
CHAPTER 14 

Transport of Drugs 

Lewis S. Schanker 

I. Introduction 543 
II. Distinction between Active Transport and Passive Transfer 544 

III. Small Intestine 547 
IV. Central Nervous System 549 

A. Transport of Anionic Substances 549 
B. Transport of Cationic Substances 551 
C. Transport of Other Substances 554 

V. Eye 555 
VI. Liver 556 

A. Anionic Substances 556 
B. Cationic Substances 558 
C. Miscellaneous Substances 560 
D. Passive Transfer 562 

VII. Kidney 5 6 3 

A. Transport of Anionic Substances 563 
B. Transport of Cationic Substances 565 
References 567 

I. INTRODUCTION 

Since 1960, a growing interest in the mechanisms of drug absorption, 
distribution, and excretion has brought about a marked increase in the 
number of publications that deal with the passage of drugs across 
membranes. Whereas a number of recent review articles have emphasized 
work on the passive transfer of drugs, that is, the diffusion and filtration 
of drug molecules across membranes, this chapter emphasizes active 
transport. 

Prior to the past decade, most studies of active transport of drugs 
dealt with the kidney. Numerous dyes, drugs, and other foreign organic 
compounds were investigated, and a sizable literature was built up. 
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More recently, interest in drug transport has broadened considerably, 
and, although renal transport has remained a popular area of investiga
tion, transport in other organs, most notably the liver and central 
nervous system, has received considerable attention. New transport 
processes have been uncovered, and the work has resulted in a better 
understanding not only of drug disposition but also of the physiology 
of organs, tissues, and body fluids. 

II. DISTINCTION BETWEEN ACTIVE TRANSPORT AND 
PASSIVE TRANSFER 

Much of the literature on drug transport describes experiments aimed 
at differentiating active transport from passive transfer. The criteria 
generally used to distinguish the processes are as follows. (1) In active 
transport, the solute moves across the membrane against the electro
chemical potential gradient, or "uphill"; whereas, in passive transfer, 
the solute moves down the gradient. (2) An active transport process 
becomes saturated and thus shows a maximal rate of transport when the 
concentration of solute is raised high enough; in contrast, a passive 
transfer process is not saturable. (3) Two solutes that are actively trans
ported by the same process will compete with one another for the 
hypothetical transport sites, or "carriers," in the membrane, and one 
solute will accordingly inhibit competitively the transport of the other. 
In contrast, with passive transfer, one solute does not influence the 
transfer of another unless the solutes interact to form a complex or one 
of the solutes causes an alteration in the structure or composition of 
the membrane. (4) An active transport process generally shows some 
degree of specificity for a particular type of chemical structure or con
figuration, while a passive process does not. (5) Active transport 
processes are usually inhibited by substances that interfere with cell 
metabolism, whereas passive processes are not usually inhibited. 
However, if a metabolic inhibitor causes an alteration in the structure 
or composition of the cell membrane, the rate of passive transfer might 
be affected. 

The term facilitated diffusion is used to signify a transport process 
that shows all the above characteristics except that the solute does not 
move against the electrochemical potential gradient. The terms pino-
cytosis and vesicular transport are seldom found in the literature on drug 
transport, since processes of this type are generally thought to be of 
quantitative importance only in the transport of proteins and other 
macromolecules. 
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The characteristics of active transport described above have been 
demonstrated most convincingly in vitro using membranes such as 
intestinal wall or frog skin. With a preparation of this type, which can 
be bathed on both sides by simple aqueous solutions, it is easy to 
establish whether transport occurs against the concentration gradient; 
moreover it is a simple matter to control solute concentration, vary the 
pH, and add other substances such as metabolic inhibitors. A more 
difficult task is to demonstrate active transport in the intact animal or in 
an isolated tissue preparation in which the membranes are not bathed 
by simple, readily accessible solutions; and it is in these relatively 
complicated systems that most studies of drug transport have been 
made. 

With experiments in the intact animal, the blood plasma and inter
stitial fluid usually represent the drug solution on one side of a mem
brane. It is difficult to control the concentration of drugs in these fluids 
because of the variables of drug metabolism, excretion, and binding to 
plasma and tissue proteins. Furthermore, if intracellular fluid represents 
the solution on the other side of a body membrane, the difficulties are 
even greater because of the problem of distinguishing freely diffusible 
drug from bound drug inside a cell. Additional problems with the 
intact animal may arise when transport rates are measured at high 
concentrations of drugs or in the presence of competitive or metabolic 
inhibitors; the drug or inhibitor substance may appear to affect the 
transport system, when in reality it is acting indirectly through an effect 
on blood flow, respiration, pH, hormone release, or other physiological 
process. 

The intracellular binding of drugs represents a major experimental 
problem not only in the intact animal but also in vitro, for example 
when a drug is taken up by tissue slices, cell suspensions, or isolated 
perfused organs. Since the characteristics of binding (saturation of 
binding sites, competition for binding sites, and apparent concentration 
gradient between tissue and medium) are similar to those of active 
transport, the investigator may have much difficulty in distinguishing 
the latter process from a combination of passive transfer and tissue 
binding. Although apparently valid quantitative measurements of 
binding in isolated cells and tissue slices have been made in a few studies 
of drug transport [1-3], the methods of estimating tissue binding have 
not yet been tested widely enough to give assurance that the problem 
has been overcome. 

Another instance in which there is difficulty in distinguishing active 
transport from passive transfer is seen when a weak acid or base becomes 
distributed across a membrane that is bathed on either side by solutions 
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of different pH value. The nonionized form of a weak acid or base is 
generally lipid-soluble and diffuses across membranes at a rate deter
mined mainly by the lipid-to-water partition coefficient of this form; 
in contrast, the ionized moiety, which generally has a very low lipid 
solubility, diffuses across membranes very slowly. Accordingly, at the 
steady state the concentration of nonionized solute is the same on both 
sides of the membrane; but the concentrations of ionized solute are 
unequal owing to the difference in pH on the two sides. This situation 
is sometimes referred to as a pH-partitioning or ion-trapping process, 
and the steady-state conditions are described by the following equa
tions [4]. 
For an acid 

Ci _ 1 +1Q(P H ' -P*«> 

C2 "~ l + ι ο<Ρ Η *-Ρ* ·> 

For a base 
ct _ ι + io ( p Ji- p H t ) 

C 2 ~ 1 + io(pX*-pH2) 

where Cx and C 2 are the concentrations of solute in the two fluids, and 
pATa is the negative logarithm of the acidic dissociation constant of the 
weak acid or base. Weak acids attain a higher concentration on the 
more alkaline side of a membrane, whereas weak bases attain a higher 
concentration on the more acidic side. Although the process is depen
dent on an expenditure of energy by cells—energy used in maintaining 
the gradient of hydrogen ion concentration across the membrane—it is 
classified as a form of passive transfer; the process is not saturable, one 
drug does not inhibit the transfer of another, and no specific type of 
chemical structure is required for transfer. 

Erroneous conclusions about drug transport may arise from the use 
of inadequate methods of drug assay. For example, to establish that a 
drug is actively transported from plasma into bile, not only must the 
concentration of drug be measured accurately in the two fluids, but the 
method of measurement must distinguish the drug from its metabolic 
products and from other substances in plasma and bile. Many of the 
older studies on drug transport were inaccurate because of the non
specific analytical procedures used; moreover, some relatively recent 
studies have been misleading or erroneous because of a failure to apply 
known principles of specificity in drug assay methods. Even when a 
fluid, such as bile or urine, is assayed by quantitative methods of 
supposedly high specificity, or the drug in the fluid identified by chro
matography, countercurrent distribution, or other techniques, there is 
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a possibility of error because the analytical method may alter the 
chemical nature of the excreted substance. For instance, if a drug is 
excreted as one of the more readily hydrolyzable types of glucuronides, 
the use of acid or alkali in the analytical procedure may convert the 
conjugate to the parent drug and lead the investigator to an incorrect 
conclusion [5,6]. 

III. SMALL INTESTINE 

Active transport of drugs across the intestinal epithelium is seen 
mainly with compounds in which chemical structures resemble those 
of certain natural substrates, for example, pyrimidines, purines, mono
saccharides, amino acids, bile acids, and vitamins. 

The antitumor pyrimidine analogs 5-fluorouracil and 5-bromouracil 
have been shown to be actively transported from the mucosal to the 
serosal side of the everted rat intestine by the same process that trans
ports the natural pyrimidines uracil and thymine [7]. Moreover 6-
azauracil and 6-azathymine inhibit uracil transport in vitro, and they 
also inhibit the absorption of thymine from the rat intestine in vivo, 
suggesting affinity for the same transport system [8-10]. 

A number of purine compounds appear to interact with the pyri
midine transport process of the intestine. For example, the foreign 
purine analogs 6-mercaptopurine, 4-oxypyrazolo-(3,4-</)-pyrimidine, 
and 7-oxypyrazolo-(4,3-d)pyrimidine, as well as the natural purines 
hypoxanthine, xanthine, and uric acid, are all potent inhibitors of 
uracil transport in the everted rat intestine [11]. In addition, in the intact 
animal, hypoxanthine inhibits the intestinal absorption of thymine [10], 
and uracil inhibits the absorption of hypoxanthine and/or its intestinal 
oxidation products [11]. Despite the apparent affinity of purines and 
pyrimidines for a common transport process, it has not been possible 
to demonstrate uphill transport, from mucosa to serosa, for hypo
xanthine, xanthine, or uric acid [11]. Since hypoxanthine and/or its 
intestinal metabolites are absorbed from the rat intestine in vivo at least 
in part by a saturable process that can be inhibited by pyrimidines [11], 
it might appear that the purines move from the gut lumen to plasma by 
means of an equilibrating carrier process such as facilitated diffusion. 
However, the picture has recently become more complicated by the 
interesting finding that xanthine, hypoxanthine, and perhaps uric acid 
are transported uphill in the opposite direction, that is, from serosa to 
mucosa, by a nonsaturable, energy-dependent process in the hamster 
small intestine in vitro [12,13]. 
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Certain unnatural amino acids are actively transported across the 
intestinal epithelium by the same processes that transport natural 
amino acids. Examples include L-isovaline, 1-aminocyclopentane-l-
carboxylic acid [14], α-aminoisobutyric acid [14,15], and L-seleno-
methionine [16]. Similarly, several foreign sugars, structurally similar 
to glucose, are actively transported by the monosaccharide transport 
process of the small intestine [17,18]. Moreover, with the ileal bile acid 
transport process, a number of unnatural bile acid analogs are actively 
transported by the same process that transports the natural bile acids 
[19,20]. And, finally, there is evidence to suggest that pyrithiamine 
shares a common transport process with thiamine in the rat small 
intestine [21-23]. 

Aside from the work outlined above, intestinal absorption of the 
vast majority of drugs can be explained in terms of simple diffusion of 
the nonionized drug form at a rate determined mainly by the lipid-to-
water partition coefficient of that form [24]. Even if there were an active 
transport process for a lipid-soluble drug, it would be difficult to demon
strate a concentration gradient of drug across the intestinal wall in 
vitro because of the rapid rate of back diffusion of the compound 
[9,12]. In the case of highly ionized drugs, evidence suggests that these 
are also absorbed mainly by diffusion. For instance the quaternary 
ammonium cation PAM (2-hydroxyiminomethyl-N-methylpyridinium), 
two related drugs, and choline all appear to cross the wall of everted 
rat jejunum by a process of passive diffusion. The transfer rates of these 
cations are related to the electrochemical potential gradient across the 
gut wall [25]. The quaternary amine benzomethamine is absorbed from 
the rat small intestine in vivo at a rate roughly proportional to the 
amount of drug administered; however, a deviation from proportion
ality over a part of the dosage range has led to the suggestion that 
factors in addition to simple diffusion may be involved [26]. Tetra
cycline, which exists largely as a zwitterion at pH 6-7, is absorbed from 
the dog intestine in vivo at a rate proportional to the amount of anti
biotic placed in the intestine, suggesting absorption by diffusion [27]. 
Likewise with organic anions such as hippurate, /7-aminohippurate, 
phenol red, and sulfobromophthalein, no evidence of active transport 
could be obtained with everted sacs of guinea pig ileum, even though 
this preparation does actively transport taurocholate, glycocholate, 
and other bile acid anions [19]. Moreover with the rat small intestine 
in vivo, hippurate, sulfanilate, /?-aminohippurate, and phenol red are 
absorbed at rates which rank in the same order as the lipid-to-water 
partition coefficients of the compounds [28]. 
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IV. CENTRAL NERVOUS SYSTEM 

The term blood-brain barrier was at one time used in a vague way to 
describe the resistance of the brain and cerebrospinal fluid (CSF) to 
penetration by certain dyes and drugs. However, in recent years, with a 
better understanding of central nervous system physiology, this term 
has come to have a more limited and precise meaning. It now denotes 
only one portion of a complex system of boundaries and other ana
tomical structures through which solutes move by diffusion, filtration, 
or active transport. Thus the blood-brain barrier, which is located 
between the blood and the extracellular fluid of brain, consists of the 
blood capillary wall and its surrounding layer of glial cells. Another 
boundary, the blood-CSF barrier, consists mainly of the epithelium of 
the choroid plexuses. In addition, blood and CSF come into contact 
at the arachnoid villi—valvelike structures through which CSF con
tinually flows to reach the dural blood sinuses. Other boundaries include 
the ependyma and pia, which separate the brain from the CSF, and the 
membranes surrounding individual neurons [29]. 

Although the brain and CSF are separated from the bloodstream by 
different anatomical boundaries, the patterns of drug penetration into 
brain and CSF are similar. Studies with a wide array of drugs and other 
foreign organic compounds have shown that these substances pass from 
blood to brain and from blood to CSF by simple diffusion of the non-
ionized drug form at a rate determined mainly by the lipid-to-water 
partition coefficient of that form. Highly ionized drugs penetrate very 
slowly [24,29-32]. 

Drugs pass in the reverse direction, that is from CSF to blood, at 
rates that are only partly dependent on their lipid-to-water partition 
ratio; in fact, many drugs of low lipid solubility leave the CSF almost 
as rapidly as those of high lipid solubility [33]. The ready exit of lipid-
insoluble substances from CSF is explained in part by a bulk flow of 
CSF through the large channels of the arachnoid villi as the fluid drains 
into the bloodstream [29,34-36]. The other part of the explanation is 
active transport of certain substances from CSF to blood. 

A. Transport of Anionic Substances 

Ventriculo-cisternal perfusion of drug solutions in the unanesthetized 
goat has revealed that the organic anions iodopyracet (Diodrast) and 
phenol red are actively transported from CSF to blood in the vicinity 
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of the fourth cerebral ventricle. Iodopyracet is transferred against a 
concentration gradient, transport is inhibited by the anions phenol 
red and p-aminohippurate (PAH), and the transport process is satur
able [37]. Similar studies in the cat [38] and rabbit [39,40] show active 
transport of PAH from CSF to blood. In the cat, transport occurs 
mainly from the region of the lateral ventricles; while in the rabbit, 
transport occurs from the regions of all the ventricles. More recently 
another organic anion, benzylpenicillin, has been shown to be actively 
transported out of the CSF of the dog; transport proceeds against a 
concentration gradient, occurs by a saturable process, and is inhibited 
by PAH, phenol red, and probenecid [41,42]. Inorganic anions, includ
ing iodide, bromide, and thiocyanate, are apparently actively trans
ported from CSF to blood [39,40,43], and it is of interest to note that, 
in rabbits, addition of PAH to the ventricular perfusion fluid results 
in a depression of iodide transport; moreover iodide depresses the 
transport of thiocyanate [40]. These latter observations might suggest 
that the inorganic anions share a common transport process with the 
organic anions. However insufficient data are available to ascertain 
whether the observed inhibitions are competitive in nature. For that 
matter, rigorous proof of competitive inhibition between pairs of 
organic anions, such as iodopyracet and phenol red, PAH and benzyl-
penicillin, is not at hand; most workers have assumed a competitive 
type of inhibition on the basis of analogy with the renal transport 
process for organic anions. 

The choroid plexuses of the lateral and fourth cerebral ventricles 
are thought to be the sites of CSF-to-blood transport for anionic sub
stances. Prior to the transport studies summarized above, it had been 
observed that embryonic choroidal epithelium of the rabbit, rat, and 
chicken, grown in tissue culture, formed closed cysts that were capable 
of accumulating the anionic dyes phenol red, chlorphenol red, and 
orange G[44]. Accumulation of the dyes could be inhibited reversibly 
by low temperature and by a lack of oxygen. More recently, mature 
choroid plexus of the spiny dogfish {Squalus acanthias), incubated in 
vitro at 18° C, has been observed (microscopically) to take up chlor
phenol red from the bathing medium and to accumulate the dye within 
the lumen of the blood capillaries [45]. Uptake could be prevented by 
lowering the temperature to 2°C, and the low temperature also caused a 
run out of dye previously accumulated at the higher temperature. Dye 
uptake was inhibited by PAH, 2,4-dinitrophenol, and a potassium-free 
bathing medium. 

In a quantitative study of the uptake of benzylpenicillin by guinea 
pig lateral ventricular choroid plexus in vitro, it has been shown that 
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the antibiotic attains a tissue/medium (T/M) concentration ratio of 3.8 
after 45 minutes of incubation at room temperature. By contrast, 
pieces of ependyma-cortex incubated under the same conditions show 
a lower ratio, 1.5. A T/M ratio of about 4 is also seen with dog choroid 
plexus obtained from both the lateral and fourth ventricles [42]. While 
the data are suggestive of uphill transport for the penicillin, they do not 
permit a distinction to be made between accumulation due to active 
transport and accumulation due to tissue binding. 

Iodide [46] and thiocyanate [47] ions are actively taken up by rabbit 
choroid plexus in vitro. While both ions appear to be accumulated by 
a common transport process, no information is available concerning 
a possible relationship of this process to the uptake process for organic 
anions such as chlorphenol red and penicillin. 

One additional study on organic anions concerns the movement of 
PAH and chlorphenol red out of the central canal of the spinal cord 
of rabbits and cats [48]. Since these anions leave the perfused canal at 
about the same rate as inulin, and since PAH and probenecid have no 
effect on the concentration of chlorphenol red in the perfusate, it 
appears that the ependymal lining of the canal lacks an active transport 
process for the organic anions. 

B. Transport of Cationic Substances 

A study of the disappearance of certain quaternary ammonium com
pounds from the CSF after injection into a lateral cerebral ventricle of 
rabbits has revealed a specialized transport process for these organic 
cations [49]. When hexamethonium, decamethonium, or iV^-methyl-
nicotinamide (NMN) is injected together with inulin, the quaternary 
amines leave the CSF much more rapidly than does the inulin. NMN 
depresses markedly the rates of exit of the two methonium compounds 
but has no effect on the exit rate of inulin. Additional evidence of a 
carrier-type or active transport of quaternary amines from CSF to 
blood has been supplied by ventriculo-cisternal perfusion studies with 
radioactive choline, hexamethonium, and NMN in the rabbit [49a]. 
Choline is rapidly transferred from CSF to blood against a concentra
tion gradient, the transport process is saturable, and transport is 
inhibited by NMN. In addition, NMN leaves the CSF by a saturable 
process, and NMN inhibits the efflux of hexamethonium. With regard 
to this work, it is of interest to note that the concentration of endogen
ous choline in CSF is much lower than that in plasma [50,51]. 

A considerable amount of quantitative work in vitro with the choroid 
plexuses of various animal species has clearly established that certain 
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quaternary amines as well as a number of other amines are taken up by 
this tissue by a process of active transport. When pieces of rabbit 
choroid plexus are incubated aerobically at 37° C with 0.1 mM solutions 
(pH 7.4) of hexamethonium, decamethonium, or NMN, the drugs 
attain T/M ratios of 25, 7, and 6, respectively, after 1 hour [52]. The 
tissue retains the ability to take up the amines for a considerable period 
of time, and after 12 hours hexamethonium attains a T/M ratio of 280. 
Hexamethonium and decamethonium are taken up by a saturable 
transport process; with hexamethonium, the maximal rate of uptake is 
7 and 6 /mioles/gm of tissue/hour for plexus from the lateral and fourth 
ventricles, respectively. Uptake of the quaternary amines is markedly 
inhibited by a nitrogen atmosphere, a number of metabolic poisons, 
and reserpine and ouabain. At a temperature of 0° C, the active uptake 
of hexamethonium is completely blocked, and T/M ratios of less than 
0.9 are obtained. Hexamethonium uptake is strongly depressed by 
decamethonium or NMN, and detailed kinetic studies show that the 
inhibition is of the competitive type. An indication that the organic 
cations are transported by a process different from the one that trans
ports anions is provided by the failure of PAH to depress hexamethon
ium uptake when present in a molar concentration 100 times that of 
the cation. Although hexamethonium and decamethonium (but not 
NMN) show binding to homogenates of choroid plexus, the binding 
is not affected by ouabain, reserpine, 2,4-dinitrophenol, or NMN, 
substances that strongly depress the uptake of hexamethonium in 
pieces of intact plexus, suggesting that most of the accumulation of 
the amine in the intact plexus must result from transport against a 
concentration gradient rather than from tissue binding. Moreover 
binding in the intact tissue would appear to be of little significance in 
view of the poor accumulation of drug that occurs at low temperature 
or in an atmosphere of nitrogen. The uptake of hexamethonium by 
rabbit choroid plexus is highly dependent on the molar ratio of sodium 
to potassium ion in the incubation medium; and uptake also shows 
dependence on the external concentrations of magnesium and phosphate 
ions. 

The site or sites of accumulation of quaternary ammonium com
pounds in the choroid plexus are not known. The very high T/M ratios 
seen with hexamethonium are not necessarily a measure of the relative 
concentration of compound inside cells, for it is possible that a portion 
of the compound is accumulated within the lumina of blood capillaries 
or within other extracellular spaces. 

Species other than the rabbit appear to possess the choroid plexus 
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transport process for organic cations. For example, plexuses of the 
guinea pig, cat, and dog all accumulate hexamethonium against an 
apparent concentration gradient, and accumulation is strongly inhibited 
by low concentrations of ouabain [52]. 

Choline appears to be a very good substrate for the cation transport 
process of the rabbit choroid plexus. This quaternary amine attains 
T/M ratios of close to 500 under experimental conditions of time and 
initial concentration that would result in a hexamethonium T/M ratio 
of 100 [50]. The uptake of choline shows all the characteristics of 
active transport, and kinetic studies show that hexamethonium inhibits 
choline transport competitively. 

The active transport of organic cations by the choroid plexus is not 
limited to quaternary amines. Serotonin and DL-norepinephrine, both 
primary amines that exist predominantly as cations at pH 7.4, are 
accumulated by rabbit choroid plexus in vitro by a process similar to 
the one that accumulates hexamethonium [53]. Uptake by a saturable 
process occurs against a concentration gradient and is inhibited by 
metabolic poisons, reserpine, ouabain, and a nitrogen atmosphere. 
Because serotonin and norepinephrine inhibit hexamethonium uptake 
competitively, it appears that they share a common transport process 
with the quaternary amines. The observation that a secondary amine, 
L-epinephrine, inhibits the transport of both hexamethonium and 
DL-norepinephrine suggests that this compound may also be transported 
by the choroid plexus. 

A number of tertiary amines appear to share a common transport 
process with the quaternary and primary amines. Included in this group 
are dihydromorphine, nalorphine, codeine, levorphan, dextrorphan, 
/-methorphan [54], and also morphine [54,55]. Dihydromorphine 
(0.01 mM) attains T/M ratios of 5-6 after 0.5-2 hours of incubation 
at 37° C with rabbit choroid plexus; and a ratio of about 3 is obtained 
with tissue from dogs [54]. The uptake of dihydromorphine occurs by 
a saturable process that is depressed by low temperatures, a nitrogen 
atmosphere, and a number of metabolic inhibitors. In addition, the 
other tertiary amines mentioned above attain T/M ratios ranging from 
5 to 37 when incubated with rabbit choroid plexus in an initial con
centration of 0.02 mM [54]. An indication that these compounds share 
a common transport process with quaternary amines is provided by the 
observations that hexamethonium and decamethonium are competitive 
inhibitors of dihydromorphine uptake, and dihydromorphine is a 
competitive inhibitor of hexamethonium uptake. Moreover, the uptake 
of dihydromorphine is depressed by NMN, choline, mepiperphenidol 
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(Darstine), and also by the tertiary amine nalorphine. Two organic 
anions, PAH and probenecid, depress the steady-state T/M ratio of 
dihydromorphine by 21-27 % when present in a concentration 100 times 
that of the latter drug; however, the anions have no effect on the T/M 
ratio when present in a concentration equal to that of dihydromorphine 
[54]. 

A detailed study of the uptake of morphine by rabbit choroid plexus 
in vitro reveals that this tertiary amine is also transported by a process 
showing all the characteristics of active transport [55]. Transport is 
maximal when the pH of the external medium is 7.4-7.9 and falls off 
markedly at lower pH values of 6.5-7.0. Removal of calcium or mag
nesium ions from the medium results in a lowering of the T/M ratio, 
while substitution of tris HC1 buffer for phosphate has no effect on the 
ratio. Roughly 90% of the morphine in choroid plexus tissue can be 
readily released, suggesting that about 10% of the accumulated drug 
may be tightly bound. 

Blood serum obtained from the rabbit, dog, cat, or guinea pig con
tains substances that markedly inhibit the active uptake of hexametho-
nium, serotonin, and norepinephrine by the rabbit choroid plexus in 
vitro [51]. In addition to serum, CSF and aqueous extracts of liver, 
muscle, kidney, brain, and choroid plexus also contain the inhibitory 
substances. The inhibitory activity of CSF is about one-eighth that of 
serum. Analytical studies indicate that inhibition is due to a group of 
heat-stable, poorly lipid-soluble, organic cations of low molecular 
weight. One of these inhibitory compounds, isolated from serum and 
liver by chromatography, has been identified as choline. Choline 
accounts for about 30 % of the total inhibitory activity of serum. Since 
choline is known to be widely distributed throughout the body, it is 
probable that this quaternary amine accounts for a significant fraction 
of the total inhibitory activities of all the tissues studied. 

C. Transport of Other Substances 

The uptake by brain slices, brain homogenates, and choroid plexus 
and the exchange between brain, blood, and CSF of numerous endogen
ous substances, such as amino acids, monosaccharides, purines, biogenic 
amines, proteins, and inorganic ions, has received a great deal of 
attention. Much of this work suggests the interplay of complex processes 
including active transport, facilitated diffusion, pinocytosis, metabolic 
synthesis and degradation, and binding to subcellular structures. The 
results of such studies are beyond the scope of this chapter. 
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V. EYE 

The transfer of drugs between ocular fluid and blood is in many 
ways similar to that between CSF and blood. Drugs enter the aqueous 
humor mainly by diffusion at rates related to their lipid-to-water par
tition coefficients [56-58]. Drugs escape from the ocular fluid by three 
mechanisms. First, if a drug is sufficiently lipid soluble, it can diffuse 
across the cellular boundaries separating ocular fluid from blood. 
Second, all drugs, whether lipid soluble or not, can leave via the drain
age route of the ocular fluid, passing by bulk flow through the spaces 
of Fontana and the canal of Schlemm into the bloodstream [59]. A 
third mechanism of exit is active transport. For example, in the rabbit, 
the organic anion iodopyracet, administered by intravitreal injection, is 
transferred from ocular fluid to blood against a concentration gradient 
[60]. The transport process is saturable and is inhibited by PAH and 
penicillin. Transport is also depressed by systemic administration of 
probenecid. A similar transfer of iodopyracet out of the eye appears to 
occur in the guinea pig and monkey. 

Evidence that the ciliary body is the site of organic anion transport 
has been provided by a study in vitro which shows that this structure 
accumulates iodopyracet by a process exhibiting the characteristics of 
active transport [61]. The anion is transported against large apparent 
concentration gradients by a process that is saturable, inhibited by a 
nitrogen atmosphere, a variety of metabolic inhibitors, and also by a 
large number of organic anions including PAH, phenol red, penicillin, 
urate, probenecid, salicylate, chlorothiazide, benzmalacene, mercuhy-
drin, caprylate, succinate, bromcresol green, phenolphthalein glucuron-
ide, menthol glucuronide, and acetazolamide. The uptake process is 
little affected by changes in pH of the external medium over the range 
7.2-8.5; moreover uptake is not affected by omission of calcium from 
the medium. In contrast, uptake is dependent on the presence of potas
sium and glucose and is temperature dependent (Q10 = 2.1). 

Iodide ion is also actively transported from ocular fluid to blood in 
the rabbit [62]. Transport takes place against a concentration gradient, 
shows saturation kinetics, and is inhibited by inorganic anions such as 
thiocyanate, perchlorate, or fluoroborate. Organic anions such as 
iodopyracet, probenecid, penicillin, and benzmalacene show no effect 
on iodide transport, suggesting that the organic and inorganic anions 
are transported by separate processes. Iodide accumulation by the 
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ciliary body in vitro shows the characteristics of active transport, but 
in this preparation high concentrations of iodopyracet, PAH, penicillin, 
and acetazolamide do inhibit uptake of the inorganic anion [62]. 

VI. LIVER 

The drugs that are actively transported from blood into bile can be 
divided into at least three groups: anions, cations, and miscellaneous 
substances (see reviews [63-67]). 

A. Anionic Substances 

The organic anions that appear to be actively transported (secreted) 
into bile include a large number of compounds of widely diverse chemical 
structure [64,66]. For example, there are endogenous substances such 
as bile acids, bile pigments, and porphyrins; and many foreign com
pounds such as sulfonated azo dyes, sulfonthaleins, fluorescein deriv
atives, penicillins, hippurates, chlorothiazide, indocyanine green, 
methotrexate, probenecid, succinyl sulfathiazole, various sulfonic 
acids, and the glucuronides of a number of drugs. Many of these sub
stances have been shown to appear in the bile of various animals in a 
concentration greatly exceeding their concentration in plasma. However, 
with some of the compounds, the plasma concentration has not been 
measured, and active transport has been assumed because the propor
tion of the intravenous dose excreted in bile is very large. Most of the 
compounds contain either carboxylic or sulfonic acid groups, but 
drugs such as chlorothiazide and hydrochlorothiazide contain neither 
of these groupings. Thus, the compounds have only one obvious 
property in common: at the pH of plasma and bile, they exist primarily 
as anions. 

Of the more than 100 anionic substances thought to be actively 
transported into bile, relatively few have been studied in detail. Excre
tion by a saturable transport process has been demonstrated for some 
of the compounds, including phenol red [68], bromphenol blue [68], 
bromcresol green [68], /?-acetylaminohippurate [69], probenecid [70], 
sulfobromophthalein (BSP) [71-73], eriocyanin [74], chlorothiazide 
[75], phenol-3,6-dibromphthalein disulfonate (DBSP) [76], tauro-
cholate [77], bilirubin [73,78] indocyanine green [79], and succinyl-
sulfathiazole [80]. 

Evidence that many, if not all, of the organic anions share a common 
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transport process has been provided by experiments in which anionic 
compounds appear to compete for excretion into bile. For example, the 
secretion of endogenous cholate is inhibited by dehydrocholate [81,82]; 
that of BSP (or its anionic metabolites) by dehydrocholate [83,84] 
and cholate [84]; that of fluorescein by bilirubin and cholate [85]; 
that of phenol red by taurocholate and glycocholate [66]; that of 
taurocholate by bromcresol green [68]; that of indocyanine green by 
methicillin [86]; that of probenecid by phenolphthalein [70]; that of 
succinylsulfathiazole by taurocholate and phenolphthalein glucuronide 
[80]; that of bilirubin glucuronide by indocyanine green and methicillin 
[86]; and that of /?-acetylaminohippurate by chlorothiazide [75] and 
BSP [69]. In addition, in the isolated perfused liver, probenecid inhibits 
the biliary excretion of amaranth, sunset yellow, and tartrazine [87], 
as well as that of sulfisoxazole, sulfamethylthiadiazole, and the 4 N-
acetylated forms of a number of sulfonamide compounds [88]. 

While the mutual inhibition among various anionic compounds is 
thought to be competitive in nature, precise data to establish this are 
lacking. Although uptake studies with liver slices might provide a useful 
method for kinetic analyses of hepatic transport and competitive 
inhibition, there is no evidence that the slice preparation can take up 
organic anions by carrier or active transport. BSP appears to enter rat 
liver slices by a process of diffusion, and the dye becomes highly con
centrated in the tissue by binding to cell components. Uptake is not 
depressed by anoxia or various metabolic inhibitors, and considerable 
uptake occurs with heat-denatured slices [89-92]. 

The view that all anionic compounds are secreted into bile by a 
single transport process has been questioned in two recent reports. 
In one study, mutant sheep that have a markedly impaired ability to 
excrete BSP were reported to show no defect in the ability to excrete 
taurocholate [93]. This might suggest that the mutant sheep are defective 
in some excretory step required by the dye but not by the taurocholate. 
In other words, the dye and the bile acid might share some step or 
steps in the secretory process, but not share the step affected by the 
mutation [93]. The other report concerns inhibition studies in vivo 
and in vitro with the neutral molecule ouabain and the anion dehydro
cholate [94]. Dehydrocholate was shown to depress markedly the rate 
of biliary excretion of ouabain in rats, and also to inhibit ouabain 
uptake by rat liver slices; however the data were insufficient to show 
whether the inhibitions were competitive in nature. Since the active 
transport of ouabain from blood to bile is not depressed by large doses 
of the anions probenecid or /?-acetylaminohippurate [95], dehydrocholate 
may be unique; perhaps, because of its steroidal structure and anionic 
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nature, dehydrocholate has affinity for both the "ouabain transport 
process " and the anion transport process. Obviously much more work 
is needed to resolve the questions raised by these studies. 

It has long been assumed that organic anions are transported into 
bile in the proximal portions of the biliary tract, that is, at the level of 
the bile canaliculi. This view is based on two main considerations: first, 
intravital fluorescence microscopy has shown that fluoresceine can be 
present in bile canaliculi in a concentration greatly exceeding that in 
hepatic parenchymal cells [85]; and second, if it is true that bile for
mation depends mainly on the active transport of bile acid anions [66], 
such transport would have to take place at the level of the canaliculi 
[64]. Neither of these considerations rules out the possibility of addi
tional transport occurring in distal regions, that is, at the level of the 
bile ducts. However, a recent stop-flow analysis of the biliary secretion 
of bilirubin and BSP strongly suggests that these substances are secreted 
only at the canalicular level [96]. 

From the intravital microscopic work with fluoresceine mentioned 
above [85], it seems clear that the transfer of this dye from liver cell 
to bile takes place against a concentration gradient. Moreover, uphill 
transport from cell to bile is suggested by the observations that the 
concentration of /7-acetylaminohippurate [69] or probenecid [70] in rat 
bile is much greater than the concentration in total liver water. Whether 
uphill transport also takes place in the transfer of anions from plasma 
into liver is not certain; probenecid [70] and /7-acetylaminohippurate 
[69] do not attain high liver/plasma concentration ratios, and many 
anionic dyes that do accumulate in liver are known to be highly bound 
to components of hepatic tissue [64]. 

B. Cationic Substances 

A number of quaternary and tertiary amines appear to be actively 
transported into bile by a process different from the one that transports 
anionic compounds [64,97-99]. The quaternary amines include procaine 
amide ethobromide [97,100,101], </-tubocurarine [98], Aprobit [102], 
Cetiprin [103], Prothidium [104], mepiperphenidol [97,100], benzo-
methamine [97,105], oxyphenonium [97,106], glycopyrrolate [97], 
and carbidium [107]. The tertiary amines include chloroguanide-
triazine, dipyridamole, procaine amide, quinine [99], erythromycin 
[99,108-110], and perhaps oleandomycin [111,112], carbomycin [113], 
and spiramycin [114]. 

Of the quaternary ammonium compounds, procaine amide etho
bromide (PAEB) has been studied in greatest detail [97,99-101,115]. 
After intravenous administration in rats with ligated renal pedicles, 



14. TRANSPORT OF DRUGS 559 

the compound readily appears in the bile in high concentrations, both 
as the unchanged compound and as conjugated compound. The con
jugate, which is iV-acetyl PAEB [115a, 115b], is readily converted to the 
parent compound on acid hydrolysis. The biliary concentrations of the 
unchanged as well as the conjugated compound are about 80 times 
greater than the plasma concentrations of the two forms. PAEB shows 
a maximal rate of transport into bile, and its excretion is inhibited by 
certain other quaternary amines including benzomethamine, oxy-
phenonium, mepiperphenidol, and glycopyrrolate. High doses of 
anionic compounds, such as BSP and glycocholate, do not inhibit the 
biliary secretion of PAEB or its conjugate. 

The hepatic excretion of another quaternary amine, i/-tubocurarine, 
has been investigated in dogs [98]. This drug attains a concentration 
in bile 40 times that in plasma. Excretion occurs by a saturable process 
that can be inhibited by PAEB. 

With the exception of </-tubocurarine, all the quaternary amines that 
are known to be actively transported into bile seem to have only one 
structural characteristic in common: a single quaternary ammonium 
group at one end of the molecule and one or more nonpolar ring 
structures at the opposite end [97]. The biliary secretion of t/-tubocur-
arine, a compound with two quaternary amine groups, would appear 
to negate this generalization. However, since the rf-tubocurarine 
molecule can be pictured as consisting of two of the above-type struc
tures, it seems possible that only half the molecule is necessary for 
attachment to the hepatic transport site. The quaternary amines that 
do not appear to be secreted into bile, which include decamethonium 
[100,116], hexamethonium, several other bisquaternary compounds 
[97], tetraethylammonium [97,100], and gallamine (Flaxedil) [117], 
have chemical structures that do not meet the apparent requirement for 
transport described above. 

The tertiary amines chloroguanide-triazine (CGT), dipyridamole, 
procaine amide, and quinine are actively transported from plasma to 
bile in the rat [99], and transport probably occurs also in the monkey 
with CGT [118] and in the rabbit with dipyridamole [119]. Evidence 
that the tertiary amines share a common transport process with the 
quaternary amines is supplied by the following observations. (1) The 
biliary excretion of CGT is strongly inhibited by PAEB and oxyphenon-
ium as well as by the tertiary amines dipyridamole, quinine, procaine 
amide, and erythromycin. (2) The biliary excretion of PAEB is inhibited 
by CGT, erythromycin, and quinine. (3) Organic anions such as pro
benecid and /7-acetylaminohippurate do not inhibit the excretion of 
CGT [99]. 



560 LEWIS S. SCHANKER 

Studies on the uptake of PAEB and CGT by rat liver slices indicate 
that the slice preparation is of use in investigating the active hepatic 
transport of organic cations. PAEB is taken up by liver slices by a 
process showing all the characteristics of active transport [115]. Accu
mulation in the slice against an apparent concentration gradient occurs 
by a saturable process that can be blocked by anoxia and by metabolic 
inhibitors such as iodoacetate or 2,4-dinitrophenol. Uptake occurs by a 
process similar to the one that secretes the compound into bile in vivo, 
because accumulation in the slice is inhibited by only those quaternary 
amines that are secreted into bile. Moreover, slice uptake is not in
hibited by high concentrations of the anion BSP. Ultracentrifugation 
studies with homogenates of liver indicate that PAEB is bound to 
tissue components to a small extent. However, the characteristics of the 
binding are such that binding could not account for much of the 
accumulation seen in tissue slices. For example, the binding is not 
depressed by iodoacetate or dinitrophenol, substances that block the 
accumulation of PAEB in slices. 

The tertiary amine CGT is also accumulated by rat liver slices [3]. 
Uptake occurs by a saturable process that is depressed by anoxia and 
metabolic inhibitors and also by quaternary and tertiary amines that 
are known to be secreted into bile in vivo. In contrast to PAEB, CGT 
is highly bound to components of rat liver so that accumulation of the 
drug in slices is partly due to binding and partly due to active transport. 
Quantitative estimation of binding by three different methods shows 
good agreement and makes it possible to distinguish slice accumulation 
due to binding from slice accumulation due to uphill transport. 

Little is known regarding the precise sites of organic cation transport 
in the liver. Concentrative uptake by liver slices might suggest uphill 
transport from extracellular fluid into liver cells; however accumulation 
could just as well be occurring within the lumina of bile canaliculi 
within the slice. That transport from liver cell to bile is an uphill process 
is strongly suggested by the observation that, in vivo, the concentration 
of PAEB in rat bile is much greater than the concentration in total 
liver water [119a]. 

C. Miscellaneous Substances 

The liver appears to possess a third general secretory process, one 
that transports a number of cardioactive glycosides from blood to 
liver to bile. These compounds are neutral molecules and would not be 
expected to be secreted by the anion or cation transport processes. A 
number of the cardiac glycosides, for example ouabain [120,121], 
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scillaren A [122], and lanatosides A and C [123], are excreted in the bile 
of rats in very large proportions of the administered dose as the un
changed molecules. In addition, ouabain is rapidly excreted in the bile 
of man and sheep [124,125]. A detailed investigation of ouabain in the 
rat [95] has shown that the glycoside is transported from plasma to bile 
against very large concentration gradients; moreover, transfer from 
plasma to liver also appears to be an uphill process.* The rate of biliary 
excretion of ouabain is not depressed by large doses of anions, such as 
probenecid and /?-acetylaminohippurate, or cations, such as PAEB and 
benzomethamine. Rat liver slices take up ouabain by a process showing 
the characteristics of active transport [95]. Uptake against a concentra
tion gradient occurs by a saturable process that is inhibited by a nitrogen 
atmosphere, a number of metabolic poisons, and cardiac glycosides 
such as digitoxin, digoxin, lanatoside C, and scillaren A. Ouabain 
shows no appreciable binding to homogenates of rat liver. 

A recent report showing that the steroids testosterone and corti-
costerone can competitively inhibit the liver slice uptake of ouabain [94] 
might suggest that all three compounds enter the liver cell by a common 
transport process. In addition, inhibition of the slice uptake of ouabain 
by progesterone and dehydrocholate, and inhibition of the biliary 
excretion of ouabain by dehydrocholate [94], may indicate that the 
" ouabain transport process " is actually a process with specificity for 
compounds containing the cyclopentanophenanthrene steroid nucleus. 
More work is needed to clarify these findings. 

There is evidence to suggest that the tetracycline antibiotics may be 
actively transported from blood to bile [71,114]. At the pH of plasma 
and bile, these compounds exist predominantly as zwitterions and to a 
lesser extent as anions. Preliminary studies in the author's laboratory 
[125b] suggest that tetracycline is secreted into the bile of rats by a 
saturable process that is inhibited by chlortetracycline, oxytetracycline, 
demethylchlortetracycline, and doxycycline. The cation PAEB does 
not appear to depress tetracycline excretion, tetracycline does not appear 
to depress PAEB excretion, and anions such as probenecid and p-
acetylaminohippurate appear to have only a limited inhibitory effect 
on tetracycline excretion. Demethylchlortetracycline also appears to be 
actively transported into bile [125c]. 

* The bile/plasma concentration ratios for ouabain, as reported in Table 1 of the cited 
reference [95], were grossly underestimated due to an error of roughly tenfold in calcula
tion of the bile concentrations. The third column of the table should have been labeled /xg 
rather than μ#/πι1. When corrected for this error, the bile/plasma ratios of ouabain are 
682-6557 rather than 29-557. See also a more recent report on the high bile/plasma and 
liver/plasma ratios of ouabain [125a]. 
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A group of semisynthetic derivatives of the naturally occurring iron 
chelate ferrioxamine Β appear to be actively transported from blood 
to bile in the isolated perfused rat liver [126]. The ferrioxamine (FO) 
derivatives are neutral molecules with widely differing lipid-to-water 
partition coefficients, and they do not appear to undergo metabolic 
alteration in the isolated perfused liver or in the intact animal. Uphill 
transport from plasma to bile is related to the relative lipid-to-water 
partition coefficient of the compounds, or perhaps to the relative mole
cular weight of the substituent attached to the FO moiety; for example, 
/?-ethoxyphenylacetyl-FO, valeryl-FO, and benzoyl-FO have the highest 
lipid solubilities and molecular weights and show bile/plasma (B/P) 
concentration ratios of 63-115; acetyl-FO, formyl-FO, and carbamido-
FO have lower lipid solubilities and molecular weights and show B/P 
ratios of 8-9; ferrioxamine itself (which is not a neutral molecule) shows 
a B/P ratio of only 1.4. Transport of the FO derivatives occurs by a 
saturable process, and there is also evidence for some degree of passive 
transfer. The extents to which these compounds are taken up by liver 
tissue are roughly proportional to the relative B/P ratios. In addition, 
it is interesting to note that the FO derivatives produce choleresis in 
rough proportion to their B/P ratios. 

The unnatural, nonmetabolizable amino acid a-aminoisobutyric 
acid is taken up by rat liver slices by a process showing the character
istics of active transport [127]. Transport against an apparent concen
tration gradient occurs by a saturable process that is inhibited by anoxia, 
2,4-dinitrophenol, and ouabain. Moreover, in the intact animal, this 
compound shows a concentration in liver cell water several times 
greater than the concentration in plasma [128,129]. 

D. Passive Transfer 

The organic compounds excreted in bile in a concentration similar 
to or less than that in plasma include a number of lipid-insoluble un
charged molecules, a variety of highly lipid-soluble weak acids and 
bases, and a miscellaneous group of organic ions (see reviews [63,64,66]). 
So little work has been done with these substances that less is known 
about their hepatic transfer than is known about the transfer of secreted 
substances. Some of these compounds should perhaps not be listed 
under the heading of passive transfer, because transport down a con
centration gradient could be carrier-mediated and uphill transport into 
bile canaliculi followed by reabsorption across the bile duct epithelium 
could give a false overall impression of passive transfer from plasma 
to bile. 
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The foreign compounds that do not appear to undergo uphill trans
port in their passage from plasma to bile include neutral molecules such 
as mannitol, sorbitol, sucrose, and inulin, cations such as tetraethyl-
ammonium, hexamethonium, and decamethonium, and a large number 
of weak acids and bases with high lipid-to-water partition coefficients 
at pH 7.4 [63,64,66]. Substances of the latter group are most difficult 
to study, because many of them are rapidly metabolized by the liver. 
However, it has been shown that, in the isolated perfused rabbit liver 
maintained at temperatures near 0° C to minimize metabolism, drugs 
of widely different lipid solubilities penetrate the tissue at rates roughly 
proportional to their lipid-to-water partition coefficients [130]. 

VII. KIDNEY 

Drugs pass from plasma into urine by filtration at the glomerulus, 
diffusion across the renal tubular epithelium, and active transport 
(secretion) across the tubular epithelium. Drugs may be reabsorbed 
from the tubular lumen by diffusion or active transport (see reviews 
and monographs [66,131-154]). 

With weak acids and bases, diffusion across the tubular epithelium 
appears to be determined mainly by the degree of ionization of the 
substances and the lipid-to-water partition coefficient of the non-
ionized form of the substances [141,149,155]. Highly lipid-soluble drugs 
that are partly or completely nonionized at the pH of tubular fluid do 
not appear in the urine in appreciable amounts, because most of the 
drug molecules filtered at the glomerulus are readily reabsorbed by 
diffusion across the tubular boundary. Similarly a drug that is actively 
secreted by the tubule may not be found in the urine in appreciable 
quantities; the ionized form of the compound is secreted, but the pH 
of tubular fluid may favor conversion to the nonionized form, which 
returns to plasma at a rate determined by the urine-to-plasma concen
tration gradient and the lipid solubility of the nonionized compound. 
Because a high degree of drug ionization will impede passive reabsorp
tion from the tubule, the renal excretion of weak acids is favored by 
an alkaline urine and that of weak bases by an acidic urine. 

A. Transport of Anionic Substances 

Many organic anions are actively transported from plasma to urine. 
Although most of the compounds are either carboxylic or sulfonic 
acids, the list also includes chlorothiazide, acetazolamide, and enolic 
compounds such as phenylbutazone. The secreted anions have widely 
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diverse chemical structures; examples include hippurates, sulfonic acid 
dyes, penicillins, sulfonamides, thiazides, benzoates, nitrofurantoin, 
iodopyracet, phenylbutazone, diiodotyrosine, glucuronides of the ester 
and ether types, and ethereal sulfates. Well over 100 compounds are 
known to be secreted. Attempts to define the structural characteristics 
required for transport have met with some success [156], but absolute 
requirements have not yet been deduced. The ability to secrete these 
anions appears to be present in all classes of vertebrates. 

The active nature of the tubular transport of organic anions has been 
established both in vivo and in vitro. With many of the compounds, 
clearance is far in excess of that due to glomerular filtration; concen
trations in tubular fluid greatly exceed those in plasma, and with some 
compounds the concentration differences are independent of urinary 
pH. Moreover, the uphill transport of dyes is seen microscopically with 
preparations of isolated renal tubules, and concentrative uptake is 
demonstrable also with slices of renal cortex. Although the possible 
binding of drugs to tissue components is usually not taken into account 
in studies with tissue slices, inhibition of uptake by anoxia, low temper
atures, and low concentrations of metabolic inhibitors suggests that 
much of the uptake is the result of active transport. 

That the transport process is saturable has been revealed by numerous 
studies demonstrating transport maxima for various anionic compounds. 
In addition, saturation kinetics are commonly observed in uptake studies 
in vitro. A dependence of the transport mechanism on a supply of 
energy has been demonstrated repeatedly. For example, accumulation 
of PAH and phenol red by cortical slices or isolated tubules is depressed 
by a nitrogen atmosphere, low temperature, and a wide variety of 
metabolic inhibitors. Moreover uptake can be altered by varying the 
concentration of potassium and other inorganic ions in the medium 
and by adding low concentrations of substances such as acetate, 
pyruvate, and lactate. 

That a single transport process is responsible for the tubular secretion 
of the various organic anions is suggested by competition studies. For 
example, iodopyracet inhibits the renal excretion of phenol red and 
PAH; phenol red inhibits that of PAH and iodopyracet; and PAH inhi
bits that of iodopyracet and phenol red. Moreover a similar reciprocal 
inhibition of secretion has been demonstrated between a number of 
other pairs of organic anions; and probenecid has been shown to 
interfere with the transport of many anionic substances. Likewise with 
in vitro preparations of the kidney, there are numerous examples of 
mutual inhibition between pairs of transported anions. In general, the 
inhibitions conform to Michaelis-Menten kinetics. 
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Autoradiographic studies, experiments with isolated renal tubules 
in vitro, and investigations utilizing stop-flow or micropuncture tech
niques in vivo have clearly shown that the secretion of organic anions 
takes place in the proximal segment of the renal tubule. The precise 
location of the site (or sites) of active transport in the tubular cell is not 
altogether clear. Under various experimental conditions, and with 
various animal species, uphill transport has in some instances been 
demonstrated at the peritubular membrane and in others at the luminal 
membrane [66,152,157-161]. 

In recent years it has become evident that organic anions may be 
actively reabsorbed as well as actively secreted. For example, urate, 
which is secreted by the renal tubule of most vertebrates, appears to be 
transported in both directions in man and many other mammals. Both 
transport processes appear to be located in the proximal segment of the 
tubule. Salicylate, probenecid, chlorothiazide, and a number of other 
anions competitively inhibit both reabsorptive transport and secretory 
transport, but to different extents. Thus, depending on the animal 
species and the experimental conditions, net excretion of urate may be 
increased or decreased by these agents. Another example of bidirec
tional tubular transport appears to be the renal handling of taurocholate 
and perhaps other bile acid anions [162]. Moreover, bidirectional 
transport of PAH and iodopyracet has been demonstrated in the 
Necturus proximal tubule [163,164]; transport can be uphill in either 
direction, and transported anions compete for the processes. Whether 
the secretory and reabsorptive pumps are discrete or linked in some 
manner remains to be determined. 

B. Transport of Cationic Substances 

A number of organic cations are known to be actively secreted into 
urine. Examples include quaternary ammonium compounds, such as 
tetraethylammonium (TEA), N^methylnicotinamide (NMN), mepiper-
phenidol, choline, and hexamethonium; and the ionized form of weak 
bases, such as quinine, mecamylamine, pempidine, tolazoline, and 
dihydromorphine. The transport process appears to be present in most, 
if not all, classes of vertebrates. Evidence for the active nature of 
organic cation secretion is much the same as that mentioned above for 
anion transport. Briefly, renal clearance exceeds that due to glomerular 
filtration, and transport can occur against a sizable concentration 
gradient; however, to demonstrate these characteristics for highly 
lipid-soluble weak bases, the pH of urine must be such that the com
pound remains highly ionized in the tubular lumen so that passive 
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reabsorption is minimized. Because of the toxicity of some cationic 
compounds, it has not been possible to raise the plasma concentration 
high enough to demonstrate a transport maximum; however, there is 
ample evidence with other organic cations that secretion occurs by a 
saturable process. Competition for secretion has been demonstrated 
with a number of pairs of cations, for example NMN and TEA, NMN 
and mepiperphenidol, and quinine and TEA. Stop-flow experiments 
with TEA, choline, mepiperphenidol, and mecamylamine indicate that 
secretion takes place in the proximal segment of the renal tubule. 

Considerable work has been done in this area using the kidney slice 
preparation. Slices take up many of the cationic compounds by a 
process showing all the characteristics of active transport. Transport 
against a concentration gradient occurs by a process that is saturable, 
depressed by anoxia and a number of metabolic inhibitors, and com
petitively inhibited by many other organic cations known to be secreted 
in vivo. Although hexamethonium appears to be transported into slices 
by the same mechanism that transports other organic cations, it becomes 
highly bound in the tissue. The uptake process for this and certain other 
bisquaternary compounds does not show saturation, apparently because 
of the very large binding capacity of the tissue [165,166]. 

It appears that an ionized nitrogenous group is not an absolute 
requirement for interaction with the cation transport process. For 
example, nonnitrogenous onium compounds of the sulfonium, phos-
phonium, arsonium, and stibonium types have been shown to inhibit 
the uptake of TEA and NMN by kidney slices. Moreover, a phos-
phonium and a sulfonium compound have been shown to inhibit the 
renal secretion of NMN in vivo [167]. It is not known whether the non-
nitrogenous cations can be actively transported by the renal tubule. 

There is considerable evidence that organic cations are secreted by a 
process different from the one that secretes organic anions. For example, 
NMN and TEA do not interfere with the renal excretion of anions such 
as PAH or phenol red; PAH does not depress the excretion of NMN, 
TEA, tolazoline, or mepiperphenidol; iodopyracet does not inhibit 
the excretion of NMN, guanidine, methylguanidine, or piperidine; 
and the basic dye cyanine 863, which strongly depresses the secretion 
of a number of cations, has no effect on the secretion of anions such as 
PAH. Similarly, with kidney slices, PAH does not inhibit the uptake 
of TEA or mepiperphenidol; penicillin and probenecid do not depress 
the uptake of NMN; and TEA does not block the uptake of PAH. 

Interesting attempts have been made recently to label and isolate a 
carrier-like protein for organic cation transport in the kidney [168-170]. 
Dibenamine, which appears to be an irreversible inhibitor of the trans-



14. TRANSPORT OF DRUGS 567 

port process, was used in an attempt to label specifically the transport 
carrier. A fraction of macromolecular material derived from renal 
tissue was shown to react irreversibly with Dibenamine, and the reaction 
was inhibited in the presence of transportable cations such as TEA and 
NMN. Partial purification of the carrier-like material suggested that it 
was present mainly in a lipoprotein fraction. 
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