Rev Physial, 58, 619-648. 

Kobayashi, Y., Ohbayashi, M., Kohyama, N. and Yamamoto, T. (2005) Mouse organic 
anion transporter 2 and 3 (m0AT2/3[Slc22a7/8]) mediates the renal transport of 
bumetanide. Eur J Pharmacal, 524, 44-48. 

Kuroiwa, T., Ting, P., Martinez, H. and Klatzo, I. (1985) The biphasic opening of the 
blood-brain barrier to proteins following temporary middle cerebral artery 
occlusion. Acta Neurapathol, 68, 122-129. 

Kusuhara, H., Sekine, T., Utsunomiya-Tate, N., Tsuda, M., Kojima, R., Cha, S. H., 
Sugiyama, Y., Kanai, Y. and Endou, H. (1999) Molecular cloning and 
characterization of a new multispecific organic anion transporter from rat brain. J 
Bioi Chern, 274, 13675-13680. 

Kusuhara, H. and Sugiyama, Y. (2005) Active efflux across the blood-brain barrier: role 
of the solute carrier family. NeuroRx, 2, 73-85. 

Lam, T. 1., Anderson, S. E., Glaser, N. and O'Donnell, M. E. (2005) Bumetanide reduces 
cerebral edema formation in rats with diabetic ketoacidosis. Diabetes, 54, 51 0-
516. 

Lanevskij, K., Dapkunas, J., Juska, L., Japertas, P. and Didziapetris, R. (2011) QSAR 
analysis ofblood-brain distribution: The influence of plasma and brain tissue 
binding. J Pharm Sci. 

Lee, S. H., Lee, M.G. and Kim, N.D. (1994) Pharmacokinetics and pharmacodynamics 
ofbumetanide after intravenous and oral administration to rats: absorption from 
various GI segments. J Pharmacakinet Biopharm, 22, 1-17. 

Leggas, M., Adachi, M., Scheffer, G. L. et al. (2004) Mrp4 confers resistance to 
topotecan and protects the brain from chemotherapy. Mol Cell Bioi, 24, 7612-

7621. 

172 



TTVHSC,Satya Goda, May 2011 

Li, L., Meier, P. J. and Ballatori, N . (2000) Oatp2 mediates bidirectional organic solute 
transport: a role for intracellular glutathione. Mol Pharmacal, 58, 335-340. 

Lin, J. H. (2008) CSF as a surrogate for assessing CNS exposure: an industrial 
perspective. Curr Drug Metab, 9, 46-59. 

Lin, J. H. and Lu, A. Y. (1997) Role of pharmacokinetics and metabolism in drug 
discovery and development. Pharmacal Rev, 49,403-449. 

Lindberger, M., Tomson, T. and Lars, S. (2002) Microdialysis sampling of 
carbamazepine, phenytoin and phenobarbital in subcutaneous extracellular fluid 
and subdural cerebrospinal fluid in humans: an in vitro and in vivo study of 
adsorption to the sampling device. Pharmacal Toxicol, 91, 158-165. 

Liu, F., Akella, P., Benashski, S. E., Xu, Y. and McCullough, L. D. (2010) Expression of 
Na-K-Cl cotransporter and edema formation are age dependent after ischemic 
stroke. Exp Neurol, 224, 356-361. 

Liu, X. and Chen, C. (2005) Strategies to optimize brain penetration in drug discovery. 
Curr Opin Drug Discov Devel, 8, 505-512. 

Liu, X., Chen, C. and Smith, B. J. (2008) Progress in brain penetration evaluation in drug 
discovery and development. J Pharmacal Exp Ther, 325, 349-356. 

Liu, X., Smith, B. J., Chen, C. et al. (2006) Evaluation of cerebrospinal fluid 
concentration and plasma free concentration as a surrogate measurement for brain 
free concentration. Drug Me tab Dispos, 34, 1443-144 7. 

Liu, X., Vilenski, 0., Kwan, J., Apparsundaram, S. and Weikert, R. (2009) Unbound 
brain concentration determines receptor occupancy: a correlation of drug 
concentration and brain serotonin and dopamine reuptake transporter occupancy 
for eighteen compounds in rats. Drug Metab Dispos, 37, 1548-1556. 

Longhi, R., Corbioli, S., Fontana, S., Vinco, F., Braggio, S., Helmdach, L., Schiller, J. 
and Boriss, H. (20 11) Brain tissue binding of drugs: evaluation and validation of 
solid supported porcine brain membrane vesicles (TRANSIL) as a novel high
throughput method. Drug Metab Dispos, 39, 312-321. 

Lu, K. T., Cheng, N. C., Wu, C. Y. and Yang, Y. L. (2008) NKCC1-mediated traumatic 
brain injury-induced brain edema and neuron death via Raf/MEKIMAPK cascade. 
Crit Care Med, 36, 917-922. 

Lu, K. T., Wu, C. Y. , Cheng, N. C., Wo, Y. Y. , Yang, J. T., Yen, H. H. and Yang, Y. L. 
(2006) Inhibition of the Na+ -K+ -2Cl- -cotransporter in choroid plexus attenuates 
traumatic brain injury-induced brain edema and neuronal damage. Eur J 
Pharmacal, 548, 99-105. 

173 



TTUHSC, Satya Goda, May 2011 

Magnussen, M.P. and Eilertsen, E. (1974) Proceedings: Species differences in the 
diuretic activity and metabolism ofbumetanide. Naunyn Schmiedebergs Arch 
Pharmacal, 282, suppl282:R261. 

Manley, G. T., Fujimura, M., Ma, T. , Noshita, N., Filiz, F., Bollen, A. W., Chan, P. and 
Verkman, A. S. (2000) Aquaporin-4 deletion in mice reduces brain edema after 
acute water intoxication and ischemic stroke. Nat Med, 6, 159-163. 

Marty, S., Wehrle, R., Alvarez-Leefmans, F. J., Gasnier, B. and Sotelo, C. (2002) 
Postnatal maturation ofNa+, K +, 2Cl- cotransporter expression and inhibitory 
synaptogenesis in the rat hippocampus: an immunocytochemical analysis. Eur J 
Neurosci, 15, 233-245. 

Maurer, T. S., Debartolo, D. B., Tess, D. A. and Scott, D. 0 . (2005) Relationship 
between exposure and nonspecific binding of thirty-three central nervous system 
drugs in mice. Drug Metab Dispos, 33, 175-181. 

Mehdipour, A. R. and Hamidi, M. (2009) Brain drug targeting: a computational approach 
for overcoming blood-brain barrier. Drug Discov Today, 14, 1030-1036. 

Migliati, E. , Meurice, N., DuBois, P., Fang, J. S., Somasekharan, S., Beckett, E., Flynn, 
G. and Yool, A. J. (2009) Inhibition ofaquaporin-1 and aquaporin-4 water 
permeability by a derivative of the loop diuretic bumetanide acting at an internal 
pore-occluding binding site. Mol Pharmacal, 16, l 05-112. 

Migliati, E. R., Amiry-Moghaddam, M., Froehner, S.C., Adams, M. E., Ottersen, 0. P. 
and Bhardwaj, A. (2010) Na(+)-K (+)-2Cl ( -) cotransport inhibitor attenuates 
cerebral edema following experimental stroke via the perivascular pool of 
aquaporin-4. Neurocrit Care, 13, 123-131. 

Miller, D. S., Bauer, B. and Hartz, A.M. (2008) Modulation ofP-glycoprotein at the 
blood-brain barrier: opportunities to improve central nervous system 
pharmacotherapy. Pharmacal Rev, 60, 196-209. 

Momma, S., Aoyagi, M., Rapoport, S. I. and Smith, Q. R. (1987) Phenylalanine transport 
across the blood-brain barrier as studied with the in situ brain perfusion technique. 
J Neurochem, 48, 1291-1300. 

Mori, S., Ohtsuki, S., Takanaga, H., Kikkawa, T., Kang, Y. S. 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. 

Mori, S., Takanaga, H., Ohtsuki, S., Deguchi, T., Kang, Y. S., Hosoya, K. and Terasaki, 
T. (2003) Rat organic anion transporter 3 (rOAT3) is responsible for brain-to
blood efflux ofhomovanillic acid at the abluminal membrane ofbrain capillary 
endothelial cells. J Cereb Blood Flow Metab, 23, 432-440. 

174 



TTUHSC, Satya Goda, May 2011 

Murakami, Y., Kohyama, N., Kobayashi, Y., Ohbayashi, M., Ohtani, H., Sawada, Y. and 
Yamamoto, T. (2005) Functional characterization of human monocarboxylate 
transporter 6 (SLC 16A5). Drug metabolism and disposition: the biological fate of 
chemicals, 33, 1845-1851. 

Murdoch, W. R. and Auld, W. H. (1975) Bumetanide--acute and long term studies of a 
new high potency diuretic. Postgrad Med J, 51, 10-14. 

Nagata, Y., Kusuhara, H., Endou, H. and Sugiyama, Y. (2002) Expression and functional 
characterization of rat organic anion transporter 3 (r0at3) in the choroid plexus. 
Mol Pharmacal, 61, 982-988. 

Nagata, Y., Kusuhara, H., Hirono, S., Endou, H. and Sugiyama, Y. (2004) Carrier
mediated uptake of H2-receptor antagonists by the rat choroid plexus: 
involvement of rat organic anion transporter 3. Drug Metab Dispos, 32, 1040-
1047. 

Nienaber, V. (2009) Start small and stay small. Minimizing attrition in the clinic with a 
focus on CNS therapeutics. Curr Top Med Chern, 9, 1688-1704. 

Nitta, T., Hata, M., Gotoh, S., Seo, Y., Sasaki, H., Hashimoto, N., Furuse, M. and 
Tsukita, S. (2003) Size-selective loosening of the blood-brain barrier in claudin-5-
deficient mice. J Cell Bioi, 161, 653-660. 

Noe, B., Hagenbuch, B., Stieger, B. and Meier, P. J. (1997) Isolation of a multispecific 
organic anion and cardiac glycoside transporter from rat brain. Proc Nat/ Acad Sci 
US A, 94, 10346-10350. 

O'Donnell, M. E. (1989) [3H]bumetanide binding in vascular endothelial cells. 
Quantitation ofNa-K-Cl cotransporters. J Bioi Chern, 264, 20326-20330. 

O'Donnell, M. E., Tran, L., Lam, T. I., Liu, X. B. and Anderson, S. E. (2004) Bumetanide 
inhibition of the blood-brain barrier Na-K-Cl cotransporter reduces edema 
formation in the rat middle cerebral artery occlusion model of stroke. J Cereb 
Blood Flow Metab, 24, 1046-1056. 

Ohno, K., Pettigrew, K. D. and Rapoport, S. I. ( 1978) Lower limits of cerebrovascular 
permeability to nonelectrolytes in the conscious rat. Am J Physiol, 235, H299-
307. 

Ohtsuki, S., Asaba, H., Takanaga, H., Deguchi, T., Hosoya, K., Otagiri, M. and Terasaki, 
T. (2002) Role of blood-brain barrier organic anion transporter 3 (OAT3) in the 
efflux of indoxyl sulfate, a uremic toxin: its involvement in neurotransmitter 
metabolite clearance from the brain. J Neurochem, 83, 57-66. 

175 



TTUHSC, Satya Goda, May 2011 

Ohtsuki, S., Ito, S., Matsuda, A., Hori, S., Abe, T. and Terasaki, T. (2007) Brain-to-blood 
elimination of 24S-hydroxycholesterol from rat brain is mediated by organic 
anion transporting polypeptide 2 ( oatp2) at the blood-brain barrier. J Neurochem, 
103, 1430-1438. 

Ohtsuki, S., Kikkawa, T., Mori, S., Hori, S., Takanaga, H., Otagiri, M. and Terasaki, T. 
(2004) Mouse reduced in osteosclerosis transporter functions as an organic anion 
transporter 3 and is localized at abluminal membrane of blood-brain barrier. J 
Pharmacal Exp Ther, 309, 1273-1281. 

Ohtsuki, S. and Terasaki, T. (2007) Contribution of carrier-mediated transport systems to 
the blood-brain barrier as a supporting and protecting interface for the brain; 
importance for CNS drug discovery and development. Pharm Res, 24, 1745-1758. 

Oldendorf, W. H. (1971) Brain uptake ofradiolabeled amino acids, amines, and hexoses 
after arterial injection. Am J Physiol, 221, 1629-1639. 

Oldendorf, W. H., Pardridge, W. M., Braun, L. D. and Crane, P. D. (1982) Measurement 
of cerebral glucose utilization using washout after carotid injection in the rat. J 
Neurochem, 38, 1413-1418. 

Olesen, K. H., Sigurd, B., Steiness, E. and Leth, A. (1973) Bumetanide, a new potent 
diuretic. A clinical evaluation in congestive heart failure. Acta Med Scand, 193, 
119-131. 

Ose, A., Kusuhara, H., Endo, C., Tohyama, K., Miyajima, M., Kitamura, S. and 
Sugiyama, Y. (2010) Functional characterization of mouse organic anion 
transporting peptide 1a4 in the uptake and efflux of drugs across the blood-brain 
barrier. Drug Metab Dispos, 38, 168-176. 

Pajouhesh, H. and Lenz, G. R. (2005) Medicinal chemical properties of successful central 
nervous system drugs. NeuroRx, 2, 541-553. 

Palfrey, H. C., Feit, P. W. and Greengard, P. (1980) cAMP-stimulated cation cotransport 
in avian erythrocytes: inhibition by "loop" diuretics. Am J Physiol, 238, C 139-
148. 

Pardridge, W. M. (2003) Blood-brain barrier drug targeting: the future of brain drug 
development. Mol lnterv, 3, 90-105, 151. 

Pardridge, W. M. (2005) The blood-brain barrier: bottleneck in brain drug development. 
NeuroRx, 2, 3-14. 

Parepally, J. M., Mandula, H. and Smith, Q. R. (2006) Brain uptake of nonsteroidal anti
inflammatory drugs: ibuprofen, flurbiprofen, and indomethacin. Pharm Res, 23, 

873-881. 

176 



TTUHSC, Satya Goda, May 2011 

Patlak:, C. S. and Fenstermacher, J.D. (1975) Measurements of dog blood-brain transfer 
constants by ventriculocistemal perfusion. Am J Physiol, 229, 877-884. 

Paulson, J . R., Roder, K. E., McAfee, G., Allen, D. D., Vander Schyf, C. J. and 
Abbruscato, T. J. (2006) Tobacco smoke chemicals attenuate brain-to-blood 
potassium transport mediated by the Na,K,2Cl-cotransporter during hypoxia
reoxygenation. J Pharmacal Exp Ther, 316,248-254. 

Payne, J. A. and Forbush, B., 3rd (1994) Alternatively spliced isoforms of the putative 
renal Na-K-Cl cotransporter are differentially distributed within the rabbit kidney. 
Proc Nat/ Acad Sci US A, 91, 4544-4548. 

Pedersen, S. F., O'Donnell, M. E., Anderson, S. E. and Cala, P. M. (2006) Physiology and 
pathophysiology ofNa+/H+ exchange and Na+ -K + -2Cl- cotransport in the heart, 
brain, and blood. Am J Physiol Regul Integr Comp Physiol, 291, R1-25. 

Plotkin, M.D., Kaplan, M. R., Peterson, L. N., Gullans, S. R., Hebert, S. C. and Delpire, 
E. (1997) Expression ofthe Na(+)-K(+)-2Cl- cotransporter BSC2 in the nervous 
system. Am J Physiol, 272, C 173-183. 

Politi, L., Morini, L. and Polettini, A. (2007) A direct screening procedure for diuretics in 
human urine by liquid chromatography-tandem mass spectrometry with 
information dependent acquisition. Clin Chim Acta, 386, 46-52. 

Pottiez, G., Flahaut, C., Cecchelli, R. and Karamanos, Y. (2009) Understanding the 
blood-brain barrier using gene and protein expression profiling technologies. 
Brain Res Rev, 62, 83-98. 

Preston, E. , Sutherland, G. and Finsten, A. (1993) Three openings of the blood-brain 
barrier produced by forebrain ischemia in the rat. Neurosci Lett, 149, 75-78. 

Raichle, M. E., Eichling, J. 0 ., Straatmann, M. G. , Welch, M. J., Larson, K. B. and Ter
Pogossian, M. M. (1976) Blood-brain barrier permeability of 11C-labeled 
alcohols and 150-labeled water. Am J Physiol, 230, 543-552. 

Reese, T. S., Feder, N. and Brightman, M. W. (1971) Electron microscopic study of the 
blood-brain and blood-cerebrospinal fluid barriers with microperoxidase. J 
Neuropathol Exp Neurol, 30, 137-138. 

Reese, T. S. and Kamovsky, M. J. ( 1967) Fine structural localization of a blood-brain 
barrier to exogenous peroxidase. J Cell Bioi, 34,207-217. 

Reichel, A. (2009) Addressing central nervous system (CNS) penetration in drug 
discovery: basics and implications of the evolving new concept. Chern Biodivers, 

6, 2030-2049. 

177 



TTUHSC, Satya Goda, May 2011 

Reichel, C., Gao, B., Van Montfoort, J., Cattori, V., Rahner, C., Hagenbuch, B., Stieger, 
B., Kamisako, T. and Meier, P. J. (1999) Localization and function of the organic 
anion-transporting polypeptide Oatp2 in rat liver. Gastroenterology, 117, 688-
695. 

Reid, G., Wielinga, P., Zelcer, N., De Haas, M., Van Deemter, L., Wijnholds, J., 
Balzarini, J. and Borst, P. (2003) Characterization of the transport of nucleoside 
analog drugs by the human multidrug resistance proteins MRP4 and MRP5. Mol 
Pharmacal, 63, 1094-1103. 

Robertson, A. and Karp, W. (1986) Albumin binding ofbumetanide. Dev Pharmacal 
Ther, 9, 241-248. 

Rosenberg, G. A. , Estrada, E. Y. and Dencoff, J. E. (1998) Matrix metalloproteinases and 
TIMPs are associated with blood-brain barrier opening after reperfusion in rat 
brain. Stroke, 29,2189-2195. 

Russel, F. G., Koenderink, J. B. and Masereeuw, R. (2008) Multidrug resistance protein 4 
(MRP4/ ABCC4): a versatile efflux transporter for drugs and signalling molecules. 
Trends Pharmacal Sci, 29,200-207. 

Sampaolo, S., Nakagawa, Y., Iannotti, F., Cervos-Navarro, J. and Bonavita, V. (1991) 
Blood-brain barrier permeability to micromolecules and edema formation in the 
early phase of incomplete continuous ischemia. Acta Neuropathol, 82, l 07-111 . 

Saunders, N. R., Habgood, M. D. and Dziegielewska, K. M. (1999) Barrier mechanisms 
in the brain, I. Adult brain. Clin Exp Pharmacal Physiol, 26, 11- 19. 

Segal, M. B. (2000) The choroid plexuses and the barriers between the blood and the 
cerebrospinal fluid. Cell Mol Neurobiol, 20, 183-196. 

Shen, D. D., Artru, A. A. and Adkison, K. K. (2004) Principles and applicability of CSF 
sampling for the assessment of CNS drug delivery and pharmacodynamics. Adv 
Drug Deliv Rev, 56, 1825-1857. 

Shen, S. and Zhang, W. (2010) ABC transporters and drug efflux at the blood-brain 
barrier. Rev Neurosci, 21, 29-53. 

Shitara, Y., Sugiyama, D., Kusuhara, H., Kato, Y., Abe, T., Meier, P. J., ltoh, T. and 
Sugiyama, Y. (2002) Comparative inhibitory effects of different compounds on 
rat oatpl (slc21al)- and Oatp2 (Slc21a5)-mediated transport. Pharmaceutical 
research, 19, 147-153. 

Siesjo, B. K. (2008) Pathophysiology and treatment of focal cerebral ischemia. Part 1: 
Pathophysiology. (1992). J Neurosurg, 108,616-631 . 

178 



TTUHSC, Satya Goda, May 2011 

Simard, J. M., Kahle, K. T. and Gerzanich, V. (2009) Molecular mechanisms of 
microvascular failure in central nervous system injury-synergistic roles of 
NKCC1 and SURlffRPM4. J Neurosurg. 

Smith, D. E. (1982) High-performance liquid chromatographic assay for bumetanide in 
plasma and urine. J Pharm Sci, 71, 520-523. 

Smith, Q. R. (1996) Brain perfusion systems for studies of drug uptake and metabolism 
in the central nervous system. Pharm Biotechnol, 8, 285-307. 

Smith, Q. R. (2003) A review of blood-brain barrier transport techniques. Methods Mol 
Med, 89, 193-208. 

Smith, Q. R. and Allen, D. D. (2003) In situ brain perfusion technique. Methods Mol 
Med, 89,209-218. 

Sora, D. 1., Udrescu, S., Albu, F., David, V. and Medvedovici, A. (2010) Analytical 
issues in HPLC/MS/MS simultaneous assay of furosemide, spironolactone and 
canrenone in human plasma samples. J Pharm Biomed Anal, 52, 734-740. 

Spengos, K., Tsivgoulis, G. and Zakopoulos, N. (2006) Blood pressure management in 
acute stroke: a long-standing debate. Eur Neurol, 55, 123-135. 

Srimaroeng, C., Perry, J. L. and Pritchard, J. B. (2008) Physiology, structure, and 
regulation of the cloned organic anion transporters. Xenobiotica, 38, 889-935. 

Staub, F., Stoffel, M., Berger, S., Eriskat, J. and Baethmann, A. (1994) Treatment of 
vasogenic brain edema with the novel Cl- transport inhibitor torasemide. J 
Neurotrauma, 11, 679-690. 

Strbian, D. , Durukan, A., Pitkonen, M., Marinkovic, 1. , Tatlisumak, E., Pedrono, E., Abo
Ramadan, U. and Tatlisumak, T. (2008) The blood-brain barrier is continuously 
open for several weeks following transient focal cerebral ischemia. Neuroscience, 
153, 175-181. 

Sugano, K., Kansy, M., Artursson, P. et al. (2010) Coexistence of passive and carrier
mediated processes in drug transport. Nat Rev Drug Discov, 9, 597-614. 

Sugiyama, D., Kusuhara, H., Shitara, Y., Abe, T., Meier, P. J., Sekine, T., Endou, H., 
Suzuki, H. and Sugiyama, Y. (2001) Characterization of the efflux transport of 
17beta-estradiol-D-17beta-glucuronide from the brain across the blood-brain 
barrier. J Pharmacal Exp Ther, 298, 316-322. 

Summerfield, S. G., Read, K., Begley, D. J., Obradovic, T., Hidalgo, I. J., Coggon, S., 
Lewis, A. V., Porter, R. A. and Jeffrey, P. (2007) Central nervous system drug 
disposition: the relationship between in situ brain permeability and brain free 
fraction. J Pharmacal Exp Ther, 322, 205-213. 

179 



TTUHSC, Satya Goda, May 2011 

Summerfield, S. G., Stevens, A. J ., Cutler, L., del Carmen Osuna, M., Hammond, B., 
Tang, S. P., Hersey, A., Spalding, D. J. and Jeffrey, P. (2006) Improving the in 
vitro prediction of in vivo central nervous system penetration: integrating 
permeability, P-glycoprotein efflux, and free fractions in blood and brain. J 
Pharmacal Exp Ther, 316, 1282-1290. 

Suzuki, H., Sawada, Y., Sugiyama, Y., Iga, T. and Hanano, M. (1989) Facilitated 
transport of benzylpenicillin through the blood-brain barrier in rats. J 
Pharmacobiodyn, 12, 182-185. 

Takasato, Y., Rapoport, S. I. and Smith, Q. R. (1984) An in situ brain perfusion technique 
to study cerebrovascular transport in the rat. Am J Physiol, 247, H484-493. 

Thieme, D., Grosse, J., Lang, R., Mueller, R. K. and Wahl, A. (2001) Screening, 
confirmation and quantification of diuretics in urine for doping control analysis 
by high-performance liquid chromatography-atmospheric pressure ionisation 
tandem mass spectrometry. J Chromatogr B Biomed Sci Appl, 757, 49-57. 

Thon T, H. N ., Rosamond W, et al. (2006) Heart disease and stroke statistics -2006 
update: A report from the American Heart Association Statistics Committee and 
Stroke Statistics Subcommittee., Vol. 113, pp. 85-151. Circulation. 

Todd, N. V., Picozzi, P., Crockard, A. and Russell, R. W. (1986) Duration of ischemia 
influences the development and resolution of ischemic brain edema. Stroke, 17, 
466-471. 

Turmen, T., Thorn, P., Louridas, A. T., LeMorvan, P. and Aranda, J . V. (1982) Protein 
binding and bilirubin displacing properties of bumetanide and furosemide. J Clin 
Pharmacal, 22, 551-556. 

Uchida, Y., Kamiie, J., Ohtsuki, S. and Terasaki, T. (2007) Multichannel liquid 
chromatography-tandem mass spectrometry cocktail method for comprehensive 
substrate characterization of multidrug resistance-associated protein 4 transporter. 
Pharm Res, 24, 2281-2296. 

Uchida, Y., Ohtsuki, S., Katsukura, Y., Ikeda, C., Suzuki, T., Kamiie, J. and Terasaki, T. 
(2011) Quantitative Targeted Absolute Proteomics of Human Blood-Brain Barrier 
Transporters and Receptors. J Neurochem. 

Unterberg, A. W., Stover, J., Kress, B. and Kiening, K. L. (2004) Edema and brain 
trauma. Neuroscience, 129, 1021-1029. 

Urquhart, B. L. and Kim, R. B. (2009) Blood-brain barrier transporters and response to 
CNS-active drugs. Eur J Clin Pharmacal, 65, 1063-1070. 

US Food and Drug Administration, C. f. D. E. a. R. (2001) "Guidance for Industry. 
Bioanalytical Method Validation" 

180 



TTUHSC, Satya Goda, May 2011 

Vajda, Z., Pedersen, M., Fuchtbauer, E. M. et al. (2002) Delayed onset of brain edema 
and mislocalization of aquaporin-4 in dystrophin-null transgenic mice. Proc Nat/ 
Acad Sci US A, 99, 13131-13136. 

van Montfoort, J. E., Schmid, T. E., Adler, I. D., Meier, P. J. and Hagenbuch, B. (2002) 
Functional characterization of the mouse organic-anion-transporting polypeptide 
2. Biochim Biophys Acta, 1564, 183-188. 

VanWert, A. L., Gionfriddo, M. R. and Sweet, D. H. (2010) Organic anion transporters: 
discovery, pharmacology, regulation and roles in pathophysiology. Biopharm 
Drug Dispos, 31, 1-71. 

Vigne, P., Lopez Farre, A. and Frelin, C. (1994) Na(+)-K(+)-Cl- cotransporter of brain 
capillary endothelial cells. Properties and regulation by endothelins, hyperosmolar 
solutions, calyculin A, and interleukin-1. J Bioi Chern, 269, 19925-19930. 

W .M.Pardridge (2007) Blood-Brain Barrier Genomics. Stroke, 38, 686-690. 

Walker, P. C., Berry, N. S. and Edwards, D. J. (1989) Protein binding characteristics of 
bumetanide. Dev Pharmacal Ther, 12, 13-18. 

Wan, H., Rehngren, M., Giordanetto, F., Bergstrom, F. and Tunek, A. (2007) High
throughput screening of drug-brain tissue binding and in silico prediction for 
assessment of central nervous system drug delivery. J Med Chern, 50, 4606-4615. 

Wang, C. X. and Shuaib, A. (2007) Critical role of microvasculature basal lamina in 
ischemic brain injury. Prog Neurobiol, 83, 140-148. 

Watson, J., Wright, S., Lucas, A., Clarke, K. L., Viggers, J., Cheetham, S., Jeffrey, P., 
Porter, R. and Read, K. D. (2009) Receptor occupancy and brain free fraction. 
Drug Metab Dispos, 37, 753-760. 

Witt, K. A., Mark, K. S., Sandoval, K. E. and Davis, T. P. (2008) Reoxygenation stress 
on blood-brain barrier paracellular permeability and edema in the rat. Microvasc 
Res, 75, 91-96. 

Wittner, M., DiStefano, A., Wangemann, P., Delarge, J., Liegeois, J. F. and Greger, R. 
( 1987) Analogues of torasemide--structure function relationships--experiments in 
the thick ascending limb of the loop of Henle of rabbit nephron. Pflugers Arch, 
408,54-62. 

Wolman, M., Klatzo, I., Chui, E., Wilmes, F., Nishimoto, K., Fujiwara, K. and Spatz, M. 
(1981) Evaluation of the dye-protein tracers in pathophysiology of the blood-brain 
barrier. Acta Neuropathol, 54, 55-61. 

181 



TTUHSC, Satya Goda, May 2011 

Wong, S. L., Van Belle, K. and Sawchuk, R. J. (1993) Distributional transport kinetics of 
zidovudine between plasma and brain extracellular fluid/cerebrospinal fluid in the 
rabbit: investigation of the inhibitory effect of probenecid utilizing microdialysis. 
J Pharmacal Exp Ther, 264, 899-909. 

Woods, H. F. and Youdim, M. B. (1977) The isolated perfused rat brain preparation--a 
critical assessment. Essays Neurochem Neuropharmacol, 2, 49-69. 

Yan, Y., Dempsey, R. J., Flemmer, A., Forbush, B. and Sun, D. (2003) Inhibition of 
N a(+)-K( + )-Cl(-) co transporter during focal cerebral ischemia decreases edema 
and neuronal damage. Brain Res, 961, 22-31. 

Yan, Y., Dempsey, R. J. and Sun, D. (2001a) Expression ofNa(+)-K(+)-Cl(-) 
cotransporter in rat brain during development and its localization in mature 
astrocytes. Brain Res, 911, 43-55. 

Yan, Y ., Dempsey, R. J. and Sun, D. (2001b) Na+-K+-Cl- cotransporter in rat focal 
cerebral ischemia. J Cereb Blood Flow Metab, 21, 711-721. 

Yang, T., Roder, K. E., Bhat, G. J., Thekkumkara, T. J. and Abbruscato, T. J. (2006) 
Protein kinase C family members as a target for regulation of blood-brain barrier 
Na,K,2Cl-cotransporter during in vitro stroke conditions and nicotine exposure. 
Pharm Res, 23, 291-302. 

Zhang, Z., Wang, D., Zhang, L., Du, M. and Chen, G. (2008) Determination of diuretics 
in human urine by hollow fiber-based liquid-liquid-liquid microextraction coupled 
to high performance liquid chromatography. The Analyst, 133, 1187-1194. 

Zhao, B. Q., Wang, S., Kim, H. Y., Storrie, H., Rosen, B. R. , Mooney, D. J., Wang, X. 
and Lo, E. H. (2006) Role of matrix metalloproteinases in delayed cortical 
responses after stroke. Nat Med, 12,441-445. 

182 



TTUHSC, Satya Goda, May 2011 

Table 6.1 : Effect of pre administration of several inhibitors on eHJ-bumetanide efflux 
from rat brain 

Inhibitors Concentrations Transporters Reference 
used (% inhibited) 

Indomethacin 0.33mM MRP4 (>90%) Reid et al., 2003b 
Oatp2 (< 10%) Shitara et al., 2002 

P-amino 0.33mM Oat3 Kusuhara et al., 1999 
hippuric acid 

(PAH) 

Cimetidine 1.66 mM OAT3 Shinobu et al., 2004 

Verapamil 150 JIM Oatp2 (-90%) Shitara et al., 2002 

Digoxin 6.66 JIM Oatp2 (>95%) Shitara et al., 2002 

Taurocholic 0.666 mM Oatp2 Ose et al., 2010 
acid (TCA) 

Probenecid 0.33 mM MRP4 (>90%) Shinobu et al., 2004 
OATs (<20%) 
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Figure 6.1 : Time course of [ 
3
H]-bumetanide efflux from the ipslilateral cerebrum 
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Time course of the percentage of eH]-bumetanide remaining in the ipsilateral cerebrum 

after intracerebral microinjection in the presence of [14C]-sucrose as an internal reference. 

Closed and open circles represent the time course of the percentage of eH]-bumetanide 

remaining in the brain after administration in the absence and presence of I 0 mM 

bumetanide, respectively. Each point represents the mean ± SEM (N = 6-9). The slope of 

the solid line gives the elimination rate constant of the trace amount of eH]-bumetanide 

(0.013 ± 0.001 min) obtained by least squares regression analysis. 
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Figure 6.2: Distribution volume (V u,brain) of CHJ-bumetanide using brain slice method 
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Distribution volume (V u,brain) of eH]-bumetanide was measured using 300 !J.m coronal 

striatal section of rat brain by incubating these slices in a 15 mL buffer containing the 

eHJ-bumetanide. At different time points (15, 30, 60, 120, 180, 240, 300, 360 min) 

aliquots from both slice (40-60 mg) and buffer (100 !J.L) were measured for radioactivity. 

The y intercept of the line fitted to the points at steady state ( 180 min and later) is V u, brain · 

Each data point represents mean± SEM (n = 6-8 slices per experiment). 
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Figure 6.3 Effect of various inhibitors on the brain efflux of eH]-bumetanide 
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eH]-bumetanide (0.05 !J.Ci) and [14C]-sucrose (0.005 !J.Ci) dissolved in 0.5 !J.L ECF 

buffer were injected into the par2 region of the brain in presence and absence of various 

inhibitors. The cerebral concentration was estimated from injectate concentration divided 

by dilution factor (i.e. 30.3 ) which was previously reported by (Kakee et al. 1996). Data 

were collected 120 min after intraceerebral microinjection. Each data point represents 

mean± SEM. One-way AN OVA with Dunnett's post hoc test. *** p < 0.0 I, 

significantly different from the control. 
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Figure 6.4 eH]-bumetanide uptake using rat OAT3 transportocytes 

1 

*** 
*** 

Uptake of eH]-bumetanide by Xenopus laevis oocytes injected with rat OAT3 mRNA. 

eH]-bumetanide uptake by water (control) or rat OA T3 mRNA injected oocytes was 

measured in the absence or presence of lmM unlabeled bumetanide and 10 mM of 

unlabeled para-amino hippuric acid (PAH). Each bar represents mean ± SEM (n = 8-15 

oocytes per experiment). One-way ANOVA with Bonferroni's multiple comparison test, 

** *P < 0.01, significant difference in the uptake of control vs. mRNA injected oocytes 

and also mRNA injected oocytes vs. unlabeled bumetanide and PAH. eH]-bumetanide 

concentration used is 2 J.1M. 
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Figure 6.4 eH]-bumetanide uptake using rat oatp2 transportocytes 

*** 

*** 
*** I 

Uptake of eHJ-bumetanide by xenopus laevis oocytes injected with rat oatp2 m RNA. 

eHJ-bumetanide uptake by water (control) or rat oatp2 mRNA injected oocytes was 

measured in the absence or presence of lmM unlabeled bumetanide, 500 JJM of 

unlabeled taurocholic acid (TCA) and I 0 JJM of digoxin. Each bar represents mean ± 

SEM (n = 8-15 oocytes per experiment). One-way ANOVA with Bonferroni's multiple 

comparison test, ***P < 0.01, significant difference in the uptake of control vs. mRNA 

injected oocytes and also mRNA injected oocytes vs. unlabeled bumetanide, TCA and 

digoxin. eH]-bumetanide concentration used is 2 JJM. 
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Figure 6.6: Tentative model ofbumetanide transport at the BBB 
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From the in vivo efflux study a major portion ofbumetanide is transported by oatp2, 

followed by OAT3. MRP4 might play a much smaller role. 

189 



TTUHSC, Satya Goda, May 2011 

CHAPTER 7 

SUMMARY AND CONCLUSIONS 

Brain edema is a major problem in many neurological disorders involving CNS 

injury. Elevated intracranial pressure associated with brain edema can reduce 

intracerebral perfusion pressure and lead to marked distortions and herniations in brain 

tissue resulting in further injury and often death. Current therapies are directed at 

withdrawing fluid from the nervous system using hyperosmotic therapy (e.g., 

hyperosmotic saline, urea, or glycerol) and nonnalizing BBB passive penneability using 

steroids. Neither of these therapies is targeted at the cellular mechanisms generating the 

edema. 

New therapies are strongly needed to prevent and treat brain edema. The fact 

that brain edema, whether ionic or cytotoxic, is driven first by misdirected cellular ion 

transport, suggests a solution through targeted use of selected ion transport inhibitors. 

NKCCl is one of a small group of ion transporters closely linked to cell volume 

regulations and osmotic control throughout the body. When activated, NKCC 1 can 

produce dramatic changes in cell volume. Other proteins, including ion transporters and 

water channels (aquaporins) are also involved. 

Multiple studies over the past decade have suggested that early high dose 

intervention with ion transport inhibitors, such as loop diuretics, can limit brain edema 

and reduce infarct volume in preclinical models of cerebral ischemia, traumatic brain 

injury, diabetic ketoacidosis, liver failure, and other conditions. However, the ion 
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transport inhibitors currently available on the market for clinical studies were not 

developed for the treatment of CNS disease. Loop diuretics, as their name suggests, were 

developed to block ion and water reabsorption in the thick ascending limb of the loop of 

Henle in the kidney. If the inhibitor approach is to prove viable for prevention and 

treatment of brain edema, these agents need to gain effective entry to the CNS across the 

BBB. 

The results of this dissertation show that bumetanide and several other loop 

diuretics exhibit low permeability at the BBB (free drug PSin 0.5 - 1. 7 x 1 04 mL!sl g) 

which limits their CNS distribution and efficacy. Pharmacokinetic analysis demonstrates 

that burnetanide reaches therapeutic concentrations exceeding the K0 of the brain 

NKCC 1 transporter only at very high dose i. v. administration in rats. Effective doses for 

brain edema control in rats are >2000 times greater than those used in humans for 

management of peripheral edema via the kidney. Part ofthis difference relates to a 10-15 

fold greater peripheral clearance ofbumetanide in rodents due to bumetanide metabolism. 

However, the majority of the difference arises because of the much greater circulating 

plasma concentrations that are required to block NKCC 1 in brain. Kinetic experiments 

demonstrate that the BBB actively removes bumetanide from the brain interstitial space 

so that on average free bumetanide concentration in brain is -10 fold lower than 

circulating plasma free concentration. Inhibitor studies suggest that this efflux is 

mediated by up to three BBB transporters, including OAT3, oatp2 and MRP4. 

Additional carriers may also be involved as broad organic anion transport inhibitors, such 

as probenecid, do not raise bumetanide uptake across the BBB in perfusion studies. In 
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fact, probenecid lowers brain bumetanide uptake due to inhibition of a BBB influx 

carrier, possibly luminal capillary membrane oatp2. The results certify the problem in 

this therapeutic approach because the transport inhibitors show such poor brain delivery, 

even under conditions of cerebral ischemia where active efflux transport may be 

compromised. 

However, on the positive side, this dissertation put forward a roadmap that may 

be used to overcome the problem oflimited brain delivery and efficacy of these critical 

agents. Unfortunately, in vivo screening for potent renal action may have selected loop 

diuretic inhibitors ofNKCC which are also substrates of multiple active efflux 

transporters, some of which have family members present both in kidney and at brain. 

Therefore, in the future: 

1. New agents should be screened that are potent selective inhibitors of activated 

NKCC1 over that of basal NKCC1 or NKCC2 in in vitro studies. Currently, no such 

selective activated NKCC 1 inhibitors have been published, and current agents show 

partial preference for NKCC2 over unactivated NKCC 1. To avoid potent renal 

actions and resultant fluid/electrolyte disruption, agents with strong preference toward 

activated NKCC 1 would be a strong asset. 

2. Possible leads identified in in vitro NKCC screening should be tested for affinity and 

transport by active efflux carriers present at the BBB, including P-gp, BCRP, MRPs, 

OAT and oatp. Further, initial pharmacokinetic studies should be performed on 

192 



TTUHSC, Satya Goda, May 2011 

agents selected for in vivo testing to determine if free concentrations are attained in 

plasma and brain that potently block activated NKCCl throughout the CNS. 

3. Alternative strategies may be needed to test peptide or protein vector-linked NKCCl 

inhibitors that are carried across the BBB by receptor-mediated transcytosis for 

controlled release in brain interstitial fluid. Such drug conjugates would circumvent 

the capillary efflux transporters of the BBB and may show lower distribution to 

peripheral sites, such as kidney, so as to reduce systemic fluid side effects. At 

present, the kidney is the highest delivery site for bumetanide within the body. 

4. Ultimately, it may be necessary to combine targeted NKCC inhibitors together with 

inhibitors of other ion transporters and water channels to achieve maximal efficacy 

and brain edema fluid control. NKCC is just one of several mechanisms that cells 

have for transporting ions. Further, ischemia can induce marked alterations in 

transport function so that roles of individual transporters may be enhanced, reduced, 

or even reversed in direction. 

A benefit of this approach will be new actions and functions for this drug class 

directed at CNS diseases which are not perfectly controlled at present, such as seizures 

and chronic pain. Bumetanide is being tested as an anticonvulsant in neonates and for 

actions to alleviate chronic pain. In both cases, the drug has been proposed to mediate its 

effects though alteration of neuronal chloride transport. Further, inhibition of glial and 

neuronal NKCC has been shown to have protective actions in neurotoxicity and 

metabolic blockade in vitro, such that new targeted neural NKCC inhibitors may be of 

interest as neuroprotective drugs in a number of neurological conditions. Direct 
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intracerebral delivery ofbumetanide has been shown to have very positive effects on 

cerebral edema and outcome in rodents. If new agents are developed with effective brain 

delivery via systemic routes across the BBB, they may have promise to improve CNS 

therapy in a number of brain conditions. 
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