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ABSTRACT

The present experimentation addressed three aspects of renal tubular

organic cation transport and interactions in rat and human preparations in vitro.

Amantadine was employed as the marker organic cation with principal advantages

being its therapeutic relevance, homogeneous and achiral chemical properties, and

limited metabolism in mammalian tissue. Under control conditions, amantadine

was concentrated actively by renal cortical slices, isolated proximal tubule and distal

tubule. Apparent affinity (Km) for uptake was observed to be comparable in all

three preparations, while apparent maximal capacity (Vmæ<) varied considerably in

the order of proximal tubule > distal tubule > cortical slice. The first experimental

series investigated chiral preferences in renal organic cation transport. Addition of

8S, 9R-(-)-quinine or 8R, 9S-(+)-quinidine stereoselectively inhibited amantadine

accumulation in rat and human cortical slices (quinine ' quinidine).

Stereoselectivity was subsequently confirmed in proximal tubule, but not distal

tubule. Functional mechanisms underlying such a phenomenon, and its clinical

significance are discussed herein. The second aspect of investigation examined the

effects of two pharmacological congeners, cimetidine and ranitidine. The

predecessor drug, cimetidine, interfered with amantadine transport in isolated

tubules in a biphasic fashion. High-affinity enhancement of amantadine

accumulation by cimetidine \ryas obserued in the proximal tubule, whereas

competitive inhibition of lower-affinity was evident in both tubule fractions.

Conversely, ranitidine only produced competitive uptake inhibition at highly toxic

concentrations. This relatively inert nature of low therapeutic plasma

concentrations of ranitidine is supportive of its lower incidence of renal interaction

with cationic drugs than its predecessor. The final series of experimentation studied

two clinically and environmentally relevant organic cations, nicotine and cotinine.



The addition of nicotine or cotinine invoked similar biphasic interference of

amantadine transport in proximal tubules, and maximal enhancement of uptake was

elicited by concentrations documented in plasma of habitual tobacco smokers. In

distal tubules, low-affinity inhibition of amantadine uptake rwas observed with highly

toxic nicotine concentrations, and cotinine was without effect. Adjunct efflux

experimentation with nicotine provided further insight into the current dichotomy of

amantadine uptake, and putative mechanisms underlying such an interaction are

postulated. Furthermore, the current data suggest potential alterations in renal

cationic drug elimination in habitual tobacco users.
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INTRODUCTION

Foreword. The fundamental focus of the present dissertation centers upon

mechanisms and characteristics of organic solute handling by the mammalian

kidney. Hitherto the introduction of the relatively more detailed aspects in renal

tubular solute transport, it is imperative to first consider and comprehend the basic

issues in regard to the transmembrane passage of chemical substances.

AII biological membranes have common overall structures, which are

assemblies of lipid and protein molecules held together by non-covalent interactions

(Singer & Nicolson, L972). The amphipathic lipid molecules (phospholipids,

cholesterol and glycolipids) are arranged as a continuous double layer in which the

hydrophobic interior of this bilayer serves as an efficient mean to restrict

"undesired" traffic of water-soluble contents within and between cells. However, in

view of the essentiality that living cells must regulate intracellular ion

concentrations, ingest nutrients and eliminate endogenous and exogenous toxins;

effective specific transmembrane transfer of inorganic and organic solutes

represents a process of utter importance for the survival of any given organism. For

this very reason, the teleological development of carrier-mediated intra- and inter-

cellular transport processes was necessitated to facilitate the shuttle of such

molecules.

Passive Diffusion. In thermodynamic terms, the tendency of a solute to

move spontaneously in the direction of equilibrium can be viewed as a reflection of

the general tendency of natural systems to strive to attain a condition of minimum

free energy, or maximum entropy. Essentially if time is permitted, any chemical

molecule is able to diffuse across a protein-free lipid bilayer down its concentration

gradient by means of passive diffusion. However, the rate at which transfer occurs



varies enorrnousl¡ and movement or

Fick's Lawz

flux of the substance can be described by

Pr. A
(tsrl - tszl) (1)

"([Sr] - [Sr])" denotes the gradient between two regions of high and low solute

concentrations respectivel¡ and represents the primary driving force for diffusion

("V" or "dS I dt"\. "4" represents the area of interface, "x" is the thickness of the

membrane, and "Pk" denotes the permeability coefficient or diffusivity of the solute.

The above equation states that the overall rate of penetration for a solute (S) is a

Iinear function of the concentration gradient. This relationship is illustrated

graphically in Figure I-1. It is evident that the gradient or slope generated in this

plot is equal to (Pr.A / x), and that the permeability coefficient (Pr) can be

calculated readily, if '4" and "x" are identified parameters. Previous studies have

established the dependency of "Pk" upon temperature with direct proportionality,

and the molecular size and shape of the solute. Such inter-relationships were first

proposed in detail by the German physiologist, E. Overton, towards the end of the

Iast century (Overton, 1899 & 1902). The "Overton's rules" state that permeability

of uncharged small non-polar molecules is directly proportional to lipid solubility or

lipophilicity, whereas permeability of uncharged polar or hydrophilic molecules is

inversely proportional to the molecular size. Moreover, lipid bilayers are highly

impermeable to all charged ions irrespective of their sizes (Michaelis, 1926).

In view of the fact that numerous endogenous and xenobiotic agents are

weak organic acids or bases, the ability of such compounds to penetrate the cell

membrane relies principally upon their state of ionization. These compounds are

considerably more lipid-soluble in their nonionized form, and more water-soluble in

their ionized form. The proportion of ionization depends upon the negative log

dS
V=

dr.



Gradient = (P¡.A/x)

([s1l - [szll

Figure I-1. Graphical representation of Fick's l-aw on transmembrane diffr¡sion of

substrate (S). (tS1] - tSÐ denotes the concentration gradient across the membrane.
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value of the ionization coristant (pKa) for the compound and thepH of the medium.

This can be evinced by the Henderson-Hasselbalch equations:

Ar.¡roNs: AH : A +H* (2a)

In solution, an uncharged anion is able to dissociate into its ionized form with

the concu¡rent liberation of a proton. Hence with reference to [æ Chatelier's

principle, which states that "if any coratraint is applied to a system in eEilibrium, the

system will change in such a manner as to counteract this corutraint as far as is

possible", the extent of dissociation is variable as a function of the intrinsic proton

concentration of the surrounding medium (pH).

rAlrH-l
(2b)

Ka

tAH]

tAl

tH-l tAH]

pKa - pH Iog [AH]

tBl THI

tA1

Similarly, a cation may associate with a proton to become its ionized form in

apH-dependent manner.

CrrroNs: BH*:- B+H*

(2c)

(2d)

(3a)

Ka

tBHI
(3b)



tBl

THI tBHI
(3c)

pY-a - pH I-og [BHI
(3d)

tBl

Carrier-Facilitated DiffusÍon. The permeabilities mentioned insofar are

related to the physical properties of the membrane bilayer, with the movement of

substances according to their lipoid solubility, molecular size and charge. However

certain substances, including some highly charged polar molecules, traverse the

membrane at faster rates than those accounted for by passive diffusion. These

compounds utilize specific membrane transport mechanisms whereby their passage

is facilitated by a carrier macromolecule with which they reversibly combine. Each

receptive site is only able to "recognize" a single molecule o¡ a limited range of

chemically related molecules (e.g., sugars, amino acids and ions), and such

specificity of the transport process was first inferred by previous investigations in

which single gene mutations were observed to abolish the transport of certain sugars

in procaryotes. Similar mutations are no* r".ognized in humans who suffer from a

variety of inherited diseases affecting the transport of specific solutes in the kidney

or intestine (Oxender & Qua¡ L975; Wilson, lgTS).

Following binding, the conventional idea states that the substrate-carrier

complex is considered to be lipid soluble, and translocation occurs whereby the

entire complex traverses down its concentration gradient across to the opposite side

of the membrane. The substrate is subsequently released and the carrier is recycled

(Figure I-2). More recent concepts have challenged the probability of the above-

mentioned mechanism, and the shuttle proteiw have been superseded by carrier

proteins which span the enti¡e cross-section of the membrane via amphipathic

Ka



Concentration Gradient

C)<>fo

Solute
Binding

Solute
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Carrier

Lipid Bilayer

Figure I-2. T}le Shuttle-Canier hypothesis in carrier-mediated substrate diffusion.

The transported substrate is represented by filled circles, and the shuttling carrier

molecule by shaded circle.
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interactions. Subsequent to substrate recognition, such transmembrane proteins

undergo conformational changes and mediate the translocation of the substrate

across the membrane (Figure I-3). It is of importance that these transmembrane

carriers are not to be confused with channel proteins (transmembrane pores which

simply enable the tunneling of molecules of limited size and charge), although their

kinetic characteristics have been documented previously to exhibit parallelism to

each other (Patlaþ 1957).

The association between the carrier receptor and its substrate can be viewed

to be analogous to that between an enz5¡me and its substrate or between a drug and

its receptor. In consideration of the Occupation Theory for drug-receptor interaction

in quantitative pharmacology (Clark, 1937), the fundamental analogy can be

summarized as follows:

Substrate [S] + Carrier [R] Substrate-Carrier Complex [SC] - 
Translocation

Drug [A] + Receptor [R] Drug-Receptor Complex [AR] + Response

"K1" and "K2" represent rate constants for association and dissociation of the

complex, respectively. According to the law of mass action, the rate of the forward

reaction is given by (KI.[A].[R]), whereas that for the reverse is (Kz.[AR]). Ar

equilibrium, the rates of association and dissociation are equal. Therefore:

Kz

Kr

Kz

Kr

K2

Kr

lAl x tRl
KD (4)

tAR]

where "KD" is the dissociation constant. The total number of receptors "[Rtot]" is the

sum of recePtors engaged in the formation of the complex ''[AR]" and free receptors

"[R]":
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Figure I-3. Carrier-mediated facilitated diffusion of a solute yi¿ a conformational

change of the transport protein. The carrier protein is able to assume two different

conformational states, in which the substrate binding site becomes exposed and

available at either surface of the membrane bilayer. Such a process is reversible,

and the direction of substrate movement depends primarily upon its concentration

gradient across the cell membrane.



[Rtot] - IARI

By exchanging for R in equation 4, it can

fractional receptor occupation in relation to

response (EÆu) (Clark, L937):

tAR]

IRtot]

be rearranged to become a function of

its maximum ([AR]4Rr,l) or fractional

tRl (s)

E

Er"r
(6)

1 + KD/[A]

In carrier-mediated transport, fractional binding or response is substituted by

fractional velocity of transport (V) in relation to saturation (Vmax):

V

V'no
(7)

(8)V

(e)V

1 + K'/[S]

Vmax Vmax

1 + Kln/[S] ([S] * K')/[s]

Vmax . [S]

tsl + Km

The above transformation of the Clark equation has evidently revealed its

equivalence to the classical Michaelis-Menten equation (Michaelis & Menten,

1903), and "KD" is accordingly simulated by the Michaelis Constant (Km). Transport

exhibits saturation kinetics and flux velocity as a function of substrate concentration

accommodates to the classical langmuir isotherm (Figure I-4). Reiteration to



Vmax

1/2 (Vmax)

Km

f[s1l - [szll

Figure I-4. Graphical representation of the Michaelis-Menten equation on

substrate transport kinetics. (lsr] - [Sz]) denotes the substrate concentration

gradient across the biological membrane. V'a, is a measure of the apparent

maximal capacity of the transport carrier, whereas K' ((tsll - tS4) at half Vmax) is

indicative of the apparent substrate affinity by the carrier.
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Fick's law on simple diffr¡sion reinstates the emphasis upon the concentration

gradient being the primary driving force, and such an equation is adapted

accordingly to incorporate the high and low substrate concentrations ([Sr] and [Sz] in

equation 1):

ts4
Vmax (10)

ts'lv
[St] + K¡n tS4 + Km

With exhaustion of the concentration gradient at equilibrium (when [Sr] = [Sz]), net

diffusion rate via the carriers (Ð eventually becomes zero.

Active Transporl The transport processes mentioned above can only lead to

equilibrium, and not accumulation. However in systems capable of "uphill"

transport, net substrate transfer (Ð should not equate to zero when [Sr] and [Sz]

equilibrate. Kinetically, this is achieved by the introduction of different values of

Km on either side of the membrane through linkage with metabolism. Transport

must be compensated energetically by a spontaneous process, and molecula¡ flow of

the substrate through the membrane is frequently mediated by an alternate flow

produced primarily by the metabolic reaction (Rosenberg, t948; Rosenberg &

Wilbrandt, 1955).

To date, there exist few primary active transport processes in which transport

is coupled directly to the energy source (Carafoli & Scarpa, 1982; Hoffman &

Forbush, 1983; IJllrich, 1990). The majority of accumulative transport is secondariþ

active via.co-t¡ansport systems (West, 1980; Geck & Heinz, 1989). These latter

processes transPort one solute in adjunct with a simultaneous or sequential transfer

of a second solute. Vector of movement may occur either in the same direction viø

symports (Crane, 1960, 1962 &. 1977; Mitchell, 1963), or in opposite directions yia

11



antiporß (Heinz et aL, t972). Examples of such systems include the luminal

reabsorption of glucose and secretion of protons in the intestinal tract, in which both

processes are coupled to the inwa¡d sodium electrochemical gradient generated by

the basolateral Na*ÆCATPase (Figure I-5).

Tlvo distinct influences of the driving current on the translocator have been

postulated to be instrumental for coupling wa symports and antiports. The presence

of a driving ion may either modi$ the velocity of the translocator (velocity ffects),

and/or the affinity of the latter for the substrate (affiúty efects). Under the usual

assumption that carrier translocation represents the major rate-limiting step for

overall transPort rate, the relationship between energetic coupling and the

magnitudes of transport parameters can be expressed by the following expression

(Heinz et aL,1972):

(Pau . Po)
Ratio (1 1)

(P. . Pu)

"Rab" is the cooperativity coefficient with respect to the binding of the substrate (a)

and the corresponding driving ion (b) to the carrier. "Po, P", Pu and Pab" are the

permeation probabilities or velocity constants for the empty carrier, carrier-

substrate complex, carrier-ion complex and the tenary complex respectively.

The occurrence of a velocity effect is identified by a difference between the

ratio of velocity constants and unity. Symport coupling requires a ratio value of

greater than unity, whereas coupling at the antiport requires a negative ratio.

Whenever the ratio equates to unity, no energy transfer is possible. An affinity

effect would result from cooperativity between substrate and d¡ive¡ ion for binding

to the translocator, and values of "Rab" must be positive and negative in symport and

antiport coupling respectively.

Rab
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LUMINAL BA,SOIATERAL

F'igure I-5. Schematic diagram illustrating the sodium-dependent co-transport of

sugar and proton in the small intestines. The reabsorptive flux of sodium is coupled

to concurrent sugar reabsorption and proton secretion vin a specific symport and

antiport respectively. As such a sodium gradient is generated primarily by

basolateral Na /K -ATPase, the coupled fluxes of sugar and proton are termed

secondarily active transport processes.
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A more valid distinction between cooperativity and afünity effects may be

based upon the Michaelis-Menten kinetics of equilibrium exchilge, in which the

equation is modified by the inco¡poration of the parameters from the above

expression:

(1 + (Pau lP^). Rau. p) . c
Vmax (t2)

1 + c + p + Rab.c.p

With c = a/K^ and p = bÆG (Heinz et aL, L972).

Few attempts have been made insofar to estimate the magnitude of the

paramete¡s in the above equation for any transport qystem, and only the following

Iimited information may be ext¡acted from the scattered data cturently available in

the literature. Experimentally, velocity effects are revealed by traru-effects of the

driver current on substrate flux rate with the absence of the substrate on the trans-

side. Conversely when substrate transfer is c¡s-affected by the driver current without

significant alterations in Vmaa such a phenomenon is highly indicative of an affinity

effect.

Transport Inhibition. In view of the substrate specificity of carrier-mediated

transport, compounds with similar chemical configurations are liable to be

recognized by common binding site(s). Consequently, the simultaneous exposure of

a second substrate to the carriers will compete for translocation and inhibit that of

the original one:

AR->R+A

(13)

IR + R+I

v

P
\

R
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Before entering into the discussion of inhibition kinetics, it is useful to consider the

different ty?es of inhibition which may be encountered.

In a system involving active accumulation of the substrate, an obvious

distinction befween inhibitors would be ones which block the energy supply and

linkage for transport, and those that interfere with substrate binding. A further

division of the forme¡ include a blockade of the supply of the driver current for co-

transport, and the direct inhibition of the energy yielding process. Examples of such

compounds are cyanide, carbon monoxide,2, 4-dinitrophenol and azides, and they

are termed metabolic or secondary inhibitors. Inhibition of the adsorption and

translocation of the substrate is producedbyprimøry inhibitors, and it is this group

which offers the most interest for the purposes of this present dissertation. Amongst

primary inhibition, a number of different tlpes are expected, depending upon the

complexity of the system visualized. The two most commonly encountered types are

competitive inhibition as mentioned above, and non-competítive inhibition in which

inhibition occurs at a different binding site to the translocator:

R

*,"11 ,

RI

A RA R+A
rfîr,,

RAI

(14)

The distinction be¡peen the two gpes of inhibition is facilitated by graphical

methods such as the Lineweaver-Burk (Lineweaver & Burk, 1934; Cleland, 1963)

and Eadie-Hofstee (Eadie, 1942; Scatchard, 1949; Hofstee, 1952) analyses. In

competitive inhibition, only the apparent affinity of the receptor for the substrate

(I{n) is decreased by the addition of the inhibitor, and the apparent maximal

capacity (Vmac) is relatively unchanged. Conversely in non-competitive inhibition,

the situation is reversed in which Vma< is apparently decreased with IG unaffected.

Such concepts can be viewed to be analogous to the affinity and velocity effects as
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mentioned above.

The potency of an inhibitor is dependent upon its affinity at

interaction. If one envisages the adsorption of an inhibitor (I) to
inhibition (R) with reference to Clark's Occupation Theory (vide supra):

tIR] 1 + [t]¡lc

the site of

its site of

IRt"t] 1 + IC/FI

IR represents the inhibitor-receptor complex and Ki is the inhibitory constant. The

incorporation of the parameter (1- + [I]/K) extends the Michaelis-Menten equation

to:

v'"* . [s]
( 16)

[s] + Km.(l * tllri¡

With rearrangements, the equation is transformed into a linear function of (5r = ¡¡.*

+ c) (Dixon, 1953) and is illustrated graphically in Figures I-6a and 6b:

V

(1s)

(17)
1

V

Km 1 K'' Irl++
V'no Vm*.[S] IftVmrx . [S]

In competitive inhibition, the intersection point for lines Sr and Srr (1¡r/ = []) lies

above the abscissa, and its down-extrapolation onto the abscissa provides the

negative value of Ki. However in non-competition, Sr and Sn do not intersect but

meet at a point on the abscissa giving -Ki. The actual X-intercepts by Sr and Srr

represent a function of (-Ii (tS]/K* * 1)), and the relative variability of such a

parameter in Figure I-6a in comparison to that in Figure I-6b once again illustrates
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Vmax/V

lnhibitor Concentration

Figure I-6a. Representative Dixon plots showing competitive inhibition. V

represents the rate of substrate movement and Vma is the apparent mÐdmal

capacity of transport. Sf and SU represent the two substrate concentrations, and

down-extrapolation of their intercept onto the abscissa presents the inhibitory

constant (Ki).
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Vmax/V

lnhibitor Concentration

Figure I-6b. Representative Dixon plots showing non-competitive inhibition. V

represents the rate of substrate movement and Vma¡< is the apparent maximal

capacity of transpof. SI and Su represent the two substrate concentrations, and

thei¡ intercept at the abscissa denotes the inhibitory constant (Iíi).
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competitive and non-competitive inhibition respectively.

In spite of the simplicity of the Dixon procedure in determining inhibitory

constant values, the use of an arithmetic scale for inhibitor concentrations on the

abscissa attenuates its ability to detect multiple-site interacfions. An alternative

method has been documented which involves the use of the ICso value (Cheng &

Prusoff, 1973). IGo is the concentration of the inhibitor at which 50 Vo inhibition is

produced, and it is readily extracted o¡ calculated from the semi-logarithmic

competition or displacement curves. However it is imperative to stress the invalidity

of direct comparison of ICso values between laboratories, as such a parameter is

widely variable depending upon the substrate concentrations employed in individual

experiments.

The association between ICso and Ki can be demonstrated with the use of

equations 13 and 16 (competitive inhibition). When Fl = ICso, Y = 2Y¡ (velocity of

transport in the presence of inhibitor).

V*.x. [S] 2 Vma. [S]
(18)

[S] * Kn

ICso Ki ['+*l

[S] * K. (1 + ICso / Ki)

By rearrangement, K¡ can be calculated accordingly:

(1e)

In the case of non-competitive inhibition, the inhibitor exerts its action by

binding onto disparate site(s) to the translocator site of the free carrier or the

substrate-carrier complex (equation 14). Hence the corresponding inhibition

comPonent needs to be incorporated into both denominators in the Michaelis-
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Menten equation:

Vmax. [S] 2 Vmax. [S]Vi= (20)
[S] + Km K' (1 + ICso / Kr') + [S] (1 + ICso / Ktù

When Kr. = Kri (equation 14), the ICso value approximates to Ki.

Compendium I. General criteria and properties for carrier-mediated

transport of a substance are as follows (Wilbrandt & Rosenberg, L961):

L. Transmembrane flux of the substrate is greater than that anticipated with

simple diffusion.

2. Rate of transpotr exhibits saturation kinetics: As the substrate concentration

increases, rate of transfer reaches an eventual asymptote.

3. The carrier protein possesses chemical specificity, so that only substrates with

the requisite chemical structure are transported. In general, specificity of

most transport systems is not absolute, and it is relatively less stringent than

that of enzymes.

4. Structurally related molecules may alter the transport of the substrate.

These may compete for a common carrier and inhibit transfer (c¿s-

competition); or facilitate counter-transport of the substrate in the reverse

d irection (trans - s timulation).

5. The demonstration of uphill concentrative transfer of a substrate is highly

suggestive of carrier-mediated transport.

Carrier-mediated transport has been widely examined and documented in
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numerous tissues of epithelial origin, vre kidneys, liver, gastrointestines, thyroid,

choroid plexus and anterior uvea. In general, tissues utilize transport mechanisms in

relocation of both inorganic and organic anions and cations within body fluids, and

only the liver and kidney employ such mechanisms for their elimination from the

body.

Renal Epitheliâl TransporL The kidneys play a critical role in maintaining

the consistency of the internal environment by regulating water and electrolyte

balance within the body. They also have the responsibility to eliminate both

endogenous waste products and exogenous toxins, while simultaneously conserving

valuable nutrients to the organism.

The functional unit of the kidney is the nephron, which is enumerated to be

approximately one million per human kidney. Depending upon their morphological

location within the kidney, they are categorized into supefficial cortical, mi^dconical

or juxtamedul/øry nephrons. These three nephrons are heterogeneous in their

morphological structure and overall functions (Beeuwkes, 1980; Bulger & Dobyan,

L982). Ifowever, the general sequence and nomenclature fo¡ the individual tubular

segments are as follows (Kriz & Bankir, 1988). Each nephron consists of a vascular

component called the glomerul¡¿r which links to a tubular component via the

Bowman's capsule. The entire tubule is composed of a single layer of epithelial

cells of heterogeneous morphology and function (Tisher & Madsen, l99l; Vander,

1991) (Figure I-7). For the purpose of reference, the tubular component is

traditionally divided into four segments. At the beginning in the renal cortex, the

segment that drains the Bowman's capsule is the proximal tubule. It consists of

numerous coils termed parc convoluta, followed by a straight portion descending

into the renal medulla Qtan recta). The medullary segment of the nephron is called

the thin Loop of Henle, and it is distinguished into descending and ascending limbs.
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ffiffi
Descending Limb
of Loop of Henle

Glomerulus

Thick
Ascending Limb
of Loop of Henle

Figure I-7. A simplifÏed diagram of the nephron with schematic representations

showing the mo¡phologr of epithelial cells within individual rubule segmenrs

(adapted from Figure 1-3, pp.8, Vander, 1991).
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Upon re-entry into the cortex, the ascending thin I-oop of Henle leads into the thick

I¡op of Henle and distal convoluted tubule. These are collectively referred to as

the distal tubule. The distal tubule then coalesces with the collecting tubule, which

ultimately drains into the cortical and medullary collecting ducts.

Historically, the concurrent assessment of the renal Malpighían bodies

(Malpighi, 1666:' Hayman, 1925) by William Bowman (1816-1892) and Carl Ludwig

(1816-1895) had revealed the role of the glomerulus to be "an apparatw designed to

separate from the blood the watery portion" (Bowman, L842). However with regard to

the function of the remainder of the nephron, their ideas were altogether divergent.

I-udwig doctrined the formation of the watery portion at the glomeruli by means of

a process called ultrafiltration, and the renal tubules were agents for reabsorption.

The salvage of filtrate constituents was proposed to be a non-specific

physicochemical process termed endosmosß. Conversely, Bowman conceived of the

renal tubules to be secretory agents. Waste products of the body are compacted

into ffite panicles and are then discharged into the tubular lumen in an analogous

manner to the apocrine glands. These two seemingly competing theories at the time

were considered in their entirety: they were either entirely "right" or "wrong" with no

giving ground. It was conceivable that the "Ludwig hypothesis" of tubular

reabsorption was prevalent up to the early nineteenth century. Subsequently,

experimental evidence continued to accumulate in support of both phenomena, and

it was decades later when their co-function was mutually recognized.

Organic Anion TransporL The first cogent studies which support renal

tubular secretion were performed by Marshall and co-workers using an organic

anionic dye (Marshall & Vickers, 1973; Marshall & Crane, 1924; Marshall, 1931;

Marshall & Grafflin, 1932). In these studies, cortical tubular accumulation of

phenolsulfonephthalein (phenol red) was demonstrated in canine kidney in the

23



absence of glomerula¡ fÏltration. Thereafter, such observations had incited the

potential physiological and pharmacological significance of tubular secretion in

renal handling of endogenous and therapeutic organic solutes. The renal excretion

of numerous other organic anions (Table I-A) was examined extensively by other

investigators, and functional characteristics of the tubula¡ transport carriers involved

were pursued through the use of prototypic organic anion markers such as 3, 5-

diiodo-4-pyridone-N-acetic acid (DiodrastR), para-di-N-propylsulfamylbenzoic acid

(probenecid) and para-aminohippuric acid (PAII) (Smith et aL, 1938; Beyer et aL,

1950; Forster & Copenhaver, 1956; Sperber, 1959; Tune et aL, 1969; Ross &

Weiner, 1972; Möller & Sheikh, 1983).

Throughout the development of the underlying mechanism for renal organic

anion secretion, acceptance is granted in general for the involvement of a

translocating process for the ionized species of organic anions. Paracellular flux of

organic anions has been shown to be negligible in relation to total net transfer

(Wedeen & Jernow, 1968; V/edeen & Weiner,1973 a & b). Numerous studies using

methodology such as clearance, micropuncture, stop-flow and in vitro

microperfusion techniques have confirmed independently that organic anions are

actively transported in the proximal tubules of a wide spectrum of animal species.

The primary driving current is believed to be the sodium electrochemical gradient

generated by ATP hydrolysis through Na*/K+ATPase in the tubular basolateral

membrane (Foulkes & Miller, 1959; Burg & Orloff, 1962; Podevin & Boumendil-

Podevin, 1977; Möller & Sheikh, 1983; Ross & Holohan, 1983; Grantham &

Chonko, 1991). Such an inward current is coupled to dicarborylate ions (such as

glutaric acid) at basolateral symports where they are co-transported into the cell.

Subsequently, the deposited dicarborylate is exchanged for extracellular organic

anion via a tertiary active antiport, and is then carried into the lumen by simple or

facilitated diffusion across the brush-border membrane (Cho & Cafruny,1970; Tune

24



Table I-A'. Endogenous and synthetic organic anions actively transported by the

renal tubules.

Endogenous Synthetic

Bile acids

Clclic AMP

Di- and Tri- carborylic acids

Fatty acids

Glucuronic acid conjugates

Glycine conjugates

Hippuric acid

Hydrorybenzoic acids

S-Hydroryindolacetic acid

I¿ctic acid

Nicotinic acid

Oxalic acid

Prostaglandins

Uric acid

Sulphate conjugates

Aentazoleamide

p-Aminohippuric acid

Aminosalicylic acid

Cephaloridine

Chlorpropamide

Chlorthiazide

Diodrast

Ethacrynic acid

Frusemide

Indomethacin

Mersalyl

Penicillin

Phenol red

Phenylbutazone

Probenecid

Saccharin

Salicylic acid

Thiazides
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& Fernholt L973i Wedeen & Weiner,1973 a & b; Foulkes, 1977; Ross & Holohan,

1983). This "state of the art" model for renal tubular organic anion secretion is

presented in Figure I-8 (Pritchard, 1988; Shimada et aL,1988).

Pronounced intratubular heterogeneity of organic anion transport has been

observed in the proximal tubule (Burg et aL,1966; Tune et øL,1969; W.oodhall et aL,

1978 and Shimomura et aL, 1981). As above-mentioned, each proximal tubule is

comprised of initial convoluted Qtan convoluta) and terminal straight Qtan recta)

segments. But within these two subdivisions, there are further anatomical

differences as one proceeds axially from the convoluted to straight portions. In the

convoluted tubule (Sr segment), the epithelial cells have relatively thick brush-

borders and the intracellular basolateral membranes are highly folded (Ross &

Holohan, 1983). The junction of convoluted and straight tubules is designated the

Sz segment, and the last portion of the pan recta is the Ss region. Rates of PAH

secretion and intracellular accumulation have been observed to be heterogeneous

between proximal tubule segments in both superficial and jurtamedullary nephrons.

This axial heterogeneity has been suggested to be a reflection of an uneven

distribution of transporters of common affinity along the tubule, although an

absolute rank order of transport capacity between segments is unavailable owing to

significant species differences (Haberle, 1975; Schali & Roch-Ramel, 1981;

Shimomura et aL,1981). In both superficial and juxamedullary proximal tubules of

the rabbit, PAH is mainly secreted in the Sz segment; the secretory rate is

approximately five-fold lower in Sr and Sr portions (Shimomvra et aL,l98l).

Prominent examples of clinically significant advances that resulted from the

above-mentioned experimentation include an improved understanding of alterations

in disposition of endogenous and xenobiotic organic anions in drug co-

administration and renal insufficiency (White, 1966:' Preuss et aL, 1966; Hook &

Munro, 1968; Bourke et aL, 1970; Porter et aL, 1975\, and the introduction of
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LUMINAL BASOI-ATERAL

Figure I-8. Schematic model for proximal tubular secretion of organic anions across

basolateral and brush border cell membranes. Active and carrier-mediated

facilitated transport sites are represented by filled and open circles respectively.

@ -A @ a"note symport and antiport respectively, and characteristics of the

Iuminal antiport is not fully elucidated at present.
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probenecid and "loop diuretics" in drug therapy: Following the serendipitous

discovery of the penicillins, their remarkable antibacterial properties had ensued

their widespread use in chemotherapy (Fleming, 1946; Flore¡ L946; Chain, 1954).

Ifowever, the action durations of penicillins and their congeners a¡e inconveniently

brief owing to their avid elimination from the body vía active renal proximal tubular

secretion. Co-administration of probenecid competitively inhibits the renal

elimination of such antibiotic agents and significantly prolongs their plasma half-life

values (Beyer et aL, l9M; Beyer, 1950). Secondly, the uricosuric effect of

probenecid has been proven invaluable in gout therapy (Gutman, L966; Boss &

Seegmiller,l9T9; Rodnan, 1982; Grantham & Chonko, 1991). The latter condition

is a chemical disease with precipitation of urate crystals in joint tissues, and

treatment with probenecid alleviates the hyperuricemia by inhibition of urate

reabso¡ption in renal proximal tubule. I-astly, the "loop" or "high-ceiling" diuretic

agents are secreted by the organic anion transport system (examples are furosemide,

ethacrynic acid and bumetanide). As these compounds are extensively bound to

serum proteins, carriage of the active drug to its luminal sites of action relies

predominantly upon active proximal tubular secretion (Imai, 1977; Flamenbaum &

Friedman, 1982; Reineck & Stein, 1982; Stoner & Trimble, 1982; Brater, 1983).

Hence it is of prime importance that the dosage regime must be adjusted

accordingly when such agents are co-administered with other anionic drugs in

combination therapy, as the latter compounds are liable to compete with their renal

excretion and displace their plasma protein binding (Hook & Williamson, 1965;

Bailie et aL,1975).

Organic Cation TransporL In comparison to the voluminous magnitude of

investigation into the physiology and pharmacology of renal tubular organic anion

transport, renal transport of organic cations has been relatively neglected (Rennick
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& Farah, 1956; Berndt, 1981; van Ginneken & Russel, 1989). Such an appreciable

prevalence is analogized befittingly by Grantham and Chonko as: "If the renal

secretion of organic anio¡u has seldom been in the tcenter court' of renal physiologt,

the organic cation traræport system has never even received an invitation to the

toumamenf" (Grantham & Chonko, 1986).

The first demonstration of renal tubular secretion of organic cations was

documented over a decade subsequent to Marshall's experimentation on PAH,

when Robert Chambers (1881-1957) and Rudolph Kempton (L902-1972) described

the excretion of an organic base, neutral red, by doubly-perfused frog kidneys

(Chambers & Kempton,1937; Kempton, 1939). Owing to the fact that phenol red is

extensively bound to plasma proteins, excretion of this compound was scarce when it

was presented to the renal glomeruli via the arterial system. However, excretion

was observed to be abundant when neutral red was presented directly to the

peritubular circulation via the renal portal system. In 1947, Barbara Rennick and

her colleagues demonstrated the mammalian tubular secretion of

tetraethylammonium (TEA) in canine kidneys (Rennick et aL, ß l; whilst Ivar

Sperber reported almost simultaneously the renal secretion of another organic

cation, Nl-methylnicotinamide (NMN), in chickens (Sperber, 1947 & 1948).

Thereafter, a diverse group of organic cations, ranging from primary amines to

quaternary ammonium compounds, has been reported to be transported by the

kidney in vitro (Table I-B). The more commonly employed organic cation probes

include TEA and NMN as mentioned above, in addition to choline and

procainamide. TEA is principally the substrate of choice, as it is not metabolized

appreciably by renal tubule cells (Rennick, L98L; Besseghir et aL,1981).

An obvious issue in regard to the mechanism underlying organic cation

secretion is whether organic anions and cations are transported by common

processes. Investigation with various prototypic anionic and cationic substrates as
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Table I-8. Endogenous and synthetic organic cations actively transported by the

renal tubules.

Endogenous Synthetic

Acetylcholine

Adrenaline

Choline

Creatinine

Dopamine

Guanidine

Histamine

5-Hydroxytryptamine

N'-m ethylnicotinamide

Noradrenaline

Thiamine

Amantadine

Amiloride

Amprolium

Atropine

Cimetidine

Decamethonium

Hexamethonium

Mecamylamine

Meperidine

Mepiperphenidol

Mo¡phine

Neostigmine

Nicotine

Paraquat

Procainamide

Quinine & quinidine

Tetraethylammonium

Tolazoline
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competitive inhibitors did not demonstrate cross-inhibition between the two classes

of compounds (Sperber, t949 &. L954). However, more recent studies have

demonstrated affirmations and exceptions to the rule (Hsyu et aL,1988; Gisclon er

aL, L989; Inotsume et aL,1990; Ott et aL, L990; I.am et aL, l99l), and this issue of

cross-interaction remains controversial. An aspect of interest and importance is the

consideration of potentially heterogeneous chemical constituents within the

compounds of examination. Although the "cationic" NMN is utilized widely in the

examination of organic cation transport, it does however possess an acidic amido

moiety within its structure (Figure I-9). Therefore it is prudent to instigate the

question of applicability for the proposed role of NMN as a representative marker

for organic cations.

With the proliferation of micropuncture techniques, axial heterogeneity in

the secretion of organic cations along the proximal tubule has also been

documented (McKinney et aL, 1981; McKinney, 1982; McKinney & Speeg, 1982).

lfowever, in comparison with that observed in the organic anion transport system

(víde supra), its distribution pattern for the transporters appears to be dissimilar. In

the rabbit, secretory rates for procainamide were shown to follow a sequential

pattern of Su Sz > Ss in the superficial proximal tubule, whereas secretion was

higher in Sr and Sz than Sr segments in juxtamedullary segments (McKinney,1982;

McKinney & Speeg, 1982). Although renal organic cation transport is reported to

exhibit substantial variability among animal species (Mclsaac, 1965 &. t969;

Besseghir et aL, 1981; Rennick, 1981; Grantham & Chonko, 1991), such a

discrepanry within the same species represents further evidence for the individuality

of the two types of transporters involved.

In general, renal tubular secretion of organic cations into the lumina is

believed to be mediated via an active process, and the energy is derived primarily

from the sodium electrochemical gradient generated by the basolateral Na* /K*
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Figure I-9. Chemical structure of Nlmethylnicotinamide (NI\ß{).
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ATPase (Peters, 1960; Berndt 1976 &,1981; Holohan & Ross, 1980; Rennicþ 1981).

With the development of the methodolory for preparation of sealed membrane

vesicles of basolateral or antiluminal origin (Fitzpatrick et aL, 1969; Heidrich et aL,

1972; Kinsella et aL, t979b; Boumendil-Podevin & Podevin, 1983), more intricate

investigations into the translocation and coupling mechanisms for the secretory

process at the sub-cellular level were enabled.

Traditionall¡ transfer of the organic cation across the basolateral membrane

is thought to involve a potential-sensitive, facilitated diffusion pathway (Kinsella er

aL, 1979a; Holohan & Ross, 1980 & 1981; Ross & Holohan, 1983; Takano et aL,

1984; Somogyi, 1987; Smith et aL,1988; Sokol & McKinney, 1990). However, this

postulate is supplemented by more recent evidence which supports the participation

of an active basolateral transporter (Schali et aL, 1983; Tarloff & Brand, 1986;

Wright & Wunz, L987; Besseghir et aL, 1990a; Brändle & Greven, 1991). The

luminal transfer of organic cations has been proposed to be a tertiary active process,

and the link between the primary sodium electrochemical gradient and the organic

cation secretory carrier is the Na /FI antiport in the luminal membrane. The

primary sodium current in the reabsorptive direction (lumen to cell) facilitates the

secretory flux of hydrogen ions at the Na ÆI antiport. The secreted proton in the

tubule lumen then exchanges for an intracellular organic cation via a disparate

luminal organic cation/fl antiport with 1 : I stoichiometry (Sokol et aL,1985). An

updated version of the working model for renal tubular secretion of organic cations

is presented in Figure I-10.

Prior to the development of the newer therapeutic organic cations, the use of

the conventional compounds in ¡n vivo experimentation has been limited primarily

by their intense toxicity and ability to invoke cardiovascular disturbances in the

whole animal situation, viz TEA and mecamylamine (Rennick, 1981; Ross &

Holohan, 1983; Somogyi, 1987). Although the Sperber approach in vivo exploits the
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LUMINAL B.dSOIA,IERAL

Figure I-LO. Schematic model for proximal tubular secretion of organic cations

across basolateral and brush border cell membranes. Active and carrier-mediated

facilitated transport sites are represented by filled and open circles respectively.

@ Oenotes luminal antiports. Characteristics and enerry linkage fo¡ the tentatively

active basolateral organic cation secretory site is presently undefined.
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renal portal circulation in chickens and minimizæs systemic toxicity problems

(Sperber, t946:' Odlind, 1978), species difference and extrapolation of non-

mammalian data remain as major concerns. With the introduction of the histamine

Flz-receptor antagonist cimetidine, into clinical practice, its relatively non-toxic

property and widespread use have facilitated its use in whole animal and human

experimentation (Somogli et aL, 1983; Somogri & Bochner, L9Mi Muirhead et aL,

1985; van Crugten et aL,1986; Somoryi et aL,1988; van Ginneken & Russel, 19S9).

At presenÇ there is ample evidence in support of the direct involvement of renal

tubular organic cation secretion in cimetidine elimination, in addition to its ability

to elicit competitive inhibition of the transport of other organic cations at common

carriers. Consequently, cimetidine has been proposed the role as the prototypic

inhibitor for renal organic cation transport, in an analogous manner to probenecid

in organic anion transport (Somogyi, 1987). Nevertheless, one disadvantage of such

a choice is that cimetidine undergoes significant biotransformation in mammalian

species (Schunack, 1989), and that its metabolic pathways may interfere with the

renal tubular transport kinetics of concern.

Amantadine. In the present research series, an achiral aliphatic primary

amine is recommended and employed as a prototypic organic cation marker.

Amantadine is an organic compound with diverse pharmacological actions. Its

clinical uses range from the treatment of Parkinsonism to the prophylaxis against

influenza A viral infection (Schwab et aL, 1969; Parkes, 1974; Ordord et aL, 1980;

Aoki & Sitar, 1988). The metabolism of amantadine in the mammalian body has

been reported to be very limited, and this organic cation is mainly excreted

unchanged by means of renal glomerular filtration and active tubular secretion

(Koppel & Tenczer, 1985; Cedarbaum,lgST; Aoki & Sitar, 1938).

The major advantages behind the use of amantadine as the marker organic
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cation are as follows:

1. Amantadine is an incontrovertible organic cation which consists of a tricyclic

aliphatic ring structure with one amino moiety (Figure I-11).

It is a compound of clinical significance (Symmetretr). Adverse symptoms

associated with acute administration of amantadine in human volunteers

have been observed to be minimal at therapeutic doses (Aoki & Sitar,

1988), which support its suitability as an organic cation marker in human

experimentation in vivo.

The minimal intracellular metabolism of amantadine obviates the possibility

of its interference with experimental transport kinetics.

Stereochemically, the molecule of amantadine does not contain any chiral

centers; hence it is not differentiated into enantioisomers. Such an unique

property renders this compound suitable as a probe in the examination of

stereospecificity and stereoselectivity in renal organic cation transport.

Current Objectives. The primary objective of the present studies is to

establish optimum experimental conditions and control transport kinetics for the

accumulation of amantadine by three previously well-documented renal

preparations in vitro. These are namely the isolated renal proximal tubules, distal

tubules and cortical slices of the rat. In conjunction, three individual aspects of

renal tubular organic cation transport are investigated through the use of multiple

pharmacological agents. All of these compounds are exemplary organic cations

(Figure I-11). The initial two sections involve the investigation into the basic

molecular and spatial requirements for recognition by the tubular organic cation

carriers, whereas the third experimental series accommodates to an aspect of both

environmental and clinical significance.

)

3.

4.
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Figure I-11. Chemical structures of the organic cations employed in the present

experimentation.

37



The following represents the three consecutive series of e4perimentation:

I. Stringency in molecular and spatial rcquirements of renal tubular transport

sites. Enantiomeric preferences are well documented phenomena in biological

systems. Although stereoisomers possess very similar chemical and physical

properties, the chiral macromolecules in the body, especially proteins, are very

specific to the spatial Íurangements of drug molecules. Consequently, stereospecific

or stereoselective pharmacodynamics and pharmacokinetics are often encountered

(Jahnchen & Muller, 1983; Ariens, 1983; Hsyu & Giacomini, 1985; Ariëns, 1986;

Drayer, 1986; Somogyi, 1987).

Quinine and quinidine are clinically important organic cations, and they are

diastereoisomers. The 8S, 9R-(-)-isomer, quinine, is the conventional antimalarial

drug (Howells, 1982; White et aL,1983), whereas the 8R, 9S-(+)-isomer, quinidine,

is a class I antidysrhythmic agent (Alexander et aL,1947; Vaughan Williams, 1985).

Since these two organic cations are extensively plasma protein bound in man, active

renal tubular secretion would contribute significantly to the elimination of the

unchanged drug by the kidney. In 1986, Notterman et aL rcported stereoselectivity

in human renal tubular secretion of quinidine (8R, 9S-(+)-isomer) over quinine (8S,

9R-(-)-isomer) in an approximate ratio of four to one. Such a postulate is further

supported by our own laboratory (Gaudry et aL, 1990; Sitar ef aL, 1990), and a

report on stereospecific inhibition of digoxin renal clearance in humans by quinidine

(Hedman, 1990).

Principal intentions of the present experimental series include the

characterization of the transport process(es) involved in the stereoselective renal

handling of quinine and quinidine, in addition to the ramification for qualitative and

quantitative comparisons between observations from the two rat renal preparations

in vítro. The availability of fresh human kidney tissue throughout the project also

commissioned the investigation into potential species difference between human
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and rat renal tubular transport of the organic cations employed.

II. Renal drug interactions with two chemically-related pharmacological

congeners. The potent histamine þ-receptor antagonists, cimetidine and

ranitidine, are weak bases (pl(a = 6.8 and 8.2 respectively; van Crugten et aL,1985;

personal communication, Glaxo laboratories, Toronto, Canada). They are

employed widely in the treatment of gastrointestinal ulceration by decreasing basal

and stimulated gastric acid secretion (Bradshaw et aL,1979;Daly et al., t98'l.i Brater

et aL, 1982; Howard et aL, 1985; Grant et aL, 1989). At therapeutic plasma

concentrations, these agents are predominantly excreted unchanged by the kidney

viø glomerular filtration and active tubular secretion (Schunack, 1989). The renal

clearance of either compound is considerably greater than the corresponding

glomerular filtration rate, which reflects the significance of the renal tubular

secretory process in their elimination (Weiner & Roth, 1981; Somog¡li et a\.,1983;

Roberts,1984).

Numerous clinical interactions have been documented between cimetidine

and other therapeutic agents during concurrent administration, and the underlying

mechanisms were attributed to the ability of cimetidine to inhibit their hepatic

biotransformation and/or renal excretion (Powell & Donn, 1984; Murray, 1987).

Previous in vivo et vitro studies had shown that cimetidine is able to compete with

other organic cations for the active renal proximal tubular secretory process

(Somogyi et a1.,1983; Muirhead et aL,1985; Takano et aL,1985; van Crugren et aL,

1985; Schunack, 1989), and this agent has recently been proposed to be potentially

the prototypic inhibitor for renal organic cation secretion (Somogyi, 1987).

Conversely, ranitidine has been postulated to have few pharmacokinetically

or clinically significant effects on the elimination of concurrently administered drugs

(Kirch et al., 1984). In comparison to its predecessor cimetidine, the major
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molecular modification in ranitidine is the substitution of a furan ring for the

original imidazole moiety. Consequentl¡ ranitidine is shown to be a relatively more

selective and weaker inhibitor of hepatic mixed-function oxidases. However, in view

of the relatively higherpKa value for ranitidine (pKa 8.2 versus 6.8 for cimetidine),

the degree of ionization for ranitidine at physiological pH is expected to be

correspondingly higher and its anticipated ability to interact renally with other

therapeutic agents remains controversial and less extensively documented (Somogyi

& Bochner,1984; Rodvold et aL,1987; Bendayan et aL,1990b).

The specific aims of the second experimental series are directed towards the

reinforcement of the proposed ability of cimetidine to interfere with renal organic

cation transport in the present experimental settings in vitro, and subsequently the

relative potency and efficacy for ranitidine to interact at these renal tubular

transport sites may be evaluated.

UI. Potential alteration of renal organic cation transport in tobacco users.

Nicotine is a major pharmacologically active component in tobacco smoke. Whilst

this Nicotiana alkaloid is consumed widely through the recreational use of tobacco

(Dawson &. Vestal, 1982; Bendayan et aL, 1990b), it is also prescribed

therapeutically as nicotine-resin chewing gum (Benowitz et aL, 1988). The

molecular structure of nicotine is that of a combination of a pyridine and a

pyrrolidine ring, and it is a weak base (pKa = 7.9). Stereochemically, nicotine

possesses one chiral carbon center at position 2 of the pyrrolidine ring and is

differentiated into S-(-) nicotine and R-(*) nicotine. (-) Nicotine is the principal

isomer present in tobacco smoke with a proportion of the (+) isomer ranging from 3

-12Vo of totalcontent(KIus&Kuhn, 1977;Nwosu etaL,1988). Inhabitualtobacco

smokers, plasma nicotine concentrations are maintained routinely at constant levels

between 0.1 - 0.3 uM, of which approximately 5 Vo is plasma protein bound (Russell,
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L978; McMorrow & Fo¡oç 1983; Benowitz & Jacob, 1985; Benowitz et aL, 1988;

Bowman & Rand, 1980; Jaffe, 1990). Its major route of elimination is extensive

metabolism, and both the parent compound and its metabolites are excreted renally

by glomerular filtration and active tubular transport (Nwosu et aL,1988; Bendayan

et aL, 1990b; Kyerematen et aL,1990; Kyerematen & Vesell, 1991). Cotinine is a

major mammalian metabolite of nicotine with a considerably longer elimination

half-life than the parent compound. Its level in physiological fluids of tobacco

smokers can accumulate to approximately ten-fold of that for nicotine and is

considered a sensitive index of nicotine exposure (Pilotti, 1980; Bjercke et a1.,1990;

Kyerematen et aL, 1990).

Previous documentation had reported extensively significant alterations in

the metabolism of numerous substances by nicotine, cotinine and other tobacco

constituents, víz- polycyclic aromatic hydrocarbons (Jusko, 1979; Dawson & Vestal,

1982; Barbieri et aL, 1987; Bjercke et aL, 1990). Conversely, the determination of

possible interference at renal excretory sites has been neglected. In view of the

cationic nature of nicotine, this final experimental series investigated the potential

effects of both isomers of this compound and (-) cotinine on renal organic cation

transport in the rat renal preparations. Furthermore, in the anticipated event of

signifÏcant interactions between amantadine and nicotine in rat models, such

observations shall be extended by the implementation of a clinical trial in which

renal clearance of amantadine will be compared and contrasted between control

subjects and habitual tobacco smokers.

Compendium II. The present study investigated certain aspects of renal

tubular transport of organic cations through the use of distinct pharmacological

tools. In spite of the predominance of the current focus upon experimentation and

observations in vitro, it is of common interest that the overall motive of this study
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was to incite partially the extrapolation of basic scientific obseryations to potentially

significant cl inical perspectives in biomedical research.
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MATERIALS AND METHODS

Preamble. In comparison to other fields of renal investigation, a major part

of our current knowledge in regard to tubular transport mechanisms has been

achieved through the use of in vítro preparations. The particular advantage of such

techniques is that substrate uptake can be monitored under well controlled

conditions. In addition, secondary effects such as changes in blood flow, plasma

protein binding, toxicity of the compound in a whole animal situation, and hormonal

interferences are also obviated. Numerous methods are currently available for the

examination of segment-specific renal transport and metabolic function.

Microdissection techniques enable the isolation of specific nephron segments with

certainty, but major disadvantages include a limited tissue yield, together with a

relatively time-consuming procedure which compromises tissue viabiliry. Tissue

culture of renal tubule cells represents an alternative approach which provides

Iarger amounts of tissue. Nevertheless, the possibility of cell dedifferentiation

remains, and qualitative and quantitative changes may occur that may not be

representative of events that occur in normal tubule cells.

In the present experimental series, two major preparations were chosen, and

these are namely the isolated renal tubules and cortical slices. The effective use of

tissue slices in examining physiological and biochemical processes is extensively

documented (Murthy & Foulkes, 1967; Berndt, 1976; Möller & Sheikh, 1983).

Despite the relative simplicity of the preparation procedure, disadvantages

associated with their use include an ambiguity in the direction of transport and the

semi-quantitative nature of the measurements. This latter concern is compensated

by the concomitant use of isolated renal tubules. Enzymatic-dissection of

fragmented tubule segments of proximal and distal origin collaborates the

advantages of nephron site specificity with improved tissue yield and cell viability.
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In view of the opposite physical states of the tubule lumina within the two

preparations during incubation (closed lumina in cortical slices and patent lumina in

isolated tubules), the concurrent use of slices and tubules at relatively brief

incubation periods facilitates the deduction of individual interaction site(s) in

relation to basolateral and luminal membranes of the tubule cell.

Renal Tubules. Rat renal proximal and distal tubules were isolated by a

sequential centrifugation technique which involves a Percoll density gradient step

(Vinay et aL, 1981; Gesek et aL, 1987; Sundaresan et aL, 1987; Wong et aL, 1990,

L99l &. 1992). Fresh kidneys from 4 anesthetized (pentobarbital 50 mglkg i.p. or

ether anaesthesia) male Sprague-Dawley rats (250-300 g) were excised from the

peritoneal cavity via a mid{ine incision. The kidneys were decapsulated, and

longitudinally bisected in ice-cold Krebs-Henseleit solution (KHS: ll8 mM NaCl,

4.7 mM KCl, I.2 mM MgClr, 1.4 nrM KHzPOo, 25 lnM NaHCOt, 2.5 n M CaClz and

7l mM glucose (pH7.4 adjusted with NaOH). Renal medulla with cortical tissue

approximately I mm from the cortico-medullary junction were manually dissected

and discarded; the remainder of cortical tissue was finely minced with the use of a

Mcllwain tissue chopper (Mickle Laboratory Engineering Co. Ltd., Gomshall,

Surrey, UK). Renal cortical tissue was placed as a monolayer on the chopping

surface and slivered for 2 cycles in perpendicular directions at I mm cutting interual.

Following washing in 10 ml KHS, the mixture was oxygenated (95Vo Or l 5Vo CO, )

in KHS-enryme solution (15 ml KHS, 7 ml lÙVo bovine serum albumin and 30 mg

collagenase per eight kidneys) for 2 minutes, and shaken in a Dubnoff metabolic

incubator (100 oscillations per minute) at 37oC for 45 minutes with intermittent

agitation at l5-minute intervals using a Pasteur pipette. Digestion was then

terminated by the addition of 30 nl ice-cold KHS. The suspension was filtered

through a tea-strainer and centrifuged at 60 x g (600 rpm, model CS centrifuge,
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International Equipment Company, Boston, Md USA) at 4oC for approximately 2

minutes. The pellet was washed 4 times by resuspension in 4O rnl KHS and

centrifugation (60 x g, International model CS centrifuge) at 4oC for approximately

2 minutes. The resulting pellet was resuspended in orygenated Percoll solution (100

ml eqrual parts of Percoll and calcium-free 2 times concentrated KHS orygenated

with 95 Vo O, I 5 Vo CO, for 2 hours,pH 7.4 (Gesek et aI,1987)), and centrifuged at

27,000 x g (18,500 tprn, Sorvall RC2-B automatic refrigerated centrifuge with SS34

centrifuge rotor, Du Pont Company, Wilmington, DE, USA) at 4oC for 30 minutes.

The distal and proximal tubule fractions (II and IV respectively) were isolated using

a Pasteur pipette (Figure M-1), and washed 3 times by resuspension in 40 ml KHS

followed by centrifugation (200 x g, 1050 rpm, International model CS centrifuge) at

4oC for approximately 2 minutes. The final tissue pellets were suspended in desired

volumes of physiological KHS, and their protein concentrations were determined

using the Biuret protein assay (Gornall et aL,1949). Briefly, 100 ul aliquots of either

tubule suspension were incubated with 440 ú Biuret reagent (0.1,5 Vo CuSO..SHzO,

0.6 Vo NaKGH'Oø.4H2O,3 Vo NaOH (wf)) at room temperature for 30 minutes.

Protein content was then calculated by monitoring spectrophotometric absorbance

at 550 nm on a Spectronic 3000 Array spectrophotometer (Milton Roy Company,

Rochester, NY, USA) with bovine serum albumin (1 - 10 mglml) serving as

standards.

In the possible event of a dissatisfactory separation of the distal tubule

fraction (II) from fraction I, an additional documented step to the protocol was

available (Gesek et aL, 1987): The two fractions involved were pooled, and

centrifuged in 35Vo Percoll solution at 17,540 x g for 10 minutes at 4oC (15000 rpm,

Sorvall RC2-B automatic refrigerated centrifuge with SS34 centrifuge rotor). The

diffuse uppermost band contained individual and broken cells, whereas the distinct

bottom band was enriched in distal tubule segments. This additional step was not
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Figure M-1. A schematic diagram illustrating the separation of rat renal cortical

tissue on 50Vo Percoll gradient. Purity of proximal tubule and distal tubule en¡iched

fractions were confirmed by microscopic and enzymatic examination prior to their

utilization in the present experimentation.
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necessitated in the present experimental series.

The purity of the isolated tubule fractions was confirmed by i) light

microscopy of unstained tubules with an Olympus photomicroscope using

magnification of 100 and 200 x, and ii) enzymatic examination according to

established methodology (Scholer & Edelman, 1979; Vinay et aL,1981; Gesek et aL,

t987; Wong et aL,l99l &.1992).

Microscopic inspection at low magnification revealed intact tubule segments

with considerable differences in structure between the proximal and distal fractions.

Primarily, proximal tubules displayed the characteristic granular yellow cytoplasm in

comparison to the clear cytoplasm of the distal tubules. Diameter of the proximal

tubules was also relatively larger than that of the distal tubules. Visual enumeration

of the tubules of either fraction using haemocytometry indicated purity of >-80Vo.

Alkaline phosphatase and hexokinase are documented to be distributed

selectively in renal proximal and distal tubules respectively (Scholer & Edelman,

L979; Guder & Ross, 1984) and were employed as enzyme markers. Experimental

procedures are as follows. Isolated tubules (l ml) were disrupted on ice with a

Sonicator W350 by 2 x 6-second bursts at setting 3.5 (Heat Systems - Ultrasonics,

Inc., New York), and the enzyme markers were assayed in the 6000 x g x 2-minute

supernatant (7700 rpm in a Soruall RC2-B automatic refrigerated centrifuge with

SM24 centrifuge rotor). Alkaline phosphatase content was determined by the

addition of supernatant (50 - 100 ul) to 1.1 mI reaction medium (1.6 mM p-

nitrophenyl phosphate,4.4 uM zinc acetate, 18 uM magnesium chloride and 88 mM

glycine, pH 10.5 adjusted with KOH). The initial constant rate of p-nitrophenol

formation was estimated by the monitoring of spectrophotometric absorbance

change at 4l0nm with computation on the basis of p-nitrophenol standards (0 - 100

uM). Hexokinase was determined by the preincubation of supernatant (50 - 100 ul)

in medium (0.75 ml) containing 18 m M D-glucose,24 mM magnesium chloride, 0.8
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mM NADP,l4uM EDTA (disodium salt),2 U glucose-6-phosphate dehydrogenase

(type VII) and 0.1 M Tris-HCl (pH7.6 adjusted with NaOH) at 4oC for ?Ã minutes.

Adenosine triphosphate (sodium salt, 50 zl) was subsequently.added to a final

concentration of 50 mM. Reactions [1] and [2] arc catalysed by hexokinase and

glucose-6-phosphate dehydrogenase, respectively.

NADP NADPH

d_Glucose 

->t1l

Glucose-6-phosphate \ í 6-Phosphogluconod-lactone

Í21

Initial constant rate of NADPH formation was estimated by the determination of

spectrophotometric absorbance change at340 nm using NADPH (0 - 100 zM) as the

standard with a presently calibrated molar efiinction coefficient of 5.0 x lF.

Although this latter erur'yme, hexokinase, is also reported to exist in significant

quantities in the ascending limb of the loop of Henle, the predominant use of outer

cortical tissue in our preparation would have minimized its presence as a

contaminant (Tisher & Madsen, 1991).

Transport experimentation involved incubation of a fixed aliquot (50 øl) of

either tubule suspension in incubation medium (150 ul) containing KHS with

[3H]amantadine either in the absence or presence of several concentrations of the

additional organic cation at 25oC for 30 seconds or 4 minutes. An advantage of

utilizing the latter incubation period of Ionger duration was the improved

experimental manipulation and reproducibility of uptake data. Uptake was

terminated by rapid filtration through no.32 glass filters (Schleicher & Schuell, Inc.,

Keene, NH) with negative pressure generated by a vacuum/pressure pump (Gast,

Benton Harbor, MI, USA). The filters were each subsequently washed 3 times with

4mlice-cold KHS and assayed by liquid scintillation counting using "Ready Protein"
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as the cocktail and a IS5801 scintillation counter with automated quench correction

(Beckman Instruments, Inc., Fullerton, CA). Non-specific binding of amantadine

onto the tissue was quantified from incubations with: l) 2, 4-dnitrophenol (5 zM)

pretreated tissue, and 2) twice-frozen tissue. Both methods indicated a similar

extent of non-specific binding (approximately 10 - 15 Vo of total uptake), and the

twice frozen tissue data were used in background subtraction.

The experimental procedures for examination of the potential effects of an

additional organic cation on amantadine effIux from renal tubules were derived

from previous documentation with minor modifications (Hopfer et aL, t973;

Holohan & Ross, 1980; Tamai et aL,1988). Aliquots (50 zl) of tubules were first

subjected to preincubation with [:H]amantadine (10 aM) for 30 seconds in a total

volume o1200 ul. EffIux was initiated by the addition of 3,L30 al KHS containing

the organic cation of examination to the preincubated tubule suspension for 30 or 60

seconds, and was terminated subsequently by rapid filtration as described above.

Potentially significant uptake of the diluted amantadine during efflux incubation was

deemed to be negligible, as incubation of untreated tubules in 3330 ul KHS with 0.6

øM [3H]amantadine did not indicate significant active uptake. Non-specific binding

was determined as described above.

Renal cortical slices. The methodology in preparation of kidney slices

conformed to previous reports (Cross & Taggart, 1950; Berndt, 1976) (Figure M-2).

Fresh kidneys from male adult Sprague-Dawley rats (250-300 g) were decapsulated

and bisected longitudinally. Four sagittal slices of the cortex (approximately 0.5 znm

in thickness) were cut freehand from each kidney-half (Stadie & Riggs, 1944) using

a Stadie-Riggs microtome (Thomas Co., Philadelphia, PA) and each first slice with

only one cut surface was discarded. The slices were stored in pH 7.4 phosphate

buffered Ringer's solution (Cross-Taggart Medium (CTM): 0.11 M NaCl, 15 mM
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Figure M-2. Schematic illustration of the preparation of rat renal cortical slices. In

sequence, rat kidneys rvere excised and decapsulated. Each kidney was bisected

longitudinally into two equivalent halves with edges trimmed and discarded.

Sagittal cortical slices of uniform thickness (approximately 0.5 rzm) were prepared

subsequently using a Stadie-Riggs microtome.
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sodium phosphate buffer (pH7.4),8 mM KCl,2 mM MgSO¡ ârd 1mM CaCl, (pH

7.4 adjusted with NaOH); Foulkes & Miller, 1959; Wong et aL,1990, 1991 & 1992)

with constant orygenation (95 Vo Oz / 5 Vo CO) at room temperature until use (< 1

hour). Cortical slices were also prepared from human renal cortex obtained from

uninvolved portions of kidneys from I male or female patients diagnosed with renal

cell carcinoma (6 males and 2 females, age 42-76 years (mean + S.D. = 6L + 12

years)). Patient demography is represented in Table M-4. Following surgical

uninephrectomy, the kidneys were bisected immediately. Disease-free samples of

the renal cortex were confirmed by the pathologist involved and dissected in ice-cold

oxygenated CTM. Sagittal slices were then prepared as described above. The

interval between the excision of each kidney and the actual use of the slices did not

exceed I hour. The use of human kidney tissue for the purposes described herein

was approved by the Faculty Committee on the Use of Human Subjects in

Research, University of Manitoba.

In transport studies, each slice (20-35 mg) was incubated in a 25 ml

Erlenmeyer flask containing 3 ml oxygenated CTM with [3H]amantadine either in

the absence or presence of a predetermined concentration of the additional organic

cation. The flasks were oxygenated and shaken in a Dubnoff metabolic incubator

(100 oscillations per minute) at 25oC for 30 seconds. After incubation, the slices

were withdrawn quickly, blotted on filter paper and weighed. They were then

digested for 30 minutes in I ml of 0.5 M sodium hydroxide in a shaking bath at 5trC

(Cacini et aL,1982). Radioactivity in the digested slice or medium was assayed by

liquid scintillation with automated quench correction. Potential interference of

counting by chemiluminescent product(s) in the samples was examined by

comparing the counting efficiency between control samples containing radioactivity

in scintillant and samples containing radioactivity in scintillant with incorporated

NaOH (L ml of 0.1, 0.5 or 1 M into tl.5 ml scintillation medium). The presence of
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Table M-A

IÞmography for patients who undenvent unilateral nephrectomy and donated renal

cortical tissue.

R/L and lvfÆ denote right or left kidney tissue from male or fpmale donor

respectively.

Patient No. fue (Years) Gender Kidney

L
R

R

L
R
R

L
R

M
M
M
M
M
F
F
M

42

51

55

56

69

69

70

76

1

2

3

4

5

6

7

8
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NaOH at a final concentration of 0.08 M increased significantly the apparent

counting efficiency for tritiated amantadine. However, counting of samples

incorporated with two lower concentrations of NaOH (0.M and 0.008 M) was

observed to be comparable to control (Figure M-3). Non-specific binding of

amantadine onto the tissue was quantified to be approximately 25% af total uptake

by using 2, 4-dinitrophenol-pretreated and nvice frozen slices as above-mentioned.

In determining the protein content of the cortical slices, untreated slices of

predetermined weights were used as standards and the Biuret protein analysis was

employed (Gornall et al.,1949).

Expression of transporL [*I]Amantadine accumulation in either

preparation was expressed primarily as tissue (pmol amantadine concentrated in L g

tubule protein or slice wet weight) to medium (pmol amantadine present tn I ml

medium) ratio, and as the velocity of accumulation (pmol amantadine accumulated

in I mgtubule protein (actual or estimated) or slice wet weight in 1 minute).

Conversion of renal cortical slice wet weights to cortical slice protein content

was calculated using the gradient generated by weighted linear regression (through

origin) of the two variables involved. Conversion coefficients are 0.184 and 0.171

for rat and human cortical slices respectively. Proximal tubule protein in cortical

slices was subsequently estimated on the basis that proximal tubules represent

approximately 40 Vo of total renal cortex (Vinay et aL,1981).

Michaelis-Menten kinetic parameters were calculated by monitoring initial

uptake of varying concentrations of amantadine and the use of weighted

Lineweaver-Burk analysis (Lineweaver & Burk, 1934). Amantadine concentrations

employed were determined upon the basis of even distribution of data points within

the range of one tenth to five fold of Km for control uptake. With the use of a

longer incubation of 4 minutes, a back-extrapolation process \ryas employed in order
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Figure M-3. Effects of three concentrations of sodium hydroxide on the scintillation

counting efficiency for tritiated amantadine in a Beckman IS5801 scintillation

counter with automated quench correction. All samples contained equivalent

amounts of tritiated amantadine (20 zl), and were performed in triplicates. Control

samples each contained 1 rnl Cross-Taggart buffer with 11.5 ¡nl scintillation coclctail,

and the former was substituted by L ml of 0.1, 0.5 or 1.0 M NaOH in test samples.
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to compensate for the deviation of uptake as a function of time from linearity

(Cornish-Bowden, 1979). Non{inear amantadine uptake observed at 4-minute

incubation was time-corrected by horizontal extrapolation onto the hypothetically

extended initial linear uptake phase (M) to provide a more realistic estimate of

initial uptake velocity values for the calculation of Vma¡<. Uptake value at 30-second

incubation period was observed to lie within the initial linear uptake phase, and

compensation was not implemented for such data.

Efflux of amantadine from preloaded tubules was expressed as the initial

egress rate in pmol amantadine from 1 rng tubule protein afte¡ a 3O-second efflux

period.

AII values are reported as mean + SEM from 4 separate experiments unless

otherwise stated. Statistical significance was determined using the appropriate

analysis of variance (ANOVA) model, followed by Tukey's HSD test and Newman-

Keuls tests, with TYpe I error probability controlled experimentwise. The nvo-tailed

independent or paired Student's t-tests were also used whenever appropriate. The

level of probability for significance was established atp . 0.05.

Chemicals. [Tl]Amantadine (350 mCrlmmol) was obtained from Amersham

International Limited (Buckinghamshire, K); unlabelled amantadine was obtained

from Du Pont Canada, Inc. (Mississauga, Ontario); quinine, quinidine, (+) & (-)

nicotine and (-) cotinine were obtained from Sigma Co. (St I-ouis, MO, USA);

cimetidine was obtained from Smith Kline & French Canada, Ltd. (Mississauga,

Ontario); ranitidine was obtained from Glaxo l-aboratories (Toronto, Ontario);

collagenase A (0.228U1mg lyophilisate) was obtained from Boehringer Mannheim

(Laval, Quebec) and Percoll was obtained from Pharmacia Biotechnology (Baie

D'urfe, Quebec). All other chemicals were of the highest grade available from

commercial suppliers.
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RESI.JLTS

For the pu{pose of cross-reference, the sequence of experimentation

reported herein conforms to that presented in the Introductioz section. The

majority of the data has been presented at scientific meetings and published (Wong

et aL, 1990, l99l & 1992). The three consecutive aspects of examination are as

follows:

I. Diastereoisomers & Renal Organic Cation Transport:

Purity of Rat Renal Tubule Suspensions. Subsequent to isolation of renal

proximal and distal tubules, inspection at low magnification revealed intact tubule

segments with considerable differences in structure between the fwo fractions.

Proximal tubules displayed the characteristic granular opaque cytoplasm with large

diameter, whereas distal segments were distinguished by their clear cytoplasm and

thinner appearance. Visual enumeration of the tubules in both preparations by

hemorytometry indicated a purity of z 80Vo. Enzymatic analyses of the tubule

fractions revealed heterogeneous distribution of alkaline phosphatase and

hexokinase activity between the two rat nephron segments. Alkaline phosphatase

activity was predominant in the proximal tubule fraction, and hexokinase activity

was predominant in the distal tubule fraction (Figure R-1).

Control Amantadine Uptake. [Tl]Amantadine (10 uM) was concentrated by

renal cortical slices, isolated proximal tubules and distal tubules. The uptake

process as a function of incubation time is presented in Figures R-2 and R-3. Initial

rate or velocity of uptake (Vi) remained constant for approximately 3 minutes in

cortical slices, and for approximately 1 minute in isolated proximal tubules. In

cortical slices, slice/medium ratios for 30-second and 4-minute incubations were 0.4
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NEPHRON SEGMENT

Figure R-1. Specific activities of enryme ma¡kers in f¡actions of rat renal cortical

nephron segments (mean + SEM, n=4). PT represents fractions enriched in

proximal tubules; DT represents fractions en¡iched in distal tubules and p-NP

represents p-nitrophenol.
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Rat Renal Cortical Slice
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Figure R-2. Active accumulation of pH]amantadine by rat renal cortical slices as a

function of time f¡om 0-900 seconds. Incubation medium (3 ml) contained 5 ¿M

amantadine and 30-50 mg of. a cortical slice. Data points represent mean + SEM

from 4 separate determinations. The dotted line represents the extrapolated linear

phase of initial uptake (Vi).
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Rat Renal Proximal Tubule
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lncubation ïme (seconds)

F'igure R-3. Active accumulation of pH]amantadine by rat renal proximal tubules as

a function of time from 0-900 seconds. Incubation medium (200 nl) contained 2.3

zM amantadine and approximately 0.4 mg tubular protein. Data points represent

mean + SEM from 3 separate determinations. The dotted line represents the

extrapolated linear phase of initial upøke (M).
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+ 0.03 and 3.3 t 0.3 respectively (mean + SEM; l0 uM amantadinei n=4).

Tissue/medium ratios for 30-second incubations in proximal and distal tubules were

38 + 3 and 20 + 2 respectively (10 aM amantadinei n=4). The use of twice-frozen

tissue or preincubation of tissue with the metabolic inhibitor, 2,4-diniîophenol,

abolished a majority of such accumulation in all three preparations. Moreover, the

incorporation of conventional organic cation probes into the incubation medium

significantly interfered with amantadine accumulation in isolated proximal tubules

(Figure R-4).

With the use of 30-second initial linear uptake values, Figures R-5, R-6 and

R-7 illustrate representative saturation curyes for the three preparations in which

the rate of amantadine uptake was plotted against varying initial concentrations.

Lineweaver-Burk transformation of the data yielded individual Michaelis-Menten

kinetic parameters (Figures R-8, R-9 and R-10).

In cortical slices, apparent Km and Vmax values were 99 + 8 aM and 86 t 11

pmol amantadinelmgslice wet weight/minute (n=5). In order to facilitate a direct

comparison between cortical slice and isolated tubule data, the denominator,

cortical slice wet weight, was adapted to slice protein content (Figure R-l1). The

latterwas approximated subsequently to proximal tubule protein, and apparent Vmax

for uptake in cortical slices was modified correspondingly to 1.16 + 0.L4 nmol

amantadin elmg estimated proximal tubule protein/minute (Figure R- 12).

Apparent Km values in proximal and distal tubules were observed to be

comparable to that in the cortical slices (81 t 6 and 76 !3 aM respectively (n=4)),

whereas apparent maximal capacity values for uptake (V'no) were higher than that

observed in the cortical slice preparation (7.6 !0.3 and 4.0 + 0.4 nmol/mg tubule

protein/minute (p . 0.05)).

In proximal tubules, uptake of amantadine with a longer incubation was also

examined. Tissue/medium ratio for a 4-minute incubation was 96 + 2 (n=18), and
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Figure R-4. A representative experiment demonstrating the effects of

tetraethylammonium (TEA) and guanidine on amantadine accumulation into rat

renal proximal tubules. Incubation medium (200 ttl) contained 10 zM amantadine

+ TEA or guanidine (0.1 uM - 10 mlÙd) with approximately 0.4 mg tubula¡ protein.

After 3O-second incubation, tubule/medium ratio was 3.4.
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Rat Renal Cortical Slice
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Figure R-5. Representative saturation isotherm for active amantadine accumulation

by rat cortical slices (3O-second incubation). Incubation medium (3 ml) contained

2.5 - 100 uM amantadine and20-40 mgof a cortical slice.
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Figure R-6. Representative saturation isotherm for active amantadine accumulation

by isolated proximal tubules. Incubation medium (200 ul) contained 2.5 - 100 uM
amantadine and incubation period was 30 seconds.
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Rat Renal Distal Tubule
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Amantadine Concentration {pM)

Figure R-7. Representative saturation isotherm for active amantadine accumulation

by isolated rat distal tubules. Incubation medium (200 ul) contained 5 - 100 uM

amantadine and incubation period was 30 seconds.
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Rat Renal Cortical Slice

-0.25

Figure R-8. Representative Lineweaver-Burk transformation of control amantadine

uptake values in rat renal cortical slices. Velocity of accumulation (Ð is expressed

in nmol amantadinelmgslice wet weight/minute, and amantadine concentration (S)

is in micromolar. Apparent K* is calculated from the negative reciprocal of the

abscissa intercept (94 uM), whereas apparent Vmar is the reciprocal of the ordinate

intercept (76 pmol/ms slice wet weight/minute).
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Rat Renal Proximal Tubule

-0.1

Figure R-9. Representative Lineweaver-Burk transformation of control amantadine

uptake values in isolated rat proximal tubules. Velocity of accumulation (V) is

expressed in pmol amantadinelmg slice wet weight/minute, and amantadine

concentration (S) is in micromolar amounts. Apparent Km is calculated from the

negative reciprocal of the abscissa intercept (100 zM), whereas apparent Vmo is the

reciprocal of the ordinate intercept (7.1nmollmg tubule proteiry'minute).
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Rat Renal Distal Tubule

-0.1

Figure R-10. Representative Lineweaver-Burk transformation of control

amantadine uptake values in isolated rat distal tubules. Velocity of accumulation

(V) is expressed inpmol amantadine/mg slice'wet \ryeighVminute, and amantadine

concentration (S) is in micromolar amounts. Apparent Km is calculated from the

negative reciprocal of the abscissa intercept (78 uM), whereas apparent Vm.x is the

reciprocal of the ordinate intercept (3.5 nmollmg tubule proteiry'minute).
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Rat Renal Cortical Slice
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Figure R-11. Conversion of rat renal cortical slice wet weight to cortical slice

protein. Each slice was weighed and dissolved in t ml 0.5 M sodium hydroxide.

Protein concentration was determined by the Biuret analysis. Gradient generated

by linear regression (through origin) is 0.184 t 0.008 (N=30, 12 = 0.95).
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Figure R-12. Michaelis-Menten kinetic parameters for rat renal cortical slices,

isolated proximal tubules and distal tubules. Apparent Kur is expressed in

micromolar, âtrd Vmær is expressed in nmol amantadine/rng tubule protein

(measwed or estimated)/minute. Data are reported as mean + SEM from 4

separate determinations.
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parallel kinetic analysis of the time-corrected 4-minute uptake data generated

comparable Michaelis-Menten kinetic parameters to those obtained using 3O-second

initial uptake velocity values (Table R-A).

Control Amantadine Efllux. Efflux of [3tl]amantadine from preloaded

proximal tubules under control conditions was observed to be linear for the first

minute (Figure R-13), and initial efflux rate of amantadine \ryas 64 + 14 pmollmg

tubule proteinß0 seconds (n=3). The incorporation of 100 uM unlabelled

amantadine into the efflux incubation medium significantly promoted initial efflux

of [3H]amantadine from preloaded proximal tubules to 233 + 15 pmol lmg fubule

proteinl3O seconds (P = 0.013 as determined by the paired Student's t-test). Rate

of amantadine egress in cortical slices was observed to be evidently slower than that

in isolated tubules (Figure R-14). Efflux remained relatively linear for the first

minute, and initial efflux rate rvas approximated to be 24 pmol/mg estimated

proximal tubule proteinß0 seconds.

Uptake InhÍbition by Quinine & Quinidine. The incorporation of either

diastereoisomer into the incubation medium elicited inhibition of amantadine

uptake in all three preparations (Figures R-L5, R-16 and R-17). The type of

inhibition was attributed to direct competition between substrates for common

carrier(s). Apparent Km for amantadine uptake was increased significantly by

quinine and quinidine whereas V'o was unaltered (Table R-B).

Inhibitory constant (Ki) values for quinine and quinidine were calculated

using the Cheng-Prusoff or Dixon analyses (Figures R-16 to R-21). In renal cortical

slices and isolated proximal tubules, the inhibitory potency of the 85, 9R-(-)-isomer,

quinine, was observed to be two- to three-fold greater than that for the 8R, 9S-(+)-

isomer, quinidine. However, corresponding Ki values were approximately ten-fold
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Rat Renal Proximal Tubule
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Figure R-13. Effects of unlabelled amantadine on [3H]amantadine efflux from rat

renal proximal tubules. Tubules were preloaded in 200 ul medium with

[:H]amantadine for 30 seconds and effh¡x was subsequently initiated by a dilution of

the incubation medium with KHS + unlabelled amantadine to 3330 al. Final

amantadine concentrations in efflux media were 100 uM. AII data points are

represented as mean t SEM f¡om 4 separate determinations.
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Rat Renal Cortical Slice
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Figure R-L4. Representative e4periment showing [sH]amantadine efflux from rat

renal cortical slices f¡om 0 - 2 minutes. Each slice was preloaded in incubation

medium (3 ml) containing 10 t¿M amantadine, and efflux was initiated by rapid

relocation of the slice into 3 lnl KHS for a predetermined egress period. Initial

efflux rate was 1.8 pmol/mg slice wet weight/3O seconds or 24 pmol/ms estimated

proximal tubule protein/3O seconds with protein conversion.
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Figure R'15. A representative experiment showing the effects of quinine and

quinidine on amantadine accumulation into rat renal cortical slices. Incubation

medium (3.0 ml) contained 10 uM amantadine + quinine or quinidine (1 zM - 10

mM) with approximately 30 mgof renal cortical slice.

Rat Renal Cortical Slice
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tr'igure R-16. Effects of quinine and quinidine on amantadine accumulation into rat

renal proximal tubules. Incubation medium (200 ul) contained 10 zM amantadine

t quinine or quinidine with approximately 0.4 zg tubular protein. Data points are

reported as mean + SEM from 4 separate determinations. Inhibitory Constant (IG)

values were calculated individually in each experiment using the Cheng-Prusoff

analysis, and were 36 + 4 and 100 + 8 zM for quinine and quinidine, respectively

(mean + SEM, n=4). * Denotes a significant difference from control atp .0.05 as

determined by repeated measures ANOVA followed by Tukey's HSD and Newman-

Keuls tests.
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Rat Renal Distal Tubule
150
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Figure R-17. Effects of quinine and quinidine on amantadine accumulation into rat

renal distal tubules. Incubation medium (200 zl) contained 10 aM amantadine +

quinine (r) or quinidine (o) with approximately 0.4 mg tubular protein. Data points

are reported as mean t SEM from 4 separate determinations. Inhibitory Constant

(Ki) values were calculated individually in each experiment using Cheng-Prusoff

analysis, and were 87 + 8 and 78 t 8 uM for quinine and quinidine, respectively

(mean t SEM, n=4). * Denotes a significant diffe¡ence from control atp .0.05'as

determined by repeated measures ANOVA followed by Tukey's HSD and Newman-

Keuls tests.
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Rat Renal Cortical Slice
Vmax/V

-250 0

Quinine Concentration (pM)

F'igure R-18. Dixon analysis for pFI]amantadine uptake by rat renal cortical slices in

the presence of quinine. Amantadine concentrations were 10 (r) and 100 aM (o),

and mean K (t SEM) for quinine determined individually from 4 experiments was

288 t 2L uld. Velocity of accumulation (Ð is expressed inpmol amarúadine/mg

tubular proteiry'minute.
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Rat Renal Cortical Slice
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Figure R-19. Dixon analysis for pH]amantadine uptake by rat renal cortical slices in

the presence of quinidine. Amantadine concentrations were 10 zM (r) and 100 uM

( o ), and mean Ki (t SeU¡ for quinidine determined individually from 4

experiments was 861 + 79 ull.d. Velocity of accumulation (Ð is expressed in pmol

amantad in e lm g tubular proteiry'minute.
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Rat Renal Proximal Tubule
Vmax/V
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100

Figure R-20. Dixon analysis for pll]amantadine uptake by rat renal proximal

tubules in the presence of quinine. Amantadine concentrations were 2.3 zM (r) and

4.5 uM (o), and mean K (t SEM) for quinine determined individually from 4

e4periments was 32.1 + 3.4. Velocity of accumulation (Ð is e4pressed in pmol

amanta din e I m g tubular proteirVminute.
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Rat Renal Proximal Tubule

Vmax/V

-100 0

Quinidine Concentration (HM)

100

Figure R-21. Dixon analysis for pH]amantadine uptake by rat renal proximal

tubules in the presence of quinidine. Amantadine concentrations were (l) 2.3 uM

and (o) 4.5 uil'4', and mean Ki for quinidine (t SeU¡ determined individually from 4

e4periments was 83.5 t 11.1 ¿M. Velocity of accumulation (Ð is expressed inpmol

amantadin e I m g tubular proteiry'minute.
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TABLE R-A

¡3H¡Amantadine accumulation by rat renal proximal tubules using 30 second and 4

minute incubation times.

Amantadine concentrations used in each experiment were 2.3, 4.5,9.0,15.0 and 30.0

ulÙl. Values are reported as mean t S.E.M. from 4 separate determinations.

Statistical significance was assessed using the unpaired Student's f-test.

Incubation time Vmo

(nmollm{minute)
Kn

(uM)

30 seconds

4 minutes

7.6 t0.3

8.0 + 0.2

(p'0.1)

81 t6

85+2

(p'0.1)

BO



TABLE R-B

Inhibition of [fu]amantadine ¡ccumulation into rat renal proximal tubules and

cortical slices by quinine and quinidine.

A¡nantadine concentrations used in each experiment were: 2.3, 4.5,9.0, 15.0 and

30.0 zM in the proximal tubule preparation and 1, 5, 10, 50 and 100 zM. in the

cortical slice preparation. Values are reported as mean + S.E.M. from 4 separate

determinations. Statistical significance lvas assessed using unpaired Student's t-test

for cortical slice data, and repeated measures ANOVA with Tukey's HSD test for

proximal and distal tubule data.



Tissue Inhibitor Vmax

(nmol/mglminute)
I<m

(uM)

Slices :

Control

Quinine (2002M)

Control

Quinidine (500uM)

1.34 t 0.08

1.39 t 0.11

(p'0.1)

1.23 r 0.03

1.30 + 0.04

(p'0.1)

89t9
L31 t 15

(p .0.1)

87+5
141 + 18

(p .0.05)

Control

Quinine (504M)

Proximal Tubules :

6.9 r 0.4

6.9 + 0.5

(p'0.1)

6.9 + 0.4

6.5 + Q.4

(p'0.1)

81 +4

198 + L4

(p .0.05)

81 +4

222+ 33

(p. o.os)

Control

Quinidine (100tzM)

Distal Tubules:

Control

Quinine (50øM)

Control

Quinidine (50uM)

4.0 + 0.4

3.7 t0.2
(p'0.1)

4.0 t0.4
3.5 + 0.1

(p'0.1)

76+3
163 + 25

(p .0.1)

76+3
170 t20

(p .0.05)
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higher in the cortical slice preparation. Stereoselective inhibition was not observed

in distal tubules.

Human Renal Cortical Slices. Human renal tissue was obtained from 8

patients (6 males and 2 females, age 61 + 4 years) who underwent unilateral

nephrectomy. Patient demography is represented in Table M-A in the Materials &

Methods section. Control uptake of amantadine (5 zM) by human cortical slices as

a function of time is presented in Figure R-22 (patient 8). In comparison to the rat

renal cortical slice data, uptake remained linear for up to 3 minutes (Vi) and

thereafter attained saturation. At 10 ¡¿M amantadine, the slice/medium ratio for a

3O-second incubation was 0.6 t 0.1 (n=4). Figure R-23 displays a representative

experiment with tissue from patient 7 showing the classical hyperbolic profile of

amantadine accumulation at varying initial drug concentrations (1 - 400 zM).

Lineweaver-Burk transformation of the data yielded an apparent Km value for

control amantadine uptake into the cortical slices of 198 uM. Vmax was 0.L7

nmollmg slice wet weight/minute (Figure R-24). The conversion of slice wet weight

to estimated proximal tubule protein (Figure R-25) correspondingly modified

control Vmax to 2.49 nmollmg estimated proximal tubule proteirVminute. Individual

kinetic parameters for all experiments are reported in Table R-C.

The inclusion of either isomer, quinine or quinidine, in the incubation

medium inhibited amantadine accumulation by the cortical slices. The type of

inhibition was observed to be competitive, as indicated by representative Dixon

plots for patients 5 and 4 (Figures R-26 and R-27). Inhibitory constant (Iú) values

for quinine and quinidine were 301 and 543 uM respectively, and reiterates the

greater inhibitory potency for the (-) isomer, quinine, over the (*) isomer,

quinidine. All IG values are presented in Table R-C.
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Human Renal Cortical Slice
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FÍgure R-22. Accumulation of pH]amantadine by human renal cortical slices as a

function of time ranging from 0-900 seconds. Incubation medium (3 ml) contained 5

¿M amantadine and 20-40 mg of. a cortical slice from the right kidney of. a 76 year-

old male patient (patient 8). The dotted line represents the extrapolated initial

linea¡ phase of uptake (Vi).
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Human Renal Cortical Slice
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FÍgure R-23. Representative saturation isotherm for active amantadine

accumulation by human cortical slices. Tissue was obtained from the left kidney of

a 70 year-old female patient (patient 7). Incubation medium (3 ml) contained 1 -

4O0uJÙ{ amantadine and 20-4mgofa cortical slice.
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Human Renal Cortical Slice
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Figure R-24. Lineweaver-Burk transformation of control amantadine uptake values

in human renal cortical slices (patient 7). Velociry of accumulation (V) is expressed

inpmol amantadinelmgslice wet weight/minute, and amantadine concentration (S)

is in micromolar. Apparent Krn is calculated from the negative reciprocal of the

abscissa intercept to be 198 zM, whereas apparent Vmæ< is the reciprocal of the

ordinate intercept (0.17 nmol lmgslice wet weight/minute).
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Human Renal Cortical Slice
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Figure R-25. Conversion of human renal cortical slice wet weight to cortical slice

protein. Untreated slices from all kidneys were individually weighed and dissolved

n t ml 0.5 M sodium hydroxide. Protein concentration was determined by the

Biuret analysis. Gradient generated by linear regression (through origin) is 0.171 +

0.004 (N=30, 12= 0.90)
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Human Renal Cortical Slice
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Figure R-26. Dixon analysis for inhibition of pH]amantadine uptake by human

renal proximal tubules by quinine (patient 5). Amantadine concentrations were 10

zM (r) and 80 zM (o). Velocity of accumulation (Ð is e4pressed inpmol

amantadinelmg estimated proximal tubule proteiry'minute, and Ki for quinine is

estimated to be 301uM.

B1



Human Renal Cortical Slice
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Figure R-27. Dixon analysis for inhibition of pH]amantadine uptake by human

renal proximal tubules by quinidine (patient 4). Amantadine concentrations were

10 ¡¿M (r) and 80 uM (o). Velocity of accumulation (\I) is expressed in pmol

amantadinelmg estimated proximal tubule proteiry'minute, and Ki for quinidine is

estimated to be 543 uM.
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TABLE R.C

Michaelis-Menten and Dixon kinetic parameters for control [tf]amant¿dine

accumulation by human renal cortical slices using 30 second incubation.

Amantadine concentrations used in each control e4periment were 10,?5,50, 80 and

200 uJ['/'. Vmax values are e4pressed in nmol amantadine/mg estimated proximal

tubule proteiry'minute. In inhibition studies, amantadine concentrations employed

were 10 and 80 uM. ND abbreviates for Not Determined due to limited tissue

availability. * Denotes a significant difference between Ki values of quinine and

quinidine atp .0.05 using the unpaired Student's f-test.

Patient No' 
,i", ,r {iir^r^, ouinin"K 

tut'ou,nro,n"

1 16s 2.69 232 495

2 ND ND ND 720

3 r70 2.93 154 ND
4 ND ND ND 543

5 ND ND 301 ND
6 213 5.54 358 ND

7 198 2.49 ND ND

Mean + SEM 187 t 11 3.4 + 0.7 261 t44* 586 + 68 
*
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II. Pharmacological Congeners & Renal Organic Cation Transport:

Control Uptake of Amantadine. Under control conditions, [*I]amantadine

was transported actively by renal cortical slices, and isolated proximal and distal

tubules. For a 30-second incubation, slice/medium ratio was 0.4 t 0.03 (10 uM

amantadine, n=8). Apparent Km and Vma¡< values for amantadine uptake by cortical

slices were 94 + 5 aM and 1.3 + 0.1 nmoUmg estimated proximal tubule

protein/minute respectively (n=10). In proximal and distal tubules, tubule/medium

ratios were 35 + 1 and 19 t 2 respectively (10 aM amantadine, 3O-second

incubation, n=8). Apparent Kln and Vmax values were 87 + 4 ¿¿M and 7.2 
=0.4

nmollmg tubule proteiry'minute in proximal tubules (n=8), and 84 + 6 uM and 3.5

+ 0.L nmol/mgtubule protein/minute in distal tubules (n=8).

Mixed Effects of CÍmetidine. In cortical slices, Iow concentrations of

cimetidine (10 and 25 uM) significantly enhanced amantadine accumulation,

whereas higher concentrations (> 50 zM) produced a bimodal attenuation of

accumulation (Figure R-28).

The addition of cimetidine (1 aM to 10 mil.4) in proximal tubules solely

augmented amantadine uptake by decreasing apparent Km without affecting V""

(Table R-D and Figure R-29). Such an enhancement of uptake was of greater

prominence than that observed in the cortical slices. Plateau was reached at

approximately 100 aM cimetidine, and uptake values subsequently declined back

towards the basal level.

In distal tubules, cimetidine did not facilitate amantadine accumulation, and

only produced competitive inhibition of uptake at millimolar concentrations (Table

R-D and Figure R-29).
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Rat Renal Cortical Slice
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Figure R-28. Effects of cimetidine on amantadine accumulation into rat renal

cortical slices. Incubation medium (3.0 ml) contained 10 zM amantadine t
cimetidine (3-6000 uM) with approximately 30 mg of renal cortical slice.

Slice/medium ratio (3O-second incubation, n=4) for control specific uptake was 0.5

t 0.03. Data points ate reported as mean + SEM from 4 separate determinations.

,¡ and + Denotes a significant difference from control at p .0.05 as determined by

repeated measures AÌ{OVA followed by Tukey's HSD and Newman-Keuls tests

respectively.
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Rat Renal Tubules
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Figure R-29. Effects of cimetidine on amantadine accumulation into rat renal

proximal ( o ) and distal ( o ) tubules. Incubation medium (200 ul) contained L0 uM

amantadine + cimetidine with approximately 0.4 mg tubular protein.

Tissue/medium ratio (3O-second incubation, n=8) for control specific uptake is 35

+ L in proximal tubules and 19 + 2 in distal tubules. Data points are reported as

mean 1 SEM from 4 separate determinations. * Denotes a significant difference

from control atp < 0.05 as determined by repeated measures ANOVA followed by

Tukey's HSD and Newman-Keuls tests.
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TABLE R.D

Effects of cimetidine and ranitidine on amantadine accumulation into rat renal

proximal and distal tubules.

Amantadine concentrations used in each experiment were: 10, 15, 25,50 and 100

uNd. Tissue/medium ratios were calculated using uptake data (10 alV[ amantadine

+ histamine receptor antagonist) after 30 seconds incubation. All values reported

represent mean I SEM from 4 separate experiments. P.T. and D.T. represent

proximal and distal tubules respectively. Statistical significance was determined

using unpaired Student's f-test.

Tissue Experiment TÆtd Ratio

P.T.

D.T.

Control

Cimetidine

(20 uM)

Control

Cimetidine

(10 mM)

33t1

4l t2
(p . o.oo3)

2l t0.5

13 t 0.1

(p . o.oo1)

(nmollmglmin)

6.8 r 0.5

5.8 + 0.6

(P .0.19s)

3.4 + 0.1

3.5 t 0.3

(P .0.711)

(r¿M)

88t5

55 13
(p . o'oo2)

7l+4

131t 13

(p . o.oo5)

P.T. Control

Ranitidine

(10 mM)

Control

Ranitidine

(10 rnM)

37 t2
24 t2

(p . o.oo7)

15 t2
9t2

(p .0.083)

8.9 t 0.7

7.9 t 0.8

(p .0.369)

4.3 r 0.1

3.8 t 0.2

(p .0.171)

86+7

121t8
(p .0.015)

95+5

169 + 10

(p .0.001)

D.T.
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Inhibition by Ranitidine. In contrast to cimetidine, therapeutic low

concentrations of ranitidine did not alter amantadine uptake in any preparation

examined. Higher ranitidine concentrations (millimolar range) elicited inhibition of

uptake in a competitive manner (Table R-D, Figures R-30 and R-31).

Effects of Imidazole & Guanidine. Figure R-32 displays a representative

experiment showing the individual effects of the two major functional groups in

cimetidine, imidazole and guanidine, on control specific amantadine uptake by

isolated proximal tubules.

III. Nicotine and Cotinine & Renal Organic Cation Transport:

Control Uptake in Tl¡bules. Consistent with results reported in previous

sections, [3H]amantadine (10 uM) was again accumulated by both proximal and

distal segments with tubule/medium ratio values of 32 + 1 (n=14) and 18 t 1

(n=13) respectively. Both tubule fractions again exhibited similar apparent affinity

with Km values of 78 + 2 and 76 t5 rzM (n=4 and 5) respectively, and Vm.¡r in distal

tubules was 3.4 t 0.5 in comparison to 6.6 + 0.L nmolfng tubule protein/minute in

proximal tubules.

G) & (+) Nicotine on Amantadine Uptake. Amantadine accumulation in

renal proximal tubules was significantly enhanced by the addition of (-) nicotine

(n=5) and (+) nicotine (n=6) in a bimodal fashion (Figure R-33). Apparent Km for

amantadine uptake was decreased by (-) and (+) nicotine (0.a uM) from 78 + 2 to

52 + 2 and 6L + 5 aM respectively, whereas V'o was not altered significantly (6.6

+ 0.1 to 6.3 t 0.1 and 6.5 + 0.2nmollrng tubule protein/minute).

In distal tubules, clinically relevant concentrations of nicotine (0.1 - 0.3 uM)
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Figure R-30. Effects of ranitidine on amantadine accumulation into rat renal

cortical slices. Incubation medium (3.0 zl) contained 10 øM amantadine +

ranitidine (1-10000 uM) with approximately 30 mg of renal cortical slice.

Slice/medium ratio (3O-second incubation, n=4) for control specific uptake was 0.4

t 0.04. Data points are reported as mean + sEM from 5 sepafate determinations.

* and + Denotes a significant difference from control atp .0.05 as determined by

repeated measures ANIOVA followed by Tukey's HSD and Newman-Keuls tests

respectively.
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Rat Renal Distal Tubule
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Figure R-3L. Effects of ranitidine on amantadine accumulation into rat renal

proximal ( o ) and distal ( o ) tubules. Incubation medium (200 zl) contained 10 uM

amantadine + ranitidine with approximately 0.4 mg tubular protein.

Tissue/medium ratio (30-second incubation, n=8) for control specific uptake is 35

t 1 in proximal tubules and 19 7 2 in distal tubules. Data points are reported as

mean t SEM from 4 separate determinations. * Denotes a significant difference

from control at p. 0.05 as determined by repeated measures AI'.IOVA followed by

Tukey's HSD and Newman-Keuls tests.
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Figure R-32. A representative experiment demonstrating the effects of imidazole

and guanidine on amantadine accumulation into rat renal proximal tubules.

Incubation medium (200 ul) contained 10 uM amantadine + imidazole or guanidine

(0.1 zM - 10 mM) with approximately 0.4 mg tubular protein. After 3O-second

incubation, tubule/medium ratio was 3.0.
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Rat Renal Proximal Tubule
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F'igure R-33. Effects of C) and (+) nicotine on amantadine accumulation into rat

renal proximal tubules. Incubation medium (200 al) contained 10 øM amantadine

t nicotine (  nM - 400 øM). Tubule/medium ratio (30-second incubation) for

control specific uptake (100 %) is 32 + 1. Data points are reported as mean !
SEM from 5 and 6 separate determinations for G) and (+) nicotine respectively.

* Denotes a significant difference from control at p t 0'05 as determined by

repeated measures AIIOVA followed by Tukey's HSD and Newman-Keuls tests.

eÃ

9B



did not affect amantadine uptake. ffowever, higher nicotine concentrations of > 40

aM produced inhibition of uptake (Figure R-34). Km for amantadine uptake was

increased by (-) and (+) nicotine (400 zM) from 76 + 5 to lV4 + 9 and 116 + 17

zM respectively, and Vma¡< was moderately, but significantly, decreased from 3.4 +

0.5 to 3.0 + 0.4 and 3.0 + 0.4 ¿mollmglminute.

Nicntine on Amantadine Efflux Efflux of amantadine from both tubule

preparations under control conditions was observed to be linear for the first minute

(Figures R-35 (a-d)). Initial efflux rates of amantadine from proximal and distal

tubules were 58 + 6 (n=8) and 27 + 7 (n=4) pmollmg tubule protein/3O seconds

respectively. The incorporation of 0.4 uM (l or (+) nicotine into the efflux

incubation medium significantly attenuated initial efflux of amantadine from

preloaded proximal tubules from 51" + 4 to 32 f I and 27 + 4 pmollmg tubule

protein60 seconds (Figure R-35a).

However, a higher concentration of (-) or (+) nicotine (a00 zM) significantly

stimulated initial efflux of amantadine from 66 + Il to 200 + 23 and 208 + 28

pmollmg tubule proteinßO seconds (Figure R-35b). The addition of cimetidine

(10 zM) did not significantly affect amantadine efflux (6a t l0 fo 77 + 4 pmollmg

tubule protein/3O seconds) (Figure R-35c).

In preloaded distal tubules, 400 uM (-) or (+) nicotine also promoted

amantadine efflux from 27 + 7 to 75 + 8 and 70 + 10 pmollmgßO seconds

respectively (Figure R-35d).

(-) Cotinine on Amantadine Uptake. The addition of (-) cotinine moderately

stimulated amantadine uptake in isolated proximal tubules. Although statistical

significance from control was achieved with cotinine concentrations of 0.4 to 100

aM, ma,rimal enhancement of uptake was comparatively lower than that produced
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Figure R-34. Effects of G) and (+) nicotine on amantadine accumulation into rat

renal distal tubules. Incubation medium (200 zl) contained 10 uM amantadine +

nicotine (100 nM - a00 aM). Tubule/medium ratio (30-second incubation) for

control specific uptake (100 Vo) is 18 + 1. Data points are reported as mean +

SEM from 4 separate determinations. * Denotes a significant difference from

control at p .0.05 as determined by repeated measures Al.lOVA followed by

Tukey's HSD and Newman-Keuls tests.
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Figures R-35. Effects of C) & (*) nicotine and cimetidine on amantadine efflux

from rat renal proximal tubules (a, b & c) and distal tubules (d). Tubules were

preloaded in 200 ul medium with pH]amantadine for 30 seconds and efflux was

subsequently initiated by a dilution of the incubation medium with KHS t (-) or

(+) nicotine or cimetidine to 3330 ul. Final nicotine concentrations in efflux media

were 0.4 zM (a) and 4O0 uM (b & d), whereas concentration of cimetidine was 10

uM (c). AII data points are represented as mean t SEM from 4 separate

determinations.
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by its parent compound nicotine (Figure R-36 versus Figure R-33). In distal tubules,

all concentrations of C) cotinine examined did not significantly alter uptake.

Rat Renal Cortical Slices. [*I]Amantadine (10 ttM) was accumulated by rat

cortical slices with a slice/medium ratio of 0.33 + 0.04 (3O-second incubation). In

contrast to that observed in isolated proximal tubules, the addition of 0.01 - 40 uM

(-) nicotine did not significantly enhance amantadine accumulation, and only the

higher concentrations (: 100 zM) produced low-affinity inhibition of uptake

(Figure R-37).

102



100

.1 1 10 102 103

(-) Cotinine Concentration (pM)

Figure R-36. Effects of G) cotinine on amantadine accumulation into rat renal

proximal (r) and distal tubules (o). Incubation medium (200 ul) contained 10 uM

amantadine + cotinine (a0 nM - 400 zM). Tubule/medium ratio (30-second

incubation) for control specific uptake (I00 Vo) is 34 + 2 in proximal tubules and 18

+ 3 in distal tubules. Data points are reported as mean + SEM from 4 separate

determinations. * Denotes a significant difference from control at p .0.05 as

determined by repeated measures AI'{OVA followed by Tukey's HSD and Newman-

Keuls tests.
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Rat Renal Cortical Slice
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Figure R-37. Inhibition of C) nicotine on amantadine accumulation in rat renal

cortical slices. Incubation medium (3.0 ml) contained 10 zM amantadine + nicotine

(10 zM - 400 uM) with approximately 30 mg of renal cortical slice. Slice/medium

ratio (3O-second incubation) for control specific uptake was 0.33 + 0.04. Data

points are reported as mean + SEM from 4 separate determinations. * Denotes a

significant difference from control at p < 0.05 as determined by repeated measues

AIIOVA followed by Tukey's HSD and Newman-Keuls tests.
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DISCUSSION

Amantadine as a Marker Organic Cation. The present investigation has

established the contemporary use of amantadine as a chemical probe in the

examination of renal organic cation transport in the mammalian kidney in vitro. In

recapitulation, the availability of incontrovertible and clinically applicable organic

cation probes is limited, and the major advantages behind the use of this particular

organic cation include its therapeutic relevance, homogeneous and achiral chemical

properties, and limited metabolism in mammalian species.

General experimental precautions taken to diminish potential artefactual

interference are as follows. In order to minimize potential contamination with

medullary segments in the present tubule and slice preparations, excessive tissue

from the cortico-medullary junction was discarded. Henceforth, such an omission of

the juxtamedullary nephroru has consequently rendered the applicability of the

current observations to confine within supefficíal cortical and midcortical nephrons.

Possible hypoxia leading to tissue degradation during incubation was alleviated by

the use of a verified physiological incubation environment, and a lower incubation

temperature of 25 oC. In conjunction, a relatively shorter incubation period of 30

seconds was employed to minimize potentially significant intratubular metabolism

of competing substrates (Table D-A), and to provide initial linear transport velociry

values for the valid use of the Lineweaver-Burk analysis of data. The absence of

physiological levels of plasma proteins from the current incubation media was of

subordinate concern from other investigators within this field, and such a potentially

confounding issue is evaded by the fact that active carrier-mediated transfer of

organic solutes is the primary focus of the present study. In comparison to renal

glomerular filtration in vivo, this latter process involves an isosmotic movement of

solute, with water, into the glomerular filtrate. It does not disturb the equilibrium
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Table D-4. Pharmacokinetic data for cationic drugs employed. Values are obtained

from: Bowman & Rand (1980), Ochs e/ aÀ (1980), Gugler et aL,1981; White (1985),

Aoki & Sitar (1988), Grant et aL (1989).

Drug Half Life

(Hours)

Clinically Relevant
Plasma Concentration

(¿M)

Protein Binding
In Plasma

(vo)

Amantadine

Quinine

Quinidine

Cimetidine

Ranitidine

Nicotine

6716 1.5 - 5.0

20-4Ð

5-15

1.5 - 2.5

0.3 - 1.0

0.1 - 0.3

90-95

85-90

11

6

2

2

L9

15

52
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between free and bound solute in the plasma, and the rate of solute clearance by

filtration is directly proportional to the free fraction of the solute. Conversely, in

the case of active tubular transport, solute transfer by the carrier is unaccompanied

by water. The decline in free plasma concentration of the solute would in turn

cause a net dissociation of bound solute from the protein, and effectively all of the

solute (bound and free) is available to the carrier. As reference, approximate

percentage values for plasma protein binding of the organic cations employed are

listed Table D-A

Under control conditions, the marker organic cation, amantadine, was

concentrated by rat renal cortical slices, isolated proximal tubules and distal tubules.

Transport was observed to be saturable with increasing substrate concentrations and

2,4-dinifiophenol-sensitive, which supports the inte{pretation of a carrier-mediated

transport process and its dependency upon oxidative phosphorylation (Farah &

Rennick, 1956; Peters, 1960; Berndt, 1976 & 1981; Kinsella et aL,l979a; Holohan &

Ross, 1980 & 1981; Rennick, 1981; Ross & Holohan, 1983; Grantham & Chonko,

1986 & l99L; Somogyi, 1987; van Ginneken & Russel, 1989; Sokol & McKinney,

1990). The presently demonstrated crs-competitive inhibition of amantadine uptake

by quinine and quinidine, and self-induced frørr-stimulation of amantadine efflux,

further reinforced the current proposition of a carrier-mediated phenomenon

(Wilbrandt & Rosenberg, 1961; Sokol et aL,1989). The addition of two prototypic

organic cations, tetraethylammonium or guanidine, into the incubation medium

both interacted significantly with control amantadine transport in vitro, and

supported their common pathway(s) via the customary organic cation transport

system (Rennick, 1981; Miyamoto et aL,1989).

Conventionally, the predominant site of renal organic cation transport is

believed to be located exclusively in the proximal tubules. Nevertheless, current

experimentation has also demonstrated active accumulation of the organic cation,
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amantadine, in renal distal tubules for the first time. In prolepsis, although the

inward-negative electrochemical gradient would explain such an accumulation of

the cationic amantadine by the distal tubule cells, the possibility of contamination of

the distal tubule fraction with proximal tubules was of primary concern. The purity

of both fractions was confirmed by microscopic and enzymatic examination. The

observed heterogeneity in tubule morphology and enrpe distribution between the

two fractions is in concordance with previous reports (Scholer & Edelman, 1979;

Guder & Ross, L984; Gesek et aL, 1987). Furthermore, the clear distinctions

observed between patterns of interference by a given competing organic cation in

the two tubule fractions represent further evidence for their purity. Examples of

which include the total absence of uptake facilitation by cimetidine, and the loss of

stereoselectivity in inhibition by quinine and quinidine, in the distal tubule fraction.

In the renal cortical slice, rate or velocity of amantadine accumulation was

perceived to be considerably slower than that in either tubule preparation (Burg &

Orloff, 1969; Sheikh & Möller, 1970; Möller & Sheikh, 1983). Although all three

preparations expressed similar apparent affinities (Kr) for amantadine, the

apparent capacity (Vmax) was the lowest in the slice system despite slice weight to

estimated tubule protein conversion. The basis for such a difference in the latter

may include an incomplete penetration of amantadine and/or metabolic substrates

into deeper regions of the cortical slices during the relatively short incubation time

period (Wedeen & Weiner,l973b; Berndt, 1976), and/or the presence of additional

amantadine transport sites with lower capacity with the remaining segments of the

cortical nephron within the slice preparation. Moreover, possible directional

differences in amantadine uptake between preparations should also be considered.

The accessibility of the tubule lumina during incubation in isolated tubules and

cortical slices is currently controversial. Tubule lumina in the cortical slices are

believed preponderantly to be in a collapsed state, whereas lumina in isolated renal
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tubules have been reported to be dilated and patent for substrate exchange (Foulkes

& Miller, 1959; Wedeen & Weiner, 1973a; BerndÇ 1976; Wedeen & Vyas, 1978

Möller & Sheikh, 1983; Chahwala & Harpur, 1986; Gesek et aL, 1987). These

postulates are suppotred by the present efflux experimental series in which the rate

of amantadine egress from preloaded cortical slices was observed to þe significantly

lower than that from preloaded proximal tubules (Murthy & Foulkes, 1967).

Therefore, luminal exchange of amantadine is proposed to be attenuated in the

cortical slice (closed-lumen) preparation, and net uptake is primarily reflective of

the secretory influx of amantadine across the basolateral membrane. Conversely in

isolated tubules, basolateral substrate influx may be supplemented by a luminal

reabsorptive process, which may perchance represent common pathway(s) for amino

acid reabsorption (Foulkes, 1972; Berndt, 1976; Jessen & Sheikh, 1990).

Diastereoisomers & Organic Cation TransporL The incorporation of either

quinine or quinidine during incubation inhibited competitively the accumulation of

amantadine in all three preparations, which supports the possibility of common

transport sites shared amongst the non-chiral amantadine and the two

diastereoisomers. However, observed Ki values for the nvo diastereoisomers varied

considerably between the three preparations. Stereoselective inhibition was

observed in isolated proximal tubules with an apparent inhibitory potency of the 8S,

9R-(-)-isomer, quinine, being approximately nvo to three-fold greater than that of

the 8R, 9S-(+)-isomer, quinidine. In distal tubules, both diastereoisomers exhibited

equipotent inhibition of amantadine uptake with no apparent stereoselectivity. As

renal cortical tissue consists primarily of proximal and distal tubules (Berndt, 1976;

Vinay et aL, 1981; Gesek et aL, 1987), experimentation with the cortical slices

sustained a composite representation of proximal and distal phenomena. The

addition of quinine or quinidine produced competitive inhibition of amantadine

109



uptake by cortical slices, of which approximately one half of the net accumulation

was perceived to be stereoselective for quinine and represented proximal tubular

uptake. However, the apparent inhibitory potency for quinine and quinidine in the

cortical slices (closed-lumen preparation) was proportionately ten-fold lower than

that observed in isolated tubules, and infers the potential for such a phenomenon to

be a luminal event.

In comparison to the previously reported stereoselectivity in human renal

clearance for quinidine over quinine by Notterman and co-workers in 1986, the

apparent inversion of stereoselectivity in vitro may be attributed to the possibility of

species differences in renal tubular secretion of chiral organic cations between

human and rat (Mclsaac, 1965 &. 7969; Grantham & Chonko, 1991). In order to

pursue such a hypothesis, the conjunctive examination of this phenomenon in

human renal cortical slices was implemented.

It is evident that species differences in biomedical research represent a major

issue in regard to the extrapolation of phenomena observed from animal data. The

use of human tissue unequivocally resolves such a concern. However, one common

question is the viability of the tissue following its excision from the donor. Previous

systematic studies using several human tissues, including renal proximal tubule cells,

had demonstrated durations of viability to be one to two hours when tissue was

stored at body temperature. When storage temperature was reduced, survival times

increased considerably to over 24 hours (Trump & Harris, 1979; Trifillis et aL,

1985). In the present study using human renal cortical slices, the immediate rapid

processing and utilization of the human renal tissue subsequent to its excision

conforms with such limitations, and supports the validity of our current preparation

in vitro.

The marker organic cation, amantadine, was concentrated by human renal

cortical slices in a comparable manner to that observed in the corresponding rat
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preparation. Accumulation rryas saturable and was inhibited by pretreatment of the

tissue with a metabolic inhibitor, 2,4-dinitrophenol. Kinetic characteristics, such as

the apparent affinity and maximal capacity of the transport sites involved, are also in

proximate correlation with those documented for rat slices. E:rperimentation with

the two diastereoisomers confirmed the greater inhibitory potency of quinine (8S,

9R-(-)-isomer) as observed in the rat, thus providing primary evidence for the

elimination of species differences as an explanation for the present apparent

discrepancy between in vivo andin vitro data.

Alternative mechanisms include a predominant secretion of the achiral

amantadine molecule ulø quinine-preferring transport sites, and/or stereoselective

c¿s-inhibition of amantadine reabsorption or fr¿rr-stimulation of amantadine efflux

vø luminal counterports across the luminal membrane by quinine over quinidine. A

schematic model consisting of the tentative sites of interaction between amantadine

and the two diastereoisomers in the renal proximal tubule cell is represented in

figure D-1.

Previous literature had also documented a dissociation between the rate of

tubular secretion of a competitive inhibitor of organic cation transport and its ability

to produce inhibition (Rennick et aI,1956; Grantham & Chonko, 1991). The basic

cyanine dye no. 863 was obsewed to inhibit potently the renal tubular excretion in

vivo of. two prototypic organic cation markers, tetraethylammonium (TEA) and N -

methylnicotinamide (NMN), whilst itself was absolutely or relatively refractory to

excretion by the transport system. Therefore, a greater inhibitory potency of

quinine on renal transport of another organic cation does not necessitate a

correspondingly higher renal clearance for this isomer.

In view of the similarity between the inhibitory constant for quinine in the

isolated proximal tubule preparation and its mean therapeutic plasma concentration

(Table D-A), potentially important clinical interactions at the renal level are
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Figure D-1. Putative sites of interaction between the diastereoisomers and

amantadine in isolated rat renal proximal tubule. Control amantadine transport

and its interference by quinine and quinidine are represented in the left and right

cell compartments respectively. BLM and BBM denote basolateral and brush-

border membranes respectively. Lumen of the tubule is believed to be patent and

luminal content is assumed to be in equilibrium with that of the incubation medium.

The addition of quinine or quinidine stereoselectively competed for amantadine

reabsorption and/or facilitated luminal amantadine efflux. Stereoselectivity was not

observed in the distal tubule.
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implicated during concomitant administration in vivo. The ten-fold higher apparent

Ki values for quinine and quinidine in the cortical slice preparation are vindicated to

represent quantitatively inaccurate assessments of their true inhibitory potency, as

the suspected competition at the luminal membrane is believed to be attenuated in

a preparation with collapsed lumina. Therapeutic implications of the compounds

have been mentioned (vide supra). Briefly, amantadine is clinically employed to

alleviate symptoms associated with Parkinson's syndrome, in addition to its

documented value in both the treatment and prophylaxis against Influenza A viral

infection. In general, quinine has been superseded by less toxic and more effective

antimalarial agents. However, the occurrence of substantial resistance to these

drugs has left a place for quinine in malaria chemotherapy, and it remains currently

as the parenteral antimalarial of choice. Furthermore, the value of quinine in the

treatment of nocturnal leg cramps and Myotonia Congeníta has recently been

appreciated (Webster, 1990).

Extension of the present in vitro work included the implementation of a

clinical investigation in which potential alterations in amantadine disposition by co-

administered quinine or quinidine were determined in healthy human volunteers

(Gaudry et aL,1990; Sitar er aL,1990). In this randomized three-limbed crossover

study, significant reductions in amantadine renal clearance by quinine and quinidine

were observed in male, but not in female subjects. Such a disparity between genders

was not ascribed to metabolic contributions, as pharmacokinetic profiles for quinine

and quinidine were found to be equitable in male and female subjects. Hence, this

adjunct study not only confirmed the present extrapolation of the preliminary

observations from animal studies to the clinical situation, but the potential

significance of gender differences in renal organic solute transport was also

reinstated (Harvey & Malvin, 1965; Kleinman et aL,1966; Bowman & Hook, 1972).
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Pharmacological Congeners & Organic Cation Transporl In the second

experimental series, effects of nvo histamine Hz-receptor antagonists on renal

tubular organic cation transport were investigated and compared. The antecedent

compound, cimetidine (N"-cyano-N-methyl-N'{2[[(5-methyl-1H-imidazol-4-

yl)methyl]thio]-ethylþguanidine (Tagamet-)), has been documented extensively to

be a potent inhibitor of both cytochrome P450 metabolic function and renal tubular

excretion of organic cations (vide supra). It was recently proposed to assume the

role as a prototypic inhibitor of renal organic cation secretion in an analogous

manner to probenecid and renal organic anion secretion (Somogyi, 1987).

Henceforth, newer antagonists with lesser interfering capabilities were developed

and introduced, and the previously exclusive market for cimetidine was annexed

significantly by such agents (Schunack, 1989). Ranitidine (N{2-[[[5'-

(dimethylaminomethyl)-2-furanyllmethyllthiolethylþN1-methyl-2-nitro-L,1-ethene-

diamine (7-antac^)) is an example of the latter category of agents. It is a structural

analogue of cimetidine with a relatively greater potency in the suppression of basal

and stimulated gastric acid secretion (Daly et aL, 1981; Brater et aL, 1982). The

substitution of the five-membered, nitrogen-containing, imidazole ring by a six-

membered furan moiety is postulated to be the primary basis behind the reduced

ability of ranitidine to inhibit cytochrome P¿so function (Murray, 1987), but its

potential effects on renal tubular drug secretion at the cellular level had not been

examined. In view of the higherpKa value of ranitidine (hence greater proportion

of ionization at physiologicalpH) than that of cimetidine, it did not seem unbefitting

to anticipate a correspondingly higher incidence of interaction at the renal level.

Prior to the determination for potential ability of the newer congener to

affect renal tubular organic cation transport, characteristics of the documented

interference by cimetidine was examined and established in our present renal
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prepafationsín vitro.

In renal cortical slices, low concentrations of cimetidine elicited marginal

facilitation of amantadine accumulation, whereas competitive inhibition was

produced by higher cimetidine concentrations. The enhancing component was

determined to be confined within the proximal tubules, whereas the.lower-affinity

competition was evident within both tubule fractions. At first glance, the apparent

facilitation of amantadine uptake invoked by therapeutic concentrations of a

potential prototypic transport inhibitor appeared to be anomalous. However, with

reference to the previously documented biphasic mixture of facilitation and

inhibition of renal tubular organic cation excretion in vivo (Acara & Rennick,1972;

Acara et aL, 1975; Acara & Rennick,1976), the present observations ¡z vitro offer

additional insight into the cellular mechanism(s) underlying such a phenomenon.

Possible explanations for the high-affinity enhancement of uptake include the

following: Although a combination of the present proximal and distal tubular data

may explain in part the trimodality of the cortical slice data, the minimal transport

facilitation observed in the latter preparation (with collapsed lumina) insinuated a

Iuminal phenomenon. The apparent increase in amantadine uptake may have

resulted from an increase in influx via a shift in the rate limiting step of concern or a

direct allosteric effect produced by cimetidine. Conversel¡ an inhibition of luminal

amantadine efflux by intracellular cimetidine would have also actuated an apparent

increase in accumulation. Efflux experimentation with cimetidine at a

concentration which produced enhancement of uptake did not alter significantly the

rate of amantadine egress from preloaded proximal tubules, and purged the

postulate of both cis- and traru- effects by cimetidine on amantadine efflux.

Nonetheless, a cis- or trøru- stimulation by cimetidine on luminal amantadine influx

(reabsorption) remains to be compatible with the previously proposed inhibitory

property of cimetidine on the renal elimination of organic cations (Somogyi, 1987).
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In comparison to the tissue specificity of high-affinity stimulation, the

corresponding lower-affinity inhibition of uptake was readily demonstrable in the

cortical slice and both isolated tubule preparations. The mechanism underlying

such a phenomenon lvas ascribed to a direct competition between amantadine and

cimetidine for common influx site(s), and its ubiquitous occurrence between

preparations suggests the probability of a basolateral event. In essence, the

tentative sites of interaction between amantadine and cimetidine are represented

diagrammatically in Figure D-2.

Despite the complexity in relation to the high-affinity stimulation and low-

affinity inhibition of amantadine uptake elicited by cimetidine, low therapeutically-

relevant concentrations of ranitidine did not affect uptake in renal cortical tissue.

Ilowever, the low-affinity inhibitory component was again observed to be

omnipresent in all preparations examined. The potential site of interaction with

ranitidine is therefore suspected to be located on the basolateral membrane of

either the proximal or distal tubule cell, and that the absence of luminal competition

between amantadine and ranitidine is a feasible explanation for the sole inhibitory

effect of ranitidine (Figure D-Z).

An ancillary question of interest concerns the differences in molecular

structure between cimetidine and ranitidine, and whether the substitution of the

imidazole (to furan) ring or the cyanoguanidine (to ethenediamine) moiety

contributed to the eradication of the ability of ranitidine to interfere with renal

organic cation transport. Experimentation using either functional moiety in

cimetidine (imidazole nucleus or guanidine side chain) as the competing organic

cation revealed their equitable abilities in interfering with amantadine transport in

renal proximal tubules, and deduced the necessity for their concurrent replacement

in the constitution of the lesser interactive compound at the renal level.

In conclusion, the differential effects of the two histamine receptor
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Figure D-2. Putative sites of interaction between histamine Hz-receptor antagonists

and amantadine in isolated rat renal tubules. High-affinity enhancement produced

by low concentrations of cimetidine (low cim) and low-affinity inhibition by high

cimetidine or ranitidine concentrations (high cim / ran) are represented in the right

and left cell compartments respectively. BLM and BBM denote basolateral and

brush-border membranes respectively. Lumen of the tubule is believed to be patent

and luminal content is assumed to be in equilibrium with that of the incubation

medium. A negative sign signifies cis-inhibition of amantadine transport in the

direction as indicated (basolateral inflr¡x), whereas a positive sign indicates the

presently undetermined c¿s- or trans- stimulation of luminal amantadine

reabsorption. I;¡minal amantadine efflux was not affected by cimetidine.

AA
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antagonists on the renal accumulation of amantadine suggest disparate rate limiting

steps and/or transport pathways involved in their renal excretion. Although the

mean therapeutic plasma concentration of ranitidine is lower than that of cimetidine

(Table D-A) (Grant et aL,1989; Benet & Williams, 1990), the relatively inert nature

of the lower ranitidine concentrations on amantadine uptake by the renal

preparations in vitro suggests a lower incidence of interaction with cationic drugs in

the kidney than its predecessor, cimetidine (Rodvold et aL, t987; Baciewicz et aL,

1989; Bendayan et aI,1990b).

Nicotine & Organic Cation Transport. The final series of investigation

examined the potential interference of renal tubular handling of organic cations by a

clinically and environmentally relevant substance, nicotine. Nicotine accounts for

approximately 95 Vo of the total alkaloid content in tobacco smoke, and its plasma

concentration is maintained at fairly constant levels in habitual tobacco users

(Russell, 1978; McMorrow & Fo>or, 1983; Benowitz & Jacob, 1985; Benowitz et aL,

1988; Bowman & Rand, 1980; Jaffe, 1990). Elimination of nicotine has been

documented to involve extensive metabolism by the cytochrome P¿SO enzyme system

with cotinine being a major metabolite, and both of these compounds are excreted

renally via glomerular filtration and active tubular transport (Nwosu et aL, 1988;

Bendayan et aL, 1990b; Kyerematen et aL, 1990; Kyerematen & Vesell, 1991). In

view of the cationic properties of the nicotine molecule, the latter process is

anticipated to partake pathways within the organic cation transport system. The

primary criterion behind the choice of nicotine and cotinine concentrations in the

present investigation was to mimic in vitro the approximate concentrations of these

compounds presented chronically to the renal tubules in habitual tobacco users. In

addition, S-(-) and R-(*) nicotine were pursued individually in order to further

determine the enantiomeric preferences of the tubular carriers under examination.
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The incorporation of either isomer of nicotine significantly altered

amantadine accumulation in cortical slices and isolated tubules. High-affinity

enhancement of uptake in proximal tubules was readily demonstrable with low

concentrations of S-(-) or R-(*) nicotine, and maximum enhancement was observed

at concentrations equivalent to those found in the plasma of habitual tobacco

smokers. With increasing nicotine concentrations, low-affinity inhibition of

amantadine uptake was observed in both proximal and distal tubule preparations.

Such an ability to elicit the present dichotomy of high-affinity enhancement and

lower-affinity inhibition of amantadine uptake in isolated renal tubules appeared to

be parallel to that described for the potential prototypic organic cation transport

inhibitor, cimetidine, with the exception that the observed potency of nicotine was

comparatively greater. In the cortical slice preparation, the high-affinity stimulatory

component was perceived to be negligible, which again suggests a luminal site of

interaction.

Possible mechanisms underlying the apparent increase of amantadine uptake

in proximal tubules may again be attributed to an actual increase of luminal

amantadine influx into proximal tubule cells v¡ø an allosteric symport or counterport

system (Wilbrandt & Rosenberg, 1961; Holm, L972), and/or a decreased efflux of

amantadine across the luminal membrane. Despite the fact that this latter

possibility is supported by the demonstrated significant hindrance of amantadine

efflux by a low concentration of nicotine, the addition of cimetidine at a

concentration which enhanced amantadine uptake did not affect egress (vide supra).

Therefore, an attenuation of amantadine egress may only account in part for such

an apparent facilitation of accumulation, and the former concept involving an

increase of amantadine influx should not be disregarded.

A schematic model consisting of the tentative sites of interaction in the renal

proximal tubule cell is represented in Figure D-3. The high-affinity enhancement
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Figure D-3. Putative sites of interaction between nicotine and amantadine in

isolated rat renal proximal tubule. High-affinity enhancement produced by low

concentrations of nicotine (low nic) and low-affinity inhibition by higher nicotine

concentrations (high nic) are represented in the right and left cell compartments

respectively. BLM and BBM denote basolateral and brush'border membranes

respectively. Lumen of the tubule is believed to be patent and luminal content is

assumed to be in equilibrium with that of the incubation medium. A negative sign

signifies cis-inhibition of amantadine transport in the direction as indicated

(basolateral influx or luminal efflux), whereas a positive sign indicates the presently

undetermined c¿s- or trans- stimulation of luminal amantadine reabsorption.
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elicited by nicotine or cimetidine is suspected to be mediated at brush-border

membrane secretory and/or reabsorptive sites, whereas the lower-affinity inhibition

produced by nicotine in isolated proximal and distal tubules can be attributed

largely to a direct competition between substrates for common transport site(s).

Present lines of evidence for the latter include a prominent increase of apparent Km

for amantadine by nicotine with minimally altered Vmaa and counter-stimulation of

amantadine efflux by high nicotine concentrations. Moreover, as this low-affinity

inhibition was also apparent in the renal cortical slice (closed-lumen preparation),

potential sites of competition are deduced to be located within the basolateral

membrane of the tubule cell. Nevertheless, such a highly toxic and even lethal

nicotine level at which inhibition was observed is achieved rarely in clinical

situations and its significance remains indefinite at present.

With regard to the issue of chiral preference in renal organic cation

transport, stereoselective inhibition of amantadine uptake by quinine (8S, 9R-(-)

isomer) > quinidine (8R, 9S-(+) isomer) was demonstrated in the first

experimental series. However, anticipated chirality-related differences between

S-(-) and R-(*) nicotine were neither associated with the high-affinity enhancement

nor lowaffinity inhibition of amantadine transport observed at present. Such an

absence of stereoselectivity is indicative of disparate mechanisms of interaction

between the two nicotine isomers and quinine / quinidine, owing perchance to

variations in the degree of isomerism and/or individual functional moieties between

these compounds.

The potentially significant alteration in amantadine transport by a major

metabolite of nicotine, cotinine, was also considered. S-(-) Cotinine, a metabolite of

S-(-) nicotine, was examined as the representative isomer. As observed with the

parent compound, amantadine uptake into proximal tubules was significantly

facilitated by the addition of S-(-) cotinine at concentrations of approximate
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equivalence to those obsewed with S-(-) nicotine. However, maximal enhancement

elicited (plateau) was comparatively lower than that produced by S-G) nicotine. In

addition, the present use of the short 3O-second incubation period in relation to the

documented lengthy plasma half-life values for amantadine and nicotine (of

approximately 16 and 2 hours respectively) renders intracellular metabolism during

incubation, hence contribution by metabolites, to be minimal in our experimental

settings in vitro (Russell, 1978; Aoki & Sitar, 1988; Bjercke et aL,1990; Jaffe, 1990).

In conclusion, the demonstrated potent interference of renal tubular

amantadine transport by both nicotine and cotinine at concentrations equivalent to

those documented in the plasma of habitual tobacco smokers suggests the

probability of clinically significant alterations in the disposition and elimination of

therapeutic organic cations with predominant renal clearance in these subjects.

Synopsis. In summary, the present pursuit in the investigation of renal

tubular organic cation transport has advocated the following issues:

1. With the continual development and introduction of novel organic cationic

therapeutic agents, properties of a desirable marker compound should

include a homogeneous organic cation with predominant renal clearance

and minimal adversaries ln vivo. The present study proposed and

established the suitability of amantadine for such a role in vitro, and

corresponding clinical studies by our laboratory have endorsed its safety in

human volunteers (Gaudry et aL,1990; Sitar ef aL,l990;}{off et aL,199l).

In the renal proximal tubule, interaction profiles between the organic cations

examined suggest a high-affinity transport process involved at the luminal

or brush-border membrane, whereas lower-affinity carrier(s) are

predominant in the basolateral membrane. These postulates are in

agreement with earlier or concurrent documentations by established

2.
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3.

investigators in this field of research (Kinsella et eL, t979a; Holohan &

Ross, 1980; Wright & Wunz, 1987; Bendayan et aL, 1990a; Chatton et aL,

1990; Sokol, 1990; Sokol & Gates, 1990; Griffiths et aL,1991).

Active carrier-mediated renal tubular transport of the organic cation,

amantadine, was also demonstrated in the distal tubule. Interactions in the

distal tubule were observed to involve primarily low-affinity basolateral

transport site(s), which may be associated with a relatively underdeveloped

brush-border membrane in comparison to that of the proximal tubule.

The adequacy in relation to the use of the renal cortical slice preparation in

examination of renal tubular transport and metabolic processes has been

under debate, and remains currently to be controversial (Cross & Taggart,

1950; Foulkes & Miller, 1959, Berndt, 1976; Rose et aI,1985). A majority

of previous experimentation with renal cortical slices had employed

prolonged incubation periods, and the viability of both tissue integrity and

kinetic analyses (where applicable) are in question. The present use of a

relatively shorter incubation, at which rate of uptake remained within the

initial linear uptake phase, has circumvented such apprehensions.

However, the current comparison with observations in isolated renal

tubules has disclosed significant discrepancies, and that the use of cortical

slices may have masked the true potency and efficacy of luminally

interactive organic cations. Such an underestimation may render this

preparation to be an unrealistic model for the study of phenomenainvivo.

The current data in vitro incite the consideration for potentially significant or

insignificant interactions between organic cations at the renal level in the

clinical setting. A proportion of the predictions have been confirmed by

our laboratory using human volunteers or reflected insofar by the general

literature. The potential interaction between nicotine and amantadine is

4.

5.
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undetermined at present, and is worthwhile of mention. Although such a

seemingly obvious notion had been previously unperceived, it is not

improbable for an interaction at the renal level to be overlooked owing to

concurrent confounding effect(s) of tobacco usage upon mammalian drug

metabolism. It is hoped that the persistent development .and usage of

organic cationic therapeutic agents with predominant renal clearance will

accentuate the anticipated significance of the present interaction.

Further Investigations. With regard to the implications of the current data

and observations, further extension of the present endeavor is bidirectional:

Firstly, more intricate preparations in vitro may be utilized to confirm the

proposed sites of interactions within the tubule segments. Current choices include

isolated antiluminal (basolateral (BLMV)) and luminal (brush-border (BBMV))

membrane vesicles from specific nephron segments, isolated perfused or

nonperfused nephron segments, and renal tubule cell cultures.

The common objective for the nomination of these preparations is to isolate

and focus upon individual events in relation to the two membranes of the renal

tubule. Henceforth, their kinetic characteristics, substrate specificity and

association with cellular metabolism may be delineated individually, and such

acquisition would improve our present ability to extrapolate into the therapeutic

setting. Analogous advancements from the previous extensive research on renal

organic anion transport have ensued the introduction of "loop" or "high-ceiling"

diuretic agents, in addition to the uricosuric agents in the treatment of gout (vide

supra). In renal organic cation transport research, a current focus with potential

therapeutic significance pertains to its linkage with P-glycoprotein as the transporter

underlying Multidrug Resistance (MDR) in chemotherapy (Nelson, 1988; Chatton ef

al., t990; Horio et aL,1990; Griffiths et aL,1991; Gutierrez et a1.,1991; Ichikawa el
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aL, l99L).

Additional aspects of investigation involve the identification and isolation of

homogeneous populations of specific carrier proteins (Hori et aL, 1987; Hysu &

Giacomini,l9ST; Ott & Giacomini, 1991; Zimmerman et aL,1991). Determination

of the protein sequences would eventuate insight into the corresponding genome

attributes, and facilitate the concept of artificial modulation of carrier synthesis.

In consideration of the individual experimental preparations mentioned

above, isolation of renal membrane vesicles is comparatively the most extensively

documented and employed procedure. In the late 1960s, Fiøpatrick and co-workers

isolated basolateral and brush-border plasma membranes from the rat kidney by

differential centrifugation (Fiøpatrick et aL, 1969). The differences in polarity of

the membranes were then recognized, and purification was improved by free-flow

electrophoresis (Heidrich et aL, 1972). Thereafter, variations and combinations of

the above-mentioned procedures have evolved, in addition to a "preferential

sedimentation" technique using divalent inorganic cations (Booth & Kenny, 1974;

Turner & Silverman, 1977; Kinsella et aL, 1979b; Malathi et aL, 1979; Reynolds e/

aL, 1980; Inui ef aL, I98l; Boumendil-Podevin & Podevin, 1983; Ross & Holohan,

1983; McKinney & Kunnemann, 1985; Grassl & Aronson, 1986; Grassl et aL,1987).

Fundamentally, one should be aware of the advantages and disadvantages

associated with the use of renal membrane vesicles. The advantages include: (i)

vesicles are relatively free of metabolic reactions, (ii) intra- and extra-vesicular

environment is readily controlled, and (iii) transport properties of the two

membranes can be investigated separately. Disadvantages are: (i) relatively lengthy

preparation may facilitate tissue degradation, (ii) purity and orientation of the

vesicles are often heterogeneous, (iii) essential endogenous regulating factors are

obviated, and (iv) the existence of a transport process in isolated vesicles does not

necessitate a prominent physiological role in vivo.
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With regard to the homogeneity of the vesicles within each preparation, the

following should be considered. Firstly, as whole renal cortical tissue is used in

general for preparation, it is imperative to stress that such preparations do not

distinguish between proximal and distal tubular phenomena. Membrane vesicles

isolated from pre-separated proximal or distal tubule suspensions would circumvent

such an inconclusion, but corresponding tissue yield and viability may be further

compromised. Secondly, the purity of basolateral or brush border membrane vesicle

fractions is of primary consideration, and it may be ascertained by the determination

of appropriate enzyme markers (Guder & Ross, 1984). Thirdly, the orientation or

sidedness of brush border (luminal) membrane vesicles are conceived to be

uniformly rightside-out (due to steric hindrance by brush border microvilli).

However, the polarity of basolateral membrane vesicles are often regarded to be

relatively more heterogeneous (Möller & Sheikh, 1983; Ramachandran & Brunette,

1989). Such a variance may be monitored by exploiting the facts that diffusion of

adenosine triphosphate (ATP) and ouabain across cell membranes is limited, and

they have opposite sidedness of action. The ATP-catalytic unit is located exclusively

on the cytoplasmic surface of the cell membrane, whereas its inhibitor, ouabain,

binds only to the exterior of the cell. Deductively, one would not expect to perceive

Na /K -ATPase activity in rightside-out vesicles, whereas such enzymatic activity

would be expressed in inside-out vesicles in an ouabain-insensitive manner.

Moreover, ouabain-sensitive Na /K -ATPase activity would only be expressed in

disrupted membrane sheets or leaþ vesicles. Further intricate details on exact

experimental procedures have been documented by Boumendil-Podevin & Podevin

(1e83).

An alternative experimental approach with lesser limitation involves the use

of isolated perfused or nonperfused segments of the nephron (Schäli & Roch-

Ramel, 1980; Schäli et aL, 1983; I-apointe et aL, 1986; Dantzler & Brokl, 1987;
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Schild & Roch-Ramel, 1988; Besseghir et aL,1990 a & b; Danøler, 1989; Beck et aL,

l99l; Chatton & Roch-Ramel, 1991). Techniques for perfusion studies using single

isolated tubules were pioneered by Burg and co-workers (1966). Tubule fragments

are dissected manuatly from the mammalian renal nephron under microscopic

guidance. Each end of the tubule segment is cannulated with a micropipette for

fluid perfusion and collection, and the preparation is immersed subsequently in

medium corresponding to the fluid bathing the basolateral membrane. Procedures

have also been developed to focus upon basolateral events by filling the tubule

lumen with inert oil which limits luminal accessibility (Burg et aL, 1966; Burg &

Orloff, 1968). Specific advantages associated with use of microdissected tubule

segments include the assurance in their morphology and origin, and that both

basolateral and luminal contents are readily regulated. Rate of luminal substrate

perfusion also represents a controlled experimental variable in the perfusion model,

and potential flow rate dependency of substrate transfer may be evaluated.

The ability of mammalian epithelial cells to form a monolayer of cellular

membrane on firm support provides adequate means of examining transport

processes within a geometrically simple system. Previous reports have documented

extensively the use of both animal and human renal tubule cells in culture or as

immortal cell lines (Hull et aL, 1976; Handler et aL, 1980; Chung et al., 1982;

Detrisac et aL, l9M1' Trifillis et aL, 1985; Blackburn et aL, L988; McKinney et aL,

1988; Fouda et aL, 1990; Trifillis & Kahng, 1990). More recent development of

renal tubule cell cultures grown on permeable membrane filters have further

permitted the differentiation of media exposed to each side of the cell, thereby

facilitating the examination of directional transepithelial solute transport (Ford ef

al., 1990). Liabilities in the use of such cultures include the possibility of

contamination with unrelated cells (such as fibroblasts), and the potential for cell

dedifferentiation during the. course of cell passage (primarily in long-term cultures
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and immortal cell lines). The former notion of contamination has been reported to

be alleviated by substitution of specific constituents in the culture medium

(Boogaard et aL,1990). However, routine microscopic and enzymatic examination

of the cultures is imperative to devoid the potential for artefactual interference due

to cell dedifferentiation.

In summary of the proposed experimentation in vitro, it is of paradoxical

concern to omit the use of the isolated membrane vesicle preparations for

quantitative purposes. The rationalization behind such a bias includes the

controversial polarity of the basolateral membrane vesicles, in addition to their

limited tissue yield, which ultimately attenuates comparative cost effectiveness.

The alternative extension of the current experimental status involves the

extrapolation of the present observations to potentially significant drug interactions

in the clinical setting. Previous investigation by our laboratory has confirmed the

anticipated renal interaction between therapeutic doses of amantadine and quinine

during concurrent administration in healthy human volunteers (vide supra). In

addition, such a phenomenon was associated with prominent gender variations. In

view of the potent interference of amantadine transport by nicotine in vitro, the

consequent pursuit is to compare amantadine renal clearance in habitual tobacco

smokers with control subjects (absolute abstainers). Such a non-randomized study is

designed to involve the administration of a low therapeutic dose of amantadine (at 3

mùkù to evenly distributed groups consisting of male and female tobacco smokers

and non-smokers. Regular samples of blood and urine will be collected up to 54

hours (approximately four half-lives), and extracted amantadine will be determined

using gas chromatography. Renal and plasma amantadine clearances will be

calculated and compared between tobacco smokers and abstainers, males and

females. Creatinine clearance will also be estimated in order to calibrate renal

function in the subjects.
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The acute administration of amantadine hydrochloride (Symmetrel R) to

healthy human volunteers has been performed on numerous previous occasions by

this laboratory (representative studies: E83.05, Ff,6.206 and E89.87). No adverse

reactions to this compound were observed in any of the investigations.

Possible confounding factors in this proposed study include .differences in

relation to the chronicity of nicotine exposure, with which autoregulation of renal

carriers may become significant. Moreover, concurrent synergistic and/or

antagonistic actions of other constituents in tobacco smoke and their metabolites

should also be considered.
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