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ABSTRACT 

Using epifluorescence microscopy I have characterized the transport of the 

fluorescent organic cation NBD-TMA^ [2-(4-nitro-2,l,3-benzoxadiaxol-7-

yl)aminoethyl]trimethylammonium. NBD-TMA^ has structural characteristics common 

to other secreted organic cations and it is fluorescent (Xex = 458 nm; X«n, = 530 nm). 

Transport of NBD-TMA^ by rabbit renal proximal tubules was time dependent, saturable, 

and inhibited by TEA^ cimetidine, and procainamide. These results provide strong 

evidence that the fluorescent organic cation, NBD-TMA^, is transported by the classical 

organic cation transporter and can be used to monitor organic cation transport in renal 

proximal tubules or cells expressing organic cation transporters. Additionally, a stable 

line of HeLa cells expressing hOCTl was used to investigate the structural and chemical 

characteristics influencing substrate binding to the transporter. I found that the 

systematic rotation of a planar hydrophobic mass about a vertical axis aligned with the 

positively charged nitrogen reduced the binding affinity of substrate for hOCTl 

suggesting that hOCTl possesses a lateral steric limitation not seen in the apical organic 

cation transporter. Furthermore, the addition of supraplanar hydrophobic mass to a 

planar chemical structure was found to increase the binding affinity for a substrate 

substantially more that expected for the increased hydrophobicity suggesting that the 

binding site for hOCTl is not simply planar in nature, but may be better described as a 

pocket. 



CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 
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INTRODUCTION 

Animals ate routinely exposed to chemicals produced by plants and other animals. 

Many of these chemicals are toxic and are potential hazards for the animals exposed to 

them. By limiting exposure to toxins an animal may be able to minimize deleterious 

effects produced by such toxins. The intestine, liver, and kidney all play a major role in 

the absorption, distribution, and elimination of xenobiotic compounds. The kidney is one 

of the primary organs responsible for clearing the body of endogenous and xenobiotic 

compounds. Substances secreted by the kidney include endogenous physiologic 

molecules, pharmacological agents, toxins, as well as a diverse array of other xenobiotics. 

This collection of compounds can be further divided into subclasses, one of which is the 

organic cations. The principal location of organic cation secretion is the renal proximal 

tubule. The tubular secretion mechanism for organic cations is likely to be an 

evolutionary remnant of a protective mechanism. What may have originally resulted in 

the rapid removal of environmental toxins now plays an important role in the secretion of 

therapeutic compounds into the urine. 

Many common drugs fall into the class of organic cations. These include a broad 

array of drug classes including anti-ulceratives, anti-arrhythmia agents, and drugs of 

abuse. Commonly secreted organic cations are modestly lipophilic and contain a 

positively charged amine or are weak bases. Organic cations are sufBciently small that 

they are filtered at the glomerulous. Organic cations left in the blood following 

glomerular filtration can be secreted into the nephron lumen. The secretory process 
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enables the kidney to clear the blood of a larger amount of organic cation than filtration 

alone. 

The current model for transepithelial secretion of organic cations in the kidney 

can be described as a two-step process (figure l.l). This process primarily takes place in 

the renal proximal tubule. Secretion across proximal tubule cells occurs in two steps. 

The first step occurs at the basolateral membrane. Here organic cations are removed 

from the blood and transported into proximal tubule cells. According to the current 

model basolateral membrane transport is characterized by facilitated diffusion down an 

electrochemical gradient. The electrogenic driving force is provided by the inside 

negative membrane potential. Cellular removal of organic cations occurs through an 

electroneutral cation exchanger at the luminal membrane. The luminal transporter 

exchanges a luminal iT for an intracellular organic cation. The gained through ion 

exchange can be removed by the Na^/iT exchanger or by ATP dependent BT transport. 

The two-step secretion, in addition to glomerular filtration, results in a greater clearance 

of organic cation from the plasma than filtration alone. For example, the plasma may be 

completely cleared of tetraethyl ammonium (TEA^ in a single passage through the 

kidney, depending on the TEA^ concentration (Rennick, 1981). 

When the subject material of this dissertation was initiated there existed a 

hypothesized mechanism of concentrating organic cations in intracellular vesicular 

compartments. The hypothesis was supported by uptake of radiolabeled TEA^ into 

purified endosomal vesicles (Pritchardet al., 1994). However, the extent to which this 

actually occurred within cells was unresolved. It was believed that the development of an 
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adequate fluorescent organic cation might aid in resolving this issue. Additionally, such 

a molecule would offer the opportunity to measure organic cation transport in real time 

and perhaps have other utility as well. The discovery of the first organic cation 

transporter was commensurate with the dissertation work describe herein. The 

identification of new organic cation transporters created a need to distinguish a 

pharmacological profile for each transporter and recognize any similarities and 

differences that may exist so that predictions regarding the absorption and elimination of 

drugs and toxins may be made. Of additional importance is the relationship of cloned 

transporters to historically collected organic cation data. Knowledge of this relationship 

ensures that clones actually represent the previously described processes in organs and 

isolated tissues. What follows is a literature review and summary of organic cation 

transport, the woric describing the development and characterization of a novel 

fluorescent organic cation, and work identifying structural factors that influence substrate 

binding to the cloned transporter, hOCTl. 

GENERAL REVIEW 

The literature review and summary will initially cover a brief chronological 

review of the work leading to the model described in the previous paragraphs. This will 

be followed by a short discussion of mechanisms that may account for cellular 

accumulation of organic cations to unanticipated levels. Recent molecular discoveries 

will also be noted and the literature review and simmiary will conclude with a discussion 

of substrate interaction with organic cation transporters. 
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The current model of organic cation secretion has been demonstrated in fish, 

reptiles, birds, and manunals. Dogs and chickens were the first animals used to 

demonstrate renal organic cation secretion (Rennick et al., 1947;Sperber, 1947). The 

early work of Rennick and colleagues (Rennick et al., 1947) showed that renal excretion 

of tetraethyl ammonium (TEA^ was similar to para-aminohippurate, a compound known 

to be secreted by the kidney. In this report the authors also demonstrated that the 

excretion mechanism was saturable at high plasma concentrations of TEA^. This same 

laboratory also showed that other organic cations are able to inhibit the secretion of TEA^ 

(Rennick et al., 1956). 

In I960 Rennick et al. localized the secretory mechanism to the proximal tubule 

(Rennick and Moe, 1960). These experiments demonstrated that tubular excretion of 

TEA*^ began at a position slightly more distal than para-aminohippurate, an organic anion 

known to be secreted by the proximal tubule. Furthermore, subsequent studies with 

individually dissected proximal tubule segments and membrane vesicle preparations also 

indicate transport of organic cations by the proximal tubule (Dantzler et al., 1989). 

Tubule accumulation of organic cations by distal convoluted tub!ile segments has also 

been reported (Escobar et al., 1994). However, there is very limited knowledge of the 

transport mechanism in the distal tubule and its relative contribution to overall organic 

cation secretion remains unknown. 

While Rennick and others had demonstrated that a secretory mechanism for 

organic cations exists, the cellular details of this mechanism remained imknown. In 1979 

Kinsella et al. began to establish the cellular details of organic cation transport in canine 
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renal brush border and basolateral membrane vesicles (Kinsella et al., 1979). In this 

study the authors demonstrated that organic cations are taken up into a vesicular space, 

and that uptake is specific, saturable, inhibitable, and time dependent, suggesting that the 

process is carrier mediated. To show that the organic cation, Af'-methylnicotinamide 

(NMN), was transported into a vesicular space, rather than bound to surface molecules, 

the authors measured uptake at equilibrium in the presence of an increasing 

extravesicular osmolarity. The authors confirmed a decrease in uptake caused by the 

decreased vesicular volume imposed by the change in extravesicular osmolarity. 

Saturability of NMN uptake was verified by measuring initial rates of uptake at 

increasing substrate concentrations. When non-inhibitable uptake was subtracted from 

initial rates, vesicular accumulation exhibited saturation. Substrate specificity was 

deternimed by competitive inhibition using other organic cations, and common inhibitors 

of the organic anion transport pathway showed no effect. In the presence of the organic 

cation mepiperphenidol the NMN concentration at which fifty percent of the maximal 

rate of transport occurs was increased while the transport maximum remained unchanged. 

To make certain that accumulation was a carrier-mediated process, the authors tested the 

capacity of vesicles to accelerate influx when preloaded with NMN. Accelerated influx 

was seen in brush-border vesicles, but was not seen in basolateral vesicles. However, the 

result observed in the basolateral membrane vesicles did not readily discount the 

hypothesis that organic cations are transported across the basolateral membrane. From 

these observations the authors concluded that a mechanism for organic cation transport 
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exists in the basolaterai and brush-border membranes, each is idneticaily different, and 

each is independent of the organic anion transport mechanism. 

In 1981 Holohan and Ross provided further insight into the molecular details of 

luminal transport of organic cations (Holohan and Ross, 1981). In this study the authors 

demonstrated that the organic cation, NMN, is exchanged for protons in canine brush 

border membrane vesicles. Their vesicle data showed that a pH gradient, alkaline outside 

relative to intravesicular pH, could stimulate orgamc cation uptake and reversal of this 

gradient would inhibit uptake. Additionally, NMN efRux firom brush-border membrane 

vesicles was stimulated when the vesicles were placed into an acidic medium. This 

enhanced efflux could be attenuated be the presence of a proton ionophore. The authors 

concluded that proton/organic cation exchange occurs in brush-border membrane vesicles 

and that the effects were not catalytic because acidic pH was insufficient ui creating 

stimulation of organic cation uptake while a pH gradient was necessary and sufGcient. It 

was also noted that proton exchange was not evident in basolaterai membrane vesicles. 

The effect of inside negative membrane potential on basolaterai membrane uptake 

of organic cations was demonstrated in 1984 (Takano et al., 1984). The results using rat 

membrane vesicles and the organic cation TEA^ were similar to those seen previously in 

dog membrane vesicles using NMN (Kinsella et al., 1979;Holohan and Ross, 1981). In 

addition to establishing the same mechanism in a different animal model, a role of an 

inside-negative membrane potential on basolaterai uptake was identified. To ascertain 

the role of membrane potential in basolaterai membrane vesicles the authors used 

valinomycin in the presence of a potassiimi gradient. Basolaterai vesicles incubated with 
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vaiinomycin and placed intaapotassium fiee buffer, creating an inside-negative potential 

difference, exhibited a greater rate of uptake than vesicles with no vaiinomycin present. 

No effect was seen in brush-border membrane vesicles, suggesting an electrically neutral 

transport process. Additionally, anion permeability experiments displayed the same 

relative uptake profile when more permeant anions were used compared to less permeant 

anions to induce an inside-negative vesicle membrane potential. 

Wright and Wunz (1987) performed experiments similar to those performed by 

the aforementioned authors. These experiments illustrated that the same general 

mechanisms of organic cation secretion previously described in dog and rat exist in rabbit 

renal membranes. Transport characteristics of human brush-border membrane vesicles 

are also consistent with the organic cation/proton exchange seen in rat, rabbit, and dog 

(Ott et al., 1991). Basolateral membrane transport characteristics have not been 

described in human tissue. However, recently cloned human transporters behave in a 

maimer similar to what has been described in basolateral membrane vesicle preparations 

of other mammalian species (Gorboulev et al., 1997a). Additionally, in vivo studies with 

human volunteers provide evidence for competitive substrate transport by the kidney 

(Somogyi et al., l983;Somogyi and Bochner, 1984). Experiments in cultured cells also 

support the common organic cation secretion mechanism of facilitated diffusion across 

the basolateral membrane and iT exchange across the brush border membrane (Fauth et 

al., 1988;Saito et al., 1992). Fauth et al. (1988) demonstrated that TEA^ uptake by 

suspended LLC-PKt cells, a model of porcine renal proximal tubule cells, was time 

dependent, saturable, and inhibitable. This study also showed unidirectional transport 
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across cell monolayers grown on permeable supports fi-om the basolateral to apical side. 

Saito et al. (1992) showed results similar to those of Fauth in cultured LLC-PKi 

monolayers grown on permeable supports. Additionally, these investigators showed that 

transepithelial flux of TEA^ is stimulated by a pH gradient at the apical membrane, but 

not at the basolateral. Acidifying the bathing solution on the luminal side of these cells 

stimulated transepithelial transport of organic cations and decreased cellular 

accumulation. 

While the organic cation transport system accepts a broad array of substrates. It 

has been found to exhibit some preference in substrate selection. In general, transported 

organic cations are primary, secondary, tertiary, or quaternary amines with a positive 

charge at the amine nitrogen (Rennick, 1981). Many of these compounds also contain 

aromatic rings, but this is not necessary - as is demonstrated by transport of TEA^. A 

size limitation certainly exists, but has not been thoroughly Investigated. The lab of 

Ulhich has mvestlgated factors that Influence organic cation interactions with the 

transport system using stop-flow capillary perfusion, hi these studies Ullrich and 

associates measure the rate of removal of a labeled substrate at die basolateral membrane 

In the presence and absence of a potential inhibitor. This process has been repeated for a 

wide variety of Inhibitors. In their work they have established some common features 

regarding the potency of Inhibitors. They propose that inhibitory potency increases with 

Increased substitution of the amine nitrogen and increased lipophilicity (Ullrich et al., 

1991). A similar relationship between lipophilicity and inhibitory potency exists at the 

luminal membrane (Wright et al., 1995). The UUrich lab has also put forth the notion 
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Figure l.l The Holohan and Ross model of organic cation transport. 
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that inhibitory potency is higher in compounds with high pKa values (UUrich and 

Rumrich, 1996). This lab has also looked at stereospecificity and noted that little 

stereoselectivity^ exists at the transport site and that spatial orientation of molecular 

substituents may play a larger role than stereoisomerism (Somogyi et al., 1996). 

MECHANISMS OF TUBULAR ACCUMULATION 

In the basic model of organic cation secretion, the substrate crosses the basolateral 

membrane by facilitated diffusion down an electrochemical gradient. This is followed by 

secondary active transport at the luminal membrane in exchange for a proton. If transport 

across the luminal membrane is the rate limiting step in this process, the maximum tissue 

to medium ratio of substrate predicted by the Nemst equation would be 10-1S for a -60 to 

-70 mV membrane potential (Pritchard and Miller, 1993). However, investigators have 

observed tissue to medium ratios exceeding 20 for a number of substrates and greater 

than 50 for TEA^ (Hawk and Dantzler, l984;Roch-Ramel et al., 1992;Schali et al., 1983). 

This presents an odd conundrum because the model describing facilitated diffusion down 

an electrochemical gradient into the cell cannot explain tissue to medium ratios exceeding 

a Nemst distribution. Three primary mechanisms have been proposed to explain this 

enigma. The first is intracellular compartmentalization or sequestration. The second is 

intracellular binding by specific or non-specific proteins and the third is an active 

transport mechanism at the basolateral membrane. All three may contribute to the 

observed tissue to medium ratios; however, the relative contribution of each is unknown. 

The following subsection will introduce and give the rationale for each of the three 
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mechanisms that may contribute to the observed tissue to medium ratios that exceed 

predicted values. 

Sequestration 

Sequestration into a subcellular compartment offers one mecham'sm by which the 

tissue could achieve unexpectedly high concentrations of organic cations. Similar to 

intracellular binding compartmentalization of organic cations would decrease the 

cytosolic activity of the substrate thereby decreasing the electrochemical gradient into the 

cell for the molecule. This would facilitate the uptake of more substrate, thereby 

increasing the tissue concentration. Compartmentalization of organic cations could occur 

by two mechanisms: by ion trapping of a weak base in an acidic compartment or 

transport directly into the compartment. Diffusion of a weak base into an acidic 

subcellular organelle would cause ionization of the molecule. The ionized molecule 

would then be trapped within the organelle unable to diffuse across the membrane. This 

mechanism may contribute to the accumulation of organic cations that are weak bases, 

but is unlikely to be the mechanism by which TEA^ demonstrates such high tissue to 

medium ratios. TEA^ is always a charged substrate and therefore is unlikely to diffuse 

across membranes. If TEA^ does accumulate in subcellular organelles it is likely to 

occur by transport. 

Such a mechanism has been shown to occur for TEA^ (Pritchard et al., 1994). In 

this study the authors demonstrated that renal cortical endosomes contain the brush-

border organic cation transporter and are able to accumulate organic cations in exchange 

for protons. The investigators isolated a membrane vesicle fiaction they identified as 
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endosome rich. The endosomal vesicles acidified in the presence of ATP, but did not in 

its absence or the presence of nonhydralyzable ATP analogues. TEA^ accumulation only 

occurred in the presence of ATP and the magnitude of accumulation was dependent on 

vesicular volume. TEA^ uptake could be inhibited by the organic cations verapamil, 

TE A^ quinine, and NMN. Inhibition of the FT-ATPase or the addition of a proton 

ionophore abolished TEA^ uptake. Furthermore, the addition of substrate increased 

endosomal pH in a dose dependent manner. Their experiments present evidence that 

such a compartment most likely exists. However, the relative contribution of the 

endosomal compartment to cellular accumulation remains unknown. The contribution of 

such a compartment would principally depend on the volume of the compartment, the pH 

gradient between the compartment and cytosol, transport capacity, and the rate of 

turnover of the compartment. These parameters for an endosomal compartment in the 

proximal tubule are cunently poorly defined or unknown. It is also unknown if 

endosomal accumulation of organic cations within cells of the renal proximal tubule 

actually occurs. 

Binding 

The binding of organic cations by intracellular proteins would decrease the &ee 

organic cation activity in the cytoplasm. The decrease in free cytoplasmic substrate 

would fiirther promote cellular uptake by decreasing the electrochemical gradient across 

the basolateral membrane, increasing the absolute amount of organic cation in the cell. 

Such a mechanism would help explain the occurrence of concentrative uptake when 

tissue is depolarized (Smith et al., 1988;BCim and Dantzler, 199S). Binding of organic 
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cations by cytosolic extracts has been demonstrated (Bemdt, 1981). In this study the 

author found that nearly 30% of TEA^ in cytosolic fractions from rabbit renal cortex was 

bound. However, average tissue to medium ratios in rabbit renal slices routinely did not 

exceed 15. This raises the question of weather this is the concentrating mechanism 

responsible for the high tissue to medium ratios seen by others. Escobar et al. (Escobar et 

al., 1994) has also seen nonspecific binding equaling 20% as judged by substrate binding 

to twice frozen tubules, but has not calculated tissue to medium ratios. 

Active transport 

Active transport across the basolateral membrane would provide a concentrative 

mechanism by which epithelia in the proximal tubule could accumulate organic cations 

beyond that predicted by a Nemstian distribution. In the event that transport at the brush-

border failed to keep pace with the basolateral membrane, high tissue to medium ratios 

could result. In the case of an isolated tubule with a collapsed lumen brush»border 

transport may be negligible resulting in tissue to medium ratios greater than expected for 

electrogenic-facilitated diffusion. Some of the early work of Holohan and Ross 

demonstrated that choline was able to rra»sr-stimulate uptake of NMN in basolateral 

membrane vesicles (Holohan and Ross, 1980). Choline transport by the proximal tubule 

has been shown to be bi-directional (Acara et al., 1979). Therefore, reabsorptive flux of 

choline could provide an uphill driving force for concentration organic cations in cells. 

However, this mechanism seems very inefScient, since choline is transported by the 

luminal exchanger. Reabsorbed choline would then compete with organic cations 

transported into the cell at the basolateral membrane for secretion. Furthermore, Danztler 
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et. ai. (Dantzler et al., 1998a) suggests that TEA^ and choline are not exchanged at the 

basolateral membrane. 

CLONED TRANSPORTERS 

The rat organic cation transporter, rOCTl, was the first orgamc cation transporter 

to be included in a superfamily of transmembrane facilitators that also comprises organic 

anion and zwitterionic transporters (GrOndemann et al., 1994). Since the cloning of rat 

OCTl four other OCT isoforms have been cloned; 0CT2,0CT3, OCTNI, and 0CTN2 

(Okudaetal., 1996;Kekuda et al., 1998;Tamaietal., 1997;Wu et al., 1998). For each 

isoform a number of orthologs have been cloned, predominately fi:om rat, mouse, rabbit, 

and human. The discussion that follows describes cloned organic cation transporters 

beginning with common characteristics shared by the OCTs followed by a more focused 

dialogue of different OCT homologs. 

The primary sequence of OCTl, 2, and 3 share several conserved features; most 

encode proteins of ~550 amino acids with 12 predicted transmembrane domains. Each is 

expected to have a large extracellular loop between transmembrane domains 1 and 2 and 

a large intracellular loop between transmembrane domains 6 and 7. Additionally, a 

protein kinase A site (Thr-347; human), a protein kinase C site (Ser-285; human), and 

casein kinase II sites (Ser-333 and Thr-S24; human) are highly conserved. Most of the 

OCTs have been cloned form renal tissue, however, a few have been cloned firom liver, 

placenta, or cell lines (Sweet and Pritchard, 1999a). 

OCTl 
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As previously noted, Grundemann et. al. (1994) cloned the first OCT. Using a rat 

cDNA library they were able to utilize Xenopus laevis oocytes to expression clone the 

polyspecific-electrogenic drug transporter, rOCTl. The discovery of rOCTl enabled the 

field to identify the rabbit, mouse, and human orthologs using cloning strategies based 

upon anticipated sequence homology (Terashita et al., 1998;Verhaagh et al., 

1999;Gorboulev et al., 1997a;Zhang et al., 1997). Quite expectedly the mouse OCTl is 

95% identical to the rat, whereas the rabbit and human primary sequence share a lesser 

degree of identity with the rat, 82% and 78%, respectively (Sweet and Pritchard, 1999a). 

OCTl is expressed primarily in liver hepatocytes and in the renal proximal tubule 

(Dresser et al., 2001). However, most of the OCTl orthologs have been cloned from the 

kidney (Sweet and Pritchard, 1999a). An interesting dichotomy appears in the expression 

of OCTl between rodents (rat and mouse) and the other two mammal for which the 

primary sequence is known (rabbit and human). As determined by a variety of nucleic 

acid hybridization methods all known mammals express OCTl in the liver, but rodents 

appear to express significant amounts of OCTl in the kidney, whereas rabbits and 

humans express only modest amounts of OCTl in the kidney (Verhaagh et al., 

1999;Terashita et al., l998;Zhang et al., 1997). In addition to transcribed message the rat 

OCTl protein has been identified in the basolateral membrane of S| and S2 segments of 

proximal tubule by immunohistiochemistry and westem blot; limited expression of 

rOCTl was also seen in S3 segments as well (Karbach et al., 2000). This same 

investigative group has also shown rOCTl localization along the sinusoidal membrane of 
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hepatocytes (Meyer-Wentrup et al., 1998). These differences in tissue expression may 

influence the elimination of cationic drugs by each respective tissue. 

The cationic compounds known to be translocated by OCTl are largely limited to 

the prototypical organic cations TEA* and MPP*. However, a number of inhibitory 

interactions have been reported for a large variety of basic and cationic compounds 

including procainamide, quinine, and decynium-22 (Dresser et al., 2001). Results of 

studies describing substrate interaction with OCTl have reflected previous in vivo 

experiments and tissue preparations, where increased substi:ate hydrophobicity results in 

a greater affinity for tiie tiransporter (Dresser et al., 2000). Interestingly, interspecies 

differences among the rat, mouse, rabbit, and human have been reported (Dresser et al., 

2000). Dresser et al. (Dresser et al., 2000) found that the rabbit and human OCTl 

orthologs are able to translocate larger ted:aalkylammonium compounds and appear to do 

so at faster rates tiian the rodent orthologs. In addition to species differences there appear 

to be differences in substrate selectivity between transporter types. Chen and Nelson 

(2000) identified a 'tirue substrate,' 2-deoxytubercidin, for rOCTl that does not appear to 

be dransported by rOCT2. It would be interesting to identify if such differences in 

substrate selectivity exist between species as well. Further determination of substrate 

afGnity for each ortholog may be necessary to identify appropriate animal models to 

adequately describe tissue or systemic organic cation transport in the human. 

0CT2 

Like OCTl, the first 0CT2 was also cloned from the rat (Okuda et al., 1996). Rat 

0CT2 is 67% identical to rOCTl (Sweet and Pritchard, 1999a). Likewise, the 
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subsequently cloned mouse, pig, and human 0CT2s are 91%, 80%, and 81% identical to 

rOCT2 and all are ~68% identical to rOCTl (Sweet and Pritchard, 1999a). Similar to 

OCTl the rodent 0CT2 orthologs bear the highest degree of identity. 

The tissue distribution of 0CT2 message has largely been found in the kidney and 

to a much lesser extent in the brain (Busch et al., 1998;Gorboulev et al., 

l997a;Mooslehner and Allen, 1999;Okuda et al., 1996). Of note is the apparent 

exclusion of 0CT2 from the liver. This suggests that 0CT2 expression may be 

predominately lunited to the kidney. However, with OCTl also showing expression in 

the kidney for some species, the contribution of 0CT2 to the whole of organic cation 

transport in the proximal tubule is unknown. 0CT2, like OCTl, is a membrane potential 

sensitive transporter characteristic of basolateral membrane localization (Sweet and 

Pritchard, 1999b). In addition to its flmctional characteristics, using 

immunohistochemistry and western blotting rOCT2 has been shown to be localized to the 

S2 and S3 segments of renal proximal tubule with very light staining in the Si segment 

(Karbach et al., 2000). 

Functionally, 0CT2 interacts with many of the same substrates as OCTl 

including the aforementioned substrates for OCTl, procainamide, quinine, and 

decynium-22 (Dresser et al., 2001). However, a suitable pharmacological profile has 

not been developed for OCTl and 0CT2 to determine if significant differences in afBnity 

exist for various substrate structures between the two transporters. Yet, while a suitable 

pharmacological profile has not been developed, 2-deoxytubercidin appears to be a 
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substrate for rOCTl, but not rOCT2. This suggests there are differences between the two 

transporters that have yet to be identified. 

0CT3 

Similar to OCTl and 0CT2,0CT3 was originally cloned from a rat, however, it 

was discovered in a placental cDNA library rather than a renal library like OCTl and 

0CT2. The mouse and human (Verhaagh et al., 1999) 0CT3 clones that followed were 

cloned from renal libraries. The human and mouse orthologs bear 83% and 95% identity 

to rOCT3, respectively. Despite the substantial identity shared between 0CT3s each is 

only ~S0% identical to its OCTl and 0CT2 homologs. This lack of identity in the 

primary sequence may sufGciently impact the protein structure of 0CT3 such that its 

frmctional characteristics differ substantially from the other organic cation transporters, 

OCTl and 0CT2. 

In addition to the tissue it was cloned from, the placenta, r0CT3 is also found in 

the kidney, intestine, and various parts of the brain (Kekuda et al., 1998). The mouse 

ortholog distribution is similar to the rat, but the human shows mRNA expression in a 

wholly different set of tissues - aorta, prostate, adrenal gland, and skeletal muscle 

(Verhaagh et al., 1999). 

While 0CT3 mediates the electrogenic transport of TEA^ the measured kinetic 

values (Kin=l900 |iM, mouse; 2500 ^M, rat) differ substantially from the historical 

norms of 100-200 iiM typical for TEA^ (Wu et al., 2000a;Kekuda et al., 1998). In light 

of the strikingly different kinetic data, structural dissimilarity, and the unique distribution 



of the 0CT3s it is unlikely that 0CT3 is a major contributor to the transport processes 

that have been characterized for the last SO years. 

OCTNs 

The discovery of OCTNl and 0CTN2 created a new subfamily of organic cation 

transporters (Tamai et al., 1997;Wu et al., 2000a;Wu et al., 1998;Wu et al., 1999). The 

OCTNs share greater than 70% identity with each other, yet only 30-35% identity with 

the OCTs (Sweet and Pritchard, 1999a). Like 0CT3, the OCTNl has a broad tissue 

distribution that includes many tissues that have no known organic cation transport 

function such as thymus, lung, heart, and spleen (Wu et al., 2000a). Additionally, 

OCTNl has a low affinity for TEA"^ (Ki=960 in rat) relative to historically measured 

kinetic values noted above, and 0CTN2 appears to function as a sodium dependent 

carnitine transporter in the kidney (Tamai et al., 1997;Wu et al., 1999;Wu et al., 2000a). 

Even though the OCTNs seem to be capable of handling TEA^ to a limited extent, their 

tissue distribution and kinetic properties are not consistent with the classically 

characterized organic cation transporters largely responsible for the secretion of small 

organic cations. 

EXPERIMENTAL METHODOLOGIES 

Kinetic parameters for a given transporter can be determined through the use of a 

variety of different assays such as the uptake of radiolabeled compounds, 

electrophysiological measurements of electrogenic processes, and the accumulation of 

fluorescent chemicals. The following discussion will provide a brief description of the 
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three primary methodologies for measurement of transport and inhibition. Also discussed 

will be some of the advantages and disadvantages of each technique. 

Radiolabeled substrates 

Transport assays employing radiolabeled compounds take advantage of the fact 

that the transporters are responsible for the translocation of substrate. When a 

radiolabeled substrate, which is not appreciably metabolized or bound, is used, the 

amount of radioactivity accumulated is a direct measurement of the amount of substrate 

transported. In this type of experiment the transporter (in cells, tissue, etc) is exposed to 

a medium containing radiolabeled substrate such as ^H-TEA^ or ^H-MPP^ for a 

predetermined amount of time. The medium containing the radiolabeled substrate is then 

removed and the cells (or tissue) are rinsed with cold media to prevent efflux of the 

substrate. The presence of an inhibitor may be included in the media containing the 

substrate for the purpose of inhibiting the translocation of the radiolabeled compound. 

The cells or tissue can then be solubilized and the radioactive solution can be counted on 

a scintillation counter. Experiments utilizing radiolabeled substrates can be relatively 

inexpensive and easy to perform. However, such experiments generate radioactive waste, 

do not easily lend themselves to the real time measurement of transport, and many 

potential substrates for polyspecific transporters, like the OCTs, are not readily available 

in radiolabeled form. 

Electrophvsioloeical measurements 

As previously described a number of OCTs are electrogenic. The electrogenic 

nature of these transporters allows for the recording of inward currents elicited by the 
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translocation of cationic substrates across a membrane. Additionally, the experimenter 

can readily manipulate the transmembrane electrical potential difference, the driving 

force for the accumulation of substrate. More rudimentary methods of manipulating the 

membrane potential, such as the manipulation of extracellular can also be utilized 

when sophisticated equipment is not available. The ability to manipulate the driving 

force to determine the electrogenicity of the transporter is important in determining one 

of the primary differences between the basolateral and apical transporters, where the 

basolateral transporter is sensitive to membrane potential and the apical transporter is 

electroneutral (Wright and Wunz, 1987). The convenience of being able to identify a 

bona fide substrate simply by measuring an inward current makes electrophysiological 

measurements very promising. However, the effects of potential OCT substrates on 

endogenous cellular currents in the oocyte (Busch et al., 1996;Nagel et al., 1997) may 

complicate interpretation of the data. Additionally, there is a discrepancy in the 

relationship between current and the number of molecules transported. Busch et al. 

(Busch et al., 1996) reported that uptake of radiolabeled TEA^ was 4-S times smaller than 

the net positive charge transfer calculated fiom the induced currents. The ultimate 

rational for this discrepancy is unknown, but Busch et al. (Buschet al., 1996) suggested it 

is likely caused by technical issues, such as cation leak. 

Fluorescence measurements 

Like radiolabeled substrates, fluorescent substrates can be used to measure the 

accumulation of substrate by tissue or cells. Similar to experiments utilizing radiolabeled 

substrates, cells or tissue are initially exposed to a buffer solution containing a fluorescent 



31 

substrate with or without an inhibitor. An increase in fluorescence, reflecting transport of 

the substrate, is then measured. Such experiments have been performed using the organic 

anion fluorescein (Welbom et al., 1998a). Welbom et al. (1998a) demonstrated a number 

of advantages provided by fluorescent substrates including the real time measurement of 

transport and the ability to use the same tissue repeatedly for experimental and control 

conditions. Furthermore, fluorescent molecules provide a degree of temporal resolution 

not available using radiolabeled substrates and it has been suggested that fluorescent 

substrates may be utilized in high-throughput dmg screening processes (Dresser et al., 

1999). 

SUBSTRATE INTERACTION WITH OCTs 

In a recent review Ulhich proposed five rules regarding substrate interaction with 

contralumenal organic cation transporters (Ulkich, 1997). These rules which apply to the 

interaction of basic, electron donating, nucleophilic compounds with the contralumenal 

organic cation transporters, are as follows: (1) interaction increases with increased 

hydrophobicity and ionization of the compound plays no role in this interaction; (2) the 

strength of ionic charge is a determinant for interaction with the organic cation 

transporter; (3) substances with the amino group directly on the benzene ring, like 

aminobenzene, do not interact with contralumenal organic cation transporters; (4) 

contralumenal transporters also accept compounds that cannot be ionized; and (S) the 

addition of electrophilic side groups may influence the pKa of the substrate or the direct 

interaction with the binding site. Additionally, Ullrich commented on two notable 

differences between the contralumenal and luminal organic cation transporters - (1) the 
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contralumenal transporter is limited to smaller substrates than the luminal transporter and 

(2) substrate affinity increases at a greater rate for any given difference in basicity for the 

luminal transporter when compared to the contralumenal transporter. 

The role hydrophobicity plays in substrate interaction with the organic cation 

transporter was noted many years ago (Green et al., 19S9). This phenomenon has been 

noted in a number of experimental systems including micro puncture preparations, 

vesicle preparations, tubule suspension, and cells transfected with cloned organic cation 

transporters (Ullrich et al., 199l;Wright, Wunz, and Wunz, 1995;Groves et al., 

1994;E)resser et al., 2000). Most of the studies commenting on this interaction have used 

at least a series of tetraalkylammonium compounds - tetramethylammonium, 

tetraethylammonium, tetrapropylammonium, tetrabutylammonium, and 

tetrapentylammonium. This series of compounds provides a convenient means of 

incrementally adding hydrophobicity while maintaining structural similarity. Results 

routinely demonstrate that with the incremental addition of methyl groups there is a 

subsequent increase in the affinity for the organic cation transporter as measured by the 

Ki. In addition to the tetraalkylammonium compounds the labs of UUrich and Wright 

have generated similar data showing the inverse relationship between hydrophobicity and 

Ki for a large number of structurally dissimilar compounds (Ullrich et al., 1991 ;David et 

al., 1995;Wright, Wunz, and Wunz, 1995). This well-defined relationship continues to be 

an identifying hallmark of organic cation transporters (29iang et al., 1999). 

The hydrophobic interaction of substrate with the transporter has been suggested 

to be the initial step in binding to the transporter (UUrich et al., 1992). Following this 
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interaction it was hypothesized that the substrate is ionized then translocated (UUrich et 

al., 1992). A later report demonstrated that the degree of ionization in solution is not 

necessary for initial substrate interaction with the transporter (Ullrich and Rumrich, 

1992). hi this report the investigators varied the pH of the solutions containing substrates 

with a near neutral pK. to shift the amount of ionized substrate, and found that substrate 

interaction with the transporter is independent of the pH of the solution. More recently 

Chen and Nelson (2000) demonstrated that rOCTl recognized the protonated form of 2-

deoxytubercidin. Their investigation demonstrated an increased uptake of substrate at 

acidic pH compared to a neutral pH, which is in contrast to the expected result given the 

pH sensitivity of OCTl (Urakami et al., 1998). 

Although the lab of Ullrich hypothesized that ionization of a substrate is not 

necessary for interaction with the contralumenal transporter, they did find a strong 

correlation of ionic strength, or pKa, and substrate afOnity and further hypothesized that 

this interaction is a result of a partial charge rather than ionization (UUrich et al., 

l992;Ulhich et al., 1993a). There are, however, exceptions to the rule that ionic strength 

is a determinant for interaction with organic cation transporters. Ullrich et al. noted that 

compounds in which the amino group is directly on a benzene ring, such as aniline, 

aniline analogs, or aminonaphthalene, interact poorly or do not interact with organic 

cation transporters (Ullrich et al., 1992;Ullrich, 1997). The investigators proposed that 

the notable exception occurred as a result of the electrons of the amino nitrogen being 

included in the it electron cloud of the benzene ring (UUrich et al., 1992). This exception 

can be overcome by making the amino nitrogen a quaternary ammonium compound, like 
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trimethylphenyl ammonium, wherein the interaction again becomes coordinate with the 

compound's hydrophobicity (Ullrich et al., 1992). 

The basolateral organic cation transporter also seems to interact with compounds 

that cannot be ionized. UUrich et al. (UUrich et al., 1993a) reported that nonionizable 

substrates, such as steroids and cyclophosphamides, are capable of inhibiting the 

transport of N'-methyl-nicotinamide at the basolateral membrane. Ullrich et al. (1993a) 

hypothesized that this interaction relies on hydrogen bonding as well as the known 

interaction of hydrophobic compounds. Despite the demonstrated interaction of these 

compounds with the transport of N'-methyl-nicotinamide, it has never been demonstrated 

that an organic cation transporter (OCT) is capable of translocating a nonionizable 

chemical. 

The previously mentioned rules apply to both the basolateral and apical organic 

cation transporters. The consistency of the rules for transporters on both membranes 

suggests that the transporters on both membranes may recognize the same substrate 

structural characteristics. However, the laboratory of Ulkich has also found some 

noteworthy differences between the basolateral transporter and the luminal transporter. 

The first notable difference is that substrate affinity increases with basicity at a greater 

rate for the contraluminal organic cation transporters than for the luminal transporters 

(Ullrich and Rumrich, 1992). The second notable difference is that the luminal organic 

cation transporter(s) appear to accept larger substrates than the contraluminal organic 

cation transporters (Ulbich and Rumrich, 1992). This apparent size limitation was based 

on observations made using a series of tetraalkylammonium compounds that are globular 
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in nature. Using the same series of tetraallQrlammonium compounds Dresser et ai> found 

that the rat and mouse homologs of OCTl experience a size limitation that the human and 

rabbit transporters do not (Dresser et al., 2000). Dresser et al. reported that the rodent 

OCTl homologs are incapable of translocating tetrapropyl anunonium and tetrabutyl 

ammonium or only do so at a substantially reduced capacity when compared to the 

human and rabbit OCTl homologs. These reports suggest that there are structural 

differences in the binding site for the luminal and contraluminal organic cation 

transporters and different OCT homologs. These reports using globular tetraalkyl 

ammonium compounds do not address any structural differences other than size. If the 

binding site is merely a pocket for accepting spherical compounds that differs only in size 

than the simple proposal of size limitation may be satisfactory. However, if the size 

limitation for globular compounds is in part due to changes in shape, such as a more 

elliptical binding structure as opposed to a rounded structure, size limitation may be an 

oversimplified assumption. 

SUMMARY AND STATEMENT OF HYPOTHESES 

In this introductory chapter I gave a general review of renal organic cation 

transport and the mechanisms of tubular accumulation of organic cations. Also discussed 

were the molecular characteristics of recently cloned organic cation transporters and the 

experimental methodologies used to characterize organic cation transport. Additionally, I 

noted a number of factors that influence substrate interaction with the organic cation 

transporters. These subject areas are germane to the experimental work discussed in 

chapters two and three addressing the following hypotheses: 
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1. A fluorescent substrate used to monitor organic cation transport can be generated 

using the fluorescent chemical NBD-Cl, 7-chloro-4-nitrobenz-2-oxa-l, 3-diazole, and 

modifying it to possess the chemical properties of known substrates. 

2. The rotation of chemical hydrophobic mass about a vertical axis aligned with the 

quaternary nitrogen of a substrate has no effect on the binding affinity of the substrate to 

hOCTl. 

3. The addition of supraplanar hydrophobic mass to a planar substrate will have no effect 

on the binding affinity of the substrate, above that predicted by hydrophobicity alone. 

Chapter four provides conclusions drawn from the characterization of a 

fluorescent compound used to monitor organic cation transport and the work 

investigating the molecular determinants of substrate interaction with hOCTl. Chapter 

four also provides some insight into the future directions of the research included in this 

dissertation. Also provided in an appendix is supplementary information germane to the 

development of the fluorescent organic cation characterized in this dissertation, NBD-

TMA, and a subsequent improvement of NBD-TMA that is insensitive to changes in pH. 

The second appendix mcludes a confocal microscope image showing that NBD-TMA is 

indeed transported into rabbit renal proximal tubular cells. 



CHAPTER 2 

CHARACTERIZATION OF A NOVEL FLUORESCENT SUBSTRATE FOR 

MONITORING THE TRANSPORT OF ORGANIC CATIONS 
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INTRODUCTION 

Renal transport of organic cations (OC^s) plays an important role in the secretion 

of xenobiotic compounds, including naturally occurring plant toxins such as quinidine, 

quinine, and morphine, and synthetic drugs such as cimetidine and procainamide. Active 

secretion of drugs and toxins minimizes the time these compounds spend in the body and 

thereby reducing the available time for toxic or therapeutic interactions. 

Traditionally, the measurement of OC^ transport has employed the use of 

radiolabeled compounds. However, experimental procedures using radiolabeled 

substrates are limited in temporal and spatial resolution. The understanding of organic 

anion secretion has been advanced through the introduction of epifluorescence techm'ques 

that provide both increased temporal (Welbom et al., l998a;Sullivan et al., 1990) and/or 

spatial (Miller et al., 1993;Miller, 1997) resolution. These studies have made real time 

measurements of organic anion secretion using the fluorescent organic anion, fluorescein. 

This compound has several desirable characteristics for use in such studies. First, its 

transport in the proximal tubule appears to be limited to an interaction with the classical 

organic anion secretory transporters involved in secretion of the prototypical organic 

anion, p-aminohippurate (PAH). Second, it is highly fluorescent, and thus can be tracked 

efficiently by conventional epifluorescence microscopy. Third, its fluorescence emission, 

while sensitive to pH, is relatively insensitive to other parameters, including salt 

composition of normal physiological buffers. Unfortunately, these same characteristics 

have not been available in a substrate appropriate for the study of renal secretion of 

organic cations. To date, most candidate organic cations have either had comparatively 
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poor optical properties (e.g., changes in fluorescence arising from changes in the 

surrounding physical environment) or have been weak bases. The former characteristic 

poses problems because partitioning of the transported probe into compartments of 

differing (and variable) physical properties can influence signal output from the probe 

(Biwersi et al., 1992), while transport of weak bases can be profoundly influenced by 

non-ionic difiusion and ion-trapping (Simchowitz et al., 1987). Several studies have 

made use of the optical properties of the styryl dye, 4-(4-dimethylaminostyryl)-N-

methylpyridinium (4-Di-l-ASP^, to examine renal OC transport. Although less 

fluorescent that fluorescein, the styryl moiety is not influenced by halides or by pH, and 

the fixed positive charge of the pyridinium eliminates the complexity associated with 

interpreting transport of weak bases. However, under control conditions, 4-Di-ASP^ 

undergoes net renal reabsorption, rather than net secretion (Pietruck and Ullrich, 1995), 

suggesting that its predominant interaction may not be with the renal transport process 

directly associated with the net secretion of organic cations such as cimetidine and 

procainamide (Pritchard and Miller, 1993). In addition, the amphipathic structure of 

styryl dyes can lead to partitioning into lipid biiayers resulting in a substantial change in 

the optical properties of the fluorophore (Sedgwick and Bragg, 1993), introducing 

another potential problem to the interpretation of uptake data. 

To capitalize on the ability to monitor cellular transport activity in real time, 

without the ambiguities in data interpretation associated with existing cationic 

fluorophores, it was advantageous to develop a new, optically active substrate. In this 

report we describe the transport activity of a novel fluorescent OC^, [2-(4-nitro-2,1,3-
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benzoxadiazol-7-yl)ainmoethyl]trimethylammoiiium, hereafter referred to as NBD-TMA. 

The molecular structure of NBD-TMA includes a quaternary nitrogen and thus avoids the 

interpretative complications that arise from the potential influence on transport of 

nonionic diffusion. In addition to its fixed positive charge, NBD-TMA also has a 

hydrophobic backbone characteristic of known secreted OC^s. In this report we examine 

the utility of NBD-TMA as an optical probe for the study of renal organic cation 

secretion. 

MATERIALS AND METHODS 

Synthesis of NBD-TMA 

General Experimental Melting points were determined on a Mel-Temp capillary 

apparatus and are uncorrected. IR spectra were obtained on a Nicolet spectrophotometer 

using KBr plates. 'H and '^C NMR spectra were obtained on a Varian Unity 300-MHz 

spectrometer at 300 MHz and 75 MHz, respectively. HRMS were obtained from the 

Mass Spectrometry Lab in the Department of Chemistry at The University of Arizona, 

Tucson, Arizona. 7-ChIoro-4-nitrobenzoxadiazole (NBD-Cl, also known as 7-chloro-4-

nitrobenzo-frirazan) was obtained from the Aldrich Chemical Company. 

[2-(4-Nitro-2, l,3-benzoxadiazol-7-yl)aminoethyl]tnmethylammomum Iodide 

(NBD-TMA). To a solution of potassium acetate (5.4 g, 55 mmol) and N.N-

dimethylethylenediamine (15 ml, 137 mmol) in ethanol (100 ml) was added slowly at 

45® C a solution of NBD-Cl (5.5 g, 27 mmol) in ethanol (300 ml). The mixture was 

stirred and progress of the reaction was monitored by TLC. When the reaction was 
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complete, ethanol was removed on a rotary evaporator, water (600 ml) was added, and 

the mixture was extracted with EtOAc (3 x 100 ml). The combined extracts were washed 

with a saturated NaCl solution (100 ml), dried over MgS04, and concentrated. The 

residue was purified by column chromatography on silica gel 60 (70-230 mesh) eluted 

with 6% MeOH/CH2Cl2 to give 4.7 g (19 mmol, 70%) of A/;iV^dimethyl-iV-(4-nitro-5-

benzofurazanyl)-l,2-ethanediamine as a brown solid, mp 126-127° C; IR (BCBr) 3436 (w), 

2952 (w), 2824 (w), 1588 (s), 1300 (s), 1259 (s), 1020 (s), 779 (s); 'HNMR (CDCI3) 5 

2.69 (6, s), 2.72 (2, m), 3.48 (2, m), 6.11 (1, d, J = 8.8 Hz), 8.43 (1, d, J = 8.7 Hz); '^C 

NMR(CDCl3) 8 40.4,44.9,56.0,98.7, 123.4,136.5,143.9,144.0,144.1; HRMS calc. for 

C10H14O3N5 (MH"^) 252.2536, observed 252.1097. 

To a solution of this amme (1.5 g, 5.9 mmol) in acetone (20 mi) was added 

iodomethane (1.8 ml, 30 mmol) and the mixture was heated in an oil bath at 70° C until 

the reaction was complete as determined by the disappearance of amine starting material. 

The orange-yellow ammonium salt was collected by filtration and was washed with 

acetone (2 x 10 ml) to afford 2.3 g (5.8 mmol, 98%) of product, mp 241-242° C; IR (KBr) 

3438 (s), 3164 (s), 3113 (s), 3039 (s), 2968 (s), 1621 (s), 1586 (s), 1489 (s), 1325 (s), 996 

(s), 596 (s); 'H NMR (CDCI3) 8 3.20 (9, s), 3.72 (2, m), 4.00 (2, m), 6.58 (1, d, J = 9.3 

Hz), 8.51 (1, d, J = 9.3 Hz), 9.36 (I, bs); "C NMR (CDCI3) 8 37.7,52.8,62.4,100.4, 

121.8,137.5,144.0), 144.4,144.45; HRMS calc. for CuHi603Ns (M-I) 266.2806, 

observed 266.1253. 



42 

Fluorescence Characteristics 

Fluorescence characteristics of NBD-TMA were determined using a Hitachi F-

2000 fluorescence spectrophotometer. Chloride sensitivity of fluorescence spectra was 

monitored in a solution of 5 mM HEPES, 110 mM NaCl, and 5 mM KCl, pH 7.4 with 

NaOH. Bromide, iodide, nitrate, and gluconate were used as substitute ions in place of 

chloride. pH sensitivity was monitored in a buffer consisting of (in mM): 110 NaCl, 10 

Na acetate, 8.3 glucose, 5 alanine, 5 KCl, 4 Na lactate, 2 NaH2P04,1.8 CaCl, 1 MgS04, 

0.9 glycine, 5 HEPES, 5 MES, and 4 Na citrate. 

Tubule superflision and epifluorescence 

Methods used for transport measurements were similar to those of Sullivan et al. 

(Sullivan et al., 1990), as modified by Welbom et al. (Welbora et al., 1998a). Adult New 

Zealand white rabbits (Myrtle's Rabbitry) were euthanized by intravenous injection of 

sodium pentobarbital. The kidney was immediately perfused with HEPES-sucrose buffer 

[250 mM sucrose, 10 mM HEPES (N-2-hydroxyethyl piperazine-N'-2-ethanesufomc 

acid), pH 7.4 with Tris (hydroxy methyl)aminomethane base]. The kidney was 

subsequently removed and transverse slices were made with a single edge razor blade. 

Kidney slices were routinely held in ice cold HEPES-sucrose prior to dissection in ice-

cold aerated bicarbonate buffer. Bicarbonate buffer is (in mM): 110 NaCl, 25 NaHCOs, 

10 Na acetate, 8.3 glucose, 5 alanine, 5 KCl, 4 Na lactate, 2 NaH2P04,1.8 CaCl, 1 

MgS04, and 0.9 glycine, equilibrated with 95% O2 - 5% CO2 and adjusted to pH 7.4 with 

NaOH. Individual S2 nephron segments were dissected fi:om the renal cortex (Schali et 

al., 1983). Dissected proximal tubules were transferred with a glass pipette to a 37° 
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water jacketed • alummum supervision chamber. The chamber floor consisted of a no. 1 

glass coverslip attached with 3M double-sided tape. Prior to attachment the glass 

coverslip had been coated with 1.S ^1 of Cell-Tak (Collaborative Biochem) and 3 |xl of 

100 mM NaHCOs and was allowed to dry. Following transfer, the ends of the tubule 

were touched down to the coverslip to promote adhesion. The chamber was then placed 

on the stage of an Olympus IMT microscope and super&sed with 37° C aerated 

bicarbonate buffer solution at 7.5 ml/min through a micromanipulator mounted needle 

for 30 minutes prior to beginning experiments. By visual inspection the lumen of each 

tubule was confirmed to be collapsed. Manually operated Omnifit two-way switching 

valves (Western Scientific) were used to change between gravity-fed superftisate 

solutions. Excess superfiisate was removed by an end-mounted vacuum line. 

Epifluorescence was used to measure NBD-TMA accumulation in proximal 

tubule segments using the general methods of Welbom, et al. (Welbom et al., 1998a). 

Excitation light (460 ± 3 nm) was generated by a monochrometer (Photon Technology 

International, Brunswick NJ) fitted with a 75 W xenon lamp. Excitation light was 

directed through a 450 ± 27.5 nm bandpass excitation filter (450DF55; Omega Optical, 

Brattleboro, VT) and reflected off a 495 nm longpass dichroic mirror (495DRLP; Omega 

Optical). Reflected light then passed through a Nikon 40X oil inmiersion objective (1.3 

NA) to the sample. Emitted light gathered by the objective passed through the dichroic 

mirror and a 535 ± 17.5 nm bandpass filter (435DF35; Omega Optical) and was directed 

to a Hamamatsuphotomultiplier tube (model #HC120; Bridgewater, NJ). 

Photomultiplier tube output was recorded at one second intervals using customized 
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LabView software (National Instruments, Austin, TX) on a P-120 MHz PC. An in-line 

field aperture placed at a secondary image plane was used to limit filed fluorescence 

reaching the photomultiplier tube; the resulting circular field was -80 ^m in diameter 

(i.e., ~50% greater than tubule diameter). The free ends of the dissected tubule were 

generally ^SO ^m from the center of the field of view. 

RESULTS AND DISCUSSION 

Fluorescent properties of NBD-TMA 

NBD-TMA is a derivative of 7-chloro-4-nitrobenz-2-oxa-l, 3-diazole, NBD-Cl. 

The molar extinction coefficient of NBD-TMA was ~13,000 (compared to 9,800 for 

NBD-Cl; (Haugland, 1996)). With our detector system, the effective fluorescence of 

NBD-TMA was ~l% that of fluorescein. The fluorescent spectra of NBD-TMA showed 

an excitation maximum at 458 nm and an emission maximum at 530 nm (Fig. 2.1). The 

excitation and emission spectra were at sufficiently long wavelengths that photodamage 

to tissues was minimized, as shown by the reproducibility of measurements in single 

renal tubules over a course of several hours (described below). Additionally, there was 

little tubule autofluorescence at these wavelengths. 

NBD-TMA has a quaternary nitrogen and therefore maintains a fixed positive 

charge in solution. A number of compounds containing a quatemary nitrogen have 

fluorescent spectra that are sensitive to collisional quenching by halide ions (Biwersi et 

al., 1992). In NBD-TMA the quatemary nitrogen was displaced fi»m the light-absorbing 

portion of the molecule by two carbon atoms. Because the quatemary nitrogen was not 

part of the fluorescent center, we anticipated that NBD-TMA would not be sensitive to 
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coUisional quenching by halide ions. Figure 2.2A shows that fluorescence of NBD-^TMA 

was, in fact, insensitive to changes in CI' concentration from 0-1 IS mM when NO3* was 

the substitute ion. Similarly, complete substitution, 115 mM, of CI' with gluconate had 

no effect on fluorescence of NBD-TMA. Complete substitution of CI' with the halides 

Bf and T, did influence fluorescence, resulting in reductions of 18% and 77%, 

respectively. 

The comparatively modest effects of halide concentration on fluorescence of 

NBD-TMA was in marked contrast to the much larger effect of physiological halides on 

the fluorescence emission of many other quaternary ammonium compounds. For 

example, in preliminary studies we examined the optical and transport properties of a 

quinolinium derivative, N-(2-hydroxyethyl)-6-methoxyquinolinium (HEMQ). Although 

this compound was found to be accumulated by isolated proximal tubules (Bednarczyk 

and Wright, 1998), its peak emission (at 444 nm) was reduced by 96% when NO3* was 

completely replaced by CI*, and the emission was reduced by 50% at a CI' concentration 

of 5 mM. Similar properties were noted for a long list of quaternary ammonium 

compounds, many of which, in contrast to NBD-TMA, had the quaternary ammonium 

moiety within the optically active ring structure of these molecules (see appendix 1 for 

representative examples). The relative insensitivity of NBD-TMA to physiological 

halides, combined with its comparatively long peak excitation and emission wavelengths, 

make NBD-TMA an attractive experimental agent for use in studying of organic cation 

transport. 
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Fig. 2.1 Fluorescence spectra in an aqueous buffer solution and the chemical structure of 

[2-(4-nitro-2,l,3-benzoxadiazol-7-yl)aminoethyl] trimethylammonium, NBD-TMA. 

Excitation peaks are indicated at 343 and 458 nm and a single emission peak is indicated 

at 530 nm. 
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Since NBD-TMA also contains secondary and tertiary nitrogen atoms, we decided 

to investigate its possible sensitivity to changes inpH. Figure 2.2B shows that NBD-

TMA fluorescence was sensitive to the pH of the solution. At increasingly alkaline pH, 

fluorescence was reduced in intensity, but without a shift in peak emission. As can be 

seen in Figure 2.2B, there was minimal change in fluorescence within a physiologically 

relevant pH range (S.O - 7.4) that would include acidic vesicles as well as intracellular 

and extracellular fluid. The pH sensitivity was caused by an acidic proton on the anillinic 

nitrogen (pKa = 8.3). This pH sensitivity can be eliminated by substituting a methyl 

group for the acidic proton at this position (see appendix 1). Initial results suggest that 

the modified compound was accumulated by proximal tubules in the same manner as 

NBD-TMA. 

In a separate series of measurements we examined the effect of exposure of NBD-

TMA to altered environments of the type potentially associated with exposure to the 

intracellular milieu of proximal cells. Exposure to a high K (1 IS mM), high phosphate 

(57 mM), low bicarbonate (10 mM) 'intracellular' buffer (Euro-Collins solution; 

(Hendry et al., 1991)) had no effect on the spectral properties of NBD-TMA, compared to 

our standard buffer (data not shown). Exposure to an organic solvent (methanol) 

increased the molar extinction coefficient by ~3-fold (compared to exposure to an 

aqueous buffer), and shifted the excitation maximum firom 458 nm (aqueous) to 444 nm 

(MeOH); the emission maximum (530 nm) was unchanged. 
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Fig. 2.2 (A) Effect of CI' on of NBD-TMA fluorescence. Fluorescence emission of 10 

^M NBD-TMA at 23° (Xex ~ 458 nm) was measured at increasing concentrations of 

chloride (0,28.75,57.5, 86.25,115 mM), where nitrate was used as the substitute ion for 

chloride. No quenching of fluorescence was observed at any concentration of chloride 

tested. (B) pH sensitive fluorescence of NBD-TMA. Fluorescence emission of 10 ^M 

NBD-TMA was monitored in solutions of pH 5.0 - 9.1. Decreased fluorescent intensity 

was observed at alkaline pH, but there was little change in fluorescence at neutral and 

acidic pH. 
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NBD-TMA appeared to have little or no effect on cells, even after long exposures. 

In preliminary studies, primary cultures of rabbit renal proximal cells were grown in the 

presence of 10 ^M NBD-TMA for 7 days without effect on cell viability (data not 

shown). Also, as expanded upon below, repeated exposure of single tubules to NBD-

TMA concentrations ranging &om S ^M to 100 ^M had little or no effect on the rate of 

cellular accimiulation of this compound, suggesting that changes to cell metabolism 

arising firom exposure to NBD-TMA, or due to other conditions employed during these 

experiments, did not influence measurement of transport. 

NBD-TMA transport 

To test for accumulation of NBD-TMA, dissected proximal tubule segments were 

exposed to NBD-TMA and the subsequent change in total tubule fluorescence was 

monitored. Figure 2.3 shows a time course of the increase (Fig. 2.3A) and decrease (Fig. 

2.3B) in tubule-associated fluorescence during the uptake and washout of NBD-TMA (10 

|iM) in an S2 segment of proximal tubule. It is instructive to compare the profile of 

uptake and washout of the cationic NBD-TMA to that observe previously by us for 

uptake and washout in proximal renal tubules of the anionic substrates, fluorescein 

(Welbom et al., 1998a) and ochratoxin A (Welbom et al., 1998b). Following the rapid, 

step-like changes in total fluorescence that are associated with the kinetics of bath 

exchange, uptake of the anionic substrates into proximal cells increases linearly for at 

least 60 sec, while washout of organic anions is a first order function of time. This latter 

behavior was indicative of efQux fiom a single tubular compartment (i.e., cell 
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cytoplasm). The time course of NBD-TMA uptake and washout, shown in Figure 2.3, 

revealed a different profile. Assessment of the probable source of this difference was 

facilitated by first considering the kinetics of NBD-TMA washout (Fig. 2.3B). Following 

a 70 sec exposure to media containing 10 ^M NBD-TMA, the initial decrease in 

fluorescence (to.s = 2 sec) was due to the rapid washout of medium containing NBD-

TMA from the chamber. Thereafter, the decline in fluorescence was poorly described 

(based on analysis of the distribution of residuals) by a single exponential function but, 

instead, by two exponentially decaying fimctions: a smaller, rapidly clearing 

compartment (compartment A; to.s =" 62 sec); and a larger compartment that clears more 

slowly (compartment B; to.s = 480 sec). These two compartments could represent efflux 

of NBD-TMA firom one or more compartments within the cells, from the surface of the 

tubule, or some combination of these possibilities. Analysis of the time course of NBD-

TMA uptake (Fig. 2.3 A) suggested that the smaller, rapidly exchanging tissue 

compartment reflected binding of NBD-TMA to the tubule surface, while the larger, 

more slowly exchanging compartment represented uptake into (or efflux from) the 

cytoplasm of proximal cells. This observation is discussed more thoroughly in later 

sections. 

It is also noteworthy that the kinetics of the decline in tissue fluorescence during 

the washout period was not influenced by shuttering the xenon-lamp (evident in the gaps 

in the fluorescence record shown in Fig. 2.3B). This observation suggested that changes 

in NBD-TMA fluorescence were not influenced by photobleaching of the dye. 
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Following the step-like increase in chamber fluorescence, the time course of 

accumulation of tubule-associated fluorescence following exposure to NBD-TMA 

routinely had the proflle shown in Figure 2.3A: a rapid curvilinear component followed 

by a prolonged (>70sec) linear component. We began our assessment of this proflle with 

the expectation that some fraction of the cationic dye would associate with the negatively 

charged surface of the peritubular membrane. Indeed, the negative surface charge of 

lipid bilayers has been shown to support exponential binding of cationic dyes. For 

example, increasing the negative charge of artificial liposomes markedly increases the 

surface binding of the cationic styryl dye, 2-(4-dimethylaminostyryl)-l-ethylpyridinium 

(Sedgwick and Bragg, 1993), by artificial liposomes. Consequently, we modeled the 

time course (firom t=3 sec to t=70 sec) of the fluorescence increase of tubules following 

exposure to NBD-TMA assuming that the increase involves (I) step-like chamber 

exchange; (II) rapid exponential binding; and (III) a linear uptake of NBD-TMA. This 

model has the form: 

F,=C+[B^(l-e-'")]+J^°t eq.l 

where Ft is tubule-associated fluorescence at time t; C is the level of background NBD-

TMA fluorescence in the chamber (cmp I); Bmax in the total amount of NBD-TMA 

fluorescence associated with binding to the tubule surface (cmp n); b is the rate constant 

for that binding; and is the linear, initial rate of NBD-TMA uptake into tubule cells 

(cmp ni). In Figure 2.3A, the solid line shows the predicted proflle of surface binding of 

NBD-TMA, while the open circles show the linear course of the remaining NBD-TMA 

uptake. Significantly, the size of the predicted binding component in Figure 2.3 A (cmp 
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n) was identical to that of the rapidly clearing cmp n in Figure 2.3B (Bmax values of 

6,530 ± 270 vs. 6,730 ± 130 photons sec*', respectively). Also, the total accumulation of 

fluorescence into the 'linear compartment' (cmp III; 12,292 photons sec'') was similar to 

the size of the slowly exchanging compartment m in Figure 2.3B (cmp III; 11,270 

photons sec''). As discussed below, the calculated linear component of NBD-TMA 

accumulation by proximal tubules proved to be a saturable function of increasing NBD-

TMA concentration, and was markedly inhibited by other substrates known to inhibit the 

peritubular transport of orgam'c cations; the postulated 'bindmg component' did not show 

this marked sensitivity to the concentration of extracellular substrates. Consequently, in 

future experiments, we used equation 1 to estimate a slope of NBD-TMA accumulation 

representing the initial rate of uptake of this compound into renal proximal tubules. 

We noted previously that exposure of NBD-TMA to a non-polar environment 

resulted in a shift in excitation maximum (from 458 nm to 444 nm) and a 3-fold increase 

in fluorescence. Consequently, partitioning of NBD-TMA into a non-polar compartment 

(e.g., into the lipid environment of plasma or intracellular membrane) could result in an 

increase in tubule-associated fluorescence that may be only indurectly related to the rate 

of trans-membrane transport. For example, there is a substantial spectral shift and 

associated increase in fluorescence output from the styryl dye, 4-(4-diethyIaminostyryl)-

N-methylpyridinium following its accumulation in HeLa cells (Irion et al., 1993). To 

determine if NBD-TMA changed its spectral characteristics following accumulation in 

proximal tubule cells, we loaded a single tubule to steady state and then changed the 

excitation wavelength from 458 nm to 444 nm. Instead of an increase in fluorescence 
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Fig. 2.3 (A) Time course of accumulation of 10 |jM NBD-TMA in an isolated rabbit 

renal proximal tubule S2 segment. Solid circles represent the real-time fluorescence 

record with the introduction of 10 mM NBD-TMA to the chamber occurring at t= 0. The 

solid curve shows the predicted time course of the postulated binding component of 

tubular NBD-TMA accumulation, calculated according to equation 1 (see text). The 

open circles show the predicted linear rate of cellular accumulation of NBD-TMA 

according to equation 1. Horizontal dashed lines show the calculated compartment (cmp) 

sizes, according to equation 1: cmp I - bath chamber; cmp II - surface binding; cmp III -

intracellular accumulation. (B) Time course of washout of NBD-TMA from the tubule. 

Gaps in the real-time fluorescence record indicate periods when the tubule was not 

illuminated. The solid line fit to the washout record assumes that washout involves the 

simultaneous exponential loss of NBD-TMA from three compartments: Fnbd = ai(e'''") + 

a2(e"'̂ ') + a3(e"'̂ '), where Fnbd is fluorescence from the remaining tubule-associated NBD 

at each time t; ai.3 are the sizes of the three postulated compartments; and ku3 are the rate 

constants for washout from each compartment. The dotted line shows the predicted 

course of washout, assuming the presence of two, rather than three compartments. The 

horizontal dashed lines show the calculated sizes of the three compartments: cmp I, cmp 

n, and cmp m. 
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output, expected if a substantial fraction of accumulation NBD-TMA were in a non-polar 

environment, there was a dramatic decline in fluorescence, consistent with the spectral 

properties of NBD-TMA in a polar environment (not shown). We conclude from this 

observation that the NBD-moiety remained in an aqueous environment following 

accumulation in renal cells. 

The reproducibility of the initial rate of transport measured repeatedly over a 

course of hours in a single tubule was a particularly noteworthy aspect of the optical 

method of measuring OC transport. A typical uptake protocol involved a 70 sec exposure 

to a test solution containing NBD-TMA, followed by a lS-20 mtn washout period. A 

second rate of uptake, of the same concentration, or employing a different test solution, 

was then performed. We used uptake of 10 i^M NBD-TMA as an internal control, and 

bracketed measurement of transport under different conditions (e.g., a different 

concentration of NBD-TMA, or the presence of a suspected inhibitor of transport) with 

uptake of 10 |xM NBD-TMA. The rate of transport measured under the experimental 

condition in equation 1), was compared to the mean of the rate of 10 ^M NBD-

TMA transport measured immediately before and after the experimental condition. We 

have performed experiments on single tubules that involved as many as 13 separate 

measurements of transport over a course of several hours and an associated decrease in 

control rates of transport that was <20%. The ability to use each tubule as its own control 

in studies of the effects on transport of potential inhibitors or regulatory agents has 

proven to be a particularly valuable aspect of the real-time assessment of transport in 

single tubules (Welbom et al., 1998a;Welbometal., 1998b;Gekleetal., 1999). 
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If cellular accumulation of NBD-TMA involves a carrier-mediated process(es), 

then its rate of uptake should show signs of saturation at increased substrate 

concentrations. Figure 2.4A shows an example of the collected fluorescence uptake 

records (corrected for surface bindmg) from an S2 segment of renal proximal tubule 

during exposures to S, 20, SO, and 100 |iM NBD-TMA. Saturation of uptake process was 

increasingly evident at higher concentrations. Figure 2.4B shows the efiTect of increasing 

NBD-TMA concentration on the rate of NBD-TMA accumulation in an S2 segment. Due 

to heterogeneity in the rates of NBD-TMA uptake noted in tubules from different 

animals, or in different tubules collected firom the same animal, rates of uptake were 

normalized to measured uptake of 10 |xM NBD-TMA in each experiment. Although the 

saturation of a carrier-mediated process was clearly evident, the data were most 

effectively described if uptake was assumed to consist of a saturable process working in 

parallel with a process that was first order over the concentration range studied; 

-HJCNBD-TMAl eq. 2 
+[NBD-TMA] 

where Jmax is the maximal rate of NBD-TMA transport, Kt is the concentration of NBD-

TMA that results in half-maximal transport, and D is a constant that reflects the presence 

of a firaction of total NBD-TMA accumulation that was not saturable. Using this 

equation, the Kt for NBD-TMA was 12 |iM. This value is similar to the 28 ^M Km for 

peritubular uptake of l-methyl-4-phenylpyridinium (MPP^ in rabbit proximal tubules 

(Groves et al., 199S), and well below the 108 ^M Km for TEA uptake in single S2 

segments of rabbit proximal tubule (Groves et al., 1994). 
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Fig. 2.4 (A) Effect of increasing NBD-TMA concentration on tubule-associated NBD-

TMA fluorescence from a representative experiment using an S2 segment of renal 

proximal tubule. Symbols show the rate of accumulation of NBD-TMA for each 

indicated concentration, corrected for the presence of the postulated binding component 

(according to eq, 1; see text). Shaded circles indicating uptake of 10 ^M NBD-TMA 

represent the mean (:^SE) of 3 separate measurements that alternated between the single 

experimental runs for 5,20,50, and 100 ^M NBD-TMA. Lines were calculated using 

linear regression. (B) The effect of increasing substrate on the rate of NBD-TMA uptake 

into single S2 segments of renal proximal tubule. The rate of uptake at each 

concentration represents the mean (±SE) rate of uptake (as determined using eq 1; see 

text) measured in 6-8 separate tubules collected firom different rabbits. The solid line is a 

non-linear regression fit of the model represented in eq 2 (see text) that assumes total 

transport is the sum of a single Michaelis-Menten mediated component plus a non

saturable component. The dotted line shows the fit assuming the presence a single 

Michaelis-Menten mediated component. The inset shows an Wolff-Augustinsson-

Hofstee plot of these data which emphasizes the better fit to the data of the two-

component model (solid line) vs. the single component model (dotted line). 
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TEA is fiequently used as the prototypic substrate of the classical renal organic 

cation secretory pathway (Pritchard and Miller, 1993). Therefore, we examined the 

effect of TEA on peritubular uptake of NBD-TMA. Figure 2.5 indicates that as TEA^ 

was increased from 0 ^M to ISOO ^M, there was a concomitant decrease in NBD-TMA 

accumulation, consistent with the contention that NBD-TMA and TEA^ use a common 

transport pathway. Assuming that this interaction was competitive in nature, the 

inhibitory profile was described by the relationship: 

j;;'[NBD-TMA] 

KSr+[TEA] 

in which J is the normalized rate of NBD-TMA accumulation from a concentration of 

[NBD-TMA] (10 ^M); J^^app is the product of the true maximal rate of NBD-TMA 

accumulation times the ratio of Kj of TEA and the Km for NBD-TMA (i.e., 

™^); Kapp^ is an apparent inhibitory constant, equal to Ki^[l+([NBD-TMA]/Km'^®°' 

™^)]; and C is a constant reflecting the component of NBD-TMA accumulation that was 

not blocked by TEA. The Kapp^ determined from the data presented in Figure 2.5 was 

Kj = 134 fiM, similar to the measured Km for peritubular TEA transport of 108 fiM 

(Groves, Evans, Dantzler, and Wright, 1994), which also supports the contention that 

NBD-TMA and TEA compete for one or more common transport pathways at the 

peritubular membrane. 

It is evident from the data in Figure 2.5, and supported by the kinetic analysis, that 

TEA*^ was not able to completely inhibit tubular accumulation of NBD-TMA. This 
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observation correlates with the presence of a non-saturable component of NBD-TMA 

uptake, noted in Figure 2.4> Although non-saturable NBD-TMA accumulation could 

reflect a modest level of dif&sion of this compound, we cannot dismiss the possibility 

that peritubular NBD-TMA transport involved one or more second processes that did not 

accept TEA. It should also be emphasized that the correction of postulated binding of 

NBD-TMA to the tubule surface might be an imperfect measure of this process. Indeed, 

the 'binding' component measured in the presence of a large concentration of either 

NBD-TMA or TEA was routinely smaller than that measured at lower concentrations, an 

observation inconsistent with the assumption that NBD-TMA binding was 'non-specific.' 

Nevertheless, if the non-saturable portions of NBD-TMA accumulation were to involve 

one or more additional mediated pathways, they would have to have a very low affinity 

for both NBD-TMA and TEA, and play a minor role in the transport these compounds at 

the low micromolar concentrations of such substrates which are expected to exist during 

exposure to the pharmacological compounds that are frequently substrates for renal 

secretion. 

Figure 2.6 shows the effect on uptake of NBD-TMA of several organic 

electrolytes. Millimolar concentrations of the organic cations, TEA^ (1.5 mM) and 

cimetidine (1 mM), each resulted in a substantial inhibition (>70%) of NBD-TMA 

uptake. In contrast, neither the low afiOnity OC substrate, NMN, nor the classical organic 

anions, p-aminohippurate (PAH) and probenecid, exerted a marked effect on NBD-TMA 

accumulation. These data suggest that NBD-TMA uptake into proximal cells across the 

peritubular membrane is largely, if not completely, limited to an interaction with one or 
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Fig. 2.5 Effect of increasing concentrations of TEA on cellular uptake of NBD-TMA by 

single proximal tubule segments. TEA^ concentrations used were 25,75,150,750, and 

1500 and rates of accumulation are expressed as a percentage of control (10 |iM 

NBD-TMA, 0 ^M TEA^. Data presented are fi'om a representative experiment on a 

single S2 segment. The inset shows the times courses collected firom the tubule exposed 

to the indicated concentrations of NBD-TMA. The shaded circles for control uptake 

depict the mean (±SE) from six control measurements of uptake of 10 ^M NBD-TMA 

that alternated between the other test concentrations. 
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more of the several OC transporters (OCTl and 0CT2; (Koepsell, 1998)) currently 

implicated in the basolateral uptake of cationic substrates prior to net trans-tubular 

secretion. 

We believe the fluorescence characteristics of NBD-TMA lend themselves to the 

real-time measurement of organic cation transport in renal proximal tubules with high 

temporal and spatial resolution. The fluorescence spectra of NBD-TMA is such that 

tubule autofluorescence contributes little to total fluorescence during an experiment, 

therefore measured changes in total fluorescence are likely due to transport rather than 

metabolic status of cells (e.g., associated with changes in NADH fluorescence). Also, 

many cationic fluorophores are subject to quenching by chloride or pH, and would, 

therefore, be poor substrates for measuring transport under conditions in which these 

parameters may change. NBD-TMA is insensitive to chloride changes from 0-1 IS mM 

and is relatively insensitive to relevant physiological pH changes. The relative 

insensitivity to changes in concentration of these ions makes NBD-TMA a worthy 

fluorescent molecule for transport studies. In this report we hypothesized that NBD-

TMA is transported across the basolateral membrane by one or carrier-mediated 

processes that also transport TEA^ This hypothesis is supported by time-dependent 

accumulation and washout of NBD-TMA (Fig. 2.3), saturable uptake of NBD-TMA (Fig. 

2.4), and concentration dependent inhibition of NBD-TMA accumulation by TEA (Fig. 

2.5). Additionally, the abiliQr of other organic cations to inhibit transport of NBD-TMA 

fiirther supports the proposed hypothesis (Fig. 2.6). 
« 
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Fig. 2.6 Inhibition of 10 |aM NBD-TMA by organic cations and anions. Each inhibitor 

was present at 1 mM (except TEA"^ at 1.5 mM). Data presented are the mean (±SE) of 

three to eight experiments on tubules dissected from different rabbits. 
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SeveiaL previous studies have examined the utility of optically active molecules to 

serve as test substrates for the study of renal organic cation transport. Transport of the 

styryl dye, 4-Di-l-ASP (ASP^, has been examined in both intact kidney (Rohlicek and 

Ullrich, 1994) and in cultured renal cells (Stachon et al., 1996;Hohage et al., 1997). 

Interestingly, ASP^ is one of few organic cations that undergoes net renal reabsorption 

(Rohlicek and Ulhich, 1994;Pietruck and Ulbich, 1995), suggesting that it has a 

predominant interaction with transport processes not routinely associated with net OC 

secretion. The fluorescent organic base, daunomycin has been shown to be actively 

secreted by renal tubules (Miller, 1995). However, interpretation of basolateral uptake of 

this lipophilic OC is problematic because of a significant passive diffusion component, 

rather than an exclusive interaction with a carrier-mediated process of the type 

responsible for uptake of TEA and other small water soluble OCs of the type for which 

NBD-TMA can serve as a prototype. 

In conclusion we have introduced a fluorescent organic cation that is amenable to 

epifluorescent measurement of OC transport in real time with high temporal resolution. 

Also, the optical characteristics of NBD-TMA lend themselves to use in studies 

analyzing sites of uptake or sequestration of accumulated organic cations and may offer 

insight into the hypothesized transport of organic cations into endosomal compartments 

(Pritchard et al., 1994). 
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CHAPTERS 

MOLECULAR DETERMINANTS OF SUBSTRATE INTERACTION WITH HUMAN 

ORGANIC CATION TRANSPORTER I 
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INTRODUCTION 

The transepithelial transport of organic cations (OC^s) plays an important role in 

the excretion of xenobiotic compounds fix)m the body via the liver and kidney, and the 

cerebrospinal fluid via the choroid plexus. The proteins involved in the translocation of 

OC^s transport a broad range of substrates. These substrates include naturally occurring 

plant toxins such as quinidine, quinine, and morphine, and synthetic drugs such as 

cimetidine and procainamide. These chemicals are not only therapeutically diverse, but 

show remarkable structural diversity as well. A characterization of the structural 

parameters of substrates translocated by organic cation transporters may provide insight 

into the molecular determinants of substrate specificity. The elimination of many 

therapeutic drugs is significantly influenced by the interaction of these compounds with 

renal OC transporters, information pertinent to predicting the kinetics of such interactions 

may be useful in estimating the pharmacokinetics of a broad range of pharmaceuticals. 

It has previously been noted that hydrophobicity and basicity are the principal 

determinants of substrate interaction with OC transporters on both the apical and 

basolateral membranes of the rat renal proximal tubule (Ullrich et al., 1991 ;Ullrich et al., 

I992;David et al., 199S). This observation has been independently supported for apical 

and basolateral transporters in other species (Wright and Wunz, 1999;Wright, Wunz, and 

Wunz, 1995;Groves et al., 1994). We previously reported (Wright and Wunz, 1999) that 

the binding site of the luminal transport step of rabbit renal proximal tubules, the OC^/tT 

exchanger, appears to include a hydrophobic siirface that can be described as planar and 
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is sufficiently accommodating that no steric exclusion is evident in the interaction of a 

broad range of comparatively hydrophobic, planar compounds. 

In this report we examine the molecular determinants associated with OC binding 

to the human ortholog of an OC transporter, hOCTl. In the rat, OCTl has been shown to 

be expressed in the basolateral membrane of early (SI segment) of renal proximal tubule 

(Karbach et al., 2000) where it is presumed to play a role in the peritubular uptake step of 

OC secretion. OCTl is also heavily expressed in the sinusoidal membrane of liver cells 

(Meyer-Wentrup et al., 1998), where it is presumed to play a role in the hepatic 

metabolism and elimination of cationic drugs (Koepsell, 1998). We determined the 

Influence on hOCTl-mediated transport in a cultured cell model of systematic changes in 

the structure of a substrate. The changes consisted of the placement of planar 

hydrophobic mass around an N-pyridinium ring in association with changes in 

hydrophobiciQr proximal to the N-pyridinium nitrogen. 

MATERIALS AND METHODS 

Chemicals; [^H]tetraethylammonium ([^H]TEA; 13.2 Ci/mmol) was a custom synthesis 

by Amersham. [^H]l-methyl-4-phenylpyridinium ([^H]MPP^; 80 Ci/mmol) was 

purchased from ARC, Inc.. NBD-TMA was synthesized as described previously 

(Bednarc;^k et al., 2000) (and is commercially available firom Macrocyclics, Inc., TX). 

The phenylpyridinium and quinolinium analogs were synthesized as described previously 

(Wright, Wunz, and Wunz, 1995). Other chemicals were purchased firom Sigma 

Chemical Corp. (St. Louis, MO) or Aldrich Chemical Co. (Milwaukee, WI). The values 
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for relative substrate hydrophobicity. Log P, were calculated using KowWin (Syracuse 

Research Corporation), ignoring the influence of the positively charged nitronium 

nucleus (UUrichet al., 1991; Wright, Wunz, and Wunz, 1995). 

Generation, transfection. and culture of HeLa cells expressing hOCTl and hOCTl-VSHis 

cDNAs 

The hOCTl cDNA in the pEXO vector was kindly provided by Kathleen M. 

Giacomini (University of California, San Francisco). hOCTl was removed from pEXO 

using Kpn I and Xho I and ligated into pIZ-VSHis (Ivitrogen, Carlsbad, CA). hOCTl 

was removed from pIZ-VSHis at Hind III and Xho I and ligated into pcDNA3.1 to 

generate a plasmid for production of wild type hOCTl. To generate a histidine-tagged 

sequence the hOCTl stop codon was mutated and frame shifted to interpose an alanine in 

frame with the V5His tag of the vector, pIZ-VSHis, using the following primers: the 

OpI£2 promoter site on the plasmid was used as the forward primer (S-

CGCACCGATCTGGTAAACAC-3') and 5'-

GCCCTCTAGACTCGAGGCGGTGCCCGAGGGTTC-3' as the reverse primer 

containing the mutated sequence. The mutated PCR fragment was cut at Hind III and 

Xho I to generate a full-length cDNA sequence that was ligated back into the parent 

vector. Another mutation was performed on the pIZ-hOCTl-V5His sequence to insert an 

EcoR I cut site following the stop codon of the His-tag using the following reverse 

primer: 5'-GGATTTAGTCAGATGAATTCAATGGTGATG-3', in conjunction with the 

forward primer for the OpIE2 promoter priming site on the plasmid. The resulting PCR 

fragment was digested with Hind III and EcoR I and ligated into pUC18, from which it 
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was digested >vith BamHI and EcoRI and ligated into pcDNA3, creating pcDNA3-

hOCTt-VSHis. Ail DNA sequencing was performed by the Arizona Research 

Laboratory - Laboratory of Molecular Systematics and Evolution (University of Arizona, 

Tucson, AZ). 

The pcDNA3-hOCTl-V5His was linearized with Pvu I and transfected into HeLa 

cells using Efifectine (Qiagen, Valencia, CA) according to the manufacturer's instructions 

(with the exception that we used a cDNA-to-enhancer ratio of 1 ;8 (mass:volume)). 

Transfected cells were plated at ~S0% confluence and the media was changed the 

following day (18-24 hours later). At 72 hours after transfection the HeLa cells were 

exposed to and continuously grown thereafter in culture media containing 400 ^g/mL 

G418 (Gibco, Rockville, MD) to select for cells that had incorporated the cDNA 

construct. To select cells stably expressing OCTl transport activity, the cells were 

exposed to a 20 (xM concentration of the fluorescent organic cation NBD-TMA^ or a pH 

insensitive derivative of NBD-TMA^ (Bednarczyk et al., 2000) for 20 minutes, then 

trypsinized, and resuspended in PBS + 250 ^M tetrapropylammonium. The 

subpopulation of fluorescent cells was sorted using a fluorescence activated cell sorter 

(Arizona Research Laboratories, Tucson AZ). From the reclaimed cells individual clones 

were selected by dilution cloning. 

HeLa cells stably transfected with pcDNA3-hOCTl-V5His were cultured at 37® 

in a humidified 95% air/5% CO2 environment. The growth media used to maintain the 

cells was RPMI1640 supplemented with 2 mM glutamine, 50 U/mL penicillin, 50 ^g/mL 

streptomycin, and 400 ^g/mL G418. Cells were trypsinized (trypsin + 0.25 mM EDTA, 



68 

Gibco, Rockville, MD) and seeded at ~600,000 or~300,000 cells/well of a l2-well 

culture plate (Falcon or Cell Star) and transport experiments were performed two or three 

days later, respectively. 

Fluorescence of NBD-TMA^ loaded cells 

HeLa cells stably transfected with pcDNA3-hOCTl-V5His were loaded with 10-

20 NBD-TMA in Waymouth buffer (135 mM NaCl, 13 mM HEPES, 2.5 mM CaCla, 

1.2 mM MgCb, 0.8 mM MgS04,5 mM KCl, and 28 mM glucose) for 5-30 minutes. The 

solution was then aspirated and the cells were rinsed with Waymouth buffer plus 100-250 

|iM tetrapropylammonium (TPrA^ and maintained in diis solution during fluorescence 

microscopy. 

Measurement of Transport 

After aspiration of the culture medium, the cells in each well of a 12-well plate 

were twice exposed, each time for 15 min, to 1 mL of Waymouth's buffer at room 

temperature. Following the second 15-minute incubation the buffer was aspirated and 

Waymouth buffer containing 1 |iCi/mL ^H-TEA^ with or without inhibitor, was added. 

After a prescribed interval die buffer containing radiolabeled substrate was aspirated and 

the cells were washed twice with 1 mL of ice cold Waymouth's buffer. The cells were 

then solubilized with 1 mL of 0.2 N NaOH, 1% SDS. This solution was pipetted 

repeatedly until homogenous, then neutralized with 200 ^L of 1N HCl. 10 mL of 

scintillation cocktail were then added to this homogenate, and radioactivity in the 

resulting solution was counted in a scintillation counter. The cells in each of three 

additional wells were counted using a cell counter (Coulter) and the counts averaged to 
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determine the number of cells per well (routinely 1.0-1.2 million cells/well). Cells in 

three additional wells were solubilized with 1 mL 0.2 N NaOH later neutralized with 200 

IN HCl and used to determme the average protein content of each well (BioRad, 

Hercules, C A). The concentration of inhibitor that reduced uptake by 50% (IC50) was 

generated using Sigma Plot by fitting the data to the following equation: y = [(J [T]) / 

(IC50 + PI)] + C, where y is the uptake of ^H-TEA*; J is a constant related the product of 

the maximal rate of TEA uptake and the ratio of IC50 and the Kt for TEA transport 

(Groves et al., 1994); [T] is the concentration of [^H]TEA; [I] is the inhibitor 

concentration, and C is a constant representing the non-saturable component of [^H]TEA 

uptake. 

RESULTS 

hOCTl sequence variation 

The sequence of the hOCTl cDNA provided by K. Giacomini, and used for the 

studies described here, differed by one base from the sequence reported by Zhang et al. 

((1997); accession number U77086). That difference was a guanine, rather than an 

adenine, at nucleotide 1275. The resulting codon encodes a valine, rather than a 

methionine at amino acid 408. The sequence of an hOCTl fragment (fiom position 1197 

to 1588), amplified using RT-PCR from human renal mRNA, was consistent with the 

Zhang sequence, with the exception of the A to G substitution noted above (valine at 

amino acid 408)> The fiiU length cDNA coding for hOCTl, as provided by Dr. 

Giacomini, was, therefore, used for the preparation of the hOCTl-V5His construct 

employed in the studies described below. 
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Figure 3.1 A shows cells stably transfected with pcDNA3.1-hOCTl following a 

ten minute exposure to 20 ^M NBD-TMA^ Figure 3.1B is a fluorescence image of the 

same cells, showing that only a fraction of the transfected cells that are resistant to G418 

actually transported NBD-TMA^ (cells transfected with hOCT2 and rbOCTl also show 

fluorescence). In fact, only 5-10% of this 'parent' population of cells expressed transport 

activity. We subsequently selected cells positive for hOCTl-mediated transport of NBD-

TMA by flow cytometry, dilution-cloning, and by the use of cloning rings and discs. 

Figure 3.1C shows ^H-TEA^ uptake data from wild-type HeLa cells, the 'parent' cell 

population, and cells selected from the 'parent' ceil line. The 'parent' cell population 

showed about twice as much uptake as the wild-type HeLa cells. Following selection of 

NBD-TMA^-containing cells using flow cytometry, there was a 12-fold increase in 

accumulation of radiolabeled TEA^. The remaining studies reported here used a clonal 

cell line selected from this population. 

Time course and kinetics of hOCTl-mediated transport 

Figures 3.2A and 2C shows the time courses of [^H]TEA^ and [^H]MPP^ uptake 

into HeLa cells stably expressing hOCTl. TEA uptake was approximately linear for five 

to seven minutes and a five minute uptake provided a reasonable estimate of the initial 

rate of transport. MPP*^ uptake, however, was likely linear for less than one minute. 

Figure 3.2B and 3.2D show the effect of increasing concentrations of unlabeled substrate 

on the rate of hOCTl-mediated transport of TEA and MPP^ respectively, from which the 

kinetics of transport of these two substrates were estimated, hi three separate 

experiments, the apparent Kt for TEA transport was 164 ± 17.9 nM, with a Jmax of 3.5 ± 



71 

€15 1 

lU 
^ HeLa Parent Sorted 

Cell Type 

Figure 3.1. (A) NIC image (400x) of HeLa cells stably transfected with pcDNA3.l-

hOCTl following a 10 minute exposure to 20 NBD-TMA^ (note the elongated cell 

for reference). (B) Fluorescence image of the same field of view showing NBD-TMA^ 

accumulation in a subpopulation of these cells. (C) Accumulation of 0.04 ^H-TEA^ 

by untransfected wild-type HeLa cells (HeLa), HeLa cells stably transfected with 

pcDNA3-hOCTl-VSHis (Parent), and cells sorted from the parent cell population by 

flow cytometry (Sorted). The height of each bar indicates the mean (±SE) of 60 min 

uptakes measured in three confluent wells (approx. 1 x 10^ cells). 



72 

0.33 nmol mg*' S min'' (n=3 separate experiments). These values are comparable to 

those reported by Zhang et al. (Zhang et al., 1998) in their study of hOCTl-mediated 

transport in transiently transfected HeLa cells. In one experiment (Fig. 3.2D), we 

calculated an apparent Kt for MPP^ transport of 34 |iM, with a Jmax of 3.6 nmol mg*' 5 

min'^ However, as noted above, it was likely that our measured rates of MPP^ uptake 

underestimate the initial rate of hOCTl-mediated MPP^ transport, compromising our 

confidence in the accuracy of the kinetic values for MPP^ Consequently, we elected to 

use transport of TEA, and the inhibition of TEA transport, in the remaim'ng studies. 

The inhibition of hOCTl-mediated TEA transport produced by a series of 

tetraalkylammonium compounds (nTAAs: TEA^, TPrA^, TBA^ and TPeA^ was 

determined. The ICso for each compound was determined by measuring the five minute 

accumulation of ^H-TEA^ in the absence of inhibitor and the presence of five incremental 

concentrations of inhibitor based on the estimated ICso. Figure 3.3A compares the 

inhibition profiles of the four test nTAAs. Figure 3.3B plots the relationship between 

alkyl chain length and the calculated ICSQS for the test agents, confirming a strong 

correlation between alkyl chain length (hydrophobicity) and ICso for the tetraalkyl 

compounds. The ICso values for these compounds compare favorably to those reported 

previously for nTAA inhibition of hOCTl expressed in HeLa cells (Zhang et al., 1999) 

miXenopus oocytes (Dresser et al., 2000) (Table 3.1). 

Inhibition of hOCTl-mediated TEA transport 

In this report we test the hypothesis that distribution of planar hydrophobic mass 

influences the ability of substrates to bind to hOCTl. To test this hypothesis we 
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Figure 3.2. iCinedc data acquired from HeLa ceils stably transfected with pcDNA3-

hOCTl-V5His. In each plot, the solid points represent the mean (±SE) of uptakes 

measured in 3 confluent wells ofcells in a single, representative experiment (A) Time 

dependent accumulation of 0.04 |iM[^H]TEA^ (B) Kinetics of hOCTl-mediated TEA 

transport as shown by the profile in inhibition of O.OS [^H]TEA^ uptake produced by 

increasing concentrations of unlabeled TEA^ (Malo and Berteloot, 1991). The curve was 

fit to the data using a non-linear regression algorithm (SigmaPlot,v3.0). (C) Time 

dependent accumulation of 6 nM [^H]MPP^ (D) Kinetics of hOCTl-mediated MPP^ 

transport as shown by the profile in inhibition of 6 nM [^H|MPP^ uptake produced by 

increasing concentrations of unlabeled MPP^ 
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Figure 3.3. (A) Concentration dependent inhibition of ^H-TEA^ uptake by a series of 

nTAA compounds in HeLa cells stably transfected with pcDNA3-hOCTl-V5His. Data is 

represented as percent of control (uptake without inhibitor). Each point is the mean 

(±SE) of uptakes measured under the listed condition in 3-4 separate experiments. See 

figure for symbol representations. The curves were fit to the data using a nonlinear 

regression algorithm (SigmaPlot 3.0), assuming the inhibition of TEA transport was 

competitive in nature (Groves, Evans, Dantzler, and Wright, 1994). (B) Relationship 

between alkyl chain length of nTAAs and the measured IC50 each displayed against 

hOCTl-mediated TEA uptake. Each point represents the mean (i:SE) of ICsos calculated 

in three separate experiments using the relationship plotted in Figure 3A (Groves, Evans, 

Dantzler, and Wright, 1994). 
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measured inhibition of hOCTl-mediated TEA transport using a strategically modified set 

of compounds previously used in our examination of the OC/lT exchanger of isolated 

rabbit renal brush border membranes (BBMs) (Wright and Wunz, 1999). The test 

compounds included a group of phenylpyridinium and quinolinium compounds with 

ethyl, hydroxyethyl, or methylphenyl side groups located at the N1 position (see Fig 3,4). 

Inhibition produced by this set of compounds was assumed to be competitive 

based upon the observed hOCTl-mediated uptake of ^H-MPP^ (Fig. 3.2C), a structural 

analog of 3 and 4-phenyl pyridiniums described in this report. Additionally, HEMQ, is 

transported across the basolateral membrane of intact rabbit proximal tubules by a TEA-

inhibitable pathway (Bednarczyk and Wright, 1998), suggesting that the several 

structurally similar quinolinium compounds tested here are probably transported 

substrates of hOCTl. Furthermore, amantidine has been demonstrated to be a substrate 

(Wong et al., 1990) and it is likely that cyclohexamine, which is a substructure of 

amantidine, is also a substrate. 

Results fix)m previous studies (e.g., Wright, Wunz, and Wunz, 1995;Ulhich et al., 

1992) led us to hypothesize that the ICsoS of the test agents would vary inversely with 

hydrophobicity, as observed for the series of nTAAs (Fig. 3.3). This was indeed the case 

for each genus of chemical (i.e., 4-phenylpyridinium, 3-pheylpyridinium, and 

quinolinium); for each species within a given genus, increasingly hydrophobic residues at 

the N1 position were associated with a decrease in ICso for hOCTl-mediated TEA 

transport (Fig 3.5A). Also apparent in Figure 3.5 is that between each genus there was a 

systematic variation in inhibitory efficacy, with the 4-phenylpyridiniums being most 
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Figure 3.4. Structural formulae of the principal molecules used in the present study. 
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Table 3.1 

ICso values measured against [^H]TEA transport in hOCT I-expressing HeLa ceils. 

Sample sizes for ICso measurements ranged fiom x to y (typically, n = 3). The Ki values 

for the OC/H^ exchanger of rabbit renal BBM are &om (Wright and Wunz, 1999). 

Values for Log p were calculated using KowWin (Syracuse Research Corporation). 

Compound ICso-hOCTI Ki-oc/rt Logfi 

exchange 

l-(2-Hydroxyethyl)-4-phenylpyridinium 16.2 ±1.4 42.3 ± 10.0 2.14 

l-Ethyl-4-phenylpyridinium 7.1 ±1.1 19.1 ± 1.9 3.61 

1 -(Phenyl)methyl-4-phenylpyridinium 9.3 ±0.6 0.6 ±0.1 4.82 

l-(2-Hydroxyethyl)-3-phenylpyridinium 31.1 ±2.3 45.6 ±10.5 2.14 

1 -Ethyl-3-phenylpyridinium 28.3 ±4.5 19.4 ±1.6 3.61 

1 -(Phenyl)methyl-3-phenylpyridinium 5.5 ±0.9 1.6 ±0.1 4.82 

I -(2-Hydroxyethyl)quinolinium 80.6 ±3.2 38.1 ±5.4 1.71 

1-Ethylquinolinium 67.6 ±11.2 8.1 ±0.5 3.18 

l-(Phenyl)methylquinolinium 14.3 ±0.7 1.2 ±0.3 4.4 

TEA 167.5 ±25.9 281 ±87 2.55 

TPrA 22.0 ±4.1 34.6 ±8.6 4.52 

TBA 6.5 ±1.5 16.3 ±1.9 6.48 

TPeA 1.8 ±0.2 2.9 ± 0.9 8.44 

Amantidine 18.4 ±2.0 2.43 

Cyclohexamine 544 ±13.4 1.63 
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efficacious, and the quinolinium compounds being least (Table 3.1). This observation 

suggests that, whereas hydrophobicity is an important determinant of substrate binding to 

hOCTl, substrate affinity can be influenced by the distribution of hydrophobic mass. 

In our previous study of the influence of planar hydrophobic mass on the binding 

of OCs to the luminal OC/H exchanger of rabbit renal BBMs (Wright and Wunz, 1999) 

we noted that, in general, planar substrates bind with greater afBnity to the transporter 

than nTAA compounds of comparable hydrophobicity. It was, therefore, of interest to 

compare for hOCTl the relationship between ICso and the calculated hydrophobicity of 

planar and nTAA compounds. As shown in Figure 3.SB, with the exception of TEA, 

there was no discrepancy between hydrophobicity and binding efficacy of the degree 

noted for the luminal OC/H* exchanger. In the latter case, we hypothesized that the 

globular (rather than planar) nature of nTAAs placed a substantial fraction of their 

hydrophobic mass away from the postulated planar binding surface of the OC/H*" 

exchanger, in contrast to the situation afforded by planar substrates. No such systematic 

difference between interaction of planar and globular substrates is evident with hOCTl. 

As a further test of this conclusion, we compared the inhibitory efficacy of 

cyclohexamine and amantidine; both are unsaturated hydrocarbons with a primary amine 

group. Importantly, the structure of cyclohexamine is contained within amantidine, with 

the latter containing additional hydrophobic mass that is supraplanar to a postulated 

binding surface (refer to Fig. 3.4). Interestingly, the presence of this additional, non-

planar hydrophobic mass increased the inhibitory effectiveness of amantidine 2S-fold 
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Figure 3.5. (A) The relationship between the ICso for inhibition of hOCTl-mediated 

[^H]TEA transport and the calculated hydrophobicity (Log P) of the members of the three 

sets of test compounds: 4-phenylpyridiniums (open circles); 3-phenylpyridimums (open 

squares); and quinoliniums (open triangles). Each point is the mean (:i:SE) of IC50 values 

measured in 3-4 separate experiments. Within each set of test agents Log P was 

systematically increased by altering the Nl-substituent (-2-hydroxyethyl to -ethyl to -

(phenyl)methyl; see Figure 4). (B) The relationship between the IC50 for inhibition of 

hOCTl-mediated [^H]TEA transport and the calculated hydrophobicity (Log P) of the 

three sets of test compounds (from Fig. 5A), and the n-TAA compounds (solid 

circles)(fi:om Fig. 3). 
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over that observed for cyclohexamine (ICsos of 19 |iM and 540 ^M, respectively; see 

Table 3.1). 

DISCUSSION 

The results presented here support and extend the observation that substrate 

hydrophobicity is a principal determinant of binding efficacy to the human ortholog of 

the organic cation transporter, OCTl. For the several structures studied, systematic 

increases in hydrophobicity were correlated with decreases in IC50S (Figs. 3.3 and 3.5). 

However, the position of planar hydrophobic mass about a pyridinium center exerted a 

marked influence on the ability of the test OCs to bind to hOCTl (Fig. 3.5). Thus, it is 

likely that the steric placement, as well as hydrophobicity of structural residues plays a 

role in stabilizing the binding of substrates to OCTl. 

Previous studies on the effect of hydrophobicity on binding (Zhang et al., 1999) 

and translocation (Dresser et al., 2000) of OC substrates by hOCTl were limited to an 

examination of the effect of the length of alkyl chains within a series of n-

tetraalkylammonium compounds. Although there is a strong correlation between the 

increase in chain length (and, correspondingly, an increase in hydrophobicity) and 

decrease in ICsos/KiS of OCTl-mediated transport, a correlation confirmed here (Fig. 

3.3), the focus on a single structural type limits conclusions as to whether other structural 

factors may play a role in the binding of substrate to OCTl. The differences in relative 

location of planar hydrophobic mass of the phenylpyridinium and quinoiinium 

compounds used in this study, introduce the potential for steric configuration to influence 
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substrate binding. Indeed, for any chemical genus tested (i.e., 4-phenyl or 3-

phenylpyridinium or quinolinium), mcreases in hydrophobicity (introduced through the 

R-group at the Nl position) were correlated with decreases in IC50 (Fig. 3.5), also evident 

was that the location of the planar hydrophobic mass had a clear and systematic effect on 

substrate binding. For molecules of similar hydrophobicity, the rank order of apparent 

affinity for hOCTl was 4-phenylpyridinium > 3-phenylpyridinium > quinolinium. A 

possible interpretation of this observation is that the 'lateral' hydrophobicity represented 

by the quinolinium compounds is less effective at stabilizing substrate binding than is the 

more 'longitudinal' placement of hydrophobic mass associated with the 3-

phenylpyridiniums and 4-phenylpyridiniums. 

The systematic effect of the placement of hydrophobic mass on substrate binding 

to OCTl is in marked contrast to the absence of such effects on substrate binding to the 

OC/H^ exchanger of the luminal membrane. In a previous study, we examined the 

relative ability of the same set of test agents used in the present study to inhibit iT 

gradient-driven TEA transport in isolated rabbit renal BBM (Wright and Wunz, 1999). 

Although increases in hydrophobicity were correlated with increasing inhibitory efficacy, 

there was no effect of moving the phenyl ring about the pyridinium center (inset. Fig. 

3.6A). As shown in Figure 3.6A, there is no apparent correlation between the relative 

afGnity of the test agents for hOCTl, and that of the OC/H*' exchanger. One might 

question the relevance of drawing such a comparison because there is no a priori reason 

to presume that they would have dissimilar properties. However, previous studies of the 

determinants of substrate selectivity of the contralimiinal and luminal OC transporters of 
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intact rat proximal tubules have drawn such comparisons and shown a number of 

parallels with respect to the issue of substrate specificity. In their comparison of the 

relative inhibitory efficacy of a wide array of test substrates against OC transport at the 

two poles of proximal cells, Ulhich et al. (1991) noted that "one can state that the luminal 

and contraluminal transporters for organic cations 'sense' the same parameters of 

substrates; hydrophobicity and catiom'c charge strength." The comparison offered in 

Figure 3.6 simply serves to underscore the fact that substantial dissimilarities in the 

structural factors that influence binding to different categories of OC transporters are 

likely to exist. 

The interaction of amantidine and cyclohexamine with hOCTl (Table 3.1) also 

indicates that the 'planar' binding site proposed for the OC/H^ exchanger (Wright and 

Wunz, 1999) may be an inadequate model for OCTl. If the binding surface were a 

simple plane, then the addition of lipophilicity above the plane of interaction might not be 

expected to provide any added value in terms of substrate affiniQ^. However, there is a 

striking difference in the affinity of hOCTl for amantidine vs. cyclohexamine suggesting 

that the binding site for hOCTl is more than a hydrophobic plane, but rather may be a 

'pocket' that is conducive to establishing hydrophobic interactions above the previously 

hypothesized hydrophobic plane. Also of note is the observation that the difference in 

the ICsos between amantidine and cyclohexamine is substantially greater than predicted 

on the basis of the four-carbon difference in the two molecules. Given the observations 

with both the nTAA and phenylpyridinium series of compounds, where the addition of 

four to five saturated or unsaturated carbon residues resulted in a 4 to 8-fold change in the 
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Figure 3.6. (A) Comparison the ICso values for the test agents presented in Figure 4 for 

inhibition of hOCTl-mediated TEA transport with that obtained in a separate study 

(Wright and Wunz, 1999) of inhibition of TEA/FT exchange in isolated rabbit renal 

BBM, produced by these same compounds. Whereas the theoretical 'line of identity' 

mtersects the origin, there is no correlation between the degree of interaction of the test 

compounds with hOCTl and their interaction with the luminal TEA/FT exchanger. The 

inset shows the relationship between the hydrophobicity of the test agents and their KtS 

against the luminal TEA/IT exchanger (Wright and Wunz, 1999), and emphasizes that 

the location of planar hydrophobic mass has no apparent influence on the binding of the 

pyridinium/quinolinium test compounds to the luminal OC/H^ exchanger. 4-

phenylpyridiniums (open circles); 3-phenylpyridiniums (open squares); and quinoliniums 

(open triangles). (B) Correlation between the ICsos produced by nTAA compounds 

agamst hOCTl-mediated TEA transport and the KiS for these compounds against 

TEA/H* exchange in rabbit renal BBM (Wright and Wunz, 1999). The dotted line is the 

line of identity; the solid line was calculated using linear regression. 
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ICso; (Fig, 3.3 and 3.5), the presence of four additional carbons represented by 

amantidine resulted in a 2S-foId decrease in ICso (Table 3.1). The interpretation of these 

data relative to the hydrophobic plane model proposed for the apical transporter in rabbit 

may be complicated by the fact that cyclohexamine and amantidine are not planar 

because each consists of saturated, rather than unsaturated ring structures. They, 

therefore, do not present the planar hydrophobic mass of the pyridinium and quinolinium 

compounds used to develop the model. Despite these factors we believe that the 

significant difference in the ICSQS of cyclohexamine and amantidine may provide useful 

structural information about the binding site for hOCTl when combined with inhibitory 

data firom other unique chemical structures. 

Interestingly, the differences in inhibitory interactions of the planar OC substrates 

at basolateral (OCTl) and lummal (OC/tf" exchange) transporters evident in Figure 3.6 

were not apparent in a comparison of the interaction of the nTAA compounds with these 

two processes. As shown in Figure 3.6B, for the series of nTAAs running from TEA to 

TPeA, there was a strong correlation between the ICso for inhibition of OCTl and the Ki 

for inhibition of OC/lT exchange. The apparent affinity of the exchanger for these 

compounds was not as great as that of hOCTl, which is consistent with the observation in 

rat by David et al. (1995). However, the larger nTAA compounds (TBA and TPeA) 

appear to bind with comparatively poor affinity to the contraluminal OC transport in 

intact rat tubules (Ullrich et al., 1991), but were excellent inhibitors of hOCTI (Fig. 3.3). 

Although this could reflect a species difference, this is probably not the basis for this 

discrepancy, because TBA and TPeA are effective inhibitors of rat OCTl, too 
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(GrOndemanii et al., 1994). Alternatively, the peritubular OC transport in intact rat 

proximal tubules may involve transporters other than OCTl. While this possibility 

cannot be excluded, OCTl is expressed at its highest level in rat kidney in early proximal 

tubule (Karbach et al., 2000), which is the primary segment accessed in in vivo 

micropuncture studies of type used in the studies by Ullrich and colleagues (Ullrich et al., 

1991). Thus, it is likely that the selectivity of contralimiinal OC uptake evident in 

Ullrich's study is influenced, if not dominated, by the activity of OCTl. Perhaps, a more 

likely basis for the differences in inhibitory effectiveness of long chain nTAAs observed 

in the in vitro studies, compared to in vivo studies, is the fundamental difference in the 

techniques associated with the two sets of studies. The experimental solutions to which 

vesicles and cultured cells are exposed are not limited in access to the transporter. The in 

vivo micropimcture technique necessitates that test solutions pass through nanow glass 

capillaries, and past several biological surfaces (e.g., capillary endothelia and epithelial 

basement membranes) before they reach peritubular transport process. It is possible, and 

consistent with the observed discrepancies in apparent inhibitor efficacy, that 

hydrophobic cations could be Meached' from experimental solutions, reducing the actual 

concentration of test agents that reach the peritubular membrane. Nevertheless, despite 

possible problems in comparing directly data generated using the two types of 

experimental systems, the general characteristics of substrate specificity evident in 

studies with cloned transport proteins are also evident in studies employing intact renal 

tubules. 
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In the above discussion, we compared the characteristics of transporters in the 

basolateral and apical membranes of renal tubule cells. In fact, although there is clear 

evidence that OCTl is expressed in the basolateral membrane of rat renal proximal 

tubules (Karbach et al., 2000), there is reason to question whether OCTl is expressed to a 

significant extent in the basolateral membrane of human proximal tubules. Whereas 

Northern blot analyses show strong expression of OCTl mRNA in both rat (GrOndemann 

et al., 1994) and human (Zhang et al., 1997;Gorboulev et al., 1997b) liver, expression in 

human Iddney is modest (Gorboulev et al., 1997b;Zhang et al., 1997). Indeed, there is 

reason to suggest that 0CT2 may play a quantitatively more significant role (than OCTl) 

in human kidney, based upon apparent levels of expression, though some controversy 

remains over the cellular distribution of 0CT2 in the human nephron (Zhang et al., 

1997;KoepseU et al., 1999). Whereas 0CT2 appears to be targeted to the basolateral 

membrane of proximal cells in some species [e.g., rat (Karbach et al., 2000) and flounder 

(Sweet et al., 2000)], immunocytochemical data suggests that 0CT2 may be restricted to 

the apical membrane of distal tubules in the human (Zhang et al., 1997), where it could 

play a role in the reabsorption of selected OCs (Koepsell et al., 1999). The implied 

absence of both OCTl and 0CT2 from the basolateral membrane of human proximal 

tubules does leave open the question of the molecular identity of the basolateral OC 

uptake process in OC secretion in the human kidney [the cellular and subcellular 

distribution of 0CT3 remains unclear (Wu et al., 2000b)]. Given the high degree of 

molecular and functional identity^ reported for all OCT homologs, we suggest that the 

general selectivity criteria for OCTl may well be common to all the OCTs and can serve 
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as the basis for development of specific hypothesis concerning the criteria for substrate 

selectivity by all members of this family of cation transporters. 

The general substrate selectivity common to all OCTs can be seen in the ability to 

translocate the prototypical cations TEA^ and MPP^ Like TEA^ and MPP^ the 

fluorescent orgamc cation NBD-TMA"^ appears to be transported by multiple OCTs. hi 

this report we show the accumulation of NBD-TMA^ in cells expressing the cloned 

transporter hOCTl. Additionally, we also see accumulation in cells transiently 

transfected with hOCT2 and rbOCTl (observations not shown). Given the high degree of 

functional identity between the OCTs, NBD-TMA^ may be useful as a substrate for 

selecting clonal cell lines, functional expression cloning, or fluorescence-based assays to 

screen drug-transporter interactions. 

In summary, systematic increases in hydrophobicity of potential substrates of 

hOCTl increase the affinity of the transporter for them. However, the 3D location of 

planar hydrophobic mass exerts a marked influence on the binding of OCs to hOCTl. 

This is a marked contrast to the absence of such effects on the efScacy of OC binding to 

the OC/H^ exchanger in native renal brush border membranes. Also, whereas binding 

interactions at the OC/H^ exchanger are consistent with the presence of a planar binding 

surface on this transporter, the efficacy of binding of globular hydrophobic compounds to 

hOCTl suggests that the transport receptor may be better described as a hydrophobic 

'pocket' Data such as these may contribute to the development of substrates for 

distinguishing different organic cation transporters. 



CHAPTER 4 

CONCLUSIONS AND FUTURE DIRECTIONS 
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The primary focus of this dissertation is related to two distinct issues designed to 

advance the understanding of organic cation transport. Chapter 2 described the design 

and characterization of a novel fluorescent substrate, NBD•T^dA, to monitor the uptake 

of organic cations in cells or tissue. The ability to visualize cellular transport of NBD-

TMA facilitated the identification and selection of a cell line expressing hOCTl used in 

the experiments described in chapter 3. Chapter 3 described a series of experiments that 

extended the understanding of the molecular determinants of substrate binding to a 

specific member of the organic cation transporter family, the human ortholog of OCTI. 

Following is a summary of the observations reported in each chapter, with an emphasis 

on how these observations represent significant advances to the field of organic cation 

transport. I will also take the opportunity to discuss how each set of observations may be 

extended in future studies 

FLUORESCENT SUBSTRATES AND THE STUDY OF ORGANIC CATION 

TRANSPORT 

For the past fifty years investigation of organic cation transport has largely relied 

on the use of radiolabeled compounds. More recently, with the cloning of electrogenic 

organic cation transporters, the use of electrophysiological techniques has become 

increasingly common. Less popular and underutilized has been the employment of 

fluorescent molecules. The utilization of fluorescent substrates to monitor organic cation 

transport offers nimierous potential benefits, including; high temporal resolution, the 
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abiliQr to repeatedly use tissue or a group of cells as its own control, exceptional spatial 

resolution, the ability to perform high throughput screening of drug-transporter 

interactions, and the identification of new organic cation transporters through expression 

cloning. Moreover, the increased utility of fluorescent compounds as substrates may 

reduce the need for radiolabeled substrates. However, despite these benefits, the use of 

fluorescent chemicals in investigating organic cation transport has received little 

attention. The absence of interest in fluorescent organic cations, relative to the greater 

interest shown for fluorescent organic anions (Sullivan et al., 1990;Miller et al., 

1993;Masereeuw et al., 1999;Dantzler et al., 1998b) has, in large part, been due to the 

unfavorable optical characteristics of fluorescent cations. These unfavorable 

characteristics include: significant photobleaching (Stachon et al., 1996), lack of 

specificity for secretory orgamc cation transport pathways (Pietruck and Ullrich, 1995), 

minimal fluorescence or non-fluorescence, inorganic ion sensitivity (Biwersi et al., 

1992;Bednarczyk and Wright, 1998), amphipathic binding (Sedgwick and Bragg, 1993), 

and/or a significant non-ionic diffusional component (Miller, 1995). These problems 

created a need to develop new fluorescent organic cations, so that the study of organic 

cation transport may realize the aforementioned benefits of monitoring transport using 

fluorescent substrates. 

The development and characterization of NBD-TMA transport described in 

Chapter 2 addressed many of the problems and realized a number of the benefits of using 

a fluorescent compound to monitor organic cation transport. NBD-TMA has a fixed 

positive charge and thereby overcomes the problems associated with non-ionic diJSusion 
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of weak bases. The fluorescence of NBD-TMA does not undergo collisional quenching 

when the fixed positive charge is exposed to chloride ions in solution. While NBD-TMA 

does exhibit some non-specific binding, it is modest compared to that arising from the 

amphipathic structure of other fluorescent substrates that have been studied, in large part 

because NBD-TMA is polar at both 'ends' of the molecule. NBD-TMA is both 

sufficiently fluorescent and transported rapidly enough that real-time measurements are 

possible. The transport of NBD-TMA across the basolateral membrane of proximal 

tubules shows all the hallmarks of interaction with the classical renal orgamc cation 

transport pathway: it is saturable and is inhibited by the model organic cation, TEA^ as 

well as by other relevant organic cations, such as cimetidine and procainamide. Taken 

together, the physical and biological characteristics of NBD-TMA transport presented m 

Chapter 2 demonstrate its utility as a tool for the study of selected aspects of renal 

organic cation transport. 

In the future NBD-TMA may be use to resolve spatial characteristics of the renal 

translocation and sequestration of organic cations. For example, there is considerable 

speculation about the extent and role of intracellular sequestration of accumulated cation 

substrates in acidic intracellular compartments (Pritchard and Miller, 1993). Because 

NBD-TMA is relatively insensitive to the surrounding pH or halide ion concentrations, it 

may prove useful in direct imaging studies of organic cation sequestration. Another 

potential application of NBD-TMA may couple its high rate of uptake and fluorescence 

characteristics to develop high throughput assays used to identify drug-transporter 

interactions. Similarly, the ability to visually monitor intake into individual cells may 
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assist in the selection of cells that express organic cation transport, thereby facilitating the 

expression cloning of new OCTs. Finally, NBD-TMA can serve as a model fluorescent 

structure that can be modified to produce improved fluorescent organic cations, such as 

the briefly mentioned pH insensitive version (see Appendix I) or a version that has a 

higher binding afBnity or is more fluorescent. 

MOLECULAR DETERMINANTS OF SUBSTRATE INTERACTION WITH HUMAN 

ORGANIC CATION TRANSPORTER 1 

Chapter 3 presented the first systematic exanunation of structural features of 

substrates that influence binding to a molecularly defined organic cation transporter, 

hOCTl. Prior to this work, the only extended examination of structural specificity of 

renal organic cation transport was Karl Ullrich's studies of drug-organic cation 

transporter interactions in the in vivo microperfused rat proxunal tubule model (Ullrich et 

al., 1991;Ullrichetal., 1992;Ullrichetal., 1993a;Ullrichetal., 1993a). As valuable as 

these studies have been to the field, their interpretation has been limited primarily by two 

factors. First, the rat proximal tubule has been shown to contain multiple organic cation 

transporters (Karbach et al., 2000), so it is not clear firom these in vivo studies the role of 

any specific transporter in substrate secretion. Second, it is not clear the extent to which 

quantitative or qualitative observations made in a rat model can be extrapolated to the 

interaction of clinically relevant substrates with human transporters. It therefore is 

necessary to resolve the structural determinants of substrate interaction using cloned 

human transporters isolated firom the complicating influence of other transporters. Such 
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experiments have recently been performed using a group of tetraalkyl ammonium 

compounds and the cloned transporter, hOCTl (Zhang et al., 1999). This study 

reaffirmed a previously reported inverse correlation between hydrophobicity and 

substrate afBnity in the basolateral membrane of isolated proximal tubules (Groves et al., 

1994). However, the work of 23iang et al. (Zhang et al., 1999) was limited to the globular 

tetraalkyl ammonium compounds and further experiments were required to develop a 

more detailed model of transporter interaction with its substrates. The results of such 

experiments may, in part, provide a basis for predicting organic cation secretion within 

the kidney. 

In fact, the similarities in substrate interaction shown to exist for organic cation 

transporters, both cloned and in situ, with regard to tetraalkyl ammonium compounds is 

remarkable. However, prior to the work described in Chapter 3, there was no systematic 

investigation of a more extended set of molecular determinants on substrate interaction 

with a cloned transporter. It has been noted (Ulhich et al., 1991) that the basolateral 

organic cation transporter and those found on the luminal membrane sense a similar set of 

structural parameters for substrate interaction, suggesting that the 'rules' that govern 

substrate binding to all organic cation transporters may be very similar. However, some 

differences in substrate specificity have been demonstrated to exist between the OCTl 

and 0CT2 homologs in the rat (Chen and Nelson, 2000). Therefore, to further identify 

differences in transporter specificity, I revisited the interaction of a group of compounds 

that included pyridinium and quinolinium compounds previously tested in rabbit brush 

border membrane vesicles, with hOCTl stably expressed in HeLa cells. 
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In characterizing the inhibitory characteristics of the pyridinium and quinolinium 

compounds on the apical membrane organic cation transporter there was no observed 

difference in the rotation of hydrophobic mass about a vertical axis, but the expected 

correlation with hydrophobicity was still evident. However, when these same 

compounds were tested in HeLa cells transfected with hOCTl there was a notable 

difference in binding affinity between each genus of chemical tested, with the 4-phenyl 

pyridiniums having the highest afBnity followed by the 3-phenyl pyridiniums and the 

quinoliniums. This difference in substrate afGnity suggests that hOCTl possesses steric 

constraints that are not seen in the apical transporter. 

The report characterizing the interaction of this group of compounds with the 

apical OC/H exchanger hypothesized that the binding site for organic cations was planar 

in nature. To address this hypothesis, cyclohexylamine and amantidine were employed to 

ascertain the importance of hydrophobic mass above the hypothesized plane of 

interaction for a distinct organic cation transporter, hOCTl. The effect of supraplanar 

hydrophobic mass on binding affinity was substantially greater than that predicted by 

hydrophobicity alone, suggesting that the added three-dimensional structure played an 

important role in interaction with hOCTl, a role inconsistent with the current model of 

substrate interaction with the OC/H exchanger. 

Notably, chapter 3 describes the first observations of specific influences of 3-

dimensional aspects of structure on the interaction of organic cations with a cloned 

orgamc cation transporter. Nevertheless, despite the differences seen due to substrate 
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Structure, my results also confirmed and extended the general observation that increases 

in substrate hydrophobicity result in higher affinity binding to organic cation transporters. 

In the future it would be of interest to see if such substrate interactions are also 

observed in other cloned OCTs. Additionally, when a cloned apical organic cation 

transporter is identified it would be interesting to see if the cloned transporter exhibits 

properties similar to that described for apical transport in brush border membrane 

vesicles. The systematic determination of structural differences influencing substrate 

interaction that occur between substrates may also used create a systematic model of 

transporter-substrate interaction like that done for P4S0 enzymes (Ekins et al., 1999). 



APPENDIX 1 

ADDITIONAL FLUORESCENT SUBSTRATE INFORMATION 
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During the process of identifying a fluorescent organic cation useM for 

monitoring uptake, a number of chemicals were tested. Prior to the development of 

NBD-TMA many of the chemicals tested suffered from problems already discussed 

concerning fluorescent cations, primarily CI' sensitivity. Shown in figure A1.1 is the 

'evolutionary line' of compounds that lead to NBD-TMA, and a subsequent improvement 

of the properties of NBD-TMA itself. 

Compounds A and B in figure A1.1 are acridinium derivatives. These 

compounds, while fluorescent (A: N-methyl acridinium 1^= 412 nm, Xem=489 nm; B: 

N-(2-hydroxyethyl) acridinium = 454 nm, =491 nm), underwent collisional 

quenching of fluorescence in the presence of chloride. Additionally, both are quite 

hydrophobic in nature raising the potential for amphipathic binding seen in other dyes. 

Compound C in figure A 1.1,6-methoxy-N-(2-hydroxyethyl) quinolmium 

(HEMQ), was more fully characterized than the acridinum compounds. HEMQ was 

fluorescent (Xcx= 343 nm, Xem=444 nm), its uptake into rabbit renal proximal tubules 

was inhibited by TEA^ (Ki = 150 ^M), and it inhibited the uptake of '"^C-TEA"^ by rabbit 

renal proximal tubules (K; = 20 ^M). However, the fluorescence of HEMQ, like the 

acridinium compounds, was also sensitive to the chloride concentration of the solution, 

substantially decreasing its signal strength when used in physiological solutions. 

Furthermore, the excitation light used to excite HEMQ was in the ultra violet range 

possibly precluding its use in repeated experiments due to the possibility of photodamage 

to the tissue. 
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Compound D in figure Al.l, a coumarin derivative, was only minimally 

fluorescent and had a pH sensitive excitation wavelength in the ultra violet range (acidic 

X«x= 335 nm, alkaline Xex= 380 nm, isobestic point A«c= 380 nm, Xem=444 nm). No 

further characterization of this compound was pursued. However, of note, is the fact that 

the fixed positive charge is removed firom the fluorescent center of the molecule, a 

physical characteristic employed by NBD-TMA to abolish its chloride sensitivity. 

Compound E in figure Al.l (also seen in figure A1.2) is [2-{(4-nitro-2,l,3-

benzoxadiazol-7-yl)-N-methylaminoethyl}]-trimethyl-ammonium and is an improved 

version of NBD-TMA. It shares biological properties very similar to that of NBD-TMA, 

but has improved physical features. These improved physical features include 

insensitivity to changes in solution pH and a more favorable excitation wavelength. The 

pH insensitivity is a result of a substitution of a methyl group for hydrogen on the anilinic 

nitrogen of NBD-TMA. Figure A1.2 shows the excitation and emission spectra for the 

pH insensitive version of NBD-TMA. It has excitation peaks at 344,464, and 480 nm 

and a single emission peak at S3S nm. The broadening out of the excitation spectra for 

this compound relative to NBD-TMA allows the use of filters common to those used for 

the commonly employed fluorescent organic anion, fluorescein. Additionally, the 

modification at this position may lend itself to further modifications for improved 

transport properties. 
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Figure A1.1. Structures of other fluorescent organic cations not fully characterized. See 
text in appendix 1 for details reguarding each structure. 
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Figure Al.2. The fluorescent spectra ofanNBD-TMA analog. Excitation peaks are 
indicated at 344,464, and 480 nm with a single emission peak indicated at 535 nm. 
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Shown in figure A2.1 is a confocal image of a rabbit renal proximal tubule 

following a 10-minute exposure to NBD-TMA. This figure demonstrates that NBD-

TMA accumulation by tubules involves transport into the cell cytoplasm and is not 

limited to non-specific binding to the outer membrane or intercalation into intracellular 

membranes. Interestingly, it appears to be excluded firom the nucleus of cells. Future 

studies may shed more light on this unique observation. 
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Figure A2.I. A confocal image of arabbit renal proximal tubule following a 10 minute 
exposure to NBD-TMA. 
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