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ABSTRACT 

The mechanisms that mediate and factors that modulate amantadine transport in 

isolated renal tubules have been previously characterized. However, amantadine may 

describe a different organic cation transport system compared to that described by the 

prototypical organic cation substrate tetraethylammonium (TEA). We performed 

amantadine and TEA uptake and efflux studies using isolated rat renal proximal and 

distal tubules. The kinetic data indicate the presence of two sites for amantadine and 

TEA uptake across the basolateral membrane. The major difference in mechanism was 

that amantadine uptake was bicarbonate-dependent whereas TEA uptake was not. 

Inhibition and efflux studies confïrmed that amantadine and TEA identiS. disparate 

transporters. From these data we proposed that basolateral organic cation transporters be 

classified as amantadine-selective and TEA-selective. TEA does not interact and is not 

transported by the amantadine-selective transporters whereas amantadine can interact 

with the TEA-selective transporters but is not significantly transported by them. 

Furthemore inhibition studies using substrates or inhibitors of the cloned rat organic 

cation transporters rOCTl and rOCT2 indicate that TEA transport into isolated rat renal 

tubules reflects transport by rOCTl and rOCT2 whereas amantadine transport reflects 

neither rOCTl nor rOCT2. These data suggest that rOCT1 and rOCT2 are insufficient in 

describing renal tubule organic cation transport in its entirety. The remaining 

experiments focused on M e r  characterizing the bicarbonate-dependent amantadine 

transporter under potential pathological conditions and in vivo. 



The effects of early-stage diabetes and uninephrectomy on rend tubule uptake of 

amantadine were investigated. It was detemiined that early-stage streptozotocin-induced 

diabetes and uninephrectomy induce changes in the kidney that result in a similar 

selective increase in bicarbonate-dependent amantadine uptake in the proximal tubule. 

The increase in proximal tubule transport capacity in the streptozotocin induced diabetic 

rats was reversed by insulin treatment. The findings suggest potential implications for 

altered organic cation dnig elimination by the kidney in diabetes and in compensation to 

decreased rend mas .  

It has generally been accepted that the administration of N&C1 enhances the rend 

elimination of several organic cations through a pHdependent decrease in passive 

reabsorption of the organic cation. As an alternative explanation of this phenornenon, the 

present data provide in vitro evidence that l3EL,' may modulate renal organic cation 

elimination by pH-independent effects on protein-mediated organic cation transport. We 

investigated the eEects of NW on the renal tubule energy-dependent uptake of the 

organic cation amantadine into isolated renal proximal and distal tubules fiom male and 

female rats. With some variation, m* inhibited the energy-dependent uptake of 

amantadine into rend proximal and distal tubules of males and femaie rats. At low a* 
concentrations, the m+ inhibition involved a cornpetitive component, as detected by 

increases in apparent Km, but unchanging V,, for proximal and distal tubule amantadine 

uptake. The effects of m' on amantadine transport were not due to changes in 

intracellular or extracellular pH, as detennined by fluorescence imaging with the pH 



sensitive dye BCECF. These data indicate that N&+ may have a role in modulating 

access of organic cation dnigs to the renal tubular organic cation transport systems. 

In vivo studies were carried out to address the effect of bicarbonate on the rem4 

clearance and urinary excretion of amantadine. The major finding of this study was that 

an acute increase in plasma bicarbonate substantially decreased amantadine clearance. 

Coupled with the previous in vitro demonstration of bicarbonate-dependent organic 

cation transport, the present findings suggest that bicarbonate inhibition of renal tubule 

secretion may explain the observation that bicarbonate dosing decreases amantadine 

excretion by the kidney. 
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GENERAL INTRODUCTION 

Foreword 

Rend tubule organic cation transport plays an important role in the excretion of many 

organic cationic drugs that are used for therapeutic purposes. Some representative classes of 

organic cations that are excreted to varying extents by the kidney include adrenoceptor- 

blocking drugs (nadolol, sotalol), muscarinic receptor antagonists (atropine), calcium channel 

antagonists (verapamil), diuretics (triamterene), anti-arrhythmic dmgs (ProCainamide, 

flecanide), histamine Y-receptor antagonists (cimetidine), aminoglycoside antibiotics 

(gentamicin), anti-viral agents (amantadine), sympaîhomirnetic agents (pseudoephedrine, 

methamphetamine) and NMDA receptor antagonists (memanthe). Many factors, including 

age, drug chirality, interactions with other cationic dmgs and alterations in endogenous 

metabolite levels may contribute to the variability in rend excretion of orgatiic cation drugs. 

The variability in renal excretion of organic cations may be due to modulation of fiuiction of 

the organic cation drug transport system but the exact mechanisms are not known. Such 

modulation of organic cation transport may present the potential for clinically important 

interactions such as increased drug accumulation and toxicity due to decreased renal drug 

excretion. The clinical significance of these interactions becomes even more apparent in 

perçons with decreased renal hction, or in people predisposed to taking many medications 

concurrently, such as the chronically ili or the elderly. Further investigations of rend organic 

cation transport are needed to provide the mechanistic and fiinctional information necessary 

to better understand conditions that contribute to variability of rend organic cation drug 

tramport and excretion. Uitimately, this information may be applied to improving clinical 

use of existing organic cationic drugs. 



Part 1. Membrane transport processes and kinetics of transport 

Al1 living cells are separated £tom their extemal environrnents by a plasma 

membrane. One of the major hc t ions  of the plasma membrane is to con001 the 

movernent of substances into and out of the cell, and thus regulate the composition of the 

intracellukir fluid (Sha'afi, 198 1). Passive diffusion and protein-mediated transport are 

the two types of membrane transport processes that ailow for movement of cornpounds 

through biological membranes. The study of membrane drug transport processes and the 

information gained fiom kinetic aoalysis forms an integral portion of this dissertation. 

These studies rely on appropriately designed kinetic experiments to characterize the 

transport proteins involved and to describe theu mechanisms of action. The followhg 

section is dedicated to reviewing the fundamental properties and kinetics of membrane 

transport and inhibition kinetics. 

1.1 Passive difision 

Passive diffusion is an equilibrative process by which a substance moves by 

random motion fiom an area of hi& concentration to an area of Iow concentration. 

According to Fick's first law of diffusion the flux of a substance across a membrane can 

be expressed by the following equation: 

v = &(Si - S2) (1) 

where v is the rate of d i h i o n ,  Kd is the diffusion constant and Si and Sz represent the 

substrate concentration on either side of the membrane (Christensen, 1975). Kd decreases 

with increasing molecular size, with decreasing lipid solubility, decreased temperature, 



increased membrane thickness and with a decreased surface area available for diffiision. 

Thus for any given membrane, small hydrophobic molecules will passively diaise 

through the membrane at a higher rate than larger more hydrophilic moiecules. It is also 

apparent from the equation, that for an uncharged rnolecule, the rate of diffbion will be 

directly proportional to the trans-membrane concentration ciifference of the diffhsing 

substance. When the substrate concentration on each side of the membrane becomes 

equal, the net rate of d i h i o n  becomes zero. Diffusion across the membrane wiil be 

initially linear when al1 solute (S) originates on one side of the membrane and the initial 

velocity becomes directly proportional to the starting solute concentration (fig. 1-1). 

v~iia'ol= Kd(S1) (2) 

Due to the hydrophobic nature of the plasma membrane, a strong permeability 

barrier is formed to most water-soluble and charged molecuies. Thus, through evolution, 

plasma membranes have adapted specialized protein-mediated transport systems to 

facilitate the rapid and efficient transmembrane movement of important compounds such 

as  inorganic ions, organic ions, nutrients and metabolites that do not readily cross the 

membrane by passive difision. 

1.2 Protein rnediated transport 

There are several characteristics that distinguish the more interesting protein- 

mediated transport from passive d i h i o n  (Rosenberg and Wilbrandt, 1955; Christensen, 

1975): 

Its rate is faster than predicted by passive diffusion. 

It is saturable because there are finite numbers of transport sites. 



Figure 1-1: Contrast between rate of transport (v) versus substrate concentration (S) for 

passive d i f i i o n  (dotted line) and protein mediate transport (solid line). 



It displays chemical specincity for its substrates and, 

It is susceptible to competitive inhibitors. 

Protein-mediated transport can be categorized as either facilitative diffusion or active 

transport. Facilitative diaision equilibrates a substance across a membrane but more 

rapidly than passive diffùsion. It is not linked to metabolic energy and can't move ions 

against electrochemical gradients or uncharged molecules against chemical gradients. 

Active transport requires energy, and unlike facilitative d i f i i on ,  this process can move 

compounds against concentration or electrochemicai gradients. In addition to the 

properties described above, active transport is susceptible to inhibition by metabolic 

inhi bi tors such as 2,4-dinitrophenol. Active transport may be prirnary, secondary or 

tertiary (fig. 1-2). A primary active transport process is directly coupled to a high-energy 

releasing reaction (such as hydrolysis of ATP). An example (fig. 1-2) is the N ~ + K +  

ATPase, which uses the energy fiom the hydrolysis of ATP to pump Na' and K' against 

their chemical gradients. Secondary and tertiary active transport generally use the energy 

stored in ionic gradients (originally linked to energy expenditure by the c d )  as  driving 

forces for transport of a compound against its electrochemical or chemical gradient. In 

this situation the movement of one chemical across the membrane, down its 

concentration gradient drives the transport of a second compound uphill against its 

concentration gradient. The direction of transport of the two substrates may be in the 

same direction (cotransporters) or opposite direction (antiporters). The N~'/H+ exchanger 

in the luminal membrane of proximal tubules (fig. 1-2) is an example of a secondary 

active transport process. It uses the ~ a +  gradient (inside low, outside high) which is 



established by the N~+/K+ ATPase to drive the extrusion of H? nom the cell. The organic 

cation/ H' exchanger in the lumuial membrane of proximal tubules (fig. 1-2) is an 

example of a tertiary active process that uses the energy stored in the form H+ gradient 

(established by the secondary active N a + M  exchanger) to drive organic cation exmision 

fiom the ce11 (Takano et al., 1984; Wright and Wunz, 1988; Rafizadeh et al., 1987). 

1.3 Kinetics of proîein-mediated transport 

The relationship between S and v for initial rates of a protein-mediated transport 

reaction is described by a rectangular hyperbola (fig. 1-1). As opposed to linear passive 

diffusion, when concentration of the substrate is raised the rate of mediated-transport 

increases in a noniinear fashion until it reaches a maximum value, at which m e r  

increases in substrate concentration does not increase the rate of transport. The 

hyperbolic shape of the curve implies, for protein-mediated transport, that the substrate is 

transiently bound to a mediating structure that is present in f'inite quantity and is simila. 

to that relationship described by enzyme-mediated catalysis (Christensen, 1975). 

A single substrate enzyme cataiyzed reaction can be described by the following 

reaction: 

where E is the fiee enzyme, S is the fiee substrate, ES is the enzyme-substrate complex 

and P is the product of the reaction. In its simplest form, protein-mediated membrane 

dmg transport processes could be expressed by equation (3) in the following manner: 
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Figure 1-2: Examples of primary ( ~ a + l K + - ~ ~ ~ a s e ) ,  secondary (~a%I+exchanger), and 

tertiary active (Oc+/H+exchanger) transport processes. See text for details. 



In this instance the transporter (M) mediates the passage of the drug (substrate) across the 

membrane and into the cell. When initial rates are measured, the second step of the 

reaction is assumed to be irreversible. However, this reaction could also be Wtitten in the 

reverse direction if efflux of the drug fkom the ce11 into the extracellular medium was 

k i n g  studied. The Michaelis-Menten equation (6) can be derived from the above 

reaction and its equilibrium constants. This denvation can be found in most introductory 

biochemistry textbooks (Voet and Voet, 1990). This equation is a usefùl rate equation for 

the study of-mediated transport reactions. In the derivation of the Michaelis-Menten 

equation, an important assumption is that the rate of ES formation is equal to its 

consumption over most of the course of the reaction (Briggs and Haldane, 1925). In 

other words, a steady-state is reached at which dMS/dt = O. With this assumption and 

some algebraic work, the initial velocity of the reaction (v) can be expressed as, 

The Michaelis constant (Km) = Oci + k2)/ki and V,, = k2[TVllt are substituted into equation 

(3) to give the modem expression of the Michaelis-Menten equation below: 



where, as described above, v is the measured rate of product formation and S is the 

substrate concentration. V- is the maximum rate of product formation and occurs when 

[SI is very large. It is important to note that V- is not a hdamental property of an 

enzyme, because it depends on enzyme concentration (Cornish-Bowden, 1979). K, (the 

Michaelis constant) is the substrate concentration at which the reaction proceeds at 0.5 

V-. An enzyme-mediated reaction with a low Km has maximal cataiytic activity at a 

low substrate concentration, whereas an enzyme-mediated reaction with a high Km 

requires a Iarger amount of substrate to reach its optimal catalytic activity. Although Km 

is a constant that represents the dependence of v on [SI, Km is often considered to be a 

constant that represents the affhity of the enzyme for the substrate. This approximation 

is only acceptable if kz «ki in reaction (3 or 4) is tme (Hofstee, 1952). In our rend 

tubule cimg transport studies, initiai rates of transport were measured and the Michaelis- 

Menten equation (6) was used to characterize these rates in terms of the rate constants K, 

and V,,. We were unable to determine if k2 << ki ; thus, the use of the term of "afEnity" 

to describe Km throughout this thesis is only for descriptive purposes and is not absolute. 

I .4 Graphical representation of the Michaelis-Menten equation 

For enzyme-mediated reactions or transport mediated membrane diffusion, the 

four graphical methods described below have been used most comrnoniy for the 

determination of Km and V,, values. 



1) The Michaelis-Menten plot: (fig. 1-34): A plot of a series of initial reaction rates (v) 

versus [SI produces a rectangular hyperbola, which can be divided into three distinct 

regions. 1) When S << Km, the equation (6) simplifies to v = V-[S]/Km, v is in direct 

proportion to [SI and V&Km is the lR  order rate constant. 2) When S is near Km 

equation (6) applies, and the reaction is said to follow mked order kinetics. 3) When S 

» Km, v = V-, the enzyme is saturated, and v is zero order with respect to S; that is with 

increasing substrate concentration there is no M e r  increase in reaction velocity. Prior 

to the advent of computer technology, this plot was not very usefiil because it was very 

dificult to extrapolate to V-. As such, V ,  estimates and resultant Km values would be 

highly variable. With the advent of computer non-linear regression programs, this plot 

has become more usefd in determining Km and V-. The Michaelis-Menten plot is also 

advantageous because the saturable characteristics of the transport-mediated process can 

be observed directly fkom the graph. 

2) The Lineweaver-Burk plot (fig. 1-3b) (Lineweaver and Burk, 1934): This plot has 

been probably the most extensively but inappropriately used transformation of the 

Michaelis-Menten equation for the determination of Km and V-. (Comish-Bowden, 

1979) This transformation is obtained simply by taking the reciprocal of equation (6) to 

give : 

l lv = KJV- xl/[S] + 11V- (7) 

By plotting llv versus 1 /[SI a straight line with slope equal to Km/V-, a y-intercept equal 

to 11V- is obtained, and the x-intercept is equal to -1/K,. The major advantage of this 

transformation is that K,  and V,, can be determined fiom discrete points on the graph. 



Its major disadvantage is that the K, and V,, detennination are heaviiy influenced by the 

rates at low substrate concentrations. Due to the reciprocd nature of the plot, at low 

substrate concentrations small errors in v lead to large emrs in l/v and thus, large errors 

in Km and V-. if the data fit is not extremely good, then data point weighting such as 

described by Wilkinson (1961) must be used to produce meaningfbl Km and V, 

detenninations. 

3) The Eadie-Hofstee plot ( fig. 1-3c) (Eadie, 1942; Hofstee, 1952): This transformation 

is obtained by muliplying both sides of equation (7) by v x Y, and rearranging to give: 

v = Vmax - Km v/[S] (8) 

Plotting v versus v/[S] gives a straight-line plot with slope equal to -Km, y-intercept equal 

to V , ,  and an x-intercept equal to K f l - .  This plot gives good results in practice; 

however, because v appears in both coordinates, variation in v leads to deviations toward 

and away fiom the origin (Cornish-Bowden, 1979). With the Eadie-Hofstee 

transformation, errors in v at small substrate concentration lead to deviations in v/[S] and 

thus Km and V,,. 

4) The Hanes plot (fig. L3d) (Hanes, 1932; Lineweaver and Burk, 1934). This final 

transformation is obtained by multiplying both sides of equation (7) by [SI to give: 

[Sl/v = [SI/ V,, +KJV,, (9) 

A plot of [S]/v versus [SI gives a straight-line plot with slope equal to IIV-, y-intercept 

equal to K a . ,  and x-intercept equal to 4,. This is the preferred linear transformation 



Double Reciptocal Plot 
(Lineweaver-Bu&) 

Figure 1-3: Graphical representation of protein-mediated transport by: a) Michaelis- 

Menten plot, b) Lineweaver-Burk plot c) Eadie-Hofstee plot and d) Hanes plot. 



of the Michaelis-Menten equation because errors in [S]/v are reflective of v over a wide 

range in [SI (Cornish-Bowden, 1979). 

For the present studies the hyperbolic v versus [SI plot was used for graphical 

representation for al1 kinetic determinations and a non-linear regression program was 

used to estimate Km and V-. The Hanes and Eadie-Hofstee transformations were useM 

for initial kinetic estimates and to determine if single or multiple sites were responsible 

for the observed membrane transport of the substrates under study and for initial 

estirnates of Km and V-. A straight line would represent a single transport site, whereas 

a biphasic plot would represent dual transport sites. For Km and V,, determinations, 

choice of substrate concentration is critical and shodd be between 0 . 2 ~  - 5 x  Km 

(Cornish-Bowden, 1979). A minimum of five points; two below Km (linear portion of the 

curve); one point at or near Km and 2 points above Km (approaching the zero order portion 

of the curve) gave reproducible fits to this kinetic model. 

1.5 EnzymeInhibition 

Substances that bind to enzymes and decrease theu affinity for substrates or the 

rates of the enzyme-mediated reaction are known as inhibitors. inhibitors can be 

reversible or irreversible. Reversible inhibitors bind and release fkom the enzyme in an 

equilibrium process, and alter enyme fûnction temporarily while they are bound to it. 

An irreversible inhibitor (e.g. cholinestemse inhibitors) covalently binds to the enzyme 

and permanently inactivates it. in the present studies the enzyme inhibition is of the 

reversible type, and thus no M e r  mention of irreversible inhibition will be made. A 



single substrate transport-mediated reaction in the presence of a reversible inhibitor O is 

displayed by the general reaction in fig. Ma.  MI is the enzyme-inhibitor cornplex, MIS 

is the enzyme-substrate-inhibitor complex, Ki is the dissociation constant of the MI 

complex and Ki' is the dissociation constant for the MIS complex. The general equation 

for linear inhibition is shown in fige W b .  The four types of reveaible inhibition include 

competitive, non-competitive, uncornpetitive and mixed inhibition, and al1 are variations 

of the general equation for h e a r  inhibition. 

Cornpetitive inhibition is the most common type of inhibition observed in practice 

(Cornish-Bowden, 1979). In competitive inhibition, the inhibitor cornpetes directly with 

the substrate for the Eree enzyme's active site. In cornpetitive inhibition, K,' approaches 

infmity and thus (1+ Y Ki') approaches 1 and can be rernoved fiom the general equation 

to give the formula for competitive inhibition in fige 1-4c. The net effect of cornpetitive 

inhibition is that apparent Km is increased by the factor (1+&). In cornpetitive 

inhibition, increasing the substrate concentration will overcome the presence of inhibitor, 

and thus V,, remains constant; however, a higher substrate concentration is required to 

reach saturation. 

Uncornpetitive inhibition is the opposite situation compared to competi tive 

inhibition. In this type of inhibition the inhibitor only binds to the MS cornplex; K, 

approaches infinity; and the factor (l+VKi) c m  be removed fiom the general equation to 

give the equation for uncornpetitive inhibition (fig. 1-4d). In the presence of an 

uncornpetitive inhibitor both V,, and Km are decreased by the factor (1+ VKi'). 



Uncornpetitive inhibition occurs a h o s t  exclusively as a type of product inhibition that is 

common in reactions with several substrates and products (Comish-Bowden, 1979). 

Non-competitive inhibition is a pattern of inhibition wherc the inhibitor alters the 

catalytic activity of the enzyme by binding to the enzyme at an altemate site, and does 

not directly compete with the substrate for the active site. In non-cornpetitive inhibition, 

K, is equal to Kif and the equation shown in fig. I-4b applies. It is characterized by a 

decrease in Y,, by the factor (1+ VKir ) and no change in Km. in other words the 

presence of a non-competitive inhibitor has the effect of reducing the amount of active 

enzyme available to catalyze the reaction but does not disrupt the enzyme's affinity for 

the substrate. This type of inhibition is not often observed in practice (Comish-Bowden, 

i 979). 

The last type of general linear inhibition is rnixed-inhibition. This type of 

inhibition is characterized by variable changes in both Y ,  and Km depending on the 

degree of Ki and K i f .  The equation in fig. 1-4b is applicable to mixed inhibition. 

1.6 Approach for determining inhibition constants 

Two compiementary analyses should be used for the determination of the 

inhibitory constants K, and Kr and the type of inhibition (e.g. cornpetitive versus 

uncornpetitive etc.). These are the Comish-Bowden analysis and Dixon analysis (Dixon, 

1953; Cornish-Bowden, 1974). Both analyses require the measurement of reaction rates 

in the presence of varying concentrations of inhibitor and in the presence of at l e s t  two 



L [ S I  
b) - (general Iinear inhi bition) 

v a p ~  - K,(l + I K , )  + [S](1 + VK,') 

~ ~ [ S I  
c) - (competitive inhibition) 

v 4 p ~  - Km(l + IIK,) + [SI 

~ ~ r s l  
d) - (uncornpetitive inhibition)  va^^ - Km + [SI (1 + VK,') 

Figure 1-4: General reaction formula (a) and equations for the different types of Iinear 

inhibition (b,c and d). 



different starting substrate concentratiom. In the Dixon analysis llv versus m is plotted 

for two or more substrate concentrations. For each value of S the points lie on a straight 

line and the point where the two lines intersect is equal to - Ki (fig. 1-5 a, c, e and g). 

The linear equation for this plot is derived fiom the equation for competitive inhibition 

(Dixon, 1953). The Dixon plot does not distinguish between competitive and mixed 

inhibitors and does not provide a measure of Ki' (fig. 1-5 a, e) (Cornish-Bowden, 1974). 

For the Comish-Bowden a d y s i s  [S]/v versus m is plotted for two or more substratte 

concentrations. It is derived fiom the general equation for linear mixed inhibition. Like 

the Dixon plot, for each value of S the points lie on a straight Iine and their point of 

intersection is equal to - Ki' (fig. 1-5 b, d, f and h). However, the Comïsh-Bowden plot 

does not distinguish between uncornpetitive and mixed inhibition (fig. 1-5 d, f) and Ki 

cannot be determined (Comish-Bowden, 1974). When these plots are used 

complementary to each other (fig. 1-5) the type of inhibition can be identified 

unarnbiguously and values for both K, and K,' can be determined. Competitive inhibition 

(fig. 1-5 a, b) is indicated when the lines on the Dixon plot intersect above the negative x- 

axis (Ki converges) and the lines on the Cornish-Bowden plot are parallel (Ki1 approaches 

oo). Uncornpetitive inhibition (Fig. 1-5 c, d) is the opposite situation of competitive 

inhibition. Here the lines in the Dixon plot remain parallel (Ki approaches m) and those 

in the Cornish-Bowden plot intersect above the negative x-axis (K,' converges). For 

mixed inhibition (fig. 1-5 e, f), the lines in both plots intersect either above or below the 

negative x-axis depending on the values for Ki and Ki'. Finally, for non-cornpetitive 

inhibition (fig. 1-5 g, h), the lines on both plots intersect at the same point on the negative 

x-axis and both Ki and Ki' are equal. 



Duon Analysis Cornish-Bowden Analysis 
b 

[Sllv 

/ s  

C 
[Tl 

1 /v 

[Il 
I 

[Tl 

Figure 1-5: Dixon and Comish Bowden Analysis for determination of type of enzyme 

inhibition. a,b) competitive; c,d) uncornpetitive; e,f) mixed; g,h) non-cornpetitive 

inhibition (Cornish Bowden, 1974). 



Log mibitor]  

Figure 1-6: Demonstration of data conversion for calculation of ICso valuesa, reaction 

rate versus inhibitor concentration; b, reaction rate as % percent control versus log 

inhibitor concentration. 



An alternative approach for determining enzyme inhibition is the method of 

Cheng and Prusoff (1973). The Cheng-Pnisoff equation allows for the determination of 

the concentration of the inhibitor that is required to decrease the rate of the enzyme- 

catalyzed reaction by 50 percent. Unlike the assays described for the detennination of K, 

and Kr> i& calculations only require the measurement of reactions rates in the presence 

of different inhibitor concentrations at one substrate concentration. For this analysis, 

reaction rates at different inhibitor concentrations (fig. Ida) are converted to percent 

control and plotted versus log m to give a straight line (fig. I4b). ICso is then 

determined fiom the equation of the straight Line when Y = 50 %. The major advantage 

of the IC50 determination is that the assays are much smalier than for the Dixon and 

Cornish-Bowden assays. The major disadvantage with lCso  determinations are that they 

are dependent on substrate concentration and assay conditions, and they cannot identiQ 

the type of inhibition (Cheng and Pnisoff, 1973). However, if the type of inhibition is 

known, then ICso can be converted to KI using the following formulas: 

If inhibition is cornpetitive, 

Ki = ICsd(l+SIK,) (10) 

and if inhibition is noncompetitive or uncornpetitive 

ICw = KI (II) 

(Cheng and Prusoff, 1973). 



The methods for graphical anaiysis of enzyme inhibition can al1 be applied to the 

anal ysis of inhibition of protein-mediated membrane transport processes suc h as were 

carried out in the present studies. 

Part II. The kidney and renal tubule dmg transport 

II. 1 Basic renal processes and anutomy 

The functional unit of the kidney is the nephron. Each human kidney is 

comprised of about one million nephrons (Vander, 1995; Tisher and Madsen, 1996). 

There are three types of nephrons: superficial, midcorticai and juxtagiomedar nephrons 

(Kriz and Bankir, 1988). AI1 nephrons consist of a rend corpuscle (filtration apparatus) 

which is connected to a tubule structure. The renal corpuscle is composed of a tuft of 

capillaries (glomenilus) which is enclosed within a hollow space called the Bowman's 

capsule. The tubule portion of the nephron consists of a single layer of epithelial cells 

attached to a basement membrane dong its entire length. The tubule portion is 

heterogeneous in terms of ce11 type and fiinction, and can be anatomically divided into 

four distinct components starting with the proximal tubule, followed by the loop of 

Henle, the distal tubule and finalIy the collecting duct (Knz and Bankir, 1988; Tisher and 

Madsen, 1996). As shown in fig. 11-1 the main divisions of the tubule can be divided 

M e r  into smaller subsections. Of importance for this communication, the proximal and 

distal tubules can be subdivided into the proximal convoluted tubule and straight tubule, 

and distal convoluted tubule and straight tubule respectively. Furthemore, based on ce11 

morphology, the beginning and the middle portion of the proximal convoluted tubule are 

referred to as the Si segment. The final portion of the proximal convoluted tubule and 



Figure U-1: Diagramatic representation of a superficial and a juxtaglomerular nephron. 

1 ,  Rend corpuscle including Bowman's capsule and glomerulus; 2, proximai convoluted 

tubule; 3, proximal straight tubule; 4, descending thin limb; 5, ascending thin limb; 6, 

distal straight tubule; 7, macula densa; 8, distal convoluted tubule; 9, connecting tubule; 

10, cortical collecting duct; 1 1  and 12, outer and inner medullary collecting ducts 

respectively (Knz and Bankir, 1988) 



the beginning of the proximal straight tubule is known as the S2 segment and the 

remainder of the proximal straight tubule is the S3 segment. 

Via the afferent arterioles, blood enters the glomedar capillaries where a portion 

of the plasma is filtered into the Bowman's capsule. The fluid entering the Bowman's 

capsule is essentially a protein fixe plasma ultrafiltrate, which then passes into the 

proximal tubule. The composition of the ultrafiltrate is modified dong the length of the 

tubule through secretion and reabsorption of electrolytes, organic compounds and H20, 

resuIting in urine formation. Tubular reabsorption defines the process of tramferring 

cornpounds fiom the ultrafiltrate to the circulation, whereas tubular secretion defines the 

process in which a compound is transferred fiom the pentubular capillaries into the 

tubule lumen. The amount of a substance that is removed in the wine depends on the 

extent of its filtration, secretion and reabsorption. 

The major fùnction of the kidney is to regulate the volume, osmolarity, mineral 

composition and acidity of the body by excreting water and electrolytes in amounts 

adequate to maintain their normal concentrations in the extracellular fluid (Vander, 

1995). A second fuaction of the kidney is as an endocrine organ, secreting the hormones 

renin, erythropoietin and 1,25-dihydroxyvitarnin D3 (Vander, 1995). The kidney also has 

an important h c t i o n  in eliminating metabolic wastes or foreign chemicals from the 

blood into the urine. Through the elimination of potentially h-1 exogenous and 

endogenous compounds by glomedar filtration and rend tubule secretion, the kidney is 



able to protect the body from the toxic insult that would otherwise result fiom their 

accumulation. 

Many of the foreign chernicals that we are exposed to are organic cations and 

anions. In addition, both foreign and endogenous compounds are metabolized to cations 

and anions in the body (Pritchard and Miller, 1993). Carrier-mediated transport systems 

for organic anions and cations have k e n  demonstrated in several tissues, including the 

kidney, liver, intestines and brain, and may largely affect the rate of dnig distribution and 

elimination (Meijer et al., 1990; Koepsell et al., 1998). With respect to h g  elimination, 

the kidney preferably elidnates smaller more hydrophilic compounds, whereas the larger 

and more hydrophobie compounds are better candidates for biliary excretion by the liver 

(Bessighir and R o c h - b e l ,  1987). The majority of evidence suggests that the rend 

tubule secretion of organic cations and anions occurs by distinct transport pathways 

(Pritchard and Miller, 1993; Sica and Schoolworth, 1996). However, some evidence 

suggests that there are bisubstrates that can be transported by both organic cation and 

organic anion transport systems (üllrich et al., 1993a; Ullrich et al., 1993b; Ullrich, 

1994). In addition a new family of drug transporters has been identified which mediates 

the transport of organic anions, organic cations and neutrai steroid moIecules (Bossuyt et 

al., 1996). In following sections the common technical approaches for studying 

mechanisms or renal tubule secretion and dnig elimination by the kidney will be 

described followed by a review of the characteristics and function of the renal tubule 

organic anion and organic cation transport systems. 



11.2 Experhental techniques for studying renal tubule dnrg tramport and elimination 

Early studies of organic cation or anion secretion consisted mainly of ir. vivo 

rend clearance experiments performed in anaesthetized or conscious dogs (Mmhall and 

Vickers 1923; Marshall, 193 1 ; Rennick et al., 1947; Beyer et al., 1950; Peters et al., 

1 955; Rennick and Farrah, 1956; Rennick et al., 1956). In more recent years the use of in 

vivo techniques for studying organic cation transport has lost favor to a variety of in vitro 

methodologies such as renal cortical slices, isolated perfùsed and nonperfised rend 

tubules, ce11 culture and moleculai biology. The in vitro procedures are powerful in 

determining mechanisms and constitution of the organic cation transport system and each 

technique has associated advantages and disadvantages. However, caution must be used 

when extrapolating in vitro results to the in vivo situation. The use of in vivo models 

remains a necessity to confirm the functional importance of the in vitro obsewations and 

should not be overlooked as a valuable tool for shidying organic cation transport. Some 

of the comrnonly used methods for studying organic cation transport and their advantages 

and disadvantages are described below. 

II .2.a In vivo renal clearance 

These experiments have been performed generally in anaesthetized or conscious 

dogs, chickens and rats. In the simplest model, organic cation drugs such as TEA are 

given orally or intravenously in the presence and absence of potential transport 

modulators (e.g. other organic cations, change in urine pH) followed by urine collection 

fkorn a bladder or ureter catheter. Amount of dmg cleared in the urine per unit tirne is 

divided by inulin or creatinine clearance over the same time interval to determine the 



extent of tubule secretion of the dmg in question. The most obvious benefit fiom these 

types of studies is that the effects of manipulating the organic cation transport system on 

renal tubule secretion and overall renal drug elimination can be determined. One of the 

major drawbacks of early in vivo studies was that many of the organic cations under 

study (potential ganglionic blocking agents) had profound vascular effects and thus 

hindered the interpretation of experimental results. 

11.2. b The Sperber Technique 

Sperber developed a model to study in vivo renal clearance of organic compounds 

which takes advantage of the renal portal circulation of chickens and minimizes systemic 

effects of the compounds under study (Sperber, 1949; 1959). In this model, 'The Sperber 

Technique", a dmg c m  be infiised into the saphenous leg vein through which blood 

r e m s  to the peritubular capillaries of the ipsilateral kidney before reaching the systemic 

circulation. Drug excretion in the urine fiom the ipsilateral kidney (test kidney) and 

contralateral kidney (control kidney) are then measured. The excess of dmg excreted by 

the test kidney compared to the control kidney can then be attributed to tubule secretion. 

However, the studies in chickens m u t  be viewed with caution, as extrapdation to 

mammalian rend tubule transport is questionable. 

1 I.2.c Sf op-flow analysis 

Stop-flow analysis in anaesthetized dogs has also been used to study in vivo renal 

tubule organic cation and anion transport (Malvin et al., 1958; Rennick and Moe, 1960; 

Pilkington and Key1 1963). In stopflow analysis, the ureter is cannulated and then 



occluded to stop urine flow and glomedar filtration. This is followed by intravenous 

infusion of a test organic cationic or anionic substrate, dong with PAH (a marker of 

proximd tubule secretion) and creatinine (a marker of glomerular filtration). These 

infused compounds are allowed to equilibrate in the plasma for a short period of time 

before the ureter occlusion is removed. During the occlusion, substances may enter the 

renal tubule cells and lumen by secretion mechanisrns only. The ureter occlusion then is 

removed and glomerular filtration and urine flow are reestablished. Several small urine 

samples are collected from the ureter and measured for the compounds described. The 

appearance of the test substrate in the urine fiactions relative to the appearance of PAH 

and creatinine allows for relative identification of tubular location of the organic ion 

transport machinery. The main limitations of this technique are that the detennined 

locations of secretion dong the nephron are relative to other substrates and cannot be 

detemined exactly. Second, the effect of mixing of the tubule fluid once the occlusion is 

removed may impart ambiguity to the interpretation of the data (Rennick and Moe, 

1 960). 

I I.2.d Tubule and capiIZary rnicropuncture and microper-ion 

Microperfusion and microinhion are powerfùl in situ techniques for defuiing 

sites of renal tubular secretion and reabsorption (Moller and Sheikh, 1982). These 

methods have been used extensively to study mechanisms of organic cation and anion 

transport across the basolateral and luminal membranes in the proximal tubule (Ullrich et 

al., 1991, 1992; 1993% 1993b; Ullrich and Rumrich, 1992; David et al., 1995). 

Micropunchire experiments are performed in surgically exposed kidneys of anaesthetized 



rats. As an example, in continuous flow microperfusion (Ulfrich and Rumrich, 1990), a 

rnicrocapillary pipette is inserted into an oil-blocked tubule lumen, at an upstream site of 

an accessible cortical nephron (e.g. beghxhg of the proximal convoluted tubule). From 

this capillary , a perfûsate containing the substance of interest (e.g. radiolabled organic 

cation) along with '4~-inulin (a volume marker) are infused at a constant rate. The tubule 

fluid is then collected fiom a second pipette that is inserted at a more distaî location of 

the tubule (e-g. the end of the proximal convoluted tubule). The disappearance of the test 

substance relative to that of inulin can then be used to determine the extent of luminal 

membrane transport of the substance along that segment of the nephron. Capillary 

microperfusion is a similar procedure and can be used to study mechanisms of organic 

ion transport across the basolateral membrane (Ullrich and Rumrich, 1990; Ullrich et al., 

199 1, 1992, 1993% 1993b). Other variations of the continuous flow microperfùsion are 

available and include stop-flow microperfùsion, microinjection and microinfusion 

(Ullrich and Rumrich, 1990; Shafik and Quamme, 1990; Dahlmann et al., 1998). The 

major advantage of the micropuncture techniques is that the secretory and reabsorptive 

function of specific sections of intact nephrons in the whole animal can be studied. Apart 

from the technical difficulty, a major drawback is that only surface nephron segments can 

be accessed. In addition, non-physiological perfûsates and injection of Lissamine green 

(a dye used to identfi tubule sections of the same nephron) might possibly change tubule 

function (Ullrich and Rumrich, 1990). 



1 I .2 .e Isolated plasma membrane vesicles 

Basolateral and luminal membrane vesicles have been prepared fiom human, dog, 

rabbit and rat kidney cortex homogenates, separated by ca2+ and M$ precipitation, 

followed by differentiai centrifugation methods (Kinsella et al., 1979b). The use of 

isolated membrane vesicles has been important for separating and individually studying 

the basolaterai and apical membrane components of rend tubule organic anion and cation 

secretion. The eEects of membrane potential, intraceiluiar and extracellular pH, 

inhibitors on organic ion transport, and identification of substrates and dnving forces for 

the organic cation and anion transporters in the respective membranes have readily k e n  

determined using this methodology (Kinsella et al., 1979a; Holohan and Ross, 1980, 

1981; Takano et al, 1984; McKinney and Kunnemann, 1985; Rafizadeh et al., 1987; 

Wright and Wunz, 1987, 1988; Jung et al., 1989; Montrose-Rafizadeh et al., 1989; 

Dantzier et al., 199 1; Ott et al., 199 1 ; Sokol and McKinney, 1990; Katsura et al., 199 1, 

1993; Gross and Somogyi, 1994). Disadvantages of this preparation include a small 

tissue yield. Also, vesicles are heterogeneous in ternis of nephron segments because they 

are prepared fiom cortical tissue, which contains both proximal and distal convoluted 

tubules. The polarity of the basolateral membranes is variable, and thus interpretation of 

data may be difficult. Luminal membrane vesicles are formed with brush borders fachg 

out. Thus, luminal membrane uptake studies do not reflect transport in the direction of 

secretion. 



II.2.f Cultured renal cells 

LLC-pKI, IHKE-1 and OK cells, proximal tubule ce11 lines fkom porcine, human 

and opposum kidney respectively and MDCK cells, a distal tubule ce11 line fiom dog 

have been used to study the transepithelial transport and accumulation of organic cations 

(Fouda et al., 1990; McKinney et al., 1990; Saito et al., 1992; Bendayan et al., 1994; 

Chan et al., 1996; Takami et al., 1998; Hohage et al., 1994, 1998). A unique feature of 

cultured renal epithelial celis is that when they are grown on a solid support, they form 

polarized monolayers that have many structurai characteristics (microvilli and tight 

junctions) of epithelia in situ (Handler et al., 1980). Thus, a substrate under midy can be 

applied to one side of the monolayer (basolateral or luminal side) in the presence of 

transport inhibitors or modulators followed by washing and sarnpling fiom the side 

opposite of substrate administration. Using this process, the directional transport of 

several organic compounds in the direction of secretion (basolateral + luminal side) has 

been determined. (Fouda et al., 1990; Saito et al., 1992; Chan et al., 1996; Takami et al., 

1998). The major concem when using ce11 culture is that the cells may not be 

functionally identical to normal rend cells. For example, activation of protein kinase A, 

C and G have dramatically different effects on organic cation accumulation in LLC-PKi 

cells compared to IHKE-1 cells (Hohage et al., 1998). 

II.2.g Isoluted per-sed renal tubule segments 

Burg and coworkers (Burg et al., 1969) developed methodology to dissect, 

incubate and pemise specific segments of rabbit nephrons. Using this procedure, rabbit 

tubules hgments are dissected fiom kidaeys in a buffered medium with the aid of a 



stereoscopic microscope. Intact fragments of proximal convoluted and straight tubules, 

distal convoluted and straight tubules, collecting tubules and ascending limbs c m  be 

obtained. The isolated tubule fragments are suspended in a bathing medium and capillary 

pipettes are attached to each end of the tubule, one for administration and one for 

collection of perfiisate. Reabsorption of a substrate is studied by adding it to the 

perfiisate and measuring the substrate's concentration afier passage through the tubule. 

Alternatively, a radioactive organic cation or anionic substrate can be added to the 

extracellular bathing medium and its recovery in the perfusatte c m  be determined. Thus, 

this preparation has been advantageous for studies of organic cation and anion secretion 

because it allows for measurement of transtubular transport and cornparison of transport 

in different nephron segments (Burg and Orloff, 1969; Tune et al., 1969; McKinney, 

1982; McKinney and Speeg, 1982; Schali et al., 1983; McKinney 1984). The major 

disadvantages of the isolated perîùsed tubules are that the dissection technique is very 

di ficult, varies between animals, and requires several months to leam (Burg, 1 972). 

II.2.h Rend cortical slices and isolated renal tubules in suspension 

The renal cortical slice procedure simply involves slicing thin sections of renal cortex 

fiom the dissected kidney using a microtone knife, followed by suspension in an 

appropriate buffet for transport assays (Cross and Taggart, 1950; Wong et al., 1990, 

1991). The preparation of proximal and distal tubuies fiom renal cortex requires 

additional steps of collagenase digestion to break the tissue into fragments, followed by 

density gradient centrifugation to puri@ hctions of proximal and distal tubules (Vinay et 

al., 1 98 1 ; Gesek et al., 1987). Alternatively, a manual microdissection method to isolate 



cortical proximal tubule segments without the use of digestive enzymes has been 

described (Schali and Roch-Ramel, 1980; Schali et al., 1983; McKinney, 1984). 

However, this is a tedious and time-consuming technique with a low tissue yield. The 

cortical slice technique and the isolation of r e d  tubules by collagenase digestion and 

centrifùgation are relatively simple techniques that produce high tissue yields. Isoiated 

tubules and cortical slices have been used by our laboratory and others to study aspects of 

organic cation and anion transport (Burg and Orloff, 1969; Sheikh and Moller, 1970; 

Schali et al., 1983; McKinney, 1984; Wong et al., 1990,1991,1992a 1992b, 1993; 

Dantzler er al., 1991; Escobar et al., 1994, 1995; Escobar and Sitar 19% J 1996). The 

major advantage of renal slices and isolated tubules is that the uptake, exit or 

accumulation of radioactive substrates can be easily studied under a variety of tightly 

controlled assay conditions that are not o thekse  possible in vivo. For example, assays 

can be carried out in the presence of higher concentrations of inhibitors, under conditions 

of membrane depolarization, and with altered medium pH to address substrate specificity 

and energetics of transport. Proximal and distal convoluted tubules are the main 

components of renal cortical slices and may have differences in the ability to transport 

organic substances (Malvin et al., 1958; Rennick and Moe, 1960; P i h g t o n  and Key1 

1963; Vinay et al., 1981 ; Gesek et al., 1987; Wong et al., 1991). T h ~ y  the use of 

isolated tubules is advantageous because it allows for the determination of transport 

properties in specific tubule segments as opposed to cortical slices, which will produce 

results that represent an overall average of the different tissues that make up the slice. In 

addition, rates of uptake into cortical slices have been reported to be lower than tubules, 

and may be due to incomplete penetration of substmte and 9 into deeper regions of the 



slice (Wedeen and Weiner, 1973; Wong et al., 1990). Disadvantages of renal tubule 

suspensions are that proximal tubule suspensions are a mixture of primarily SI and S2 

segments, which may have different transport characteristics. Although we believe the 

observations using the renal tubule preparations reflect basolateral membrane events, 

luminal transport rnay also take place, and may affect the kinetic data and interpretations. 

For example enhanced efflux across the luminal membrane and inhibition of transport at 

the basolaterai membrane may both be reflected as inhibition of uptake. The isolateci 

renal tubule preparation has been used as the in vitro tissue preparation of choice for the 

present study. 

II. 3 Renal tubule organic anion transport 

Historically, the study of organic anion transport has contributed greatly to the 

understanding of rend physiology. For example, the fkst convincing reports that 

mammalian renal convoluted tubules codd secrete organic compounds was demonstrated 

through rend tubule accumulation and clearance studies of the anion dye phenol red in 

anaesthetized and conscious dogs (Marshal and Vickers 1 923 ; Marshall, 1 93 1 ). Several 

endogenous compounds, including bile acids, cyclic nucleotides, prostaglandins and 

vitamins, and pharmacological compounds such as antibiotics, diuretics and non-steroidal 

anti-inflamrnatory are secreted by the rend tubule organic anion transport system (table 

11-1). Although the renal tubule organic anion transport system has k e n  deemed 

rnultispecific, the majority of organic anion secretion studies have incorporated the 

compound p-aminohippurate (PAH) as the prototypical organic anion substrate. This use 

stems fiom the fact that PAH is efficiently secreted; it undergoes limited metabolism and 



rend tubule reabsorption; and it is easily determined chemically (Moller and Sheikh, 

1982). The transport system for PAH has become known as the "classicai organic anion 

transport system". The alTiinities of substrates for the PAH transport system are 

influenced by charge density, charge number and by position and placement of 

hydrophobic regions (Fntzsch et al., 1989) 

II .3 .a. Tubule localization of organic anion transport 

Through stop-flow and microperfusion sîudies in the dog and rat, the proximal 

tubule has been indicated as the primary site for organic anion secretion (Malvin et al., 

1958; Courtney et al, 1965). In superficial and juxtamedullary nephrons, axial 

heterogeneity exists for PAH transport in the different proximal tubule segments. It was 

first demonstrated that PAH secretion in isolated p e f i e d  rabbit proximal tubules was 

greater in the pars recta as compared to the pars convoluta (Tune et ai., 1969). 

Subsequent studies then demonstrated that secretion of PAH was much greater in 

proximal Sz segments compared to Si and S3 segments which had a simiiar capacity to 

secrete PAH (Woodhall et al., 1978). The apparent reason for the different PAH 

secretory capacity of the different proximal tubule segments, was related to a difference 

in transporter density in the different segments and not transporter type (Shimomura et 

al., 198 1). No reports of distal tubular organic anion transport have been made. 

II -3 .b Mechanisms Mediaring organic anion transport 

The classical organic anion transport pathway requires energy to move the 

organic anion uphill across the basolaterai membrane against an inside negative 



Table 11-1: Endogenous and exogenous organic anions that are secreted by the 

renal tubules. 

Indogenous cornpounds 

Bile Acids 

Cho late 

Taurocholate 

Cyclic nucleotides 

CAMP, cGMP 

Metabolites 

Hippurate 

Oxalate 

Pros taglandins 

PGE2 

Vitamins 

Ascorbate 

Folate 

- -  - 

Xenobiotics 

Antibiotics 

Carbenecillin Penicillin G 

Sulfisoxazole 

Diuretics 

Acetazolamide Bumetanide 

Furosemide Metolazone 

NSAIDS 

Indomethac in Pheny lbutazone 

Salicylate 

Miscellaneous 

Methotrexate PAH 

Phenol red Pro benecid 

2,4-Dinitrophenol 

Information for this table was obtained fiom the following references, (Moller and 

Sheikh, 1982; Besseghir and Roch-Ramel, 1987; Pritchard and Miller, 1993; Sica and 

Schoolworth, 1996). 



membrane potential. The majority of evidence fiom isolated basolateral membranes and 

intact tissue from mammalian and non-mammalian kidney indicates that the mechanism 

of basolateral entry of organic anions is a tertiary active process that is indirectly coupled 

to Na' transport (Pritchard, 1987; Shimada et al., 1987; Pritchard and Miller, 1993; 

Sweet et al., 1997). In the fïrst step of this mode1 (fig. 11-2) ATP is hydrolyzed to drive 

electrogenic 3 ~ a ' / 2 ~ +  exchange, creating a concentration dBerence for ~a (out > in). 

The resulting ~ a +  concentration merence drives the transport of one dicarboxylate anion 

across the basolateral membrane in exchange for one N a  creating an in > out anion 

concentration difference (site 2). In the fmal step (site 3), the downhill transport of the 

dicarboxylate anion out of the ce11 stimulates the uphill transport of an organic anion (e.g. 

PAH) into the cell. The net anionic charge moving into the ce11 in step 2 is counteracted 

by the net anionic charge moving out of the ce11 in step 3 and results in an overall 

electroneutral process for organic anion transport across the basolateral membrane. 

Based on its abundance, a-ketoglutarate is the most likely endogenous dicarboxylate that 

drives the PAH organic anion transport process (Pritchard and Mlller, 1993). Once 

within the cell, organic anions may be sequestered (site 4) within vesicular structures or 

bind to intracellular proteins (Holohan et al., 1975; Miller et al., 1993). Transport of the 

organic anion across the luminal membrane is the final step in secretion and is a mediated 

process. Initial studies perfonned using brush border membrane vesicles fiom rat and 

dog indicated the presence of a potential sensitive, saturable, probenicid-inhibitable, 

transporter for PAH transport across this membrane (site 5) (Berner and Kinne, 1976; 

Kinsella et al., 1979a). How eiectroneutrality is maintained at this site has not k e n  

established. An electro~eutral anion/anion exchanger (site 6) is also present in the 



luminal membrane, and may mediate secretion or reabsorption of organic anions such as 

urate and PAH in exchange for hydroxyl or bicarbonate ions (Blomstedt and Aronson, 

1980; Pritchard and Miller, 1993). 

II -4 R e d  tubule organic cation transport 

The rend tubule secretion of organic cations was first demonstrated through renal 

excretion studies of TEA in dogs and humans (Rennick et al., 1947; Rennick and Farrah, 

1956, Rennick et al., 1956) and NI-methylnicotinarnide 0 in the chicken and dog 

(Sperber, 1949; Beyer et al., 1950; Peters et al., 1955). Transport maximum for TEA and 

inhibition of renal excretion of TEA and NMN by cyaninesg were demonstrated, 

indicating that a carrier mediated transport process was responsible for the secretion of 

these two compounds (Peters et al., 1955; Rennick and Farrah, 1956; Rennick et al., 

1956). In addition, both compounds appeared to describe a renal tubule secretion 

mechanism that was different f?om that of the prototypical organic anion (PAH) secretion 

system, as evidenced by the inability of PAH to inhibit NMN and TEA renal excretion 

(Peters et ol., 1955; Rennick and Farrah, 1956). This pathway has now become known as 

the "organic cation transport system". Since these early studies, TEA and NMN have 

gained the status of prototypicd substrates for the characterizaion of renal tubule organic 

cation transport mechanisms, with TEA king used most fiequently. 

Although TEA has k e n  used most often for organic cation transport studies, rend 

tubule organic cation transport has been demonstrated to play an important role in the 

renal handling of rnany other important endogenous and exogenous cationic compounds. 
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Figure 11-2: Current mode1 of organic anion transport in the rend proximal tubule as 

adapted and modified from Sweet et a1.(1997). 



The group of endogenous compounds (table II-2) includes several biogenic amines, 

acetylcholine and endogenous cationic metabolites (Beyer et al., 1950; Peters, 1960; 

Quebbemann and Rennick; 1969; Acara and Rennick, 1972a; Acara and Rennick, 1972b; 

Rennick, 1981; Pritchard and Milier, 1993). The group of exogenous compounds (table 

11-2) comprises several that are therapeutically used, including antiviral agents, 

anticholinergic agents, H2 receptor blockers, sympathornimetic agents, opioids, 

antiarrhythmic agents, a and P-adrenergic receptor blocking agents, diuretic agents and 

ganglionic blocking agents (Rennick and Moe, 1960; Pilkington and Keyl, 1963; Acara 

and Rennick, 1972b; Aoki et al., 1979; Weiner and Roth, 1981; Rennick, 1981; 

McKinney and Speeg, 1982; Pritchard and Miller, 1993; Ullrich et al., 1993% 1993b). 

These compounds represent many stnicturally different classes of molecules and al1 are 

primary, secondary, or tertiary amines or quatemary ammonium salts, and most are 

positively charged at physiological pH. The apparent structural requirements that are 

required for a substrate to be transported by this system are the presence of a hydrophobie 

organic backbone and a charged nitrogen group (Rennick, 198 1, Ullrich et al., 1991). 

Substrate affùiity for the organic cation transporters increase with increasing 

hydrophobicity and increased pKa (Ullrich, 1994). There are exceptions to this rule, as 

several non-ionizable steroid hormones interact with this system, indicating that H- 

bonding groups on the substrate also affect affïinity for the transporters (Ullrich et al., 

1993b, Ullrich, 1994). 



Table 11-2: Endogenous and exogenous organic bases that are secreted by the renal 

1 Endogenous Substances 

1) Monoamine neurotrrnsmitters: acetylcholine, dopamine, epinephrine, histamine 

and 5 - hydroxytryptamine 

2) Metabolites: choline, creatinine and NMN 

3) Vitamins: riboflavin and thiamine 
1 

Xeno biotics 

1) Anticholinergic agents: atropine 2) Antiviral agents: amantadine 

3) Anti biotics: trimethoprim 

4) An tiarrhythmic agents: procainarnide, quinidine and verapamil 

5) B-adrenergic receptor blockers: pindolol, nadolol 

6) Diuretics: aniilonde, triamterene7) Ganglionic blocking agents: TEA 

8) Opioids: morphine, meperidine and dihydromorphine 

9) Sympathiomimetic agents: ephedrïne and isoproterenol 

1 0) Miscellaneous: cisplatin, gaunfacine, mepiperphenidol and quinine 

Information for this table was obtained fiom the following references, (Beyet et al., 1950; 

Peters, 1960; Rennick and Moe, 1960; Pikington and Keyl, 1963; Quebbemann and 

Remick, 1 969; Acara and Rennick, 1 1 972b; Aoki and Sitar, 1979; Rennick, 198 1 ; 

Weiner and Roth, 198 1 ; McKinney and Speeg, 1982; Pritchard and Miller, 1993; Ullrich 

et al., 1993a, 1993b). 



I I  .4.a Tubule localization of organic cation transport 

Original stopflow excretion studies using TEA, mepiperphenidol and 

mecamylarnine as organic cation substrates suggested that the proximal tubule is the 

location in the nephron where organic cation secretion is primarily mediated (Rennick 

and Moe, 1960; Pilhgton and Keyl 1963). in the Pikington and Keyl report (1963), the 

authors claim that secretion of mecamylamine and mepiperphenidol occur in the 

proximal tubule; however, their data do suggest a smaller distal tubuie contribution to 

secretion. Based on the results of these studies, it has been genemlly accepted that the 

proximal tubule is the only component of the nephron that has the capacity for transport 

and secretion of organic cations. Thus, most subsequent in vitro studies of organic cation 

transport have been performed ia tissue preparations of the proximal tubule. Aside firom 

the proxirnal tubules, little attention has been given to the distal tubules or other portions 

of the nephron and their ability to transport organic cationic compounds. However, 

previous studies fiom our laboratory have demonstrated that the distal tubule is an 

important site of organic cation transport (Wong et al., 1991, 1992% 1992b, 1993; 

Escobar et al., 1994, 1995; Escobar and Sitar 1995, 1996). The presence of distal tubule 

organic cation transporters is M e r  supported by recent molecular biology evidence 

which demonstrates the presence of mRNA transcripts of the cloned human (hOCT2) and 

rat (rOCT2) organic cation transporters in the distal tubule (Gorboulev et al., 1997; 

Koepsell et al., 1998). In the proximal tubule, there also exists axial heterogeneity of 

secretion of certain organic cations in different segments of the tubule. TEA and 

procainamide are secreted primarily in the early segments of the proximal tubule (SI > 

S2 > S3), and NMN in the later portions of the proximal tubule (SI < S2 = S3) 



(McKinney, 1 982; Schali et al., 1983; Besseghir et al., 1 990). The difference in secretory 

rate between the three proximal tubule segments has been attributed to differences in 

luminal membrane permeability (Schali et al., 1983). It should be pointed out that the 

data for TEA are inconsistent with the stopflow studies performed by Rennick and Moe 

(1960) which suggests that the major site of TEA secretion is distal to the major site of 

PAH secretion (S2 segments). 

II -4.b The classical organic cation secretion p a t h a y  

fig II-3 outlines the steps involved in the generally accepted mode1 of rend tubule 

organic cation secretion in the proximal tubule. The net secretion process involves 

transport steps across the basolateral and luminal membranes of the proximal tubules. 

Experiments studying TEA and NMN transport using isolated basolateral membrane 

segments demonstrated that the first step in the classical organic cation secretion pathway 

(passage across the basolateral membrane) is via a saturable carrier-mediated process 

(transport site 2) (Kinsella et al., 1979a; Takano et al., 1984 Montrose-Rafizadeh et al-, 

1989). Uptake of organic cations across the basolateral membrane via this transporter is 

independent of Na' concentration in the medium and extracellular pH. The driving force 

for transport is the inside negative membrane potential that is maintained by the N~'/K' 

ATPase (transport site 1) (Takano et al., 1984; Wright and Wunz, 1987; Jung et al., 1989; 

Uilnch et al., 1991). In addition, an organic catiodorganic cation exchange system 

(transport site 3) in the basolateral membrane has also been reported (Montroze- 

Rafrzadeh et al., 1989; Sokol and McKinney, 1990; Dantzler et al., 199 1). However, the 

facilitated transport mechanism and the exchange transport mechanism may represent 



dual functiond modes of the same transporter rather than two separate carriers with 

different energetics (Montrose-Rafkadeh et al., 1989; Sokol and McKinney, 1990). The 

existence of an organic cation/organic cation exchange transporter would appear to be 

counterproductive in regards to secretion. However, it wouid be of significance to both 

reabsorption and secretion of organic cations if it coupled the elimination of bamiful 

cationic xenobiotics or metabolites to the reabsorption of usehl endogenous cations. 

Once in the cell, it bas been reported that organic cations may undergo intraceMar 

accumulation or protein binding (site 4) (Pritchard and Miller, 1993; Pritchard et al., 

1994). In the final step of secretion, the organic cation passes across the luminai 

membrane fiom the ce11 to the lumen. There are several reports indicating that the 

transport processes in the luminal and antiluminai membranes differ with respect to 

mechanism of action and in substrate specificity (Kinsella et al., 1979a; Holohan and 

Ross, 1980; Takano et al., 1984; Wright and Wunz, 1987; Jung et al., 1989). In the 

classical organic cation transport pathway, the ~ a + / K + - ~ ~ p a s e  (transport site 1) creates a 

favorable gradient for N~+/HC exchange in the luminal membrane (transport site 5). The 

resulting proton gradient (pH lumen + pH cell) then drives the extrusion of the organic 

cation fiom the ce11 by the action of the saturable If/organic cation exchanger (transport 

site 6) (Takano et al., 1984; Wright and Wunz, 1988; Rafizadeh et al., 1987). Overall 

this is a tertiary active transport process. This luminal transport process has been 

demonstrated for a variety of organic cations including TEA, NMN, procainamide and 

cimetidine, primarily using luminal membrane vesicle preparations from dogs and rabbits 

(Kinsella et al., 1979a; McKinney and Kunnemann, 1985; Sokol et al., 1985; McKinney 

and Kunnemann, 1987; Rafizadeh et al., 1987; Wright and Wunz, 1987). 



AIso shown in this mode1 is the ATP-dependent P-glycoprotein or multidrug 

resistant protein (transport site 7). In the human kiciney P-glycoprotein is localized to the 

luminal membrane in rend proximal tubules and distal nephron segments, including the 

collecting ducts and thick ascending limb of Henle's loop (Thiebaut et al., 1987; Ernest et 

al., 1997). Some transported substrates include the endogenous steroids cortisol, 

aidosterone, and dexamethasone (Ueda et ai., 1992), the cardiac glycoside digoxin (de 

Lannoy and Silverman, 1993) and several lipophilic cationic dmgs including daunomycin, 

colchicine, verapamil, procainamide, quinidine, cimetidine and vinblastine (Beck, 1987; 

Speeg et al., 1992; Dutt et al., 1994). Based on its location in the luminal membrane and 

its substrate specificity, P-glycoprotein has been proposed to be important in the rend 

secretion of certain organic cationic compounds (Thiebaut et al., 1987; Nelson, 1988). 

As indicated in the above list and in table II-2, P-glycoprotein can transport similar 

substrates as the classical luminal organic cation transporter. However, P-glycoprotein 

and the luminal organic cation transporter have been confïrmed as separate entities based 

on differences in energetics mediating transport by each system and the observation that 

TEA is a substrate for the organic cation transport system but not P-glycoprotein @utt et 

al., 1994; Nelson et al., 1995). Organic cations may also be reabsorbed in the rend 

tubules (transport site 8), thereby preventing the urinary excretion of important 

physiological molecules such as monoamine neurotransmitters and choline (Koepsell, 

1998). 
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Figure 11-3: Classical mode1 of organic cation transport in the rend proximal tubule as 

adapted and modified fiom Pritchard and Miller (1993) and Koepsell(1998). 



II.4.c Amantadine as a substrafe for rend tubule organic cation transport studies 

Unique to our laboratory, amantadine has been used as a prototype organic cation 

for characterizhg mechanisms that rnediate organic cation secretion by the kidney. 

Amantadine has several properties that make it usefiil in this regard. It is a nonchiral, 

primary, aliphatic amine, and exists primarily in the cationic form at physiological pH 

@Ka = 10.2). It is used therapeutically in the treaîment of Parkinson's disease and for 

prophylaxis against influenza A (Shwab et al., 1969; Pa&, 1974; Aoki and Sitar, 1988). 

In humans, arnantadine is elimïnated prirnarily unchanged by the kidney and rend tubule 

secretion is important in this process (Bleidner et al., 1965; Tilles, 1974; Aoki et al., 

1 979; Sitar et al., 1997). 

From the known data on amantadine renal tubule transport (Wong et al., 

1990,1991,1992a 1992b, 1993; Escobar et al., 1994, 1995; Escobar and Sitar, 1995, 

1996), we proposed an alternative mode1 to describe the rend tubule energy dependent 

transport of organic cations fig. ïI-4. The basolateral membrane transport sites for 

energy-dependent amantadine uptake in proximal tubules can be subdivided into 

bicarbonate-dependent sites (high-affinity, high-capacity) which are responsible for the 

majority of arnantadine uptake, and iess efficient bicarbonate-independent sites (lower- 

affinity, lower-capacity) (Escobar et al., 1994, Escobar and Sitar, 1995). The 

bicarbonate-dependent and bicarbonate-independent transport sites are represented by 

transport site 2 and 3 respectively in fig. 11-4. Membrane potential and activity of the 

basolateral membrane ~ a + / K ' - ~ P a s e  are not rate limiting for the renal tubule uptake of 

amantadine (Escobar and Sitar, 1995; Escobar and Sitar 1996). These findings suggest 



that the rnajority of amantadine uptake occur as a nonelectrogenic step at the basolateral 

membrane as opposed to electrogenic uptake demonstrated for TEA. If bicarbonate were 

transported into the ce11 along with amantadine, an electroneutral process for amantadine 

uptake would be maintained. However, this remains to be demonstrated experimentall y. 

Acetozolamide did not inhibit bicarbonate-dependent amantadine uptake suggesting that 

luminal bicarbonate was not important for the observed effect on amantadine transport 

(Escobar et al., 1994). The N ~ + / H C O ~ / C O ~ ~ -  transporter and the CL-MCO< exchanger 

(not shown) are basolateral membrane transporters normally involved in bicarbonate 

reabsorption process along the nephron (Alpem and Preisig, 1997). The N~+/Hco~' 

 CO^^- transporter exists in proximal tubules and the thick ascending limb of Henle's 

loop, whereas various isoforms of Cl-/HC03' exchangers have been identified in proximal 

and distal regions of the nephron (Seki et al., 1996; Soleimani and Bizal, 1996; Alpern 

and Preisig, 1997). 4-acetamide-4'- isothiocyanatosti lbene-2~~ acid (SITS) is 

an inhibitor of the N~+/Hco~~co~~-  transporter and Cl-/HCO3- exchanger (Alpem and 

Preisig, 1997). in proximal tubules SITS only weakly inhibited (20%) bicarbonate- 

dependent amantadine uptake and more potently inhibited (75%) distal tubule amantadine 

uptake (unpublished observations). These data suggest that the Cl*/E-iC03' exchanger and 

the N~+/HCO~-/CO?- transporter may play a role in maintainhg electroneutrality in the 

bicarbonate-dependent amantadine transport process, but the exact relationship must be 

fuxther evaluated. At this tirne, the driving force for the bicarbonate-independent 

amantadine transport site has not been identified. The bicarbonate-dependent and 

independent transport sites may be tiirther identified by their ciifferences in sensitivity to 

inhibition by other compounds. For instance, quinine hos a more potent Ki value for 



inhibition of amantadine uptake via bicarbonate-dependent transport sites as opposed to 

the bicarbonate-independent transport sites (Escobar and Sitar, 1995). Second, the 

cardiac glycoside ouabain inhibits bicarbonatedependent amantadine transport but not 

bicarbonate-independent transport (Escobar and Sitar, 1996). At this time, it was also not 

known whether the basolateral transporters described by amantadine are the sarne as 

those described by TEA. 

Although mechanisms of amantadine basolateral membrane transport in the distaI 

tubule are sirnilar to the proximal tubuie (fig. iI-4), several notable differences exist. For 

example, stereoselective inhibition of amantadine uptake by quinine more potent than its 

enantiomer quinidine is present in proximal tubules but not distal tubules (Escobar and 

Sitar, 1995). Second, low concentrations of the organic cations cimetidine, nicotine and 

cotinine stimulate proximal tubule uptake but not distal tubule uptake of amantadine 

(Wong et al., 1991, 1992b). Third, ouabain more potently inhibits distal tubuiar 

amantadine uptake (Escobar and Sitar, 1996). Finally, these data M e r  indicate the 

purity of the proximal and distal tubule segments that are used in the transport assays. 

The basolateral membrane amantadine transporters appear to be multispecific in 

terms of their substrate specificity as identified by uptake inhibition studies. Severai 

pharmacologically important organic cations interact with the basolateral membrane 

amantadine transporters, including quinine and quinidine (Wong et al., 1990, 1 W h ,  

1993; Escobar and Sitar, 1995), cimetidine and ranitidine (Wong et al., 1991), nicotine 

and cotinine (Wong et al., 1992b), several B-blockers (Stupack et al., 1999) and 
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Figure 11-4: Rend proximal tubule organic cation secretion mode1 as developed using 

the organic cation amantadine (Escobar et al., 1994). 



verapamil (unpublished data). The fact that many other organic cations interact with the 

amantadine may translate into cIinicd1y important dmg interactions in the kidney and 

possibly aitered dmg elimination rates. For example, the in vivo observation that both 

quinine and quinidine administration reduce the rate of renal elimination of amantadine in 

human males may be explained by dnig-hg interactions at the level of the basolateral 

membrane amantadine transporter (Gauâry et al., 1993). Second, the rend elimination of 

amantadine in an elderly mde was reportedly decreased and amantadine toxicity was 

observed (ataxia, agitation) by concurrent ingestion of the cationic diuretic triamterene 

(Wilson and Rajput, 1983). The bicarbonate-dependent basolateral transport and renal 

elimination of amantadine is also inhibited by pathophysiologicd levels of the 

endogenous organic anion L-lactate (Escobar et al., 1995; Sitar et al., 1997). This 

interaction may have clinicd importance in modulating rend elimination of organic 

cations in metabolic acidosis due to the accwnuiation of L-lactic acid (Escobar et al., 

! 995). Bulky uncharged compounds may also interfere with amantadine renal tubule 

transport as demonstrated by the sensitivity of bicarbonate-dependent amantadine 

transport by the cardiac glycoside ouabain (Escobar and Sitar, 1 996). 

The mechanisms mediating the brush border transport of amantadine have not 

been examined extensively. Thus, it is not known if exit of amantadine across the brush- 

border is mediated by the classicd organic catiodproton exchanger (transport site 5) ,  P- 

glycoprotein (transport site 6), other unidentified transport sites, or a combination of 

these processes. 



The amantadine transport experiments described in the previous paragraphs have 

been carried out primady in male rats. Thus extrapolation of these data to the femaie 

gender and to humans are important concem. Studies of amantadine uptake in rend 

tubules fiom fernale rats demonstrate that there are gender differences in kinetic 

parameters for distal tubule uptake of amantadine compared to males (Wong et al., 1993). 

More recentfy amantadine uptake studies in the presence of lactate unmask gender 

differences in renal proximal tubule amantadine transport (Bobby and Sitar, 1997). In 

humans, renal clearance of amantadine is about 1.5 times greater in males than in femaies 

and may be related to the gender ciifferences in tubule transport mechaiiisms (Wong et 

al., 1995). Clinically, the sex ciifference in rend amantadine transport and clearance may 

contribute to the observation that adverse events associated with therapeutic amantadine 

doses are higher in females than males (Somani et al., 1991). A second important gender 

difference in rend amantadine elimination in humans is that quinine and quinidine inhibit 

amantadine renal elimination in males but not females (Gaudry et al., 1993). In regard to 

extrapolation of findings fiom rat to human, amantadine transport and accumulation and 

sensitivity to inhibition by the diastereomers quinine and quinidine have been 

demonstrated to be qualitatively similar in rend cortical slices fiom male rats and 

humans (Wong et al., 1990, 1 WSb). These finding support the continued use of the rat as 

a mode1 for organic cation transport studies using amantadine. 

Part III. Molecular biology of organic anion, cation and neutra1 drug transporters 

In recent years, the molecular cloning and functional characterization of proteins 

that mediate the transport of drugs and endogenous compounds across ce11 membranes 



have been a dominant area of focus in studies of organic anion and cation transport. The 

molecular idormation has great potential to advance the understanding of whole-body 

h g  disposition, dmg eiimination by the kidney and liver, and access or removal of drugs 

to and from other tissues. Several families of drug transporters have now been identified 

in a variety of mammalian species, and have been at least partially characterized with 

respect to tissue location, substrate specificity and fùnction. The objective of this section 

is to summarize and clarfi the rapidly accumulating experimental molecular data and 

carefùlly interpret it with respect to drug transporter function in vivo. 

II 1.1 The organic anion trampor fer (OA T) family 

In 1997 two organic anion transporters (OAT1 and ROATI) were cioned and 

functionally studied simultaneously by t w ~  independent laboratories (Sekine et al., 1997; 

Sweet et al., 1997). Both groups isolated and cloned cDNA fiom rat kidney that codes 

for an identical 551 amino acid peptide with 12 putative trammembrane domains. 

Northern blot analysis revealed that the mRNA expression was restricted to the kidney. 

Sekine and coworkers fùrther localized mRNA expression of OATl to the convoluted 

portion of the proximal tubule, which is consistent with the location of the classical PAH 

secretion machinex-y (Tune et al., 1969; Sekine ef  al., 1997). When expressed in Xenopus 

oocytes, both groups demonstrated saturable uptake of PAH with similar Km values. 

Transport was not dependent on membrane potentiai, and codd be stimulated by an 

outwardly directed dicarboxylate gradient, suggesting that OATl and ROATl identify 

the electroneutral basolateral membrane PAWdicarboxylate exchanger (fig. II-2). OATl 

was demonstrated to transport known substrates of the PAWdicarboxylate exchanger 



including methotrexate, CAMP, cGMP, PGE2, urate and a-ketoglutarate and both OATl 

and ROATl were inhibited by the classical organic anion transport inhibitor probenecid. 

Overall, these initial moIecular data provide evidence that OATl and ROATl were 

identical transport proteins. Functionally ROATl and OATl most closely resemble the 

putative proximal tubule basolateral membrane PAH/dicarboxylate transporter and are 

thus likely important in rend secretion of organic anions by the kidney. 

Proteins fiom the OAT farnily have also been cloned fiom other species including 

mouse and human and fkom other tissues in the rat. La the mouse, a protein (NKT) that is 

expressed in the kidney and is highly homologous to ROATl has k e n  cloned. It has 

been suggested that NKT is the mouse equivalent of ROATl because of the highly 

similar amino acid sequence of these transporters. However, initial functional studies in 

NKT-expressing Xenopus oocytes have failed to demonstrate that it c m  mediate uptake 

of PAH (Lopez-Nieto et al., 1997; Sweet et al., 1997). More recently, an OAT2 has been 

cloned fiom rat liver (Sekine et al, 1998). OAT2 appears to be identicai to the previously 

cloned novel liver transporter (NLT) which was not previousl y characterized wi th respect 

to its ability to transport organic compounds (Simonson et al., 1994; Sekine et al, 1998). 

OAT2 is highly homologous to OATl, and has similar fimctional characteristics; 

however, its mRNA is expressed to a greater extent in the liver than in the kidney. OAT2 

is thought to be responsible for mediating sinusoiciai uptake of organic anions into 

hepatocytes in the liver. 



In humans, the molecular cloning and fiuictional expression of two highly similar 

human kidney organic anion transporters (hOAT1 and hPAHT) have aiso been achieved 

recentiy by two groups (La et al., 1999; Hosoyamata et al., 1999). When expressed in 

Xenopus oocytes, both transporters mediate PAH uptake. Like OATl , hOATl and 

hPAHT rnRNA was strongly expressed in the kidney. Unlike OATl, hOATl mRNA 

was also detected in skeletal muscle, brain and placenta, and hPAHT mRNA was 

detected in the brain, suggesting the importance of organic anion transporters in 

rnediating access or extrusion of dnrgs in other tissues of the body. In the kidney, 

immunohistochemistry reveals that hOATl protein is detected in the basolateral 

membrane of proximal tubules, and is consistent with the location of the 

PAWdicarboxylate exchanger. Similar to OATl, hOAT and hPAHT-mediated PAH 

uptake could be inhibited by a variety of other organic anions. Overall hOATl and 

hPAHT are likely identical proteins based on their amino acid sequence and functionai 

characteristics. Both appear to be the functional equivalent of OATl in rat, although 

some differences in substrate specificity have been reported to exist between hPAHT and 

OAT 1 (Hosoyamata et al., 1 999). 

111.2 The organic anion tramport poïpeptide (oatp) 

The oatp transporters are a family of ~ a *  independent organic anion transporters 

that are about 670 amino acids in length and have 12 predicted trammembrane segments. 

Presently, three members (oatpl, oatp2 and oatp3) of the oatp gene family have been 

isolated fÏom rat tissues, cloned and studied in vitro (Jacquemin et al., 1994; Noe et al., 

1 997; Abe et al., 1 998; Kakyo et al., 1 998). Oatp 1 mRNA is detected in several tissues 



in rat, including liver, kidney, brain, lung, skeletal muscle and large intestine (Jacquemin 

et al., 1994). In the liver, oatpl is located in the sinusoidal (basolateral) membrane 

whereas in the kidney, oatpl is located on the luminal membrane in Sj segments of the 

proximal tubule (Bergwerk et al., 1996; Eckhardt et al, 1999). When expressed in 

Xenopus oocytes, oatpl mediates the uptake of several exogenous and endogenous 

organic acids (sulfobromophthalein, bile acids, estrogen conjugates), neutrai steroids 

(aldosterone, dexamethasone, digoxin and ouabain) and some bullcy cationic compounds 

(Jacquemin et al., 1994; Bossuyt et al., 1996; Kanai et al., 1996; Eckhardt et al, 1999). 

Several substrates of the classical organic anion transport pathway, including PAH and 

phenol red, failed to inhibit oatp mediated transport of sulfobromophthalein, indicating 

that the oatp transporters are unique in their substrate specificity compared to the OAT 

transporters O(anai et al., 1996). Based on the location of oatp protein in the liver and its 

substrate specificity, oatp is thought to be important in the sinusoidal uptake and hepatic 

clearance of endogenous neutral steroid molecules and anionic bile acids (Jacquemin et 

al., 1994; Bossuyt et al., 1996). In the kidney, the luminal oatp transporter may be 

important in the secretion or reabsorption of bile acids or anionic conjugates that are 

handled by this transporter; however, the exact function is not known (Kanai et al., 

1996). Oat.2 tissue distribution is restricted to the liver, kidney and brain, and it 

transports similar substrates compared to oatpl (Noe er al., 1997). However, unlike 

oatp 1, oatp2 has a very high affinity for digoxin, about 0.2 pM, and may be important in 

brain CNS accumulation and toxicity of digoxin (Noe et al., 1997). 



1 II -3 The orgunic cation transporter (OCV family 

Recent snidies have identified a new family of proteins (OCTs) that have the 

ability to mediate the electmgenic transport of organic cations across ce11 membranes. 

The organic cation transporters (OCTs) belong to a superfamily of proteins that includes 

m u l t i - h g  resistance proteins, facilitative diffusion systems and protonkation antiporters 

(Koepsell, 1998). The £kt transporter to be identified fiom this family was rOCT1, 

which was cloned from rat kidney and studied in the Xenopus oocytes expression system 

(Grundemann et al., 1994). Soon after, stnicturally homologous proteins with sùnilar 

properties to rOCTl were cloned fiom rat (rOCTla, rOCT2 and rOCT3), from rabbit 

(rbOCT1 ), fiom the pig kidney proximal tubule cell-line LLC-PICi @OCT2), and human 

(hOCT1 and hOCT2) (Okuda et al., 1996; Grundemann et al., 1997; Gorbulev et al., 

1 997; Zhang et al., 1 997a, 1 99%; Kekuda et al., 1 998; Terashita et al., 1 998). The OCTs 

are between 553600 amino acids in length with either 11 or 12 predicted transmembrane 

helical segments, a large extracellular loop, a large intracellular loop and intracellular 

NH2 and COOH termini, (fig. III-1). The one exception, rOCTla, appears to be a splice- 

variant of rOCTl and has 430 amino acids and 10 predicted transmembrane domains 

(Zhang et al., 1997a). The OCTs contain several conserved intracellular phosphorylation 

sites that may be important in the regulation of transporter function. In fact, it has been 

demonstrated that inhibitors of protein kinase C can modulate rend tubule organic cation 

transport in rabbit proximal tubules and a ce11 line (LLC-pK1) of proximal tubule otigin 

(Hohage et al., 1 994, 1 998). 





1 II -3 .a Tissue distribution of organic cation  porters 

The known membm of the OCT family all appear to have unique tissue distribution. 

Notable ciifferences also exid between the tissue distribution of the rat OCTs compareci to 

their human homologues (Zhang et al., 1997b; Koepseîl, 1998). Northem blot analysis and 

reverse transcriptase PCR have been used to determine which tissues contain OCT mRNA, 

and in situ hybridization has been used to detect tissue-specific location of OCT mRNA 

expression It should be kept in rnind that mRNA expression does not predict protein level or 

location; therefore, until protein can be determineci imrnunochemically, the interpretation of 

the presence or absence of specific mRNA in certain tissues should be interpreted with 

caution. rOCTl mRNA is detected in samples of kidney cortex and medulla, liver, intestine 

and colon of the rat. Conversely, in peripheral tissues, rOCT2 M A  expression is confined 

to cortex and medulla of the kidney as detemiined by Northem blot d e r  PCR amplification 

(Okuda et al., 1996). More recendy, rOCT2 mRNA has also been detected in various 

regions of the rat brain, including the nucleus accumbens, substantia nigra and the stria- 

(Gnindemann et ai., 1997). in the liver and small intestines, rOCTl mRNA is expresseci in 

hepatocytes and enterocytes respectively (Grundemann el al., 1994). In the kidney, the exact 

locations in which these proteins are expressed are questionable. The available data show the 

rOCTl mRNA is detected in proximal tubules, glomeruli and cortical collecting ducts, but 

not distai tubules, whereas rOCïï is transcribed in all of the above mentioned segments 

(Gnindernann et al., 1 994; Koepseli, 1998). By immunohistochernical detection, rOCT1 

protein is detected in the basdateral membrane of proximal tubules and in the sinusoicial 

membrane of hepatocytes (Meyer-Wentmp et al., 1998; Urakarni et al., 1998). rOCT3 

mRNA is most abundantly expressed in the placenta, moderately expressed in the intestine, 



heart and brain, weakly expressed in the kidney and lung, and is undetectable in the liver by 

Northern blot analysis (Kekuda et al, 1998). The human organic cation transporter hOCTl is 

transcribed ubiquitously, and hOCT2 is transcribed in the kidney, brain, spleen, placenta and 

intestine (Gorboulev et al., 1997). Interestingly, hOCT mRNA transcripts are found in the 

distal tubules and were located in the IuminaI membrane by immunochemical methods 

(Gorboulev et al., 1997). 

I I  1.3. b Functional characteristics 

Sirnilar to the classical studies of organic cation transport, TEA has k e n  predominantiy 

used as the prototype organic cation for the functional characterization of the cloned 

OCTs. When the OCTs are expressed in Xenopus oocytes or ce11 lines, they mediate the 

saturable uptake of TEA with widely varying values of Km (table iII-1). The 10-fold 

difference in Km for TEA uptake mediated by rOCT2 expressed in Xenopus oocytes 

versus MDCK cells (Madin-Darby canine kidney cells) suggests that the choice of ce11 

expression system may dramatically affect Km values for organic cation aanspon. The 

OCT mediated uptake of TEA is dependent on membrane potential and is independent of 

~ a '  and extracellular pH. These properties are al1 characteristic of the classical proximal 

tubule basoIateral membrane organic cation transporter (Takano et al., 1984; Wright and 

Wunz, 1987; Jung et al., 1989; Ullrich et al., 1991). Detailed fùnctional studies 

dernonstrate that rOCT1, rOCT2 and hOCT2 expressing Xenopus oocytes can mediate 

the uptake of several substrates for the classical organic cation transport system including 

MPP, NMN, choline, dopamine, (Martel et al., 1996; Busch et al., 1996% 1996b; 

Gorboulev et al., 1997; Koepsell et al., 1998; Busch et al., 1998; Okuda et al., 1999). In 



addition, rOCT 1 mediates uptake of serotonin, acetylcholine and epinephrine (Busch et 

al., 1996b) and hOCT2 mediates uptake of serotonin, histamine and norepinephrine 

musch et al., 1998). hOCTl has k e n  demonstrated to mediate uptake of TEA, NMN, 

MPP and cimetidine (Gorboulev et al-, 1997; Zhang et al., 1997b, 1998). Other 

substrates for rOCT3 and rOCTla have yet to be reported. There are likely more 

substrates for these transporters, but due to the infancy of the molecula. studies, only very 

few have been identified at present. Similar to the classical organic cation transport 

system, OCT mediated organic cation transport can be inhibited by many structurally 

distinct organic cations (Table III-2). Interestingly, fiom this list of inhibitors, 

amantadine has been shown to inhibit hOCTl mediated TEA uptake and hOCT2 

mediated dopamine uptake (Zhang et al., 1998; Busch et al., 1998). When comparing the 

OCT isoforms within species and between species, there appears to be similarities in 

substrate &ty (Km) and inhibitory potency (Ki and for some compounds, whereas 

considerable differences in substrate specificity and inhibitory potency exist for other 

compounds (Gorboulev et al., 1997; Koepsell, 1998; Urakami et of., 1998; Zhang et al., 

1998; Okuda et al., 1999). The diverse range of substrates that the OCTs can accept, and 

the growing list of inhibitors provide convincing evidence that the OCTs are 

multispecific organic cation transporters. 

Based on the localization in the kidney and the functional characteristics of 

rOCT1 and rOCT2, it is most likely that they are the fùnctional equivalent of the 

basolateral membrane organic cation transporters that mediate the nrst step in organic 

cation secretion in the proximal tubule (fig II-3). The exact fûnction of hOCTl and 



Table 11.4: Reporteà Km values for TEA transport into Xenopus oocytes or ce11 

lines expressing various isoforms of OCTs. 

Transporter Km 

pOCT2 

MDCK cells 

Xenopus oocytes 

Expression Systern 

Xenopus oocytes 

MDCK cells 

Xenopus oocytes 

20 and 620 pM 

Urakami et al., 1 998 

Koepsell, 1998 

Reference 

Grundernann et al., 1994 

Urakami er al., 1998 

Zhang et al., 1997 

HeLa cells 1 Kekuda et al., 1 998 

HeLa ceIls 

LLC-pKI cells 

Zhang et al., 1998 

Xenopus oocytes 

Grundemann et al., 1 997 

Gorboulev et al., 1997 

Data are reported as mean SE. 

HEK293 cells Tamai et al., 1 997 



Table III-2: Reported inhibitors of OCT mediated organic cation transport 

Acebutolol Amantadine Choline 

Cimetidine 

l Teuabuvl-oni- I Tetrapenty lammonium / Tetrapropylammonium I 

I 

Mepiperphenid01 

* Nicotine 

Information for this table was obtained fiom the following references, (Grundemaun et 

Clonidine 

al., 1994; Busch et al., 1996% 1996b, 1998; Martel et al., 1996; Okuda et al., 1996, 

Corticosterone 

Midazolarn 

NMN 

1999;Gorboulev et al., 1997; Zhang et al., 1997a, 1997b, 1998, 1999; Kekuda et al., 

MPP 

3 -O-Methylisoprendin 

1998; Koepsell et al., 1998; Urakami, 1998). 



hOCTî in the kidney has not k e n  determined, but it is also likely that they play a role in 

the basolateral membrane transport of organic cations. The expression of rOCT2 mRNA 

and the localiztion of hOCT2 protein in the distal tubule also suggest that this portion of 

the nephron as well as the proximal tubule is important in dnig transport in the human 

kidney. The expression of the OCT mRNA in other tissues including liver, brain, 

intestines and placenta suggests that this family of dnig transporters has a hdamentai 

importance in mediating dmg distribution to various parts of the body and in drug 

elirnination. 

II 1.3 .c The UCTN tramporters 

Two additional transporters (hOCTN1 and hOCTN2) have been cloned fiom 

human fetal liver and human placentai trophoblast ce11 lines (Tamai et al., 1997; Wu et 

al., 1998; Yabuuchi et al., 1999). Both hOCTNl and hOCTN2 belong to the OCT family 

based on their amino acid sirnilarity to OCT1, OCT2 and OCT3 (Tamai et al., 1997; Wu 

et al., 1998). hOCTNl and hOCTN2 are 551 and 557 amino acids in tength and have 1 1 

and 12 predicted transmembrane segments respectively. Their predicted structure is 

much like that for the OCTs (fig III-1). hOCTNl mRNA is strongly detected in the 

kidney, fetal liver, trachea and h n e  mmow, but is not expressed in adult liver (Tamai et 

al., 1997). hOCTN2 mRNA is also expressed strongly in the kidney, heart, skeletal 

muscle and placenta and weakiy expressed in the adult liver, brain and lung (Wu et al., 

1998). When expressed in Xenopus oocytes or HEK 293 cells, both transporters mediate 

the pH dependent, saturable uptake of TEA. in addition, hOCTN1 mediated TEA efflux 

was demonstrated to be stimulated by a proton gradient (out + in) and was independent 



of membrane potential (Yabuuchi et al., 1999). Similar to the OCTs, several organic 

cations could inhibit TEA transport by the OCTN transporters, including cimetidine, 

methamphetamine, MPTP, nicotine, procainamide, quinidine, quinine, pyrilamine and 

verapamil (Tamai et al., 1997; Wu et al., 1998; Yabuuchi et al., 1999). Although the 

exact location of O C M  in the kidney has not been determined, the functional data are 

consistent with that of the organic catiodproton exchanger of the luminal membrane (Fig 

11-3) which mediates the second step in rend tubule organic cation secretion. 

SUlMlMARY OF STUDY OBJECTIVES 

The compound tetraethylammoniurn has been used as the prototypical organic 

cation for studying mechanisms of organic cation transport. We may be able to better 

define and identifjr the mechanisms and fimction of the organic cation transport system 

by performing detailed studies using multiple organic cation substrates. Thus, the first 

goal of the present dissertation was to identim that the renal tubule bicarbonate- 

dependent organic cation (amantadine) transporter previously characterized by our 

Iaboratory (Escobar et al., 1994; Escobar and Sitar 1995) has different properties as 

compared to the organic cation transporters identified by TEA. 

As described in the introduction, several proteins that have the ability to transport 

organic .cations have been cloned and studied in isolated ce11 systems. The molecular 

biology alone has not unequivocaily identified if the cloned and isolated transporters are 

fûnctionally important in renal tubules, or in vivo. However, these data do prove useful 

in the design of out in vitro organic cation transport experiments, which are carried out in 



isolated renal tubules. The second goal of this project was to perform in vitro rend 

tubule transport studies that may provide insight as to which cloned organic cation 

transporters are functionally important for amantadine and TEA transport in the kidney. 

Previous characterization of organic cation transport in our laboratory has been 

accomplished almost entirely using in vitro preparations of isolated tubules or renal slices 

fiom healthy animals. Ln addition, to the best of our knowledge, effects of pathologicd 

conditions on renal tubule organic cation transporters have not k e n  studied. Clearly this 

is an important oversight, because altered rend drug elimination becornes even more 

apparent in persons with decreased rend function. The third objective was to determine if 

hiro conditions (diabetes and unilateral nephrectomy) that alter renal fùnction might m e  

function of the rend tubule bicarbonatedependent amantadine transporter, and thus have 

implications for altered organic cation eIimination. 

Chronic NI&+ administration (as NWCl) has been demonstrated to increase the 

renal elimination of amantadine and several other organic cations. This effect has been 

attributed to acidification of the urine and decreased pH dependent passive reabsorption 

of the uncharged form of the organic cation back into the peritubular capillaries. The 

objective of this series of experiments was to demonstrate that  fi+ modulates renal 

tubule amantadine transport through direct pH-independent effects on the bicarbonate- 

dependent amantadine transporter as an alternate explanation of this phenornenon. 



It  has previously k e n  identified that in vitro rend proximal and distai tubule 

uptake of amantadine is bicarbonate-dependent with an apparent Km of 22 mM (Escobar 

et al., 1994). The final goal of the present studies was to determine the in vivo 

importance of increased plasma bicarbonate levels on the flnction of the bicarbonate- 

dependent organic cation (amantadine) transporter as it relates to rend clearance. 



GENERAL METHODS 

M. 1 In vitro renal tubule transport assays 

M. 1 .a Renal tubule preparation 

Al1 experimentd protocols were approved by the Protocol Management and 

Review Cornmittee (University of Manitoba) according to the guidelines of the Canadian 

Council on Animal Care. AU in vitro organic cation transport studies were carried out in 

isolated rat rend proximal and distal tubules. Separation of proximal and distal tubules 

was performed by the Percoll density gradient centrfigation method (Vinay et al., 198 1 ; 

Gesek et al., 1987) as rnodified by Wong et al. (1990) and current modifications to 

improve the tissue preparation. The modified procedures are as follows. Normally, four 

male Sprague-Dawley rats (University of Manitoba, Canada, Charles River breeding 

stock) weighing 250-300g were anesthetized with sodium pentobarbital (50 mgkg). 

Frequently, kidneys were obtained fiom male Sprague-Dawley rats during 

uninephrectomy procedures performed under ether anesthesia. It is our experience that 

there are no differences in organic cation transport in kidneys harvested fiom either 

method. Kidneys were removed, immediately decapsulated, and then were placed in ice- 

cold Krebs-Henseleit solution (KHS), pH 7.4. KHS contained (in millimolar 

concentrations): NaCl, 1 18; KC1,4.7; MgC12, 1.2; KHzP04.1.4; NaHC03, 25; CaC12, 2.5 

and glucose, 1 1. Renal cortical sections were then dissected tiom the medullary tissue 

approximately 1 mm fiom the corticomedullary junction and placed in ice-cold KHS 

buffer (20 ml). Next, the cortical sections were finely minced with a tissue chopper 

(Mickle Lab. Engineering Co. Ltd., Gomshall, Surrey, UK). Minced tissue was placed in 



10 ml of cold KHS and was added to a KHS-collagenase solution containing 15 ml KHS, 

1 ml of 10% bovine s e m  aibumin and 10 mg of low trypsin collagenase A (0.23 U/ mg 

lysozyme) and oxygenated for 2 min with 95/5% Ot/COz. The tissue was then incubated 

at 31°C with shaking (100 oscillations per min) in a Dubnoff incubator (Precision 

Scientific Co., Chicago, IL). During the digestion, the tissue was gently pipetted for 5 

min with a large bore pipette (5 ml) at intervals of 15 min to assist in breaking up the 

tissue. To ensure adequate digestion of the tissue, the progress of the digestion was 

monitored at intervals of 5 min (beginning 30 min afler the start of the incubation) by 

light microscopy (100x magnification) of a small aiiquot of tissue fiom the digestion 

mixture. The duration of the digestion was consistently between 35-45 min. The 

digestion procedure was terminated by the addition of 30 ml of ice-cold KHS and the 

tissue was filtered through a polyethylene mesh filter @ore size, 292 p) to remove any 

large undigested fragments. The tissue was then washed 3 times by sequential 

resuspension in KHS followed by low-speed centrifugation (4OC, 60 x g for 1 min). The 

final pellet was resuspended in 40 ml of a 50 % Percoll solution (20 ml each of PercoIl 

and double strength KHS at pH 7.4) and centrifuged for 30 min at 27,000 x g (4OC). 

Proximal and distal tubules were removed fkom the gradient (bands N and II fiom the 

top of the centrifuge tube, respectively) and were washed 3 times by sequential 

resuspension in KHS followed by low-speed centrifugation at (4OC, 60 x g for 1 min). 

After the final wash, proximal and distal tubule fractions were normally resuspended in 

the desired volume of KHS. If the transport assays included measurements in the 

absence of bicarbonate, the last wash and the final resuspension of the tubule fkagments 

would be done with Cross-Taggart (CT) buffer. The CT bufEer contained (in millimolar 



concentrations) NaCl, 132; KCl, 4.7; MgC12, 1.2; KH2P04.1.4; sodium phosphate buffet 

(pH 7.4) 15; CaC12, 1.0; glucose, 11 and was pH adjusted with NaOH. Tissue protein 

was deterrnined prior to the transport assays by the Biuret method (Gomall et al.. 1949). 

At this point the resuspension volume was adjusted to give a final protein concentration 

of 6 - 8 m m .  The proximal and distai tubule suspensions were kept on ice until just 

prior to the start of the transport assays at which time they were warmed to room 

temperature by 20 min incubation in a 25°C water bath. The purity of tubule hctions 

was assessed by measuring levels of enzyme markers (alkaline phosphatase for proximal 

and hexokinase for distal tubules) and by rnicroscopic examination as previously reported 

(Scholer and Edelman, 1979; Vinay et al., 198 1 ; Wong et al., 199 1). 

M. 1 .b Rend tubule organic cation transport studies 

Amantadine and TEA were used as prototype organic cations for the transport 

studies. The uptake or efflux of amantadine and TEA in different buffer systems and in 

the presence and absence of transport modulators were performed to characterize 

mechanisms of organic cation transport in the isofated rend tubules. The general 

methods followed for the transport assays are presented below. The detailed 

methodologies and the substrates, inhibitors and bufTers used for specific experiments are 

reported in each respective chapter. 

M. 1 .c Aman tadine and 7 ' '  influx experiments 

Linear rates for the energy-dependent rend tubule uptake of amantadine and TEA 

were determined in the presence of bicarbonate (KHS buffer) or in the absence of 



bicarbonate (CT buffer). For the amantadine and TEA influx assays, tubes were prepared 

(in triplicate) that contained a Iked amount of 3~-amantac!ine (10 nM) or TEA (101iM) in 

a volume of 150 PI of either KHS or CT buffer. These tubes also contained various 

amounts of unlabeled amantadine or TEA (Km and V' detemiinations) and/or transport 

modulators (influx inhibition experiments) in various concentrations. Isolated proximal 

or distal tubule suspensions (50 pl in the appropriate buffer) were added to each assay 

tube to begin the influx reaction. m e r  addition of the tubule suspension, the assay tubes 

were incubated for 30 s (amantadine) and for 60 s (TEA) in a 25°C water bath with 

shaking (100 oscillations/rnin). Incubations for TEA were 60 s in duration as opposed to 

30 s for amantadine to insure the linearity of initial uptake rates. The influx reactions 

were terminated by the addition of 2 x 4 ml of ice-cold KHS, followed by rapid filtration 

under negative pressure, through glass fiber filters (No. 32, Schleicher and Schuell, Inc., 

Keene, NH). The filters were immediately placed into scintillation vials contsiining 4 ml 

of Ready Safe scintillation fluid (Beckman, Beckman Instruments inc., Fullerton, CA) 

and counted in a Beckman mode1 LS5801 scintillation counter. Non-specific uptake of 

radioactivity to tissue and filters was detemiined by measuring uptake of 'H-amantadine 

or "c-TEA in the presence of a saturating amount of unlabeled amantadine (10 mM) or 

TEA (10 mM), respectively. Non-specific uptake was subtracted fiom total radioactivity 

to determine the energy-dependent uptake of these compounds. 

M.2 In vivo renal clearance of  amantadine and murenate :  

The methods for the in vivo experimentation are described in their entirety in 

chapter five. 



M.3 Data analysis: 

For the individual experiments, each data point for the transport and inhibition 

studies was performed in tripkate. Data are expressed as mean .+ SE of at least 4 

experiments unless otherwise stated. Transport rates for uptake are reported as specific 

uptake (nonspecific uptake subtracted) of amantadine or TEA by the tubules in nmol mg-' 

protein min-'. Efflux is normaiiy characterized as the % of amantadine or TEA 

remaining in the tissue after the efflux period. Apparent K, and V,, values were 

determined by fit to the Michaelis-Menten equation and Ki by fit to the equation for 

cornpetitive inhibition using a non-linear regression prograrn, Leonora, (Comish- 

Bowden, 1995). ICjO values were determined fiom the amantadine inhibition profiles by 

regressive probit analysis of increasing inhibitor concentrations (Cheng and Prusoff, 

1973). Dixon (1953) and Comish-Bowden (1974) analyses were used to determine the 

nature of inhibition. An unpaired t-test was used for statisticai analysis of differences 

between two groups. ANOVA models were used for analysis of significant differences 

arnong multiple groups. Multiple cornparisons of the significant ANOVA were 

performed by Tukey's HSD test. Specific differences between means with a p value of 

0.05 or less were considered to be significant. Al1 statistical analyses were performed 

using Systat for Windows 6.0.1 (SPSS Inc., Chicago, IL). Information regarding specific 

data analysis methods are reported in the methods sections of the individual chapters. 



M.4 Chemicals 

3~-amantadine (28 Ci/mmol) was obtained from Amersharn International 

(Ehckinghamshire, UK). 14c-T'E~ was obtained from American Radiolabeled 

Chemicals, hc.  (St. Louis, MO). 3~ -~ynuren i c  acid (14 Ci -01-') was obtained from 

Amersham Canada (Oakville, Ontario, Canada). Collagenase was obtained h m  

Boehringer, Mannheim (Laval, Quebec, Canada). Unlabeled amantadine was obtained 

fio m Dupont Canada ïnc. (Mississauga, Ontario, Canada). Unlabeled TEA, kynurenic 

acid, quinine, quinidine, procainamide, c y a ~ i n e ~ ~ ~ ,  NI-methylnicotinamide, dopamine, 

digoxin and verapamil were obtained fiom Sigma Chernid Co. (St Louis, MO, USA). 

Physiological saline (0.9 % w/v) was obtained nom Baxter Corporation (Toronto, 

Ontario, Canada). NaHC03 for intravenous injection (8.4 %) was obtained fkom Abbott 

Labo ratories Limited (Montreal, Quebec, Canada). Creatinine assay kits (procedure 

#555)  were obtained kom Sigma Chemical Co. (St. Louis, MO, USA). BCECF and 

BCECF-AM was purchased from Molecular Probes (Eugene OR). Al1 other chernicals 

were of the highest grade available from commercial suppliers. 



Cbapter 1: Amantadine-Selective Versos Tea-Selective Orgaaic Cation 

Transporters (Part 1) 

Section Hypothesis: Multiple organic cation transporters exist in the kidney and may be 

identi fied by selective transport of amantadine and TEA.. 

In traduction 

As described earlier, an abundance of information pertainiag to the renal tubule 

organic cation transport system comes fiom studies using tetraethylammoniurn (TEA) as 

a prototypical organic cation substrate. Transport of TEA across the basolateral 

membrane of proximd tubules is a saturable, energy-dependent, carrier-mediated process 

that is driven by the inside negative membrane potential and is independent of pH fig. II- 

3 (Sokol and McKinney, 1990; Takano et al., 1984). Efflux fiom the tubule ce11 into the 

lumen is mediated by a saturable &/organic cation exchanger that uses a proton gradient 

denved fiom the ~ a ' w  exchanger also located in the luminai membrane, fig. ïI-3 

(Takano et al., 1984; Rafïzadeh et al., 1987). However, the TEA mode1 aione may not be 

suficient to account for the renal tubule secretion pathways of other organic cations. 

The mechanisms controlling amantadine secretion by the kidney appear different 

than for TEA. Transport sites for amantadine in proximal and distal tubules can be 

rubdivided into bicarbonatede pendent sites (high-affinity, high-capacity) whic h are 

responsible for the majority of amantadine uptake and less efficient bicarbonate- 

independent sites Oower-affinity, lowercapacity) (Escobar et al., 1994, Escobar and 

Sitar, 1995). Although a bicarbonate-dependent basolateral transport component has 



been reported for the cation NMN (Uilrich et al., 199 1 ), a similar transport phenornenon 

has not been demonstrated for TEA. Membrane potentiai and activity of the basolateral 

membrane ~ a + / K f - ~ ~ ~ a s e  are not rate limiting for the rend tubule uptake of amantadine 

(Escobar and Sitar, 1995, 1996). These fhdings suggest that the majonty of amantadine 

uptake occurs as a nonelectrogenic step at the basolateral membrane as opposed to 

electrogenic uptake for TEA. Considering these apparent dineremes in amantadine and 

TEA renal tubule transport characteristics, we hypothesize that amantadine and TJ2A 

identifi distinct basolateral membrane organic cation transporters in the kidney. 

Identifjmg distinct renal organic cation transporters and their substrate specificity by 

using TEA and amantadine as organic cation probes may allow for the prediction of 

potential drug interactions in the kidney. 

Methods 

Amantadine and TEA Uptake Studies 

Linear rates for the energy-dependent renal tubule uptake of amantadine and TEA 

were determined in the presence of bicarbonate (KHS buffer) and in the absence of 

bicarbonate (CT buffer). These experiments were performed as described in the general 

methods and were designed to determine and compare the K, and V,, for rend tubule 

amantadine uptake with that of renal tubule TEA uptake in the presence and absence of 

bicarbonate at pH 7.4. 

Amantadine and TEA Inhibition studies 

The inhibition of 14c-TE~ (10 pM) energy-dependent uptake by unlabeled 

amantadine and NMN (10-1000 ph4) and inhibition of 'H-amantadine uptake (1 0pM) by 



TEA and NMN (IO - I O00 PM) were detennined in proximal and distal tubules in KHS 

and CT buffer (pH 7.4). The same procedures as described for the tramport assays were 

used for the inhibitor studies. 

Results 

TEA and amantadine upfak studies 

TEA uptake was linear for at least 60 seconds (2 for Linear regression ranged 

fiom 0.89 - 0.98) in proximal tubules and distal tubules in the presence and absence of 

bicarbonate, as shown in (Tg. 11-1). Amantadine uptake into proximal and distal tubules 

was Iinear for at least 30 seconds (data not shown) as previously reprted fiom our !ab 

(Wong et al., 1990). Both proximal and distal tubule segments accumuiated 1 4 ~ - ~ ~ ~  

and 'H-amantadine in a saturable manner (fig. 1-2). Eadie-Hofstee plots for energy 

dependent amantadine and TEA uptake versus concentration are shown in (fig. 1-3). The 

Iinear nature of the amantadine plots indicated that a single site is mediating amantadine 

uptake in both KHS and CT bufEers. The biphasic nature of the TEA plots revealed that 

TEA uptake into proximal and distal tubules may be characterized by two transport sites, 

a high-afinity transport site, and a lower-affinity transport site. TEA concentrations 

between 10 and 60 pM were used to characterize the high f i n i t y  TEA transport site, and 

100 to 500 pM to characterize the lower - f i ty  transport site. (fig. 1-4) shows K, 1 

and V,, 1 (Km and V,, for TEA uptake at the high affinity site). Km TU 1 and Y,, 1 

were similar in CT and KHS b a e r  in both proximal and distal tubules. The lack of a 

difference in kinetic parameters between buf5er groups allowed us to combine the data 

fiom each buffer group such that we could increase the power (n = 16 compared to 8) of 



detecting a difference in K, or V,, between proximal and distal tubules. Comparing 

proximal and distal tubules when data fiom both buffer groups were combined indicated 

that Km 1 was less (higher aff?nity) in proximal (33.4 f 4.8 CiM) compared to distal 

tubules (49.4 + 4.8 pM), p < 0.05. The difference in V,, 1 in proximal tubules (0.295 

I 0.034 nmol mg' min-') compared to distal tubules (0.209 a 0.034 nmol mg-' min-') 

approached statistical significance @ < 0.08). For the observed difference between mean 

proximal and distal tubule V,, 1 a power caIcuIation with grouped standard deviation 

(0.133 nmol mg' min-') indicated that a minimum of 37 replicates wouid be required to 

detect a significant difference when a = 0.05 and P = 0.20 and thus was not pursued. For 

the lower-afllnity site, K, 2 and V,, 2 were similar between tubule fragments and 

were not dependent on the presence of bicarbonate in the medium (fig. 1-5). K, and V- 

for the lower-affinity TEA uptake sites were respectively between 5 to 10 fold greater, 

and 3 to 4 fold greater than for the high-affinity sites. Kinetic parameters for amantadine 

uptake are shown in fig. 1-6. Kh (Km for amantadine uptake) was similar in both 

proximal and distal tubules and was increased when CT was substituted for KHS buffer 

@ < 0.001). V- A (V,, for amantadine uptake) was greater in proximal tubules 

compared to distal tubules in both buffers @ < 0.001). In both tubule fiagrnents V' was 

reduced in CT bufZer compared to KHS buffer @ < 0.00 1). 

lnhib if ion st udies 

We first evaluated the ability of TEA to inhibit the energy-dependent rend tubule 

uptake of amantadine (fig. 1-7). TEA concentrations ranging fiom 10 - 1000 pM were 

unable to impede the uptake of amantadime into isolated rend proximal and distal tubules 



in bicarbonate or phosphate buffer at pH 7.4. Conversely, amantadine was able to inhibit 

TEA uptake into proximal and distai tubules @ < 0.05) compared to the respective 

control (fig. 1-8). The inhibition profiles were similar in both bicarbonate and phosphate 

buffer. 

Subsequently, we analyzed the ability of another prototypical organic cation 

substratte CNMN) to inhibit amantadine and TEA u p a e  (fig. 1-9). in proximal tubules 

NMN was not able to inhibit amantadine uptake, but at higher concentrations it reduced 

TEA uptake by 60070% @ < 0.05). A similar NMN inhibition profile for TEA was 

observed in distal tubules. In distal tubules NMN had no effect on amantadine uptake in 

CT buffer but inhibited amantadine uptake by 30-40% in KHS buner @ < 0.05). 

Table 1-1 shows ICso and inhibitor dissociation constant (Ki) values for 

amantadine inhibition of TEA uptake. Dixon and Comish-Bowden analysis confirrned 

that arnantadine inhibition of TEA uptake was consistent with that of competitive 

inhibition (data not shown) and justifies the determination of Ki fiom ICSo values by the 

Cheng-Pnisoff cornpetition method (Cheng and Prusoff, 1973). K, values were similar in 

proxirnai and distal tubules and did not differ between KHS and CT buffer. The ratios of 

Km for amantadine uptake versus Ki for amantadine inhibition of TEA uptake were 

calculated (Table 1-1). In both proximal and distal tubules the ratios of Km A /Ki were 

greater than one. The Km A /Ki ratio was greater in CT bbuffer compared to KHS buffer. 
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Figure 1-1: Representative plots of a single experiment showing TEA (10pM) uptake 

versus time into isolated rend cortical proximal (upper panel) and distal (lower panel) 

tubules in the presence (KHS) and absence (CT) of bicarbonate at pH 7.4. Total T ' A  

uptake is expressed as nmol per mg of  protein. 
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Figure 1-2: Saturation curves for TEA (upper panel) and amantadine (lower panel) 

uptake into isolated proximal (PT) and distal (DT) tubules in the presence (KHS) and 

absence of bicarbonate (CT). Amantadine and TEA uptake rates (nrnol mg-' min-') are 

expressed as mean f SE of 5 to 8 separate determinations. 
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Figure 1-3: Eadie-Hofstee plots for amantadine (top) and TEA (middle and bottom) 

uptake into isolated proximal (PT) and distal PT) tubules. v is the rate of amantadine or 

TEA uptake (nmol mg-' protein min'') and [s] is the concentration of amantadine or TEA 

(PM). Each data point is representative of the mean f SE of 5 to 8 separate 

deterrninations. 
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Figure 1-4: Calculated apparent Km (upper panel) and Y,, (lower panel) values for I4c- 

TEA uptake by high-affinity transport site in proximal and distal tubules in the presence 

(KHS) and absence (CT) of bicarbonate at pH 7.4. Values are reported as mean + SE 

fiom 8 separate deterrninations. Treatment groups were compared by two-way ANOVA 

with tubule and buffer as the gouping variables. p < 0.05 and ' p c 0.08 proximal 

tubules compared to distal tubules when data fiom KNS and CT groups are combined. 
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Figure 1-5: Calculated apparent Km (upper panel) and V,, (lower panel) values for I4c- 

TEA uptake by lower-affinity transport site in proximal and distai tubules in the presence 

(KHS) and absence (CT) of bicarbonate at pH 7.4. Values are represented as mean SE 

of 4 to 6 separate detemiinations. Treatment goups were compared by two-way ANOVA 

with tubule and buffer as the grouping variables. 
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Figure 1-6: Calculated apparent Km (upper panel) and V,, (lower panel) values for 3 ~ -  

amantadine uptake by isolated rend proximal and distal tubules in the presence (KHS) 

and absence (CT) of bicarbonate at pH 7.4. Values are represented as mean SE of 5 

separate determinations. Treatment groups were compared by two-way ANOVA with 

tubule and bmer as the grouping variables. ** p < 0.001 compared to KHS within 

tubule group. < 0.00 1 proximal compared to distal tubule within sarne buffer group. 
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Figure 1-7: Inhibition of 10 pM amantadine uptake into isolated rend cortical proximal 

and distal tubules by TEA in the presence (KHS) and absence (CT) o f  bicarbonate at pH 

7.4. Values represent the mean * SE of 4 separate detemhations. 
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Figure 1-8: Amantadine inhibition of 10 pM TEA uptake into isolated rend cortical 

proximal (upper panel) and distal tubules (lower panel) in the presence ( K H S )  and 

absence (CT) of bicarbonate at pH 7.4. Values represent the mean SE of 5 to 7 separate 

determinations * p < 0.05, ** p < 0.01 and *** p < 0.00 1 compared to control (no 

amantadine present), Repeated measures ANOVA followed by Tukey's HSD Test. 
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Figure 1-9: NMN inhibition of amantadine (squares) and TEA (circles) uptake into 

proximal (upper panel) and distal tubules (lower panel). Assays were performed in KHS 

(solid symbols) and CT buffer (open symbols) at pH 7.4. Values represent the mean * SE 

of 4 separate determinations. * p < 0.05, ** p < 0.01 and *** p < 0.001 compared to 

respective amantadine or TEA control, repeated measures ANOVA followed by Tukey's 

HSD Test. 



Table 1-1. Derived ICm and Kivalues for amantadine inhibition of energy-dependent 

uptake of TEA by isolated rat renal cortical proximal and distal tubules with 

comparison to the apparent Km values calculated for amantadine transport under 

the same conditions. 

Al1 concentrations are expressed in ph4 f SE o f  4 to 7 experiments. 

Tubule Buffer GO Ki K, A+ ' Km A+/& 

Proximal KHS 56 + 12 4 0 I 9  190 + 11' 4.8 

Proximal CT 5 2 I 1 1  41 I 8  412 f ZCd 10.0 

Distal KHS 82 I 14 60+ 11 102 + 1 lc  1-7 

Di stal CT 48 I 8 3 8 + 7  245 + 34' 6.4 

' A', amantadine, K, values were similar in al1 four groups, two-way ANOVA with 

tubule and buffer as grouping factors p 4 0.01, Km compared to Ki within the sarne 

tubule and bufEer group, d p  < 0.01 compared to Km in KHS buf'fer within the same tubule 

P U P .  



Discussion 

Amantadine uptake into proximal and distal tubules fiom the rat could be described by a 

high-affinity-capacity, bicarbonate-depeadent transport site and a lower-affinity-capacity, 

bicarbonate-independent transport site and is concordant with previous studies (Escobar 

er al., 1994; Escobar and Sitar, 1995). The previously calculated Km and V- for 

amantadine uptake were (76 pM and 4.83 nmol mg-' min-') and (68 pM and 4.58 nmol 

mg-' min-') for proximal and distai tubules respectively. The current Km values in KHS 

were about two-fold higher than those calculated by Escobar et al, 1994. Km values for 

amantadine uptake in CT were similar to those calculated by Escobar et al, 1994. Our 

calculated V,, values in both KHS and CT and in proximal and distai tubules were about 

3 fold higher than reported by Escobar er al., 1994. In spite of the differences in Km and 

V,,, the same qualitative effects on amantadine transport were maintained narnely a 

decrease in VmA and an increase in Km in the absence of bicarbonate. 

The uptake of TEA into isolated proximal and distal tubules was best 

characterizcd by a high-affinity, low-capacity component and a lower-affinity , higher- 

capacity component. To the best of our knowledge, this is the first report to describe 

energy-dependent distai tubuie transport of TEA. Unlike amantadine, the uptake of TEA 

at these two sites was similar in the presence and absence of bicarbonate. Most others 

have described only a single transport site for TEA, but with widely varying affuiity 

(Wright and Wunz, 1987; Takano et al., 1984; Schali et al., 1983; Takami et al., 1998; 

Ullrich et al., 1991; McKirmey et al., 1990). The one exception (Grundemann et al., 

1997) demonstrated a hi&-affinity component (20 pM) and a low-&ty component 



(620 pM) for TEA uptake by the OCT2p transporter transfected into human 293 cells. 

We believe that the failure of others to detect two transport sites for TEA relates to the 

selection of TEA concentrations used in attempts to characterize its transport properties. 

The difference in Km 1 and possibly V- 1 between proximal and distal tubules 

suggests that the composition of transporters involved in uptake of TEA is different 

between the tubule segments, with a higher f i ty -capac i ty  component existing in the 

proximal tubules. The observed differences in the bicarbonate effect on arnanbdine 

versus TEA transport M e r  supports the division of basolateral membrane organic 

cation transporters into ones that are bicarbonate-dependent and others that are 

independent of bicarbonate (Escobar et al., 1994). 

The inhibition studies showed that TEA could not inhibit amantadine uptake. The 

highest concentration of TEA (1000 CLM) was greater than the high-aflhity and lower- 

affinity Km values for TEA uptake in proximal and distal tubules. This saturating 

concentration of TEA would be expected to inhibit amantadine uptake if the two 

compounds entered the tubules via identical transporters. Conversely, amantadine is 

essentially able to block completely TEA uptake. The fact that amantadine inhibited 

TEA uptake but TEA didn't inhibit amantadine uptake indicates a number of 

possibilities. TEA is not transported and doesn't interact with the bicarbonate-dependent 

and bicarbonate-independent amantadine transporters. Amantadine interacts with the 

TEA transporters but is not transported. The TEA transporters also transport amantadine 

but, the proportion of uptake at this site is very small such that any inhibition of 



amantadine uptake by TEA is masked by the larger bicarbonate-dependent amantadine 

transport component. 

In addition to TEA, NMN has k e n  used to characterize organk cation transport 

in the kidney (Kinsella et al., 1979a; Holohan and Ross, 1980). NMN has been 

demonstrated to inhibit renal tubule transport of TEA (Ullrich et al., 1991; Montrose- 

Rafrzadeh et al., 1989) but, interactions with amtadine upîake have not been reported. 

The fact that NMN does not inhibit amantadine uptake in proximal tubules at 

concentrations that inhibit TEA uptake strengthens the argument that TEA and 

amantadine may represent transport at different sites. 

The distinctness of the organic cation bansport sites for TEA and amantadine is 

further supported by the difference in Km for amantadine uptake versus the Ki for 

amantadine inhibition of TEA transport. Theoretically, the KJKi ratio should be near one 

if TEA transport sites are the same as those previously identified for amantadine and 

cornpetitive inhibition is assumed. The observed KJKi ratio is substantially greater than 

one for both proximal and distal tubules, and is greater in CT compared to KHS buffer. 

Thus, the bicarbonate-dependent and bicarbonate-independent amantadine transport sites 

may be different than those described by TEA. 

Our previous mode1 to explain organic cation transport by renal proximal tubules 

(Escobar and Sitar, 1995) has been revised to reflect the present findings (fig. 1-10). 

Transport site 1 represents the high-aanity-capacity, bicarbonatedependent amantadine 



transporter that is responsible for approximately 80% of basolateral amantadine uprake 

into the tubule ceII. Transport site 2 represents a lower-affinity-capacity, bicarbonate- 

independent amantadine transporter responsible for about 20% of amantadine uptake. 

Our present data show that TEA is not a substrate for transport site 1 or 2. Basolated 

uptake of TEA may be characterized best by two additional bicarbonate-independent 

transport sites, a high-affinity, low-capacity site (site 3) and a lower-affinity, higher- 

capacity site (site 4). Sites 3 and 4 may also represent higher-affmity, lower-capacity 

transport sites for amantadine, as identified by amantadine inhibition of TEA uptake. in 

proximal tubules, NMN appears to interact with the TEA but not the amantadine 

transport sites. On the luminal membrane, exit of TEA is mediated by an H?/organic 

cation exchanger (transport site 5 )  that uses the H+ gradient (out + in) created by the 

~ a * l J f  exchanger (Takano et al., 1984; Rafizadeh et al., 1987). Transport of certain 

organic cations (not including TEA) across the Iuminal membrane may also be mediated 

by the ATP dependent P-glycoprotein (transport site 7) @utt et al. 1994). Further studies 

are required to evaluate whether the mechanisms of luminal transport of amantadine are 

similar to that of TEA and whether amantadine is a substrate for P-glycoprotein. Our 

data suggest that similar organic cation transport mechanisms for amantadine and TEA 

exist in the distal tubule. However, for both amantadine and TEA sufficient in vivo 

evidence is lacking to determine the relative contribution of the proximal and distal 

tubules to total rend secretion of these compounds. 

rOCT1, rOCTla, rOCï2 and rOCT3 are four members of the organic cation 

transporter family that are expressed in the rat kidney and have been demonstrated to 
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Figure 1-10: Revised mode1 for organic cation transport by rat rend proximal tubules 

when amantadine and TEA are used as prototypical substrates to characterize this system. 

m, amantadine; OC+, organic cation. Site 1: hi&-affïnity-capacity, bicarbonate- 

dependent amantadine transporter. Site 2: low-ety-capacity, bicarbonate-independent 

arnantadine transporter. Site 3: High-afEnity, low-capacity TEA transporter (inhibited by 

amantadine). Site 4: Low-affinity, high-capacity TEA transporter @ossibly inhibited by 

arnantadine). Site 5: Luminal membrane ~ a + / H t  exchanger. Site 6: H+/organic cation 

exchanger. Site 7: P-glycoprotein. (+) refers to activation and (-) refers to inhibition. 



transport TEA (Grundemann et al., 1994; Zhang et al., 1997a; Okuda et al., 1996; 

Kekuda et al., 1998). Of the cloned rat organic cation transporters, rOCTl is thought to 

be localized in basdateral membranes of S1 rat proximal tubule segments (Koepsell, 

1998). rOCT2 is located in the basolateral membranes of S2 and S3 rat proximal tubule 

segments and possibly distal tubules (Koepsell, 1998). It is likely that our data reflect 

TEA uptake by at least two of these transportea. For the proposed hi&-affuiity TEA 

transport site, our Km 1 values (33 pM for proximal tubules and 49 pM for distal 

tubules) closely corresponded to those estimated for rOCTla (42 pM) expressed in 

Xenopus oocytes (Zhang et al., 1997a), and rOCTl (38 CLM) and rOCT2 (42 pM) 

expressed in MDCK dog kidney distal tubule ceil Iines (Urakami et al., 1998). For the 

proposed lower-affinity TEA transport site, our Km ~m 2 values (246-331 CIM) were 

intermediate between those reported for TEA uptake by rOCTl (Km = 95 pM) and 

rOCT2 (Km = 500 PM) (Grundemann et al., 1994; Koepsell, 1998). The estimated Km 

for TEA uptake by rOCT3 was 2.5 mM by tracer uptake studies (Kekuda et al., 1998). 

Thus, rûCT3 should not be a major contributor to TEA uptake in our preparation. Our 

K, TW 1 and K, 2 values are similar to those reported for rOCT1, rOCTl a and rOCT2, 

and suggest that basolateral TEA uptake into isolated rend tubules may be mediated by 

some combination of uptake by these transportea. The fact that expression of rOCTl 

and rOCT2 in Xenopus oocytes (Grundemann et al., 1994; Koepsell, 1998) and MDCK 

cells (Urakami et al., 1998) gives different estimates of Km suggests the ce11 expression 

system used may influence kinetic detemiinations. It is not known which expression 

system is most comparable to that of normal rend tubule cells. Therefore, our ability to 

identi@ the two TEA transporters detected in the present study is limited. Since TEA 



doesn't inhibit amantadine uptake, rOCT1, rOCT1a and rOCT2 may be excluded as the 

bicarbonate dependent amantadine transporters. This hypothesis remains to be tested by 

evaluating the ability of specific inhibitors of rOCTl and rOCT2 to block amantadine and 

TEA uptake into the renal tubule preparations. 

NKT, NLT and RST are kidney-expressed proteins that are highly homologous to 

the OCT farnily and have been specuiated to transport organic cations (Mori et al., 1997; 

Lopez-Nieto et al., 1997; Simonson et al., 1994). It is possible that these proteins may 

contribute to amantadine transport in the kidney. However, more recent reports have 

indicated that NKT and NLT are likely organic anion transporters (Sweet et al., 1997; 

Sekine et al, t 998). 

In swnmary, it has been proposed that the basolateral uptake of type 1 organic 

cations (small, more hydrophilic cations) in the proximal tubule is mediated by a single, 

multispecific, saturable component of the membrane, n d y  OCTl (Koepsell, 1998). 

Using different prototypical type 1 organic cation substrates (amantadine versus TEA) 

gives a vastly different depiction of organic cation transport in the kidney. This 

discrepancy suggests that multiple transporters with dissimilar controlling mechanisms 

may mediate the renal tubule basolateral transport of type 1 organic cations in proximal 

and distal tubules. Considering the observed differences in amantadine and TEA renal 

tubule transport, we conclude that amantadine and TEA identi@ distinct organic cation 

transport sites in the kidney. Identimng substrate specificity for the different rend 



organic cation transporters may allow us to predict potential dnig interactions in the 

kicine y. 



Chapter 2: Amantadine-Seleetive Versus Tea-Seleetive Organic Cation 

Transporters (Part II) 

Section Hypothesis: Cloned transporters OCTI and OCT2 may not be sufficient to 

explain the phenornena of organic cation transport by the kidney. 

Introduction 

It has been hypothesized that the initial step in secretion of organic cations may be 

mediated by multiple transporters in the basolateral membrane (SokoI and McKimey, 

1 990; Pritchard and Miller, 1993; Takami et al, 1998). In support of this hypothesis, 1 

demonstrated in the preceding chapter that amantadine and TEA characterize different 

basoIateral membrane organic cation transporters in rend proximal and distal tubules. 

The transporters appear to have different mechanisms of control and possibly substrate 

specificity. The major dif3erence in mechanism is that amantadine transport into renal 

proximal and distal tubules is primarily bicarbonatedependent, whereas TEA transport is 

independent of bicarbonate in the medium (Escobar et al., 1994; Escobar and Sitar 1995). 

Distinct substrate specificity for amantadine-selective and TEA-selective organic cation 

transporters was indicated inhibition of TEA but not amantadine uptake in the proximal 

tubule by NMN. 

Transport studies and immunological evidence both suggest that rOCT1 and 

rOCT2 are renal basolateral membrane transporters and are responsible for the fùst step 

in organic cation secretion (Gnindemann et al., 1994; Urakami et al., 1998). In the 

previous chapter, we demonstrated two sites for basolaterai membrane uptake of TEA in 

proximal and distal tubules that had calculated Km values similar to those reported for 

96 



rOCT1, rOCTIa and rOCT2. These data suggested that basolateral TEA uptake into 

isolated renal tubules may be mediated by some combination of uptake by these 

transporters. Since TEA does not inhibit amantadine uptake into renal proxirnai and 

distal tubules, rOCT1, rUCTla and rûCT2 rnay be excluded as the bicarbonate 

dependent amantadine transporters. This hypothesis was tested in the present study by 

evaluating the ability of substrates or inhibitors of rOCTl and rOCT2 to block 

amantadine and TEA uptake into the renal tubule preparations. The compounds chosen 

for the present study have been reported to have substanttiaiiy different Km or ICjo values 

for the inhibition of TEA uptake into rOCT1- or rOCT2-expressing Xenopus oocytes 

(Koepsell, 1998; Okuda et ai., 1999). Although two of the inhibitors used in this study 

@rocainamide and NMN) have been reported to inhibit OCTla mediated TEA uptake 

(Zhang et al., 1997a) there presently exists insufficient kinetic data to M e r  evaluate the 

potential contribution of OCTl a to the TEA and amantadine transport process. 

In summary, the major objectives of this study were to: further identiQ that 

amantadine and TEA characterize different organic cation transporters, identify substrate 

specificity for the amantadine-selective and TEA-selective organic cation transporters, 

and to compare the amantadine and TEA transporters in an intact tubule prepatation with 

the already cloned organic cation transporters rOCTl and rOCT2. 



Methods 

Amantadine and T U  Inhibition studies 

The e ffects of kno wn inhi bitors @rocainamide, dopamine, cyanine863, quinine 

and corticosterone) of organic cation transport on the uptake of 10 pM "c-TEA and 'H- 

amantadine in proximal and distal tubules in the presence and absence of bicarbonate 

were evaluated. The transport reactions were carried out as described in chapter 1, except 

that the incubation medium also contained various concentrations of the transport 

inhibitors. Although it was demonstrated in chapter 1 that TEA transport was 

independent of bicarbonate, it was important to d e  out the possibility that bicarbonate- 

dependent and bicarbonate-independent transport sites with similar kinetics for mediated 

TEA uptake. Therefore, inhibition assays were carried out in both KHS and CT buBers. 

Due to the hydrophobic nature of corticosterone it was dissolved in a 95 % v/v ethanol. 

After necessary dilutions for the inhibition assay, each corticosterone assay tube 

contained a final ethanol concentration of 0.95 % v/v. 

Amantadine and T U  egux  studies 

For these studies, 50 pl of 3~-amantadine or "c-TEA dissolved in KHS (final 

concentration 10 CLM) were added to 150 pl of proximal or distal tubule suspension in 

KHS and were incubated in a 25°C water bath with shaking (100 oscillations/min) for 15 

min (amantadine) and 20 min (TEA) to achieve tissue loading of amantadine and TEA, 

respectively. Amantadine (30 s) and TEA (60 s) efflux was then carried out by adding 50 

pl ( x 3 replicates) of each tissue suspension to 950 pl of KHS (controls) or 950 pl KHS 

tvith 10, 100 and 1000 pM amantadine or TEA. The reactions were tenninated and 



samples were counted as indicated for the uptake studies. To determine total amantadine 

and TEA that was preloaded, 50 pl ( x  3 replicates) of tissue suspension were added after 

the 15 min (amantadine) and 20 min (TEA) pre-incubation period to tubes that containeci 

no buffer and were then immediately washed and fiitered to terminate the reaction. 

Results 

Amantadine and TEA inhibition experiments 

We evaluated a series of stnicturaily distinct compounds (quinine, cyanineae, 

procainamide, dopamine and corticosterone) for their ability to inhibit the uptake of the 

organic cations TEA and amantadine into isolated rend proximal and distal tubules. 

Control rates of 10 pM amantadine and TEA rend tubule uptake in the absence of 

inhibitors are shown in (Tg. 22-1). Consistent with previous data, uptake of amantadine 

into proximal and distal tubules is greater in the bicarbonate-containing medium (KHS) 

opposed to the non-bicarbonate medium (CT), p < 0.001. Alternatively, 10 @VI TEA 

uptake into proximal and distal tubules was similar in the presence and absence of 

bicarbonate. The rate of TEA uptake but not amantadine uptake into proximal tubules 

was greater than into distal tubules, p ~ 0 . 0  1. Also, the rates of amantadine uptake were 5 

(CT) to IO (KHS) times greater than those reported for TEA. 

Rates of amantadine and TEA uptake (expressed as a percentage of control values 

fig. 2-1) in the presence of increasing inhibitor concentrations are s h o w  in figr. 2-2,2-3, 

2-4, 2-5 and 2-6. Cyanineg63, quinine and procainamide inhibited (in a concentration 

dependent manner) amantadine and TEA uptake into proximal and distal tubules in KHS 



and CT buffers (figs. 2-2, 2-3 and 2-4). Calculated IC'o values for inhibition of 

amantadine and TEA uptake by these compounds are shown in table 2-1. As determined 

fiom the ICso data, TEA uptake was more potently inhibited than amantadine uptake into 

proximal and di& tubules in KHS and CT b a e r  by cyaninea63, (500-1000 fold, p < 

0.001), quinine (30-200 fold, p < 0.001) and procsinamide (1 5-1 50 fold, p < 0.05). 

Corticosterone dose-dependently inhibited TEA but not amantadine uptake into proximal 

and distal tubules in KHS and CT (fig. 2-5). For the corticosterone inhibition assay, the 

rates of amantadine or TEA uptake in vehicle control solutions that contained 0.95 % v/v 

ethanol were not different fiom the buEer (KHS or CT) controls that did not contain 

ethanol (data not shown). Dopamine also inhibited TEA uptake but not amantadine 

uptake into proximal tubules in KHS and CT buffers (fig. 2 4 ) .  In distal tubules IC50 for 

dopamine inhibition was oniy calculable for TEA in KHS (table 2-1). Dose-response 

cuves for NMN inhibition of amantadine and TEA were presented in the previous 

chapter, but ICso data was not included. The calculated ICJo values for NMN inhibition 

of TEA uptake are now included in the present section and were similar in proximal and 

distal tubules, and in the presence and absence of bicarbonate (table 2-1). NMN did not 

inhibit amantadine uptake, with the exception of distal tubules in bicarbonate buffer. 

However, the extent of inhibition in this case was not large enough to calculate ICso 

values and was estimated to be greater than 1rnM based on the inhibition profile. For al1 

the inhibitors tested, ICso values were similar in proximal and distai tubules with the 

exception of dopamine inhibition of TEA where the ma's appeared more potent in 

proximal tubules than in distai tubdes (table 2-1). Based on IC5o values, the rank order 

of inhibitory potency for TEA uptake was cyaninesa z quinine > corticosterone > 



procainarnide > NMN s dopamine. The rank order of inhibitory potency for amantadine 

uptake (quinine > cyaniwss3 > procainamide) was diRerent than for TEA. 

The Ki (dissociation constant) values for these inhibitors were calculated fiom the 

ICJo values by the method of Cheng and Prusoff (1973) assuming that they were al1 

cornpetitive inhibitors of transport (table 2-2). The calcuiated Ki values provided a 

similar interpretation, as did the lCj0 values described above. When possible, the 

inhibitor dissociation constant (Ki) was used for the purpose of comparing the resdts of 

our inhibition studies with previously reported data in the literature (table 2-3). In 

situations where Ki values have not been reported previously, we used cornparison of our 

1Cjo data with those reported in the iiterature. It is appreciated that ICso cornparisons 

should only be accepted as tentative in nature becaw of the dependence of calculated 

ICjo on substrate concentration and assay conditions (Cheng and Prusoff, 1973). 

However, in our experiments it is valid to compare ICso for inhibition of amantadine and 

TEA uptake because the same assay conditions were used, and the concentration of TEA 

and amantadine were the same (10 pM). in addition, our Go values give a close 

estimate of Ki because amantadine and TEA concentrations used were substantiaily lower 

than Km for their uptake. In this situation the denominator in the equation (Ki = 

ICsd(l +SI&,) approaches one and Ic50 approaches Ki. 

Amantadine and TEA e f l m  experiments 

We performed amantadine and TEA efflw experirnents to determine if exit of 

amantadine and TEA nom the tubules occurs by independent mechanisms. AI1 efflux 



studies were performed in the presence of bicarbonate, at pH 7.4. Efflux of both 

amantadine (30 s) and TEA (60 s) fiom rend proximal and distal tubules was observed 

under trans-zero conditions (fig. 2-7). Efflux of amantadine fiom proximal and distal 

tubules was stimulated in a concentration dependent manner by the presence of 

amantadine in the efflux medium whereas TEA (10-1000 pM) had no effect on 

amantadine efflux. Likewise, efflux of TEA fiom proximal and distal tubules was 

stimulated in a concentration dependent manner by the presence of TEA in the efflux 

medium whereas the presence of amantadine (1 0- 1000 pM) in the efflux medium had no 

effect on TEA efflux. 



KHS 

PT AM DT AM PT TEA DT TEA 

Fig. 2-1. Control rates (nmol mg-' protein min'') of 10 pibl amantadine (AM) and TEA 

uptake into isolated rend proximal (PT) and distal tubule (DT) segments. Each symbol 

represents the mean * se. mean of 6-1 1 separate determhations. ** p < 0.00 1 

compared to amantadine uptake CT, " p < 0.01 compared to TEA uptake in proximal 

tubules, ANOVA followed by Tukey's HSD. 



Figure 2-2. Cyanineea3 inhibition of amantadine (squares) and TEA (circles) uptake into 

isolated proximal (upper panel) and distal (lower panel) tubules in KHS (closed symbols) 

or CT (open symbols) buffer. The concentrations of cyaninesa used were 0.2, 5, 50 and 

500 FM. Inhibition data are represented as uptake as a percentage of control. Each 

symbol represents the mean + SE of 4 to 5 separate determinations. 



O 0.1 1.0 10 10010005000 
[Quinine] (FM) 

O 0.1 1 .O 10 100 1000 5000 
[Quinine] (PM) 

Figure 23. Quinine inhibition of amantadine (squares) and TEA (circles) uptake into 

isolated proximal (upper panel) and distal (lower panel) tubules in KHS (closed symbols) 

or CT (open symbols) buffer. The concentrations of quinine used were 0.2,5, 50 and 500 

and 1 O00 PM. Inhibition data are represented as uptake as a percentage of control. Each 

symbol represenis the mean f SE of 4 to 6 separate detenninations. 
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O 0.1 1.0 10 10010005000 
[Procainamide] (PM) 

[Procainamide] (FM) 

Figure 2-4. Procainamide inhibition of amantadine (squares) and TEA (circles) uptake 

into isolated proximal (upper panel) and distal (lower panel) tubules in KHS (closed 

symbols) or CT (open symbols) buffer. The concentrations of procainamide used were 2, 

100, 1000,2000 and 5000 @M. Inhibition data are represented as uptake as a percentage 

of  control. Each symbol represents the mean f SE of 4 to 6 separate determinations 
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O 0.1 1.0 f0  100 1000 5000 
[Corticosterone] (PM) 

Figure 2-5. Corticosterone inhibition of amantadine (squares) and TEA (circles) uptake 

into isolated proximal (upper panel) and d i d  (lower panel) tubules in KHS (closed 

symbols) or CT (open syrnbols) buffer. The concentrations of corticosterone used were 

1, 50, 300 and 500 pM. Corticosterone was dissolved in 95% v/v ethanol and the final 

assay solutions contained an ethanol concentration of 0.95 % v/v. Wiibition data are 

represented as uptake as a percentage of vehicle control, which contained (0.95 % vlv 

ethanol). Each symbol represents the mean f SE of 4 to 5 separate detemùnations. 



[Dopamine] (PM) 

[Dopamine] (PM) 

Figure 2-6. Dopamine inhibition of amantadine (squares) and TEA (circles) uptake into 

isolated proximal (upper panel) and distal (lower panel) tubules in KHS (closed s p b o l s )  

or CT (open symbols) buffer. The dopamine concentrations used were 10, 100, 1000 and 

2000 pM. Inhibition data are represented as uptake as a percentage of control. Each 

symbol represents the mean f SE o f  4 to 5 separate detenninations. 



[Amantadine or TEA] (PM) 

O 10 1 00 1 O00 

[Amantadine or TEA] (PM) 

Figure 2-7. Efflux of amantadine (upper panel) and TEA (lower panel) fiom proximal 

(squares) and distal (circles) tubules into KHS (tram-zero conditions) or KHS with 10, 

100 and 1000 pM amantadine (closed symbols) or  10, 100 and 1000 p M  TEA (open 

symbols). The efflux period was 30 s for amantadine and 60 s for TEA. Each point 

represents the mean f SE of 5 separate determinations. * p < 0.05, ** p < 0.01 and *** 

p < 0.001 compared to trans-zero conditions within tubule group. Y p < 0.01 and : p < 

0.001 compared to efflw in the presence of TEA at the same concentration and within 

the same tubule group. ' p  < 0.05 compared to efflux in the presence of amantadine at the 

same concentration and within the same tubule group. 

1 O9 



Table 2-1: mo values (CrM) for inhibition of renal prorimal and distal tubule uptake 

of amantadine and TEA 

Inhibitor 

Quinine 

Procainamide 

Dopamine 

Corticosterone 

NMN 

AM ' 
TEA 

AM 

TEA 

AM 

TEA 

AM 

TEA 

A M  

TEA 
- 
AM 

TEA 

1 9 t 7  

DM: 

490 f 60 

DNI 

t AM, amantadine. ICso values are reported as mean f SE of 4 or 5 individual 

experiments. DM = did not inhibit. In some instances inhibition was present but not to 

the extent required for lCso determinations. Therefore, these values were indicated as 

being greater than the highest concentration of inhibitor used in the dose response cuve 

4 2 f  17 

DNI 

300 t 100 

4.9 f 1.9 

DNI 

75 + 42 

DNI 

1.1 0.4 

DNI 
I 

3.0 I 0.7 

DNI 

65 f 26 

D M  

> l m M  

DNI DNI 

7.0 2 3 . 8  

> 11nM 

2 0 2  10 

DNI 



(e.g. > 1 mM). The ICJO data were transformed by the factor [logio(lC5~ x 10) ] to produce 

similar variance in the amantadine and TEA groups for ANOVA followed by Tukey 

HSD, a p < 0.05, and p c 0.00 1. 



Table 2-2: Ki (pM) values for inhibition of renal proximal and distal tubule uptake 

of amantadine and TEA 

Dopamine 

Proximal 

(?Q=) 

890 + 290' 

1.3 f 0.6 

17Oi2OC 

1.3 + 0.4 

Inhibitor 

Cyaninew, 

Quinine 

Procainamide 

NMN lTEA 1 *ciof l L O  

Ah4 ' 
TEA 

Ah4 

TEA 

- - - - - - - -- - - -  

1 AM, amantadine. Ki values are reported as mean + SE of 4 or 5 individual experiments. 

K, values were detennined fiom IC50 values using the conversion Ki = ICsd(1 + slK,) and 

assuming competitive inhibition (Cheng and Prusoff, 1973) For this conversion we used 

our Km values for TEA and amantadine uptake in proximal and distal tubules, in KHS and 

CT buffer that were reported in chapter 1. The Ki data were transformed by the factor 

[ ~ o ~ ~ ~ ( I C ~ ~  x IO)] to produce similar variance in the amantadine and T ' A  groups for 

ANOVA followed by Tukey HSD, ' p  < 0.05, b p  < 0.01 and ' p  < 0.001. 

AM 

TEA 

2 100 + 800' 

1 6 f 5  



Table 2-3: Reported &, [Ki] or (IC''o) values for sribstrates or inhibitors of rOCTl 

and rOCT2. 

Expression 

System 

Reference 

Compound 

Koepsell, 1998 

Martel et al., 1996 

Grundemann et al., 1994 

Koepsell, 1 998 

Martel et al., 1996 

Gmdemann et al., 1994 

Xenopus oocytes 

HEK 293 cells 

Xenopus oocytes 

Quinine Xenopus oocytes 

HEK 293 cells 

Xenopus oocytes 

Procainamide Xenopus oocytes 

Xenopus oocytes 

Xenopus oocytes 

Koepsell, 1 99 8 

Okuda et al., 1 999 

Grundemam et al., 1994 

Corticosterone Xenopus oocytes 

HEK 293 cells 

Koepsell, 1998 

Martel et al., 1996 

Koepsell, 1998 

Koepsell, 1998 

Okuda et al, 1999 

Urakami et al, 1998 

Gmdemann et al., 1 994 

Dopamine Xenopus oocytes 

NMN Xenopus oocytes 

Xenopus oocytes 

MDCK celis 

Xenopus oocytes 



Kt values are shown in square brackets, values in round brackets and K ,  vaiues are 

not bracketed. 



Discussion 

The present studies were designed to detemine if amantadine-selective and TEA- 

seIective transporters, previously identified in intact tubule preparations, could be 

associated with the cloned organic cation transporters rOCTl and rOCT2. It is apparent 

fiorn the reported literature data (table 2-3) that rOCTl and rOCT2 rnay have 

substantially different afhities for some organic cations and similar affinities for other 

organic cations. We attempted to choose inhibitors with different specificity for the two 

transport systems such that we may predict, based on our iC50 and K, data, wbich 

transporters may bc responsible for mediating TEA and amantadine uptake into isolated 

proximal and distai tubule segments. The major findings of this study are consistent with 

the idea that amantadine and TEA characterize different organic cation transporters, and 

that rOCTl and rOCT2 may be insufficient to explain in its entirety, the renal tubule 

baso lateral transport of organic cations. 

Cyaniness and quinine are known inhibitors of rend tubule transport and 

secretion of organic cations (Rennick et al., 1956; Wong et al., 1990; Gaudry et al., 

1993). Procainamide has been used to characterize mechanisms of the renal tubule 

organic cation transport system (McKinney and Speeg, 1982; Mcfinney 1983). It was 

quite evident fiom our data that ~ y a n i n e ~ ~ ~ ,  quinine and procainamide interact with the 

amantadine-selective and the TEA-selective transporters; however, they more potently 

inhibit TEA uptake as compared to amantadine uptake in proximal and distal tubules. 

Our reported K, values for cyaninesGy quinine and procainamide inhibition of TEA uptake 



are in close agreement with those reported for inhibition of TEA transport by rOCTl 

expressed in Xenopus oocytes or HEK 293 cells (table 2-3). Conversely, our K, values 

for inhibition of amantadine uptake are much greater than those reported for rOCT1, 

suggesting that =Tl does not mediate amantadine transport in isolated renal tubules. 

Detailed K, values for inhibition of rOCT2 mediated uptake by these compounds have not 

been published; however, cy-anine8,j3, quinine and procainamide were al1 reported to have 

more potent values for inhibition of TEA transport by rOCTl than rOCT2 (table 2- 

3). Compared to these data, our ICso values for inhibition of TEA uptake by cyanine863, 

quinine and procainamide more closely resemble inhibition of rOCTl mediated TEA 

uptake, whereas the Go values for inhibition of amantadine uptake are much greater than 

those reported for inhibition of rOCT1 or rOCT2 mediated TEA uptake. These data 

suggest that the transport of TEA into renal proximal and distal tubules is more closely 

associated with the characteristics of rOCT1, whereas bicarbonate-dependent and 

independent amantadine transport is not associated with rOCTl or rOCT2. The 

similarity for inhibition of TEA uptake in KHS and CT is consistent with our previous 

data that indicate rend tubule uptake of TEA is via bicarbonate-independent transporters. 

Studies in rats and rûCT1-expressing HEK 293 cells indicate that the 

catecholarnine dopamine is a substrate for the renal tubule organic cation transport 

system and rOCTl (Brandle et al., 1992; Busch et al., 1996b). In our study, dopamine 

specifically blocked TEA uptake and had little or no effect on amantadine uptake into the 

proximal and distal tubules. Our Ki values for dopamine inhibition of proximal tubule 

TEA uptake are in close agreement with those determined by Brandle et al (1992), and 



were intermediate between the reported Km values for dopamine transport by rOCTl and 

rOCT2 (table 2-3). Distal tubule IC50 values for dopamine inhibition of TEA uptake 

were estimated as greater than lmM, and suggest a difference in the proximal versus 

distal tubule distribution of TEA-selective organic cation tramporters. Amantadine has 

been shown to inhibit the uptake of dopamine by hOCT2 (the human homologue of 

rOCT2) with a Ki of about 30 pM (Busch et al., 1998). Therefore, it is interesting that in 

our experiments dopamine did not inhibit the r d  tubule transport of amantadine. A 

sirnilar phenomenon was observed in the previous chapter and showed amantadine 

inhibits TEA uptake into rend tubules but TEA does not inhibit amantadine uptake. 

With respect to dopamine inhibition, the experimental data suggest that the TEA- 

selective transporters may accept catecholamines such as dopamine for transport but the 

amantadine-selective transporters do not. 

The endogenous steroid corticosterone is an inhibitor of TEA uptake mediated by 

the rat organic cation transporters rOCTl and rûCT2, the porcine organic cation 

transporter OCT2p, and the human organic cation transporter hOCTl (Grundemann et 

al., 1994; Gmdemann et al., 1997; Koepsell, 1998; Zhang et al., 1998). According to 

reported ICso values corticosterone more potentfy inhibits TEA uptake by rûCT2- 

expressing oocytes than rOCTI -expressing oocytes (table 2-3). Our experimental data 

indicate that the TEA-selective transporters in the kidney may also transport hydrophobic 

uncharged steroid molecules, whereas the amantadine-selective transporters do not. 

Corticosterone has also k e n  shown to interact with the rat organic anion transporter oatp 

(Kanai et al., 1996; Bossuyt et al., 1996); thus, we may exclude oatp as being the 



amantadine-selective tra~lsporter(s). The ability of corticosterone to inhibit TEA uptake 

without preincubation suggests that it is acting directly on the TEA transporter(s) and is 

consistent with the findings of others (Grundemann et al., 1997). Our Ki values for 

corticosterone inhibition of TEA uptake are lower than those estimated for rOCTl 

expressed in HEK 293 cells (table 23). Our 1Cjo values more closely resemble those 

published for rOCT2 than those for rOCTl (table 2-3). 

The endogenous metabolite NMN undergoes rend tubule secretion and has been 

used as a substrate to characterize the rend tubule organic cation transport system (Beyer 

et al., 1950; Kinsella et al., 1979a; Holohan and Ross, 1980; Ulirich et al., 199 1). NMN 

had a reported lower Km for rUCTl than rOCT2 (table 2-3). Other reports have also 

demonstrated that Ki and ICso values for NMN inhibition of TEA uptake in MDCK cells 

or Xenopus oocytes expressing rOCTl or rOCT2 were similar (table 23). Our 

calculated Ki values for NMN inhibition of T ' A  were similar to the Km reported by 

Koepsell (1 998) and the K, values reported by Urakami et al. (1 998). The overall 

inhibition data from NMN, dopamine and corticosterone failed to provide a clear 

indication of which of the transporters (rOCT1 or rOCT2) is more responsible for TEA 

transport in intact proximal and distal tubule segments. 

In the present study, extracellular amantadine stimulated its efflux oniy and 

extracellular TEA sirnilady stimulated TEA e a u x  only. The apparent "trans- 

stimulation" of organic cation efflux by the presence of the same compound or a similar 

compound in the efflux medium is a well known phenomenon. Trans-stimulation of 



efflux occurs when the transport mediated influx of an extracellular compound stimulates 

the efflux of its intracellular analogue by the reverse action (or exchange mechanism) of 

the transporter (Christensen, 1 975). Another possibility to explain this apparent observed 

increase in efflux is cis-inhibition. Cis-inhibition of efflux occurs when the presence of a 

compound in the efflux medium causes an apparent increase in the ef£lux of an 

intracellular analogue not by stimulating increased intracellular to extracelldar flux but 

by inhibiting reclamation of the already effluxed andogue (Cristemen, 1975). Rend 

tubule transport has been s h o w  to be directionai (basolateral to luminai transport) for 

some organic cations (Saito et al., 1992; Chan et al., 1996; Takami et al., 1998). 

Therefore, a third possible explanation for the enhancement of amantadine and TEA 

efflux is that the saturating concentrations of amantadine and TEA in the extracellular 

medium stimulate by mass action the efflux of the preloaded amantadine or TEA across 

the luminal membrane. The contribution of these three factors to the observed increase in 

amantadine or TEA exit fiom the tubule cells cannot be determined fiom the present 

study. However, the results of the efflux studies are consistent with our uptake data, and 

suggest that exit of amantadine and TEA fiom rend tubule cells also occurs by 

independent mechanisms. Furthemore, the fact that amantadine inhibits TEA uptake 

but does not stimulate TEA efflux suggests that amantadine interacts with but is not 

transported by the TEA transporter(s). 

In summary, the inhibition and efflux studies strengthen support for our previous 

suggestion that the renal tubule transport of amantadine and TEA are mediated by 

different transport systems. The differences in the inhibition profiles for amantadine and 



TEA uptake support our contention that amantadine transport is not consistent with 

rOCT1- and rOCT2- mediated organic cation transport as they are presently 

characterized. From these data, we propose that amantadine identifies a r e d  tubule 

organic cation transporter system that is novel fiom that previousl y characterized with 

TEA. Further in vitro and in vivo characterization of the amantadine-selective 

transporter(s) is required to more clearly identim its substrate specificity and importance 

in dmg elimination by the kidney. 



Chapter 3: Bicarbonate-Dependent Organic Cation Transport In 

Disease 

Section hypothesis: Disease conditions that affect the kidney may alter organic cation 

transport and thus have implications for reduced renal dnig elimination and consequential 

drug accumulation and toxicity. 

Introduction 

In the previous two chapters we provided evidence that supports the division of 

renal tubule basolateral membrane organic cation transporters into those that are 

mantadine-selective and those that are TEA-selective. in this section the focus is on 

describing the effects of Streptozotocin (STZ)-induced diabetes mellitus and 

uninephrectomy on the bicarbonate-dependent organic cation transporter and its 

implications for altered dmg elimination. 

Nephropathy and end-stage rend failure are major complications observed in long-term 

diabetes mellitus (Deckert et al., 1978; Andersen et al., 1983). However, structural and 

functional changes in the kidney are already present at the onset of clinically obvious 

diabetes mellitus (Morgensen et al, 1983). The early stages of diabetes mellitw in 

humans and in experimentally induced diabetes mellitus in rats are charactenzed by 

microalbuminurea, hyperfiltration, and hypertrophy of the kidney and are not associated 

with any cIinically overt signs of decreased renal fùnction (Seyer-Hansen et al., 1980; 

Jensen et al, 198 1 ; Morgensen et al., 1983; Cortes et al., 1987). Despite the ample 

evidence conceming altered rend structure and fwiction, few data are available regarding 



the effects of diabetes complications on the clearance of drugs that are eliminated 

predorninantly unchanged by the kidney (Gwilt er al., 199 1, Preston and Epstein, 1999). 

The primary objective of this study was to evaluate if early-stage untreated streptozotocin 

(STZ)-induced diabetes mellitus can disrupt or alter the fùnction of the renal tubule 

organic cation transport system. Uninephrectomy results in compensatory renal 

hypertrophy and hyperplasia similar to that observed in early-stage untreated STZ- 

induced diabetes mellitus (Seyer-Hansen, 1978). For the present study the 

uninephrectomized (UNX) rats provided a non-disease control in whkh to study the 

effects of renal hypertrophy on rend tubule organic cation transport mechanisms. 

Second, studies in LJNX rats may provide information about adaptive physiological 

response in how the kidney maintains secretory h c t i o n  in face of decreased renal mass. 

This has not been studied in regards to organic cation secretion by the kidney. Finally, 

the ensuing hypertrophy d e r  uninephrectomy may be associated with increased 

expression of one or more organic cation transporters in the rernaining kidney, thus 

possibly providing a usefùl experimental mode1 to study components of the organic 

cation transport pathway that are not otherwise visible in a two-kidney rat. 

In the previous two chapters we have identified that amantadine characterizes a 

unique organic cation transporter in the kidney that may be important for cationic dmg 

elimination. In humans, it is known that the renal elimination of amantadine is reduced 

with impaired renal function and can lead to amantadine toxicity (Bleidner et al., 1965; 

Ing er al., 1979; Horadam et al., 1981 ; Annbruster et al., 1974; Aoki and Sitar, 1988). 

However, it is not well hown whether pathophysiologicai conditions that affect rend 



f ict ion (such as diabetes mellitus) affect the renal tubule organic cation transport system 

and thus the excretion of amantadine or other organic cations by the kidney. We 

hypothesized that the rend changes associated with diabe tes mellitus and the 

compensatory renal growth afler unineptuectomy result in modulation of the renal 

organic cation transport system and thus may have implications for dmg elimination by 

the kidney. In particular, we investigated the bicarbonate-dependent amantadine 

transporter(s) which idare the primary mediatoes) for the energy-dependent passage of 

amantadine across the basolateral membrane into proximal and distai tubule celts (the 

first step in secretion) (Escobar et al., 1994; Escobar and Sitar, 1995). 

In untreated or poorly regulated diabetes mellitus, a major complication is the 

development of ketoacidosis which is primarily due to the overproduction and 

accumulation of acetoacetate and P-hydroxybutyrate (Foster and McGarry, 1983). 

Previous studies from our laboratory indicate that lactate (similar in structure to P- 

hydroxybutyrate) inhibits bicarbonate-dependent amantadine transport in vitro and 

decreases renal amantadine elimination in vivo (Escobar et al., 1995; Sitar et al., 1997). 

Thus, it is possible that overproduction of B-hydroxybutyrate in untreated diabetes may 

have a sirnilar effect as lactate in disrupting bicarbonate-dependent organic cation 

transport. We analyzed P-hydroxybutyrate and other lactate and bicarbonate-like anions 

(glycolate, propionate, a-hydroxybutyrate and y-hydroxybutyrate) for the ability to 

modulate amantadine transport via the bicarbonate-dependent transporter and to 

determine the stmcturai requirements for the anionic component of this transport process. 



Methods 

Experimenfal design and animal preparation 

Male Sprague-Dawley rats (150-200 g) were obtained fiom the University of Manitoba 

(Charles River breeding stock). The rats were housed in plastic cages at 22OC, with a 

twelve-hour lightldark cycle. Rats had fiee access to food and water. Three separate 

experimental series were performed as part of this study. 

Experiment 1: We compared transport properties of amantadine in renal 

proximal and distal tubules isolated fiom control male Sprague-Dawley rats (group 1) 

versus STZ induced diabetic rats with (group 2) or without insuiin treatment (group 3). 

The preparation of diabetic animal and c o ~ a t i o n  of the diabetic state were performed 

according to the methods of Hatch et al., (1995). Afier an overnight fast, rats (groups 2 

and 3) were injected in the tail vein with STZ (75 mgkg body W.) dissolved in fieshly 

prepared citrate bufTer (pH 4.5). Control rats (group 1) were injected with 0.1 M citrate 

only. At 24 hours p s t  STZ injection, glucosuria was confirmed in the diabetic rats by 

using Ames ~iast ix? Urine glucose levels in diabetic rats were greater than 11 1 mM 

(estimated from the Diastuc). One group of diabetic animals (group 2) was injected daily 

(14:OO h) with 3 units of NPH insuiin. Within 24 h of insulin treatment, the diabetic rats 

had no glucosuria. Five days pst-STZ injection the kidneys were removed and renal 

tubule transport studies were performed. On the day of experirnentation, blood glucose 

levels of rats were estimated, by using Chemstrip bG (glucose oxidase). Only animals 

that had blood glucose levels greater than 21 mM were used in the diabetic group (group 

3). At a later date, kidneys from an additional control group and hyperinsuiemic group 



were made available for amantadine transport studies. Hyperinsulernic rats were 

prepared by injecting normal rats with NPH insulin (daily, four 4 days) as descnbed 

above for the diabetic rats. The control rats received daily saline injections in place of 

insulin. On the day of the experiment blood glucose levels (7-8 mM) were sirnilar in 

hyperinsulinernic rats compared to control. 

Experiment 2: We compared transport properties of amantadine in the rend 

proximal and distal tubules isolated fiom two-kidney rats (group 4) versus similar age 

uninephrectomized rats (group 5). For the uninephrectomized rats (group S), the right 

kidney was removed under ether anaesthesia via a Bank incision and a minimum one- 

week recovery period was imposed. Rend tubule transport studies were performed on 

tubules isolated fiom the remaining kidney 7-14 days d e r  the unilateral nephrectomy 

was performed. 

Experiment 3: We examined a series of lactate-like organic anion metabolites 

(glycolate, racemic lactate, propionate or racemic a, racemic B and y-hydroxybutyrate) 

to detennine if ketoacid formation cm modulate organic cation transport by the kidney 

and to determine the structural requirements for the anion component of the bicarbonate- 

dependent organic cation transporter. These senes of experiments were performed in 

rend tubules isolated fiom normal male Sprague Dawley rats. 



Amantadjne transport studies 

These studies were aimed at evaluating the fhction of the bicarbonate-dependent 

amantadine transport process. Therefore, al1 amantadine Cransport assays were perfonned 

in the presence of 25 mM bicarbonate (KHS buffer). To detennine K, and V,, for 

amantadine uptake, tubules were prepared (in tripticate) that contained a fixed amount of 

3~-amantadine (1 nM) and unlabeled amantadine (final assay concentrations 10 to 500 

FM) in a volume of 150 pi of KHS buffer. For the anion inhibition studies, the assay 

tubes contained 10 @M amantadine, 0.4 - 50 mM of either glycolate, lactate, propionate 

or a, f3 or y-hydroxybutyrate in 150 pl KHS buf3er. Proximal or distal tubule 

suspensions (50 pl in KHS buffer) were then added to each assay tube to begin the 

transport reaction. The remainder of the assay was carried out as described in the generai 

methods. 

Results 

Diabetic rat study 

In our first series of experiments, we analyzed the effects of early-stage STZ- 

induced diabetes on the rend tubule transport of the organic cation amantadine by the 

bicarbonate-dependent organic cation transporter. Al1 diabetic rats were confïxmed 

diabetics by urine glucose measurements prior to insulin treatment. In these rats urine 

glucose were greater than 11 1 mm01 L". On the day of the expriment (4 days after 

induction of diabetes with STZ), rats in the diabetic group had a blwd glucose level 

greater than 21 mM (data not shown). The uptake of amantadine in pH 7.4 KHS was 

saturabie in rend proximal and distal tubules isolated fiom control rats and the STZ- 



induced diabetic rats with or without insulin treatrnent (fig. 3-1). The calculated apparent 

Km and V' for amantadîne uptake into the tubules are shown in table 3-1. Compared to 

the respective proximal and distal tubule control groups, the Km ( W t y )  for amantadine 

uptake was not altered in diabetic rats that did or did not receive insulin treatment. In the 

untreated diabetic rats, V- (maximal capacity) for amantadine uptake was selectively 

increased (70%) in proximal tubule segments compared to control @ < 0.05). In the 

insulin-treated diabetic rats, the V,, for amantadine uptake returned to control levels and 

was significantiy lower than for the untreated diabetic rats @ < 0.05). 

U N X  rat srudy 

In the second series of experiments, we examined the bicarbonate-dependent 

transport of amantadine into proximal and distal tubules isolated fiom the remaining 

kidney of UNX rats 7-14 days after the uninephrectorny. Shi lar  to that observed in the 

diabetic rat experiments, uptake of amantadine with ïncreasing concentration was 

saturable in proximal and distal tubules isolated from the UNX rats (data not shown). 

The calculated apparent Km and V- for amantadine uptake in rend proximal and distal 

tubules isolated from the remaining kidney of the uninephrectomized rats versus control 

male Sprague-Dawley rats are s h o w  in table 3-2. Similar to the untreated diabetic rats, 

a selective increase (70 %) in V,, was observed in the proximal tubules isolated fiom the 

uninephrectomized rats compared to control ( p  c 0.01). The Km for amantadine uptake 

into proximal and distal tubules did not dBer between the control and UNX rats. 



Predicted uptake of amantadine 

We used the Michaelis-Menten equation and the calcuiated apparent Km and V,, 

parameters for each of the individual experiments and treatment groups to predict the 

rates of rend tubule uptake for a therapeutically relevant plasma concentration of 

amantadine (5 pM), table 3-3. In the untreated diabetic rats, the increased V,, was 

associated with an increase in the predicted uptake of 5 ph4 amantadine into proximal 

tubules compared to controls ( p  < 0.05). In the diabetic + b u l i n  treated rats the 

predicted rate of amantadine uptake into proximal tubules approached control levels. 

There were no differences in predicted amantadine uptake into distal tubules fiom 

control, diabetic untreated or diabetic insulin treated groups. The predicted rates for 5 

p M  amantadine were greater in proximal tubules of UNX rats compared to control, but 

were not different in distal tubules. 

Structure/activity studies 

We examined the ability of the six structuraily similar organic acids (glycolate, 

lactate, propionate and a, p and y-hydroxybutyrate) shown in fig. 3-2 to modulate the 

bicarbonate-mediated transport of amantadine into isolated proximal and distal tubules 

fiom control Sprague-Dawley rats. The single carbon bicarbonate ion is needed for 

optimal amantadine uptake (Escobar et al., 1994). The 4-carbon hydroxycarboxylic 

acids, a, p and y-hydroxybutyrate had no effect on bicarbonate-dependent amantadine 

uptake in proximal or distal tubules (fig. 3-3). Consistent with our previous studies 

(Escobar et al., I995), high concentrations of lactate (3-carbon backbone) completely 

inhibited bicarbonate-dependent amantadine uptake in both proximal and distal tubules 



(fig. 34), @ c 0.05) whereas propionate had no effect. Glycolate (Zcarbon backbone) 

also inhibited amantadine uptake @ < 0.001) and was a more potent inhibitor than lactate 

(fig. 34). Calculated IC50 values for inhibition of amantadine uptake by glycolate (3 -53 I 

1.36 mM in proximal tubules and 5.73 t 0.94 mM in distal tubules) were lower than 

lactate (12.5 f 2.8 mM, proximal tubules and 16.0 f 1.1  rnM, distal tubules) in both 

proximal and distal tubules @ < 0.05) 
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Figure 3-1: Michaelis-Menten curves demonstrating saturable energy-dependent uptake 

of amantadine with increasing amantadine concentration for proximal tubules (upper 

panel) and distal tubules (lower panel) isolated fiom control rats (squares), untreated 

diabetic rats (circles) and insulin treated diabetic rats (triangles). Each point represents 

the mean + SE of 4 or 5 separate determinations 
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Figure 3-2: Chefnical structures of bicarôonate, glycolate, lactate, propionate and 

a, p and y-hydroxybutyrate. (k) indicaies that a racernic mixture was used 



Proximal Tubules 
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Figure 3-3: Inhibition of 10 ph4 amantadine uptake into proximal tubules (upper panel) 

and distal tubules (lower panel) by a-hydroxybutyrate (squares), P-hydroxybutyrate and 

y-hydroxybutyrate (triangles). These experiments were performed on proximal and distal 

tubules isolated fiom control male Sprague-Dawley rats. The rates of uptake (% control) 

are expressed as mean f SE of 3 separate experiments. 
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Figure 3-4: inhibition of  10 jM amantadine uptake into proximal tubules (upper panel) 

and distal tubules (lower panel) by propionate (solid squares), lactate (open squares) and 

glycolate (solid circles). These experiments were perfomed on proximal and distal 

tubules isolated fiom control male Sprague-Dawley rats. The rates of uptake (% control) 

are expressed as mean f SE of 3 separate experiments. p < 0.05 and *** p < 0.00 t 

compared to control, two-way ANOVA followed by Tukey's HSD. 



Table 3-1: Cornparison of Apparent R, and V- for amrntadine uptake into 

proximal and distal tubules between control, diabetic untreated and insulin treated 

diabetic rats. 

Tubule Conîrol Diabetic Insuiin Control Diabetic Insuiin 

Proximal 91 t 17 97 i 17 73f 10 4.8 t 0.7 8.2 + 0.7*' 5.0 k 0.8 

Renal tubule transport studies were performed 4 days after the induction of diabetes by 

STZ. Each value represents the mean f SE of 4 or 5 separate experiments. * p c 0.05, ** 

p < 0.01 compared to the respective control and ' p  < 0.05 compared to the insulin treated 

diabetic rats, one-way ANOVA followed by Tukey's HSD test. 



Table 3-2: Cornparison of Apparent Km and V-for amantadine uptake into 

proximal and distal tubules between control and UNX rats. 

- - - - - - - - 

Tubule Control UNX Control UNX 
- - 

K m  (M V' (nmd mg-' min-') 

Proximal 102 i 16 1 1 5 I  13 6.9 k 1.1 12.4 I 1.9* 

Distal 9 2 f  13 83t9 5.7 k 0.6 6.4 i 0.9 

Rend tubule transport studies were performed 7- 14 days &er the unilateral nephrectomy 

for the UNX rats. Each value represents the mean + SE of 8 separate experiments. * p c 

0.05 compared to the respective control, unpaired t-test. 



Table 3-3: Predicted rates of renal tubule uptake of 5 FM 

amantadine based on calculated apparent Km and V i  

Experiment 1: comparison between control, untreated diabetic and 

Insulin treated diabetic rats. 

Tubule Control Diabetic Diabetic + Insulin 

Proximal 0.262 f 0.019 0.421 f 0.039' 0.321 i 0.050 

Distal 0.323 k 0.035 0.290 f 0.014 0.298 10.037 

Experiment 2: comparison between control and UNX rats. 

Tubule Control UNX 

Proximal 0.324 i 0.014 0.534 I 0.075* 

Distal 0.308 + 0.024 0.371 i 0.054 

For each individuai experiment, apparent Km and V- and the Michaelis-Menten equation 

were used to calculate the predicted rate of 5 pM amantadine uptake for each treatment 

group. The predicted uptake rates ( m o l  mg -' min") as expressed as mean SE of 4 to 

8 separate determinations. The predicted uptake of 5 pM amantadine into proximal 

tubules was greater in the untreated diabetic rats (one-way ANOVA followed by Tukey's 

HSD test) and UNX rats (unpaired t-test) compared their respective controls @ < 0.05). 



Discussion 

The present studies were designed to evaluate whether early-stage untreated STZ- 

diabetes mellitus and UNX (as a non-disease control of rend hypertrophy) c m  modiS( 

the function of the rend tubule organic cation transport system. To the best of our 

knowledge, the present study represents the first specific description of the effects of 

experimentally induced diabetes meliitus and uninephrectomy on the rend tubule organic 

cation transport system. The major hding  of the present study was that both early-stage 

untreated diabetes mellitus and UNX caused a selective increase proximal tubular 

amantadine transport capacity. In the diabetic rats, this change in transport could be 

reversed by daily insulin treatment. 

We have reported previously that amantadine uptake across the basolateral 

membrane into proximal and distal tubules is primarily rnediated via a bicarbonate- 

dependent transport component (Escobar et al., 1994, Escobar and Sitar 1995). Thus, our 

present studies were carried out in the presence of 25 m M  bicarbonate to address the 

effects of diabetes mellitus and UNX on the bicarbonate-dependent organic cation 

transporters. The basic kinetic data demonstrated that amantadine uptake is saturable in 

the untreated and insulin treated diabetic rats as well as the UNX rats. This finding 

indicates that the carrier mediated transport process for amantadine uptake that is present 

in normal male (Wong et al 1993, Escobar et al 1994) is maintained in the diabetic and 

UNX rats. 



STZ-induced diabetes mellitus has k e n  demonstrated to modulate the hepatic, 

biliary and renal clearance of certain organic anionic, cationic and uncharged drugs and 

bile acids (Watkins and Dykstra, 1 987; Nadai et al., 1990; Stone et al., 1 997). It has been 

suggested that alteration of drug clearance in diabetes mellitus may be mediated to some 

extent by alterations in membrane drug transport systems (Watkins and Dykstra, 1987; 

Nadai et al., 1990). Our data provide novel evidence that STZ-induced diabetes rnellitus 

alters function of the rend organic cation transport system in renal proximal tubules. 

STZ-induced diabetes mellitus has also been s h o w  to decrease renal cortical slice 

accumulaiion of the organic cation gentamich, but was without effect on NI- 

methylnicotinamide (Elliot et al., 1985) and may be related to changes in organic cation 

transport mechanisms. Gentamicin (unpublished data) and NI-methylnicotinamide (fig. 

1-9, chapter 1) show only weak affinity for the bicarbonate-dependent amantadine 

transporter. Thus, effects of diabetes mellitus on organic cation transport may tK highly 

variable, depending on the transporters involved. 

Functional changes in the kidney during the early stage of diabetes mellitus 

include hypertrophy and hyperfiltration (Seyer-Hansen et al., 1980; Jensen et al, 1981; 

Morgensen et al., 1983; Cortes et al., 1987). Compensatory growth following 

uninephrectomy results in changes to the kidney (hypertrophy and hyperplasia) that is 

similar to that of early-stage diabetes mellitus (Seyer-Hansen, 1978). The similar 

changes in transport capacity in early-stage untreated diabetes mellitus and UNX rats 

suggest that there is a sirnilar mechanism present that is responsible for the changes in 

amantadine renal tubule transport kinetics. In earl y -stage untreated diabetes mellitus and 



d e r  UNX, there is a similar increase in rend cellular protein, mRNA and DNA content 

(Seyer-Hansen, 1978). Thus, it is possible that there could be increased synthesis and 

expression of the bicarbonate-dependent amantadine transporter in these two conditions. 

The increased capacity for amantadine uptake is suggestive of increased amounts of 

fùnctional bicarbonatedependent amantadine transporters or p s i  ble enhanced 

efficiency of existing transporters in proximal tubules but not in distal tubules. 

As demonstrated by our theoreticai calcdations using the Michaelis-Menten 

equation, the change in V,, would be predicted to significantly increase the tramport rate 

of therapeutically relevant concentrations of amantadine in the untreated diabetic rats and 

UNX rats. It is asswned that the hypertrophy alter UNX is an adaptive response to 

decreased renal mass. On the other hand, in diabetes mellitus, early structural and 

functional changes may be precursors to the development of nephropathy (Morgensen et 

al., 1983). Thus, in vivo studies must be performed to determine the consequence of 

increased amantadine uptake in these two models. For it is possible that increased renal 

tubule uptake of amantadine in these two conditions is manifested by different changes in 

renal elimination of amantadine in vivo. 

Insuiin administration to STZ-induced diabetic rats prevents rend growth (Seyer- 

Hansen, 1978). Thus, if the increase in amantadine transport is related to renal growth 

after the onset of diabetes meliitus, the presence of insulin should attenuate the change. 

This effect in fact was observed. In the insulin treated diabetic rats, the V,, for 

amantadine uptake was similar to control levels and significantly lower than the untreated 



diabetic rats. Insuiin is important in the regdation of protein synthesis (Kimball et al., 

1994) and insulin receptors are found in the rend tubules (Meezan and Freychet, 1979). 

It has been suggested that insulin may regulate the synthesis or fûnction of organic ion 

transport proteins in the kidney (Nadai et al, 1990). However, because both the untreated 

diabetes mellitus and UNX result in similar increases to V,, this explanation appears to 

be unlikely for the bicarbonatedependent amantadine transporter. As additional 

evidence, we were able to perform a single expriment comparing amantadine kinetics in 

4-day, non-diabetic, hyperinsulinemic rats to control rats. In this experiment, the Km and 

V,, for proximal and distai tubule amantadine uptake were similar between the two 

groups (data not shown). This finding suggests M e r  that insulin per se is not directly 

influencing expression or fûnction of the bicarbonate-dependent amantadine transporter, 

or that any effect of insulin is already maximized. 

Nephrotoxicity with proximal tubule damage has been reported in cancer patients 

receiving chronic STZ treatment (Ries and Klastersky, 1986). In rats, it has been 

demonstrated that STZ results in a transient depression of GFR 30-120 min following 

STZ administration (Carney et al., 1979). Other parameters of rend function such as 

~ a ' ,  Cl-, K+ and ~ 0 ~ ) -  excretion were sirnilar between controls and the STZ-induced 

diabetic rats. Thus, it has been concluded that the STZ-induced diabetes mellitus 

provides a good animai mode1 to evaluate the effects of diabetes mellitus on rend 

function (Camey et al., 1979). We cannot be 100% sure that the effects on amantadine 

uptake in the diabetic rats were due only to the diabetic condition and not possible toxic 

effects of STZ. However, the fact that insulin administration attenuated amantadine 



uptake must dso  indicate that the observed increase in V,, in the diabetic rats is more 

likely due to the diabetic condition and not acute STZ-induced rend tubule toxicity. 

Concerns of renal tubule toxicity caused by STZ may be alleviated in fùture studies by 

using the genetically susceptible diabetic BB-Wistar rats of which 30-40% spontaneously 

develop type4 like diabetes mellitus after about 13 weeks of age (Verhaeghe et al., 

1999). 

In untreated or poorly regulated diabetes meilitus, a cornmon complication is the 

development of ketoacidosis, which is characterked by high levels of acetoacetate and D- 

P-hydroxybutyrate (Foster and McGarry, 1983). Both L- and D-Lactate, which are 

sirnilar in structure to B-hydroxybutyrate, has been demonstrated to inhibit bicarbonate- 

dependent amantadine transporters (Escobar et al., 1995). Thus, we investigated whether 

pathologically relevant levels of B-hydroxybutyrate may alter renal tubule transport as an 

explanation for the increase in V,, in the diabetic rats. The results demonstrated that 

even very high levels of P-hydroxybutyrate were unable to modulate amantadine uptake. 

Thus it is unlikely that overproduction of P-hydroxybutyrate would contribute to altered 

amantadine transport in our in vitro studies and rend elimination in the in vivo situation. 

Other plasma metabolite abnonnalities that occur in ketoacidosis, such as low 

bicarbonate combined with high lactate levels (Foster and McGarry, 1983) may be more 

relevant to altered rend organic cation elimination than P-hydroxybutyrate, as it is known 

that changes in lactate and bicarôonate levels modulate renal tubule transport and rend 

elimination of amantadine (Escobar et al., 1 994; Escobar et al., 1 995; Sitar et al., 1 997). 



Bicarbonate is the conjugate base of carbonic acid. We analyzed the series of 

bicarbonate-related hydroxycarboxylic acids and the carboxylic acid propionate (fig. 3-2) 

for their ability to moduiate bicarbonate-dependent amantadine transport. These 

compounds al1 exist predominantly in the ionized form at physiological pH of 7.4. From 

these analyses, it appears that the position of the hydroxyl group and the length of the 

carbon backbone are important in determining how these anions access and modulate the 

bicarbonate-dependent amantadine transport system. The effect of chah length of the 

anion is demonstrated by the fact that the two-carbon glycolate was more potent than the 

three-carbon lactate as an inhibitor of the bicarbonate-dependent transport process, 

whereas four-carbon hydroxybutyrate compounds had no effect. The importance of the 

hydroxyl group was demonstrated by the fact that lactate, an a-hydroxy cornpouad, 

inhibited the bicarbonate-dependent amantadine uptake but the structurai related 

carboxylic acid propionate (no hydroxyl group present) had no effect. These data suggest 

that the bicarbonate-dependent amantadine uptake system may represent a cation/anion 

cotransport system that most efficientiy accepts bicarbonate as its substrate. 

In summary, these data do show that diabetes mellitus and CMX alter the renal 

tubule transport kinetics for amantadine uptake via the bicarbonate-dependent 

amantadine transporter. Our theoretical calculations indicate the potential for increased 

renal tubule accumulation and possibly renal elimination of therapeutic amantadine levels 

in the early-stage untreated diabetic and UNX rats. Diabetes mellitus is a long-terni 

disease that has several clinically defined stages (Morgensen et al.. 1983). To fully 

characterize the effects of diabetes mellitus on rend organic cation transport mechanisrns 



and their potential for contributing to altered drug elimination andlor efficacy and toxicity 

our observations must be extended to multipIe time points which that reflect the different 

stages of diabetes mellitus. 



Chapter 4: Amantadine Transport: Interaction With 

Ammonium Ion 

Section hypothesis: Nttf is a substrate andor inhibitor of the bicarbonate-dependent 

amantadine transporter(s), and thus can alter organic cation renal elimination through 

competitive inhibition of these transporters. 

Introduction 

We have aitempted to iden@ endogenous and exogenous compounds that are 

substrates or modulators for the bicarbonatedependent organic cation transport process, to 

further Our understanding of its physiological importance, to determine its potentiai for 

altering renal organic cation eiimination under pathophysiological conditions, and the 

potential for dmg interactions at this transport site. In the present chapter, we present M e r  

mechanistic and hctional characteristics of the bicarbonatedependent amantadine transport 

process through the use of m' as a transport modulator. 

From a physiological standpoint, NW represented a relevant molecule for these 

studies, as it is an endogenously produced cationic metabolite. =+ production occurs 

predominantly in the proximal tubule cells of kiâney, mainly via metabolism of gluramine 

(Good and Burg, 1984; Vimy et al., 1986). Its renal elimination is necessary for generation 

of new bicarbonate ions by the kidney and maintenance of acid-base balance (Halperin et al., 

1990; Dubose et al., 19%). The efficient transfer of M&+ h m  its major site of synthesis 

(proximal tubules) to the final urine is reliant on a number of transport processes for a+ 
and N H 3  dong the length of the nephron (Good and Knepper, 1985; Knepper, 1991). 



Pathophysiologically, its production in the proximal rend tubules, and its excretion are 

increased in acute and chronic acidosis (VInay et al., 1980, 1982, Good and Burg, 1984; 

Brosnan et al., 1987). 

The administration of Nttf as M C 1  (a systernic and urine acidifier) has been 

demonstrated to greatly enhance the rend excretion of several organic bases in humans. 

Some examples include amantadine @Ka 10. l), mernantine @Ka 10.3), pseudoephedrine 

@Ka 9.4), methamphetamine @Ka 11) and flecainide @Ka 9.3) (Beckett and Rowland, 

1965; Geuens and Stephens, 1967; Brater et al., 1980; Muhiddin et al., 1984; Freudenthaler 

et al., 1998). It has been generally accepted that N W l  increases rend excretion of the 

organic bases by acidifjhg the urine, which subsequently leads to increased ionization and 

decreased passive reabsorption of the organic base that has gained access to the tubule lumen 

by filtration and secretion (for review, see Vander, 1995). However, the rend elimination of 

other organic bases by humans, such as cirnetidine (pKa 6.8) and procainamide (pKa 9.3), 

has been demonstrated to be u d c t e d  by W C 1  administration ( G a l e  et al, 1976; 

Somoygi and Gugler, 1985), suggesting other possible mechanisms at work Furthemore, 

other învestigators have reported that the ratio of ~ n i o ~ o n i z e d  as predictd by the 

Henderson-Hasmlbalch equation is a poor predictor of rend reabsorption of organic bases 

(Randhawa et al., 1995). in addition to the decrease in urine pH that occurs with chronic 

W C 1  administration, m+ production in the kidney, and concentration in the plasma and 

urine increase (Good and Dubose, 1987). The possibility that interaction of W' with rend 

tubule organic base transporters contributes to the observed effects of m l  administration 

on the r e d  elimination of organic bases has not been considered previously. Bearing in 



mind that many substrates for renal tubule organic cation transport system contain 

charged amine or ammonium groups (for review see, Besseghir and Roch-Ramel, 1987; 

Sica and Schoolworth, 1 996) and that ammoniumexists predomioantly in the charged 

form (NH43 at physiologicai pH, this seemed like a rûasonable hypothesis. The results 

presented in this chapter suggest that w+ may contribute to alter d organic cation 

clearance via direct interactions with organic cation transporters. 

From a mechanistic standpoint, high concentrations of N&+ are known to alkalinUe 

pHi transientiy without affecthg p& in severai tissues, including Snake renal proximal 

tubules (Roos and Boron, 198 1; Bose, 1995; Kim and Dantzier, 1995, 1997). Therefore, the 

use of NI&' as a transport modulator in this series of experiments also allowed us to address 

the effects of pHi on the badateral amantadine-seleetive organic cation transporter. 

Methods 

NH,  ' lnhib ition studies 

The effects of various concentrations of m' on the energydependent uptake of 

'H-amantadine into isolated rend proximal and distal tubules fkom male and female rats 

was evaluated in KHS, 5mM lactate buffer and CT buffer. Lactate bmer  contained (in 

mM concentrations): Na lactate, 5; NaCI, 135; KCI, 4.7; MgC12, 1.2; KH2P04, 1.4; 

CaC12, 1 .O, glucose, 1 1 ,  and was pH adjusted to 7.4 with NaOH. We examined four 

different ammonium saits m C 1 ,  NH4N03, (N)4)2HP04 and (N&)2S04 to ensure that 

any potential effects on amantadine transport were due to ~ t t +  and not the negative 

counter ion. For initial m' inhibition studies, assays tubes were prepared (in triplkate) 



that contained a fixed amount of 3~-amantadine ( l m  and unlabeled amantadine (final 

assay concentrations 10 CrM) and various concentrations (0.1, 1 .O, 2.5, 5.0, 10 and 20 

mM) of w' in a volume of 150 pi of either KHS, lactate or phosphate bufTer. Proximal 

or distal tubde suspensions (50 pl, in the appropnate buffer) were added to each assay 

tube to begin tùe transport reaction. The remainder of the assay was carried out as 

descnbed in the general methods. 

Determinaiion of & values for NH4' by Dkon annlysis 

M' (0.1, 0.5, 1.0, 1.5 and 2.0 mM) inhibition of amantadine (10 and 50 pM) 

was performed such that K, values for N-' inhibition of amantadine uptake into 

proximal and distal tubules in the presence of KHS could be determined by the method of 

Dixon (Dixon, 1953). The 30 s transport assays were carried out as described above for 

the N&+ inhibition assays. Cornish-Bowden plots (Comish-Bowden, 1974) were also 

used complementary to the Dixon plots to aid in the determination of type of inhibition 

(e.g. cornpetitive, non-competitive, uncornpetitive or mixed linear inhibition). 

Effects of NH.' on apparent Km and V& for amantadine uptake 

We determined the apparent Km and V ,  of amantadine in normal KHS b e e r  

and KHS buf5er that contained 0.5, 1.0 and 2.0 mM m C 1 .  For each concentration of 

Na' and control, the rates of 10, 20, 50, 100, 300 and 500 pM amantadine uptake were 

determined. The 30 s transport assays were carried out as desctibed in the general 

methods. 



Measurement o fp f i  in proximal tubule segments byjluorescence microscopy 

We used the pH-sensitive fluorescent dye 2'7'-bis-(2-carboxyethy1)-5-(and-6)- 

carboxyfiuorescein (BCECF) to measure the effects of 20 m M  m+ and 30 mM 

propionate on pHi in proximal tubules isolated as described above. Similar procedures 

have been used by others to study changes in pHi in isolated rend tubules (Martinez et 

al., 1 997; Kim and Dantzler, 1 997). Fluorescence rnicroscopy experiments were 

performed with a Nikon Diaphot TMD inverted microscope equipped with an 

epifluorescence attachrnent and a Nikon fluor oil immersion objective (50x) (Nikon hc .  

Melville NY, USA). The excitation light was generated by a super high-pressure 

mercury vapor light source with a liquid light wave-guide. Specific wavelengths were 

selected by a Lambda 10-2 filter changer. Wavelength-specific filters for measuring pH 

were set at 440 (isosbestic wavelength for BCECF) and 490 nm (the excitation maxima). 

The selected excitation light was directed to the sample with a matched dichroic mirror. 

The emitted fluorescence light passed through the dichroic mirror and a (540 nm) 

emission filter. Emitted fluorescent light fiom the sample was captured and digitized by 

a SensiCam VGA 12-bit, cooled High Performance Digital Imaging Camera (The Cooke 

Corporation, Auburn Hills, MI, USA). Axon Ion Imaging Workbench software (Axon 

Instruments Inc., Foster City, CA, USA) installed on a microcornputer with a Pentium 

350 MHz processor and Windows 98 operating system wsis used for acquisition and 

processing of images, ratiometric and non ratiometric imaging, full control of the camera 

and automatic filter changer. Al1 software, camera and instruments were supplied by 

Optikon Corporation Ltd. (Kitchener, Ontario, Canada). 



The pH studies were carried out in HEPES buffer as well as KHS (at pH 7.4) as a 

control to compare our data to previous studies which predominantly report the use of 

HEPES and not KHS in theu experimental procedures. HEPES contained (in mM 

concentrations) NaCl, 118; KCl, 4-7; MgC12, 1.2; KH2P04, 1.4; HEPES, 25; CaC12, 2.5 

and glucose, 11, and was adjusted to pH 7.4 with NaOH. In these initial pHi assays, 

experiments were carried out using a single concentration of W+ (20 mM) and 

propionate (30 mM), and only in proximal tubule hgments h m  d e  rats. To prepare 

tissue for imaging, 50 pl of proximal tubule suspension (8-10 m g h i )  were diluted into 

930 pl of KHS or HEPES. The dilute tubule suspension was than dispensed overtop of 

an ultra thin fluorescent grade covealip inside a temperaturesontrolled bathing chamber 

(Biophysica TCV-2 digital temperature reguiator and chamber, Baltimore, MD, USA) on 

the stage of the microscope. The dilute tubule suspension was allowed to incubate for 15 

min during which t h e  the tubules noxmally adhered to the glass covealip without any 

M e r  treatment or manipulation of the slide surface. 20 pl of 1mM BCECF-AM (final 

concentration 20 pM) was added to the bathing chamber and the tubules were allowed to 

incubate for 45 min at 25 OC to toad the dye. The ester form of the dye (BCECF-AM) 

enters the cells readily, where it is then hydrolyzed by nonspecific esterases to the 

impermeable fluorescent dye BCECF. Upon completion of the dye-loading period, the 

extraneous dye was washed off with KHS or HEPES b a e r  by a gravity-fed flow through 

system set at a flow rate of 5mVmi.n for 5 min. The buffer flow was then shut off and the 

system was allowed to equilibrate for 15 min. A 5 min control basehe was then 

established pnor to the administration of 20 mM wf or 30 rnM propionate in KHS or 

HEPES bufTer. The IV&' or propionate treatments were admùiistered via the flow 



through system (5 Mmin for 2 min), after which the flow was shut off and the tissue was 

allowed to incubate for a M e r  10 min. The NI&' and propionate were then washed out 

with fiesh KHS or HEPES b a e r  via the flow through system (Srnl/rnin for 5) min 

followed by an additional 15 min equilibration period, control badine, second treatment 

pex-iod (NT&' or propionate) and washout. Thus, each tissue preparation was exposed to 

both 20 mM NI&+ and 30 rnM propionate treatments. During the imaging period, pH of 

the KHS buffer was maintained at 7.4 by continuous bubbling of @/CO2 (95/5 %) into 

the flow through system. 

Calibration of intracellular BCECF sensitiviîy to pH 

At the end of each experiment, a ratiometric It, and kin fluorescence 

cdibration was performed as foilows to detemine the pH sensitivity of the intracellular 

BCECF (Yu et al., 1991; Guia and Bose, 1994). KCl (final concentration, 140 mM) and 

the K+/P ionophore Ngericin (10 pl of a 5 mM solution, final concentration, 25 pM) 

were added to the bathing chamber to equilibrate pH, and pHi. pH was first titrated to 9.0 

by addition of Tris, and the maximum 490/440 nm BCECF fluorescence ratio is 

determined, followed by acidification to pH 4.0 with acetic acid and the detennination of 

the minimum 490/440 nm BCECF fluorescence ratio. The intemal BCECF fluorescence 

ratio (R490/440 ) can be then converted to pHi using the following equation: 

pHi = 7.14 - R)l(R bip)] (12) 

where 7.14 is the pKa of BCECF and L, and hi, are the maximum and minimum 

BCECF fluorescence ratios respectively (Yu er al., 1991 ; Guia and Bose, 1994). 



Egects of NH~'andpropionute preincubation on amantadine uptake 

20 mM NfiC1, 30mM propionate or KHS (control tubes) were added as a 20 pl 

solution to assay tubes h t  contained 50 pl of the tubule suspension and 110 pl of KHS, 

and was allowed to incubate for 5 min. To initiate the 30 s transport assay d e r  the 

incubation period, 'H-amantadine (20 pi) in KHS (to give a final amantadine 

concentration of 10 )iM) was added and the transport assays were carried out as described 

earlier. The 30 s inhibition assays for 20 mM NH&t and 30 mM propionate without 

preulcubation were performed as described previously. 

Results 

NH~' Inhibition studies 

The first series of experiments were performed to determine if N&+, at constant 

medium pH, modulates the h c t i o n  of the rend tubule amantadine transporter(s). Initial 

rates of energy-dependent amantadine uptake into isolated proximal tubules fiom male 

rats suspended in KHS (pH 7.4), in the presence of various concentrations of four 

different ammonium salts =Cl, NH4N03, (NH4)2HP04 and (NH4hS04, are shown in 

(fig. 4-1). Al1 mC salts inhibited proximal tubule uptake of amantadine in a similar 

fashion. These data suggested that the observed inhibition effects on amantadine uptake 

were due to m+ and not the negative counter ion. Similar results were observed in 

distal tubules (data not shown). 

The next series of m' inhibition experiments were performed to determine the 

effect of the buffer medium on the ability of w+ to inhibit amantadine uptake into 



proximal and distal tubules fiom male and female rats. Inhibition assays were carried out 

in bicarbonate buffer (KHS), phosphate bufFer (CT) or 5 mM lactate buffer, al1 at pH 7.4. 

Consistent with previous data, control uptake of 10 pM amantadine in KHS was 

substantially greater than in CT or lactate buffers (Escobar et al., 1994). For male and 

female proximal tubules, it is apparent fiom the absolute inhibition data that the presence 

of bicarbonate (KHS) in the medium is required for maximal W' inhibition of 

amantadine uptake (fig. 4-2). Furthemore, at hi& N&+ concentrations the rates of 

amantadine uptake in KHS approached those in CT and lactate bufTer. These data 

suggest that was predominantly interacting with the bicarbonate-dependent 

transport process. Similar results were obtained in distal tubules fiom male and fernale 

rats (data not shown). As such, al1 subsequent analyses were canied out in the presence 

of bicarbonate. 

m'inhibition studies were carried out in both proximal and distal tubules of 

male and female rats to address potential for gender and tubule related heterogeneity in 

organic cation transport mechanisms. N&+ inhibited amantadine uptake more potently 

in distal tubules as compared to proximal tubules in male rats and female rats at al1 

concentrations tested (fig. 43). In addition, amantadine uptake into proximal and distal 

tubules fiom female rats was more sensitive to inhibition by NW* than proximal and 

distal tubules fiom male rats at NI&' 2 1 .O mM (fig. 4-4). Caiculated IC50 (mM) values 

supported the interpretation that m' more potently inhibited amantadine uptake in 

distal compared to proximal tubules, in male rats (1.7 * 0.3 versus 16.3 6.1, p < O.OS), 

but not female rats (0.6 0.2 versus 1.3 * 0.5). IC~O values for w' inhibition were 



lower in female PT compared to male PT (0.6 k 0.2 vernis 16 * 6 p < 0.01), but were 

similar in DT fkom both genders (femde, 1.3 * 0.5 versus mde, 1 -7 0.3). 

Dkon and Cornish-Bowden analyses were performed to determine the nature of 

m' inhibition of amantadine uptake into proximal and distal tubules. For both male 

(fig. 4-Sa, c) and female (fig 4-Sb and d) proximal tubules, the Iines in the Dixon and 

Cornish-Bowden plots intersect either above or betow the negative x-axis. These profiles 

are consistent with that of mixed inhibition and should be characterized by changes in Km 

and decrease in V- in the presence of the inhibitor (Comish-Bowden, 1974). Similar 

plots were obtained for the distal tubules (data not shown). The calculated Ki values were 

1.1 0.2 and 0.47 0.09 for male proximal and distal tubules respectiveIy and 1.0 0.1 

and 0.39 * 0.06 for female proximal and distal tubules respectively. Ki values were 

similar between males and fernales, but were lower in distai tubules compared to 

proximal tubules for both male and female rats ( p  < 0.01). 

To confirm that N&'modulates the kinetics of rend tubule arnantadine transport 

we determineci the apparent Km and V,, of amantadine in nomial KHS buffer and KHS 

b a e r  that contauied various concentrations of NI&' (table 4-1). The presence of 1.0 

mM and 2.0 m M  NI&' in the extracellular medium resulted in an increase in apparent Km 

for amantadine uptake in proximal and distal tubules fiom both male and female rats. 

However, the presence of W+ had no effect on apparent Y,, for arnantadine uptake 

into any of the tubule peparations. The increased apparent Km and non-changing V,, is 



consistent with cornpetitive inhibition of amantadine uptake by N&+ at these 

concentrations. 

Effect of NH,CI und Na propionate on pH, of proximal tubule cells 

In our amantadine uptake experiments pK was buffered at pH 7.4. However, it 

was not known if the observed NI&+ inhibition could be explained by changes in pHi 

resulting fiom incubation of the renai tubules with NI&+. We used fluorescence imaging 

studies with the pH sensitive dye BCECF to determine if 20 mM -+ aiters pH; in rend 

proximal tubule cells. As a control, we monitored pHi after exposure to 30 mM 

propionate whicil is known tc produce intracellular acidification (De Hemptinne et al., 

1983; Bose, 1995; Kim and Dantzler, 1997), but does not inhibit amantadine transport 

(fig. 3-4, chapter 3). Typical tracings for intracellular proximal tubule pHi before and 

afier treatment with IV&' and propionate are shown in fig. 4-6. In both HEPES (fig. 4- 

61) and KHS (fig. 4-6b) bufTer the 20 mM W&' puise generally resulted in an initial 

intracellular alkalinization in proximal tubule cells foilowed by a more gradua1 

acidification. Exposure of the proximal tubules to 30 mM propionate resulted in a rapid 

intracellular acidification in both HEPES (fig. 44c) and KHS b e e r  (fig. 44d). 

However, in KHS, pHi remained acidic, whereas in HEPES, pHi gradually retunied 

towards normal vaIues over tirne. We compared the pHi values at tirne zero (control), to 

3 0 sec (the length of our amantadine transport assay tirne) and 5 min (a time significantly 

longer than for our transport assays (table 4-2). pHi 30 s or 5 min aAer NI&' or 

propionate treatment was not different fiom controls in KHS or KEPES buf5er. 

However, pHi at 5 min, was lower than 30 s after the w'puise in both KHS and HEPES 



buffer (p < 0.05). Although pHi generally decreased in the propionate îreated rats in 

KHS, the acidification at these specific time points was not significantly different fiom 

control. Based on the pHi deterrninaîions fiom the fluorescence imaging experiments, we 

performed an additional series of experiments in which we analyzed the ability of N&' 

and propionate to inhibit 30 s amantadule uptake with and without a 5 min pre-incubation 

penod (fig. 4-7). The 20 mM NI&+ treatment showed similar inhibition of amantadine 

uptake with and without the 5 min preincubation period. in proxirnal tubules, the 5 min 

preincubation with 30 mM propionate resulted in a slightly decreased level of amantadine 

uptake compared to the 30 s propionate treatment. However, amantadine 1:ptake in 

proximal and distal tubules, d e r  exposure to 30 rnM propionate, with and without the 5 

min preincubation, were similar to the respective controls. 



Figure 4-1: The 30 s uptake of amantadine (10 into proximal tubules fiom male rats 

in KHS b a e r  was detennined in the presence of NfiCI, m N O i ,  (NI%)zHP04 and 

(0.1, 1 .O, 2.5, 5 .O, 1 0 and 20 mM). Rates of amantadine uptake are expressed 

as nmol mg -' protein d l .  Each point represents the rnean * SE from 3 or 4 separate 

determinations. Inhibition of amantadine uptake was not dependent on m' salt at any 

of the tested concentrations, two-way ANOVA. 
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Figure 4-2: The effect of N&* (0.1, 1.0, 2.5, 5.0. 10 ami 20 mM) on 30 s uptake of 

amantadine (10 PM) into proximal tubules fiom male (upper panel) and fernale rats 

(lower panel) suspended in KHS (squares), 5 rnM lactate (triangles) and CT buffers 

(circles). Rates of amantadine uptake are expressed as m o l  mg -' protein min-'. Each 

point represents the mean * S.E. fiom 4-13 separate detemiinations. p < 0.05, ** p < 

0.0 1 and *** p < 0.00 1 compared to within group control. ' p < 0.05, " p < 0.01 and p 

< 0.001 compared to uptake in CT or lactate at the same N&' concentration, two-way 

ANOVA followed by Tukey's HSD. 
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Figure 4-3: The effect of m' (0.1, 1 .O, 2.5, 5.0, 10 and 20 mM) on 30 s uptake of 

amantadine (10 FM) into proximal (solid squares and circles) and distd tubules (open 

squares and circles) fiom male (upper panel) and female rats (lower panel). Al1 assays 

were performed in KHS buf5er. Rates of amantadine uptake are expressed as m o l  mg -' 
protein min". Each point represents the mean * SE fiom 4-13 separate determinations. 

Data were compared by a three-way ANOVA with tubule and N&' concentrations as 

grouping factors, followed by Tukey's HSD. p < 0.05, p < 0.0 1 and *" p < 0.00 1 

proximal compared to distal tubules at the same m' concentration. 
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Figure 4-4: The effect of N&' (0.1, 1 .O, 2.5, 5.0, 10 and 20 mM) on 30 s uptake of 

amantadine (10 FM) into proximal (upper panel) and distal tubules (lower panel) fiom 

male (solid squares and circles) and female rats (open squares and circIes). Al1 assays 

were performed in KHS buffer. Rates of amantadine uptake are expressed as nmol mg -' 
protein min-'. Each point represents the mean + SE fiom 4-13 separate detenninations. 

Data were compared by a three-way ANOVA with gender and m' concentrations as 

grouping factors, followed by Tukey's HSD. * p < 0.05, ** p < 0.01 and ** p c 0.001 

male compared to female proximal and distal tubules at the same NI&' concentration. 
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Dixon Analysis Comish-6owden Analysis 

Figure 4-5: Representative Dixon (gb) and Comish-Bowden (c,d) analyses for NT&+ 

(0.1,0.5, 1 .O, 1 -5 and 2.0 rnM) inhibition of 30 s amantadine uptake ïnto proximal tubules 

fiom male (a,c) and female (b,d) rats in the presence o f  KHS. Amantadine 

concentrations used were 10 pM (solid squares) and 50 p M  (open squares). Al1 data 

points represent mean * SE of  3-4 separate detenninations. 
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Fig. 4-6. Representative tracixïgs of proximal tubule pHi before and after incubation with 

20 mM m' (a, b) or 30 mM propionate (c, d). Assays were carried out in the presence 

(KHS) or absence of bicarbonate (HEPES). bE&' and propionate administration was 

started at time = 0. 
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Fig. 4-7. Amantadine uptake (30 s) into male proximal and distal tubules in KHS alone 

(control), in KHS with 30 mM propionate, and in KHS with 20 mM NHi' with (open 

bars) and without (soiid bars) a 5 min preincubation period. Each bar represents the 

mean I SE fiom 4 separate determinations A mixed mode1 ANOVA with repeated 

measures for treatment (control, propionate or NI&'), followed by Tukey's HSD test, was 

used for statistical analysis. ** * p < 0.00 1 compared to the within group control rats and 

: p < 0.01 compared to 30 mM propionate treatment without preincubation. 



Table 4-1: Apparent Km and V- for amantadine uptake into isolated male and 

female rat renal proximal (PT) and distal tubules @T) in the presence of 

bicarbonate buffer and iiicreashg concentrations of M&+. 

Apparent Km (CLM) m+ Concentration (mM) 
- - -- 

Control 0.5 mM 1.0 mM 2.0 mM 

Male PT 147*6 205 * 24 370 93* 367 * 48* 

Male DT 177* 29 335 82 601 95*** 643 * 45*** 

Female PT 126 k 18 216 * 44 409 72** 494* 82*** 

Female DT 103 * 20 213 * 27 275 k 28* 461 * 83*** 

Apparent Vmcuc (nmol mg-' protein min-') 

Control 0.5 mM 1.0 mM 2.0 mM 

Male PT 11.6 * 1.6 10.4* 1.3 10.6 * 2.0 10.2 st 0.7 

Male DT 8.1 * 1.9 6.5 0.8 9.7 * 1.4 9.3 1.6 

Female PT 9.1 * 1.5 9.1 * 2.0 9.7 * 1.3 8.9* 1.1 

Fernale DT 6.1 * 0.9 5.2* 1.1 4.2 1 .O 4.5 k0.8 

Km and V,, values are represented as mean SE of 4-8 separate determïnations. p c 

0.05, * * p < 0.0 1 and *** p < 0.00 1 compared to control within tubule and gender group, 

one-way ANOVA foIlowed by Tukey's HSD test. 



Table 4-2. Changes in pHi in proximal tubule cells in response to incubation with 20 

mM or 30 m M  propionate. 

KHS Hepes 

Treatment and Time pHi pHi 

20 mM Nf&' 

Control 

30 s 

5 min 

- 

30 mM propionate 

Control 7.12 0.1 1 7.27 k O. 17 

30 s 7.05 * 0.09 7.17 0.12 

S m i n  6.85 * 0.15 7.25 * O. 17 

Extracellular pH in the buBering medium was maintained at 7.4. Each value represents 

the mean + SE of 5 separate experiments. For each experiment, pHi was reported as the 

average of 4 simuitaneous measurements fiom different areas of the same tubule. The 

control measurement was recorded at tirne O immediately prior to the m' or propionate 

pulse. Observed pHi values were compared by mixed mode1 ANOVA with repeated 

measures for tirne. Multiple cornparisons of the sigdicant ANOVA were perfomed by 

Tukey's HSD test. 



Discussion 

The study presented in this chapter addressed the potentiai importance of m' as 

a moduiator of renal tubule, energy-dependent organic cation transport. In particular, we 

have focused our studies on the previously identified bicarbonate-dependent rend tubule 

amantadine transport process (Escobar et al., 1994; Escobar and Sitar 1995). The major 

finding of the present study was that NI&' directly modulates the access of amantadine to 

the bicarbonate-dependent organic cation transporters, apparently independent of changes 

in pHi. The m' inhibition effect was present in both proximal and distal tubules fiom 

male and female rats, with some variation. 

The initial inhibition experiments were carried out to determine if N&' was a 

potentiai modulator of renal tubule transport of amantadine. The similarity in the 

inhibition profiles for the four different N&* salts indicated that the inhibition effect on 

energy-dependent amantadine transport was independent of the counter anion (Cl', NO3', 

S O ~ ~ - ,  or ~ ~ 0 ~ ~ 3 .  Therefore, the observed inhibition of amantadine uptake in the 

presence of the various mf salts was most likely due to the presence of M&+. 

Amantadine transport assays in KHS d e h e  its uptake via the bicarbonate- 

dependent amantadine transporter(s) (Escobar et al., 1994). Assays in CT define 

amantadine uptake via the bicarbonate-independent amantadine transporter(s); whereas 

lactate is a less effective mediator of amantadine uptake via the bicarbonate dependent 

transporter (Escobar et al., 1994; 1995). The fact that m' inhibition was more 

predorninant in the presence of bicarbonate suggested that m+ was modulating 



predominantly the bicarbonatedependent arnantadine transport process. Using in situ 

peritubular micropuncture procedures, it has been demonstrated that w' did not inhibit 

the contraluminal transport of the organic cation NMN (Ullrich et al., 199 1). However, 

in chapters 1 and 2 we have demonstrated that contralumioal transport of NMN is more 

likely mediated by bicarbonate-independent TEA-selective transporters rather than 

bicarbonate-dependent amantadine-selective organic cation transporters. Thus, the 

present inhibition data suggest that NW may interact specifically 6 t h  bicarbonate- 

dependent amantadine-selective transporters in the renal tubules. This idea is M e r  

supported by the fact that the renal elimination of two organic cations that are only weak 

inhibitors of the bicarbonate-dependent amantadine transport process (cimetidine and 

procainamide) (Wong et al., 1991; results, chapter 2) have been shown to be unaffected 

by N&Cl administration (Galeazzi et al, 1976; Somoygi and Gugler, 1985). 

Detailed kinetic experiments were performed to establish by what method 

~I&'was inhibiting the renal tubule uptake of amantadine. The combined Dixon and 

Cornish-Bowden methods of inhibition analyses suggested that m' was acting as a 

mixed inhibitor. In mixed inhibition, the inhibitor can bind both to the fiee enzyme to 

give an MI complex with a dissociation constant Ki and to the MS complex to give an 

unreactive MIS complex with dissociation constant Ki' (Comish-Bowden, 1979). In the 

presence of a rnixed inhibitor apparent Km and V,, are expected to change by the factors 

K,,,[(l + i/Ki)/(l + ïMJ and V d ( 1  + i/Ki') (Comish-Bowden, 1979). Upon analysis of 

the effect of NI&' on apparent Km and Y, for the r e d  tubule uptake of amantadine (via 

the bicarbonate-dependent transporter) into proximal and distal tubules fiom male and 



female rats, we found that at low NH' concentrations (1.0 and 2.0 mM) only Km 

increased, whereas Y, remained unchanged. This finding was consistent with m* 
being a cornpetitive type inhibitor of rend tubule amantadine transport at these 

concentrations. From these findings, it seems likely that Na' may modulate access of 

the organic cation to bicarbonatedependent amantadine transporters by direct 

cornpetition for the active site. These data also suggest a potential role for certain organic 

cation transporters in the mediation of w' secretion and homeostasis in the kidney. 

It is has been reported that hi& concentrations of lead to alkaiinization of 

pHi in several tissues including proximal tubule cells (Roos and Boron, 198 1 ; Bose, 1995; 

Kim and Dantzler, 1995, 1997; Martinez et al., 1997). In rend proximal tubules, it has 

been reported that transport-rnediated basolateral uptake of the organic cation TEA 

decreases as pHi shifts up or down from the normal resting pHi (about 7.1) (Kim and 

DanMer, 1997). Therefore, it was important for us to confirm whether or not the 

observed effects of M&* on rend tubule amantadine transport could be explained by 

changes in pHi. Consistent with other reports (Kim and Dantzler 1995, 1997; Martinez et 

al., 1997), incubation of rend proximal tubules with NW' caused an initial intracellular 

alkalinization, whereas incubation with propionate caused intracellular acidification. The 

one major difference that we observed was that intracellular acidification to levels below 

baseline occurred, even prior to wash-out of the extracellular ~)4+ .  This observation 

was compared to other reports in which pHi remained elevated until the m+ was 

removed fiom the media (Kim and Dantzler 1995, 1997; Martinez et al., 1997). Aside 

from these differences, it was clear that m+ and propionate c a w d  changes in pHi. 



Cornparison of pH; at O, 0.5 and 5 min &er m* and propionate administration was not 

statistically different in KHS compared to HEPES. However, the overail response of pHi 

in proximal tubules to NT&+ and propiouate administration appeared to be quite different 

in physiological KHS compared to non-physiological HEPES bufTer, as shown by the 

individual pHi tracings. The fact that N&' produced similar inhibition of amantadine 

uptake at two time points, one with alkaiine pHi (30 s) and one with acidic pHi (5 min 

preincubation) suggested that a change in pHi was not rate limiting to the observed 

inhibition. This notion was confirmed by the propionate data in which there was a trend 

towards acidification of pHi in KHS to similar levels observed with N&+, but no 

inhibition of amantadine uptake. Thus, the resuits of our pHi studies in relation to our 

amantadine transport assay times suggested that a change in pHi was not contributory to 

the observed amantadine inhibition upon incubation with mf. Furthemore these 

experiments suggested that the bicarbonate-dependent amantadine transporter rnight 

fimction independently of moderate changes in pHi- 

Plasma NI&' levels have been reported to be between 50 and 100 pM in both rats 

and humans and they can increase during chronic acidosis (Glabman et al., 1963; 

Lockwood et al., 1979; Good and Dubose, 1987). If measured carefully, plasma N&+ 

are in the range of 10 - 40 pM (personal communication with Dr. Mitchell Halperin). In 

our experiments, m+ inhibition was observed in proximal and distal tubules from both 

male and female rats at concentrations as low as 100 pM, thus, inhibition of amantadine 

uptake by lower concentrations of NH4' may be relevant to physiologicai and 

pathophysiological levels in the plasma. The higher concentrations of (above 100 



FM) used in our assays are not physiological with respect to levels of Nw' found in the 

plasma. However, the use of high W' concentrations may M e r  help elucidate 

mechanisms in organic cation transport and identify gender and tubule differences in 

organic cation transport. For instance, even at high concentrations of m+, amantadine 

transport was not completely inhibited. This could indicate the presence of organic 

cation transporters that are sensitive to N&+ and those that are not, and may be useful as 

another method of characterizhg organic cation transporters. Furthemore, the absolute 

sensitivity of amantadine transport to inhibition by m* appeared to be different between 

maIes and females (females more sensitive than males) and between proximal and distal 

tubules (distal more sensitive than proximal). The direct inhibition of basolateral organic 

cation transporters would not be predicted to increase organic cation elhination as is 

observed in vivo &er administration of m C I .  Although not studied in the present 

report, we may propose a modified postulate that any inhibitory effects of m ' o n  the 

basolateral transporters are masked by a more predominant effect on luminal transporters. 

Considering that concentrations of W' in the tubules can reach very high levels, 2 mM 

in proximal and about 20 mM in distal tubules (Glabman et al., 1963) this modified 

postdate appears to be a more attractive hypothesis. 

In summary, the major finding of the present study was that m' directly 

modulates the access of amantadine to the bicarbonate-dependent organic cation 

transporters independent of changes in pHi or pHo. We propose that direct cornpetition of 

N&* for organic cation transporter sites in the kidney may help explain the fact that 

W C 1  administration is associated with increased rend elimination of certain organic 



cationic dmgs in health y individuals. Clinicaily, increased NI&+ production and 

elimination by the kidney becornes important in ketoacidosis of chronic fastuig, chronic rend 

innifnciency and gastrointestinal loss of bicarbonate fliane11o et al., 1980; Halperin et al., 

1989). Thus, if increased m' levels alter rend elimination of organic cations, these 

conditions may also represent situaîions in which drug eliminaîion can be a£fècted. The 

effect of N&+ on luminal amantadine transport remaias to be evaluated using efflux 

studies, isolated luminal membrane preparations or directional transport studies in ce11 

culture. 



Chapter 5: In Vivo Functional Importance of Bicarbonate Dependent 

Organic Cation Transport 

Section hypothesis: The bicarbonate-dependent amantadine transporter has 

implications for impaired renal elimination of organic cations in the face of changing 

plasma bicarbonate concentrations. 

Introduction 

M e n  human volunteers taking oral amantadine were given chronic oral sodium 

bicarbonate, a decrease in amantadine excretion followed by an increase in plasma 

amantadine concentration was observed (Geuens and Stephens, 1967). From their study, 

it was inferred that bicarbonate decreased amantadine excretion by increasing urine pH 

and thus passive reabsorption of amantadine. In contrast, in vitro rat experiments have 

demonstrated that at constant pH, the energy-dependent uptake of the organic cation 

amantadine into proximal and distal tubules, is primarily mediated by bicarbonate- 

dependent transport sites (Escobar et al., 1994; Escobar and Sitar, 1995). 

In the study by Geuens and Stephens (1967), no attempts were made to address 

the possibility that the depression in rend elimination of amantadine might be mediated 

by bicarbonate driven changes in secretion or filtration, in addition to or rather than pH 

mediated passive reabsorption. The novelty of the present study is our extension of the 

importance of secretion and filtration components of amantadine clearance as a tirnction 

of an acute exposure to bicarbonate. The objective of the current study was to determine 

if the modulating effects of bicarbonate on the renal tubule amantadine (organic cation) 



transport system that is located in proximal and distal tubules (Wong et al., 199 1, 1992a; 

Escobar et al., 1994, 1995; Escobar and Sitar 1995, 1996) contribute to the previous 

observation that sodium bicarbonate dosing decreases amantadine rend excretion. The 

Km value (about 22 mM) for bicarbonate at these transport sites is close to normal plasma 

bicarbonate concentrations (25 mM). Therefore, we proposed that increases in plasma 

bicarbonate above physiological levels (or above the transporter Km for bicarbonate) 

would be expected to increase amanradine r e d  tubule uptake at the bicarbonate- 

dependent organic cation transport sites. The increased amantadine uptake might then be 

reflected as a measurable change in the amantadine renal clearance in vivo. Disorders in 

which plasma bicarbonate concentration rises above normal are quite comrnon in humans 

and include metabolic alkalosis aud metabolic compensation to respiratory acidosis 

pubose et al., 1996). These may represent potential conditions in which organic cation 

elimination by the kidney may be compromised. 

It has also k e n  suggested that organic cation and anion transport in the kidney 

may be facilitated by common transporters (Ulirich et al., 1993% 1993b; Ullrich, 1994). 

Therefore, the effects of bicarbonate on renal elimination of m e n a t e  (an organic 

anion) was evaluated to determine if bicarbonate effects on tubule transport are specific 

for organic cations. Kynurenate is a minor end product of tryptophan metabolism (Stone 

and Connick, 1985). In rats, kynurenate is rapidly eliminated predominantly unchanged 

by the kidneys (Turski and Schwarcz, 1988). It therefore represents a good organic anion 

mode1 substrate for these studies. 



Methods 

Experimental Design 

The w of the UNX rat mode1 has been established and characterized previously 

(Intengan and Srnyth, 1996). Rats were initiaily assigned to one of five groups. Control 

rats (group 1) received inbavenous physiological saline only. Treatment groups received 

amantadine + saline (group 2), amantadine + sodium bicarbonate (group 3), kynurenate + 

saline (group 4), and kynurenate + sodium bicarbonate (group 5).  Two additional groups 

were added to the experimental protoc01 to anaiyze blood gases, urine electrolytes and 

urine pH in animais receiving amantadine + saline (group 6) and amantadine + sodium 

bicarbonate (group 7). The detailed methods that we used are presented below. 

Preparation of amantadine and kynurenate solutions 

Solutions for the infiision of amantadine HCI and kynurenate were prepared on 

the day of the experiment fiom stock solutions. Amantadine HCI was dissolved in 

physiological saline. Kynurenic acid (kynurenate) was dissolved in 1 M NaOH; the 

solution was back titrated with 0.1 M HCl to pH 7.4 and its volume was adjusted with 

physiological saline. 'H- mant ta di ne or 3~-kynurenate was added to an aliquot of the 

stock amantadine and kynurenate solutions respective1 y, such that the final molar ratio of 

3~-labe~non-label was consistently 1 /10000. 

Animal preparation 

Males Sprague-Dawley rats (200-225 g) were obtained fiom the University of 

Manitoba (Charles River breeding stock). The rats were housed in metal cages, at 22OC, 



with a twelve-hour lightldark cycle. They had fiee access to food (standard Purina rat 

chow) and tap water. The right kidney was removed under ether anaesthesia via a flank 

incision and a minimum one-week recovery period was imposed. Rend clearance 

experiments were performed 7 to 14 days after the unilateral nephrectomy. On the day of 

the experiment, the rats (270-340 g) were aoaesthetized with sodium pentobarbitai (50 

mg kg-i, i-p.). Body temperature was monitored with a rectal themorneter and 

maintained at 37.S°C with a thennostaticaity wntroiled heating pad. A tracheotorny was 

performed and the animals were allowed to breathe spontaneously. The left carotid artery 

was cannulated with PE-50 polyethylene tubing and connected to a Grass polygraph via a 

Statham pressure transducer (Mode1 P23Dc) for monitoring blood pressure and heart rate. 

The left jugular vein was cannuiated with PE-160 polyethylene tubing for administration 

of saline, sodium bicarbonate, amantadine or kynurenate. Additional anaesthetic (3.0 

mg) as required throughout the experiment was injected through a latex adapter into the 

main i.v. line. A left flank incision was made; the remaining kidney was exposed; and 

the ureter was cannulated with PE-50 polyethylene tubing to ailow for urine collection. 

Amantadine and kynurenate renal clearance experiments 

Imrnediately following completion of the surgical preparation, rats were started 

on a continuous infusion of 5 IU (intemationai units) heparin in isotonie (300 mOsmol1") 

saline (0.9 % w/v ) at 97 pl min-' and were ailowed to stabilize for 45 min. The 

heparin/saline infusion was maintained for the remainder of the procedure, except during 

amantadine, kynurenate and sodium bicarbonate infusion periods. Imrnediately 

following the stabilization period, 3 mg kg" of 'H-amantadine (groups 2 and 3) or 'H- 



kynurenate (groups 4 and 5) were infused in a total volume of 200 pl at a rate of 97 pl 

min". The control animals (group 1) received an equivalent volume of physiological 

saline over the same duration. Five minutes after the completion of dnig administration, 

the k t  20 min urine collection was started. At the start of the second urine collection 

period, groups 3 and 5 were infused with hypertonie (2000 mOsmol 1-') sodium 

bicarbonate (5 mm01 kg" i.v.) at 1 1 1 pl min-', whereas the remaining groups (groups 1,Z 

and 4) were maintauied on the heparinlsaline infusion. Followïng the start of the 

bicarbonate administration, there were five successive 20 min urine collection periods. 

Al1 urine samples were collected into pre-weighed vials and the urine volume was 

determined gravimetrically. Blood sampling was done fiom the carotid artery cannuia at 

the beginning of each urine collection period (7,27,47,67, 87 and 107 min d e r  the start 

of amantadine or kynurenate infusion). Blood samples (100 pi) were collected into 

microfuge tubes that contained 1.0 IU of heparin sulfate. A final blood sample (2 ml) 

was taken at the end of the final urine collection period for determination of plasma 

creatinine Ievels, osmolality and plasma ions. Blood was centrifuged imrnediately to 

separate the plasma Two 20 pl aliquots fiom each plasma and urine sample were placed 

in plastic scintillation vials, suspended in 5 ml of Beckman Ready-Safe Scintillation 

Cocktail, vortexed for 30 sec, and counted for radioactivity in a Beckman mode1 LS5801 

scintillation counter (Beckrnan Instruments, Fullerton, CA). 

To address the issues of bloud gasses, urine electrolytes and urine pH, we 

performed additional experiments to measure plasma pH, bicarbonate and pCO2, and 

urine pH in rats treated with amantadine + saline (group 6, n = 4) and rats administered 



arnantadine + sodium bicarbonate (group 7, n = 4). The same procedures were used for 

these experiments as described above, with the addition of the following minor changes. 

A slightly larger volume of blood was necessary for blood gas measurements than for 

measurements of plasma amantadine (140 versus 100 pl). Therefore, to keep the volume 

of blood withdrawal similar over the duration of the experiment, we reduced the number 

of blood collections from seven to five. The five blood samples were taken (7 min, 27, 

47, 87 and 127 min) after amantadine infusion To facilitate rapid and efficient 

withdrawal of blood samples, an arterial-venous loop was inserted comecting the carotid 

artery and the jugular vein (Xie et al., 1996). Samples were drawn directly from the 

artenal side of the loop into a capillary tube, sealed, and measured for HC03', pC02 and 

pH immediately using an Instrumentation Laboratory System 1302 Blood-Gas Analyzer. 

Saline, bicarbonate and arnantadine were al1 infused through the venous side of the loop. 

Urine pH was measured using a standard microelectrode. Plasma and urine osmolalities 

were determined with a Precision System Micro Osmorneter. The plasma and urine ~ a +  

Cl- and K' concentrations were determined using a Nova Electrolyte Analyzer. 

Thin-layer chrornatography 

Thin-layer chromatography was performed according to previously described 

methods to confimi the presence of unmetabolized am aman ta di ne and  murenat na te in 

urine samples (Uchiyama and Shibuya, 1969; Turski and Shwarcz, 1988). 'H- 

Amantadine and 3~-kynurenate standards were dissolved in saline controi urine samples 

and run in parallel with the test urine samples on fluorescent silica gel plates (Analtech 

Inc. Newark, DE). The developing solvent for amantadine was a mixture of n-butanol : 



acetic acid : water (4 : 1 : 5 )  and for kynurenate a mixture of n-butanol : methanol : water 

: ammonium hydroxide (60 : 20 : 19 : 1). The developing t h e  ranged between 50 and 60 

min. Sections (0.5 cm) fiom the origin to the solvent fiont of the plate were scraped and 

counted for 3~ radioactivity. Analysis of plasma was not possible due to the small 

volume and low specific radioactivity of plasma samples. For caIculations, it was 

assurned that al1 radioactivity counted in plasma was associated with the parent 

compounds, 

Data analysis 

The radioactivity in each plasma and urine sample was recorded as disintegrations 

per minute @PM). Background radioactivity, consistently about 20 DPM, was 

subtracted to obtain the specific DPM value. Plasma and urine amantadine and 

kynurenate concentrations were determined fiom the respective DPM values. Thin-layer 

chromatography demonstrated that for arnantadine treated rats, arnantadine and an 

unidentified metabolite were present in the urine. Therefore, al1 urine DPM values for 

arnantadine treated rats were corrected for the percentage of the  me met aboli te in the 

urine as follows. Amantadine DPM (urine) = total DPM (urine) x AUC (amantadine 

peak on t.l.c.)/AUC (amantadine peak + metabolite peak on t.1.c.). A colorimetric assay 

based on the Jaff5 reaction (Sigma Diagnostic Kit, procedure # 555) was used to quanti@ 

urine and plasma creatinine. The renal clearance of amantadine (groups 2 and 3), 

kynurenate (groups 4 and 5) ,  and creatinine (al1 groups) was calculated for each of the six 

collection intervals using the area under the cuve method (Gibaldi & Pemer, 1982). 



Rend clearance ratios of amantadine and kynurenate to creatinhe were calcuiated 

in order to evaluate the effect of bicarbonate on their rend tubule secretion. Additional 

pharmacolcinetic andysis was performed by fitting the plasma concentrations of 

amantadine and kynurenate to the two-cornpartment open model of dmg disposition with 

intravenous infusion, using a non-linear regression program, WinNoniin version 1 .l, 

(WinNonlin Scientific Consulting, hc.). The parameten determined were the area under 

the plasma drug concentration vs. time curve (AUC), half-life of initial dmg disposition 

(t 1 /2 a), and terminal disposition (t 1 0  b), the plasma drug clearance (Cl$, and the 

apparent volume of distribution at steady-state (Vds). Al1 data are presented as mean + 
SE of a least four experiments. Data were analyzed for treatment and t h e  effects by 

mixed model repeated measures (for tirne) analysis of variance using Systat for 

Windows, version (6.01). Significant differences between means were determined with 

Tukey's HSD test. Differences between means with a p  value 1 0.05 were considered to 

be significant. 

Results 

Metabolism of amantadine and kynurenate 

Urine samples from amantadine treated rats consistently revealed two peaks of 

radioactivity, indicating metabolism of the parent compound (data not shown). The 

retention factor (rr value) for the parent compound and the metabolite were consistently 

0 -6 7 and 0.5 3 respec tively . Considering the significant amantadine metabolism observed 

in our experiments, we attempted to identiQ the metabolite, but were unsuccessfûl. By 

gas chromatographic analysis of urine samples, we did confirm that the metabolite was 

not acetylamantadine. Urine samples fiom the kynurenate treated rats displayed one peak 



that was consistent with that of the standard (rf value = 0.80) indicating that the 

radioactivity recovered in the urine was associated with the parent compound. 

Rend clearance measurements 

Creatinine clearance was used as a general marker for rend glomerular filtration 

rate (GFR) (fig. 5-la and 5-2a). For clarity of interpretation of creatinine clearance, the 

same saline-control data are shown separately in each figure. However, groups 1 - 5 were 

compared simultaneously for statistical analysis. Increases in creatinine clearance were 

observed in amantadine treated rats that received bicarbonate and in kynurenate treated 

rats independent of sodium bicarbonate treatment @ < 0.05). Amantadine treatment 

alone did not alter the creatinine clearance. Creatinine clearance for the saline controls 

did not decrease with time, indicating maintenance of renal filtration fiuiction over the 

duration of our experiments. 

The effect of sodium bicarbonate on the interval renal clearances of amantadine 

and murenate is shown in fig. 5-lb and 5-2b respectively. It was important to compare 

the interval renal clearances rather than just the overall rend clearances so that 

persistence of any effects of the sodium bicarbonate treatment could be identified. The 

interval amantadine renal clearance (fig. 5-lb) was similar in both amantadine treated 

groups before sodium bicarbonate administration (collection period 1). After sodium 

bicarbonate administration (collection periods 2-6) the interval amantadine rend 

clearances (fig. 5-lb) were 30 % to 60 % lower than the respective controls ('p < 0.05). 

The interval amantadine renal clearance decreased with thne irrespective of treatment @ 



< 0.01). The overall mean rend clearance of amantadine was lower in the sodium 

bicarbonate treated group (0.76 f 0.04 ml min-' 10og-') versus the amantadine + saline 

treated rats (1.16 f 0.04 ml min-' 10og-'), @ < 0.01). Ln the kynurenate treated rats, the 

interval kynurenate rend clearance was similar in both groups before and after sodium 

bicarbonate &ion (Tg 5-Zb). The mean interval kynwenate rend clearance decreased 

with time (p < 0.01). There was no effect of sodium bicarbonate treatment on overall 

mean kynurenate clearance (1.1 1 f 0.05 ml min-' 10g-') versus the kynurenate + saline 

treated rats (1.19 t 0.05 ml d l  1 Oog-'). 

Rend clearance data were norrnalized to creatinine clearance for amantadine (fig. 

5-1 c) and kynurenate (fig. 5-2c). Initial1 y, al1 amantadine/creatinuie and 

kynurenate/creatinine clearance ratios were substantidly greater than one, indicating 

rend tubule secretion of both amantadine and kynurenate. In the two amantadine 

treatment groups, the mean amantadine/creatinine clearance ratios were similar before 

sodium bicarbonate treatment and were 55% to 70% lower than the respective time 

controls after bicarbonate treatment @ < 0.01). The overall amantadine/creatinine 

clearance ratio was reduced in the sodium bicarbonate treated rats (1.62 f 0.12) 

compared to the amantadine + saline treated rats (2.97 f 0.12), @ < 0.01). Similar to 

amantadine clearance, the amantadine/creatinine clearance ratio decreased with time after 

amantadine infusion @ < 0.001). The kynurenate/creatinine clearance ratio decreased 

with time d e r  dosing @ < 0.001) and was lower only during coltection interval 2 for the 

sodium bicarbonate-treated group compared to the control detesmination @ < 0.01). 

There was no effect of sodium bicarbonate treatment on the overall mean 



kynurenatekreatinine clearance ratio for sodium bicarbonate treated (2.26 + 0.09) versus 

for the saline treated (2.3 1 + 0.09) rats. 

For the current experiments, a direct comparison of amantadine clearance with the 

clearance of its major metabolite was not possible, because we were unable to determine 

metabolite concentrations in the plasma. However, it was possible to compare the rates 

of excretion and total excretion of amantadine versus the amantadine metabolite (table 5- 

1). Before sodium bicarbonate administration, the rate of urinary amantadine excretion 

was similar in both groups and was reduced after sodium bicarbonate administration 

(collection periods 2 and 3), @ < 0.01), which is consistent with the observed decrease in 

amantadine clearance. Total amantadine excretion was lower in the sodium bicarbonate 

treated rats ( p  < 0.01). The rate of amantadine metabolite excretion for al1 urine 

collection periods and total arnount of amantadine metabolite excreted in the urine was 

similar in the amantadine + saline and the amantadine + sodium bicarbonate treated rats. 

In contrast to amantadine, there were no appreciable changes in the rate of kynurenate 

excretion, or total kynurenate recovered in the urine, for the sodium bicarbonate treated 

rats compared to controls. 

Correlation between urine jlow tare and amantadine/creatinine and 

kynurena fe/creatinine clearance ratios 

Urine flow rates (pl min-') for each urine collection pend and group of rats are 

shown in table 5-2. Urine flow rates for al1 groups increased with tirne @ < 0.001) and 

reached a plateau between 60-100 pl min-'. Initially (collection period 1) the urine flow 



rates were similar in al1 groups. M e r  sodium bicarbonate treatment, the urine flow rate 

was greater during urine collection penods 2 and 3 compared to the groups that did not 

receive sodium bicarbonate @ < 0.05). The more rapid diuresis in the sodium 

bicarbonate treated rats is likely due to the greater ~ a +  load fiom the hyperto~c NaHC03 

infusion as compared to the isotonic heparin saline infusion. m e r  the third urine 

collection penod, the urine flow rates in the sodium bicarbonate treated rats decreased 

towards values similar to the groups that did not receive sodium bicarbonate treatment. 

Amantadinekreatinioe and kynurenateicreatinine clearance ratios versus urine flow rates 

are presented in fig. 5-3. The amantadine/creatinine clearance ratio was not correlated 

with a change in urine flow rate in the amantadine + saline treated rats (8 = 0.092) and in 

the amantadine + sodium bicarbonate treated rats d e r  the start of sodium bicarbonate 

administration (2 = 0.022). Conversely, the kynurenate/creatinine clearance ratio in 

kynurenate + saline treated rats was moderately correlated with urine flow rate (2 = 

0.421). However, no effect of urine flow rate on the kynurenate/creatinine clearance in 

the sodium bicarbonate treated was demonstrated (? = 0.057). 

Cornparison of b lood gas, urine pH and urine electrolytes 

Blood-gas and urine pH values for group 6 (amantadine + saline) and group 7 

(amantadine + sodium bicarbonate) treated rats are shown in tabie 5-3. The blood gas 

and urine pH measurements were not performed in the kynurenate treated rats because 

there was no major effect of sodium bicarbonate on kynurenate rend clearance. in the 

amantadine + saline treated rats blood bicarbonate, pC02 and pH, and urine pH were 

similar over the duration of the experiment. Before the sodium bicarbonate infusion, 



plasma bicarbonate, pCOÎ and pH and urine pH were similar between the two groups. 

After the acute sodium bicarbonate dose: blood bicarbonate increased to a maximum 

level of 34.6 + 0.4 1 mM, which was approximately 8 m M  higher than the amantadine + 

saline treated rats (26.9 + 0.67 mM) at the same t h e  point (p < 0.001). The plasma 

bicarbonate levels dropped in the last two collection intervals, but remained greater than 

the respective controls @ < 0.001). In contrast to the large increase in blood bicarbonate, 

the blood pH remaineci only slightly elevated (7.45 -7.48) compared to control 

measurements (7.40 -7.41) at the same time points (p < 0.01). Blood pC02 increased 

slightly but was not significant. Urine pH in the amantadine + saline treated rats 

remained constant and slightly acidic (6.6 - 6.8), whereas the urine pH became aikaline 

immediately following bicarbonate infusion and remained elevated at @H = 8) in the 

amantadine + bicarbonate treated rats @ < 0.001). The amount of sodium, chloride and 

potassium excreted in the urine and the cumulative sodium retention (the amount of 

sodium adrninistered - the amount of sodium excreted in the urine) were similar in both 

groups pnor to sodium bicarbonate treatment (collection period 1) (fig. 5-4). M e r  

sodium bicarbonate administration, the interval and total sodium excretion in the urine 

was increased compared to the control @ < 0.001). Cumulative sodium retention was 

increased in the sodium bicarbonate treated rats compared to the controls for collection 

penods two and three. However, by the final collection period, the total sodium retained 

was sirnilar in both groups. Increases in potassium and chlonde interval and total 

excretion in the urine were also observed in the sodium bicarbonate treated rats @ < 

0.05). 



Pharrnacokinetic determinations 

Mean amantadine and m e n a t e  plasma concentrations versus t h e  are shown in 

fig. 5-4. The plasma amantadine and kynurenate concentration versus time profiles were 

similar in the sodium bicarbonate treated and control rats. The amantadine and 

kynurenate plasma concentrations fiom the individual experiments were fit to the two- 

cornpartment open mode1 of distibution to determine the pharmacokinetic parameters 

shown in table 5-5. The amantadine pharmacokinetic parameters are provisional and 

highly variable because the experiment must span two Piln periods for a more reliable 

determination of pharmacokinetic parameters. In the sodium bicarbonate treated rats 

Vd, for amantadine was increased compared to the amantadine + saline treated rats @ < 

0.05). AUC and P t l n  tended to be higher in the sodium bicarbonate treated rats compared 

to the saline treated rats however the differences were not significant. For murenate the 

kinetics of disposition were similar in control vs. bicarbonate treated rats. 
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Figure 5-1: The effect of bicarbonate administration on a) creatinine clearance b) rend 

clearance of amantadine and c) the amantadine/creatinine rend clearance ratio. At the 

beginning of the first urine collection period rats received 3 mg kg-' amantadine i.v. The 

bicarbonate-treated rats (hatched bars) received 5 mm01 kg-' bicarbonate i.v. at the 

beginning of the second urine collection and the controls (open bars) received an 

equivalent volume of saline (0.9 % i.v.). For creatinïne clearance, an additional set of 

controls (solid bars) were rnaintained on 0.9 % saline only. For each urine collection 

period the data are expressed as mean SE, n = 5 (except saline control n = 4). Mixed 

mode1 ANOVA witb repeated measures for tirne, followed by Tukey's HSD test were 

used for statistical analysis. p < 0.05, ** p < 0.01 and *** p < 0.001, difference from 

the saline-treated rats (panel a) and the amantadine + saline-treated rats (panels a, b and 

c) of the same urine collection period. 
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Figure 5-2: The efTect of bicarbonate administration on a) creatinine clearance b) renal 

clearance of kynurenate and c) the kynurenatekreatinine renal clearance ratio. At the 

beginning of the first urine collection period rats received 3 mg kg" kynurenate i.v. The 

bicarbonate-treated rats (hatched bars) received 5 mm01 kg" bicarbonate i.v. at the 

begiming of time interval 2 and controls (open bars) received an equivalent volume of 

saline (0.9 % i.v.). For creatinine clearance an additional set of controls (solid bars) were 

maintained on 0.9 % saline only. For each urine collection period the data are expressed 

as mean + SE, n = 5 (except saline control n = 4). Mixed mode1 ANOVA with repeated 

mesures for time, followed by Tukey's HSD test were used for statistical analysis. p < 

0.05 and * p < 0.01 compared to the saline-treated rats (panel a) and the kynurenic acid 

+ saline-treated rats @anel c) of the sarne urine collection period. 
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Figure 5-3: Correlation between urine flow rate and the amantadinekreatinine or 

kynurenatelcreatinine clearance ratio. The figures show the combined clearance vs. urine 

fiow rate data for al1 rats in each group. The solid line represents the least-squares 

regression for the correlation. a) Amantadine + saline-treated rats b) amantadine + 

bicarbonate-treated rats c) kynurenate + saline-treated rats and d) kynurenate + 

bicarbonate-treated rats. In panel b the amantadine/creatinine clearance ratio before 

bicarbonate administration (open squares) and after bicarbonate administration (solid 

squares) are identified to emphasize the change in the amantadinekreatinine clearance 

ratio afier bicarbonate administration. For this group the regression fit was performed 

only on data points after the start of bicarbonate infusion. 
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Figure 5-4: Plasma concentration versus tirne profiles for amantadine (upper panel) and 

kynurenate (lower panel). Amantadine and kynurenate (3 mg kg") were infused starting 

at time zero and the duration of the infùsion was 2 min. Plasma concentrations were 

measured at the beginning and end of each urine collection. The bicarbonate-treated rats 

(filled squares) received 5 mm01 kg-' bicarbonate i.v. at the beginning of the second urine 

collection (27 min) and the controls (open squares) received an equivalent volume of 

saline (0.9 % i.v.). Amantadine or kynurenate concentrations (pg/ml) are represented as 

the mean + SE of five separate experiments. Error bars are not visible for al1 points due 

to small SE. 





Table 5-2. Urine flow rates (pl min-') 

Urine Collection Pcriod 

Treatment (1) (2) (3) (4) (5) (6) 

1) Saline 18k5 39k 10 86 k 19 94 * 24 84 k 25 73 tt: 20 

2) Amantadine + Saline 29* 1 1  55 * 15 8 6 i  15 82 * 13 71 * 16 67* 14 

3) Kynurenate + Saline 17k4 3 3 *  1 1  55f 16 70-t 12 90 * 24 93 * 23 

4) Amantadine + NaHC03' 31 k9 157*27*** l65*19** 103 * 13 70 * 12 60* 10 

5) Kynurenate + NaHCOi 21 * 3  128 k 12** 144 k 19' 93* 13 83 * 12 65 k 10 

Data are expressed as mean f SE of four or five separate deteminations * P < 0.05, ** P< 0.0 1 and *** P < 0.001 compared to the 

non-bicarbonate treated rats of the same urine collection period, ANOVA followed by Tukey's llSD test. 



Table 5-3: HCOi,pCOl and pH in rats trcatcd with amantadine + saline or amantadine + NaHCOi 
- -  -- - -- - 

Parameter Blood Sample 

- -- - 

1) HC03' Control 27.5 * 0.8 26.7 k 0.6 26.9 * 07 26.5 A 0.6 26.6 * 0.4 

Treatment 28.4 * 0.5 28.2 * 0.3 34.6 k 0.4*** 3 1.8 * 0.7*** 29.8 * 0.2*** 

2 )  PH Control 7.41 * 0.01 7.40 * 0.01 7.40 * 0.01 7.41 i 0.02 7.41 k 0.01 

Treatment 7.4 1 * 0.01 7.4 1 * 0.0 1 7.48î0.Ol4** 7.460Ol4** 7,46k0.01*** 

3) $ 0 2  Control 43.4 * 2.2 41.8* 1.9 42.7 * 1.6 41.3 * 1.8 41.2* 1.2 

Treatment 44.6 f 0.9 45.2 * 1.1 45.7 zt 0.6 43.5 * 0.4 41.8 * 0.7 

Urine Collection Period 

Group (1) (2) (3) (4) 

Urine pH Control 6.68 * 0.22 6.73 k 0.20 6.71 k 0.13 6.81 k 0.10 

Treatment 6.45 * 0.27 8.03 * 0.08*** 8.24 0.03"' 8.00 * O. 1 1 *** 

Data are represented as mean f SE of four separate experiments. Control = amantadine + saline treated rats and Treatment = 

amantadine + sodium bicarbonate treated rats. HCO,' is expressed in units of mm01 L" and pC02 is expressed in units of mm Hg. ** 
a 
W 

p < 0.01, and *** p < 0.001cornpared to the control group, ANOVA followed by Tukey's HSD test. 





Table 5-5: Kinetic parameters for amantadine and kynurenic acid disposition in the 

rat 

Treatment Amantadine Amantadine Kynurenic acid Kynurenic acid 

+ saline + ECO3' + saline' + HC03' 

(n = 5) (n = 5) (n = 4) @ = 5 )  
-- - - - -- - - - -  

AUC (mg min L-') 283 + 144 1279 $r 938 197 + 7 189 + 19 

(&IR (min) 19.7 i 2.1 23.8 + 1.9 8.55 f 0.42 8.01 f 0.50 

Pr  IR (min) 518 I 307 3480 k 2840 34.2 + 2.6 56.5 I 20.3 

Vdss ( L kg-') 6.35 + 0.66 9.08 + 1 .Of 0.300 f 0.006 0.354 f 0.060 

Cl, (mi min-' 10og-') 1.9 I 0.4 1 .O I 0.3 1.53 I 0.05 1.66 + 0.20 

'CI, (mi min*' 100g-'1 1.16 i 0.04 0.76 + 0.04** 1.1 1 + 0.05 1.19 + 0.05 

CI~Cl,  0.95 I0.39 (0.65) 3.3 + 2.5 (0.78) 0.70 + 0.03 0.76 f 0.09 

Data are expressed as mean + SE of four or five separate detenninations. The median 

values for amantadine ClJCl, are shown in brackets. ' ~ o d e l  fit was only possible for 4 of 

5 animais for this group. Cl, mean rend clearance over the duration of the experiment. 

* p < 0.05, ** p < 0.01 compared to amantadine + saline treated rats, unpaired t-test, Al1 

pharmacokinetic parameters for the two kynurenic acid treated groups were sirnilar, 

unpaired t-test. 



Discussion 

This study addressed the potential in vivo functional importance of a previously 

identified in vitro bicarbonate-dependent rend tubule amantadine (organic cation) 

transport mechanism (Escobar et al., 1994; Escobar and Sitar, 1995). The major fïnding 

of the present study was that acute sodium bicarbonate administration decreased 

amantadine renal clearance, most likely by modulation of rend tubule secretion. Our 

present in vivo observations in rats are consistent with a previous report that chronic 

administration of sodium bicarbonate reduced the renal excretion amantadine in humans 

(Geuens and Stephens, 1967). Similar effects of sodium bicarbonate ioading on 

decreasing the rend clearance of other organic bases in rats and dogs have also been 

reported (Torretti et al., 1962; Weiner and Roth, 1981). In addition our data 

demonstrated for the fust tirne that a chronic alteration in circulating bicarbonate is not 

necessary to result in decreased renal clearance of amantadine. 

In the present study, the importance of secretion and filtration components of 

amantadine clearance as a fùnction of an acute exposure to sodium bicarbonate were 

determined. The relative contribution of secretion of amantadine and kynurenate to their 

overall renal clearance was determined by the amantadine or kynurenatelcreatinine 

clearance ratio, respectively. Creatinine has been demonstrated to undergo rend tubule 

secretion as well as reabsorption (Harvey and Malvin, 1965; Nannum et al., 1983). 

However, it has been widely accepted clinically for estimating GFR, and in practice, 

when renal function is normal, it givcs estimates of GFR that are simiiar to those 



estimated by inulin (Giovannetti and Barsotti G, 1991). In rats the use of endogenous 

creatinine clearance (detennined by the non-specific alkaline picrate assay) and inulin 

clearance resulted in similar estirnates of GFR as evidenced by the creatinine/inulin 

cIearance ratio near one (Darling and Morris, 199 1). For these reasons and the fact that 

the creatinine determination is very convenient compared to inulin, creatinine clearance 

was chosen as the method to estimate GFR for these experiments, Creatinine clearance 

may be decreased by the presence of other organic cations or anions such as cimetidine or 

probenecid that compte for cornmon tubde secretion pathways (Harvey and Malvin, 

1965; Darling and Morris, 199 1 ; van Acker et al., 1992). However, in our experiments 

amantadine and kynurenate did not depress creatinine clearance. To alleviate concerns 

regarding the suitability of creatinine as a marker of GFR fùture studies should 

incorporate the use of inulin for this purpose. 

Initially, amantadine and kynurenate undergo significant renal tubule secretion, as 

indicated by an arnantadinekreatinine and kynurenate/creatinine clearance ratio greater 

than one. Based on the decrease in the observed amantadine/creatinine clearance ratio in 

face of a relatively constant creatinine clearance, it appears that sodium bicarbonate 

dosing is decreasing amantadine clearance through effects on secretion and not filtration. 

Conversely, kynurenate secretion appears to be oniy transiently decreased during the 

penod of sodium bicarbonate infusion. This may reflect temporary changes in renal 

function during the t h e  of the infusion. With reference to our chosen organic cation and 

anion substrates, the effect of sodium bicarbonate infiision on renal tubule transport 



appears to be specific for the organic base as opposed to a general phenornenon afTecting 

both organic acid and base secretion. 

In this study, an acute dose of sodium bicarbonate was sufficient to impair the 

renal clearance of amantadine for an extended period of tirne. The chosen dose of 

sodium bicarbonate (5 mm01 kg") for these studies was based on its apparent volume of 

disnibution (0.4-0.5 L kg-') in dogs and was expected to increase peak plasma 

bicarbonate levels by 10 mM (Adrogue et al., 1983). The peak blood bicarbonate 

concentration observed in our experiments, approximately 5 min after the bicarbonate 

inhision was stopped, was about 8 m M  higher than the respective control blood 

bicarbonate levels and remained elevated thereafter. Since blood bicarbonate levels 

remain elevated, it is suggestive that the increase in plasma bicarbonate ion concentration 

may be responsible for the decreasing amantadine clearance. However, in the present 

studies the amantadine + saline treated rats received a total of 1.75 mm01 ~ a "  over the 

duration of the colIection periods whereas the amantadine + sodium bicarbonate treated 

rats received 3.00 mm01 of ~ a " .  It was clear fiom the experiments that ~ a "  and the 

cumulative retention of ~ a +  are increased afler sodium bicarbonate infusion compared to 

the control rats. In vivo, it is not known if the increased Na' excretion or extracellular 

fluid volume expansion because of greater Na' retention may contribute to the observed 

effect that sodium bicarbonate infusion decreases the renal clearance and excretion of 

amantadine. Furthemore, the sodium bicarbonate infusion increased K+ and Cl- 

excretion compared to controls. At this time we cannot d e  out that the increased ~ a +  

retention, ~ a *  excretion or K' and Cl' excretion in the sodium bicarbonate treated rats 



contributes to the observed alteration in amantadine rend clearance. We believe that the 

increased plasma bicarbonate level is the most important factor in explaining the effect 

on rend clearance of amantadine because previous in vitro studies demonstrated that 

renal tubule transport of amantadine is dependent on bicarbonate and independent of Na' 

and K' concentration (Escobar and Sitar, 1 994; 1996). To confinn this hypothesis, fiiture 

in vivo experiments must incorporate the use of hypertonie sodium chloride Uifusion to 

control for the greater ~ a +  load in the sodium bicarbonate treated rats. 

We believe passive reabsorption is likely to have only minor importance in 

explaining the decrease in amantadine clearance for the following reasons. Due to the 

high pKa of amantadine @Ka = 10. l), oniy a lirnited gradient for passive reabsorption of 

amantadine fiom the tubule lumen to the pentubular capillaries would be established by 

the increase urine pH. Secondly, with increasing urine flow rates with time in our 

anirnals, there would be a predicted increase in net renal dnig excretion and increased 

clearance due to less contact time for passive reabsorption of the drug into the peritubular 

capillaries. In our model, this effect was not apparent, as a large increase in urine flow 

rate in the bicarbonate treated rats was not correlated with a substantid increase in the 

amantadine/creatinine clearance ratio. Fwthermore, h g  disposition studies in humans 

showed amantadine rend clearance was not dependent on urine pH (Aoki et al., 1979). 

The slight increase in blood pH (< 0.1) resulting fiom the bicarbonate infusion will not 

significantly change the degree of ionization of amantadine in the plasma. Thus there 

should be littie effect of pH changes on whole body distribution of amantadine. 



By studying bicarbonate effects on amantadine and kynurenate, we were able to 

demonstrate pharmacokinetic data for amantadine and kynurenate in the rat. These 

parameters have not been previously published. The plasma concentration data do not 

reflect the dramatic effect of bicarbonate on renal clearance of arnantadine. However, 

pharmacokinetic analysis of these data suggest that bicarbonate administration may have 

increased amantadine's Vd,. Aithough there are species differences in amantadine 

metabotism and elimination, the distribution characteristics for amantadine in the control 

rats (Vd, = 6.35 0.66 L kg-') is similar to that reported in adult male humans Old, = 

6.59 * 1.49 L kg") d e r  i.v. amantadine infusion (Bleidner et al., 1965; Aoki and Sitar, 

1988). Our reported control amantadinelcreatinine clearance ratio is also similar to 

amantadinelcreatinine ratios previously reported in humans and in dogs (Tilles, 1974; 

Aoki et al., 1979; Sitar el al., 1997), indicating similar rend secretory capacity for 

arnantadine in these species. The median renal to plasma clearance ratio (C1&Clp) for 

amantadine was about 0.5 and is consistent with additional routes of amantadine 

eIimination (metabolism) as well as rend elimination of the parent compound. The 

obsemed Cl,./C/CI, ratio for kynurenate was about 0.75. This observation rnay indicate that 

kynurenate is being metabolized to a small extent but the presence of any metabolite was 

undetectable by our t.1.c. methods. 

In humans, a variety of amantadine metabolites have been identified by mass- 

spectrometry with the predominant metabolite of amantadine k i n g  N-acetylamantadine 

(Koppel and Tenczer, 1985). To test whether the metabolite profile for amantadine in the 

rat is similar to that in humans, we did gas chromatography analysis for acetylamantadine 



according to previously published methods (Bras et al., 1998). We were unable to detect 

acetylamantadine in our rat urine samples and thus can exclude acetylamantadine as the 

major metabolite of amantadine formed in our rat experiments. The fact that the total 

excretion of amantadine but not the metabolite changes in our experiments suggests hat: 

1) Amantadine and the metabolite do not interact at an identicai p o i ~ t  in the rend 

excretion pathway 2) It is likely that bicarbonate is reducing amantadine clearance solely 

by modulating renal tubule transport. Since it is likely that amantadine and the 

metabolite do not interact at a common tubule secretory pathway, the exact identity of the 

metabolite is not critical for the understanding of the present findings. 

The exact mechanism of bicarbonate reduction in net renal secretion of 

amantadine remains elusive at this t h e .  We may specdate that in order to satisQ in 

vitro data of increased amantadine renal tubule accumulation in the presence of 

bicarbonate and in vivo data of decreased secretion, bicarbonate may be able to decrease 

the luminal ef f lw of amantadine in addition to its stimulatory eEect on amantadine 

uptake at basolateral membrane. Rend tubule luminai organic cation transporters may 

mediate the passage of organic cations fiom the tubule ce11 into the tubule lumen 

(Kinsella et al., 1979a; Holohan and Ross, 1980). These organic cation transporters may 

represent sites for the observed bicarbonate effect. Although we did not measure urinary 

output of bicarbonate in these studies, upon giving a bicarbonate load luminal delivery of 

bicarbonate and urinary excretion should increase (Dubose et al., 1996). Thus, there is 

potential for a luminal bicarbonate effect on transport of amantadine. Evidence for 

bicarbonate modulation of luminal proximal tubule organic cation transporters as 



opposed to increased non-ionic diaision has already been demonstrated for the organic 

base procainamide (McKinney, 1984). However, aside from the McKinney report, 

bicarbonate modulation on luminal membrane organic d o n  transporters has not k e n  

studied. Altematively, evidence exists that indicates secretion of some organic cations 

across the brush border membrane of proximal tubules is coupled to an inwardly directed 

proton gradient that is driven by the N~+/HC exchanger located in the brush border 

membrane (Holohan and Ross, 198 1; Takano et al,, 1984; Rafizadeh et al., 1987). 

Therefore, it is also possible that the alkalinkation of the tubule fluid that occurs after 

bicarbonate administration may cause a decrease in the driving force for H'forganic 

cation exchange across the brush border membrane of proximal tubules, and thus a 

decrease in arnantadine clearance. 

Certain organic cationic dmgs such as aminoglycoside antibiotics are highly toxic 

to the kidney (Bennett, 1989). The finding that the bicarbonate-dependent increase in 

amantadine uptake in vitro is not linked to increased rend excretion of amantadine in 

vivo raises the issue of pharmacologicai consequence of increased renal or senun 

accumulation of amantadine or potential nephrotoxic organic cations such as 

aminoglycosides. Our data suggest that acute changes in acidlbase status that result in 

increased plasma bicarbonate levels may compromise renal elhination of amantadine 

and possibly other organic cation drugs that are specificdly handled by bicarbonate- 

dependent organic cation transporters in the kidney. 



GENERAL SUMMARY AND CONCLUDING RElMARKS 

The initial objective of these studies was to determine whether the previoudy 

described bicarbonate-dependent renal tubule amantadine transporter@) wadwere unique 

fkom other known renal tubule organic cation transporters. We have shown that the large 

reliance on one compound, namely TEA has failed with respect to define the renal tubule 

organic cation transport system in its entirety. Our results in chapter 1 and 2 clearly 

demonstrate that the once considered "single mdtispecific transport system" for organic 

cations appears now to be comprised of a series of organic cation transporters with 

unique su bstrate speci ficity and controlling mechanisms. There appeared to be at least 

four baso1atera.l organic cation transporters, namely the bicarbonate-dependent and 

bicarbonate-independent amantadine-selective transporters as well as hi&-affinity and 

low-affinity transporters for TEA. The identification of multiple transport sites is 

important for more thoroughly identifjhg the possibility for drug interactions of 

preexisting or novel therapeutic agents in the kidney when multiple medications are 

consurned simultaneously. In fûture studies, the use of molecular, imrnunochemical and 

in vivo techniques should contribute to M e r  establishing the identity, tissue distribution 

and fûnction of each of these transporters. Furthemore, using molecular biology 

information, it would be interesting fiom a clinical perspective to determine if genetic 

polyrnorphisrns of the various organic cation transporters are present and result in altered 

therapeutic effectiveness of drug treatments, dmg toxicity and or inhented disease 

conditions. 



Our studies in diabetic and UNX rats (chapter 3) suggested that the fixnction of the 

bicarbonate-dependent amantadine transporters in the proximal tubule could be 

modulated by these conditions. Our predictions suggested that the aiteration in the 

kinetics of the bicarbonate-dependent organic cation transporters might be important for 

in vivo drug elimination by the kidney. Considering the prevalence of diabetes mellitus 

and end stage renal disease in North America, additional research on the effects of 

disease on renal tubule secretion of organic cationic h g s  by the kidney is necessary. In 

fûture studies, the in vivo rend elimination of substrates for the various rend organic 

cation transporters shouid be addressed at ail stages of diabetes mellitus (controlled and 

uncontrolled) and in one kidney versus two kidney rats. This approach should aid in the 

determination of potential long-terni effect of these chronic conditions on drug secretion 

by the kidney tubules, of which there is very little information at present. Our findings 

would suggest that aiteration in organic cation transporter h c t i o n  in disease States, such 

as diabetes mellitus, could possibly modulate access/elimination of thetapeutic agents 

tdfiom target organs resulting in decreased drug efficacy or possibly toxicity. Therefore, 

the study of the organic cation transporters in other tissues, including brain, liver, 

intestines and heart represents an attractive area for m e r  study. 

In chapter four 1 presented the hypothesis that interactions of N&' with organic 

cation transporters may be important in describing the wel-known phenornenon that 

N&Cl administration increases the renal elimination of severai organic cation dmgs. 

This suggestion was opposed to the weI1-established thinking that N&Cl increases rend 

excretion of the organic bases by acidimg the urine, which subsequently leads to increased 

ionization and decreased passive reabsorption of the organic base that had gained access to 



the tubule lumen by nitration and secretion. In several literaîure reports, when heaithy 

subjects received W C 1 ,  the majority of evidence supprted an association between urine pH 

and organic cation elimination by the kidneys but not necessady the passive diffusion 

hypothesis. The effects of other parameters that change in acid base disturbances including 

plasma pH, plasma HCa-,  and m+ production and levels in the kidney have 

unjustifiably been ignored in regard to d m g  elimination by the kidney. The evidence 

presented herein demonstrateci that N&' competitively hteracted predominantly with the 

bicarbonate-dependent amantadine transporters in rend proximal and distal tubules of 

male and female rats. This interaction was independent of changes in extracellular or 

intracellular pH and significantl y decreased rend tubule transport of amantadine. We 

have altematively hypothesized that more pronounced interactions of m' with luminal 

transporters may occur because of the higher m+ concentrations in the lumen as 

opposed to the peritubular capillaries. To c o n h n  this hypothesis, hture studies must 

address the effects of mf on amantadine efflw from proximal and distal tubules, and 

on amantadine transport using either isolated luminal membrane preparations or 

directional transport studies in ce11 culture. These findings may have clinical importance 

for dmg elimination in conditions where production and excretion of Mt+ increases, 

such as in gastrointestinal loss of bicarbonate, K+ deficiency, chronic fasting and rend 

insufficiency . 

The final object of this dissertation research (chapter 5) was to develop 

methodology to study the rend tubule transport of amantadine in an in vivo rat mode1 and 

to study the implications of bicarbonate on the function of the bicarbonate-dependent 



amantadine transporter in vivo. The UNX rat model was successfully used for these 

studies and provided a reliable mode1 to study organic cation clearance and elimination 

by the kidney. The initial in vivo study addressed the potential fünctional importance of 

a previously identified in vitro bicarbonatedependent rend tubule amantadine transport 

mechanism. The major finding was that acute sodium bicarbonate administration 

decreased amantadine renal clearance, most likely by modulation of renal tubule 

secretion. However, in order to clariQ mechanism of action, additional in vivo studies 

are required. In vitro studies using membrane vesicles would also be usefül to determine 

the effects of bicarbonate on the Luminal transport of amantadine. in addition, our data 

demonstrated for the first t h e  that a chronic alteration in circulating bicarbonate is not 

necessary to resuit in decreased renal clearance of amantadine. Taking into the 

consideration the results fkom our in vitro studies of amantadine transport in UNX rats, a 

future cornparison of amantadine renal elimination in two kidney rats versus UNX rats 

will be important for confirmation of these tùidings. Secondiy, now that the in vivo 

procedure is developed, it will represent an appropriate model to study and compare 

amantadine-selective transporters versus TEA-selective transporters with regard to their 

ability to secrete other organic cation dmgs. 
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