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I N T R O D U C T I O N 

The transference of a drug will always be an important phase in the movements 
and changes it must undergo in order to bring about its effects (see Pa r t I , 
Scheme 1). An important step in the distribution of a substance is the transport 
of this substance from the site of entry into the body to the place of action. 
This t ransport is often of a rather complicated nature, since in many cases a 
drug will have to pass one or more barriers to reach the place where its presence 
is required to produce the effect. In order to reach a sufficient concentration 
a t the site of action the transference must be rapid enough to exceed the often 
times combined rates of biological degradation and elimination of unchanged 
substance. 

* By G. A. J. van Os, in cooperation with E. J. Ariens and A. M. Simonis. 
7 
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Various types of barriers occur in the process of distribution, ranging from 
rather simple membranes like t ha t of the red cell, to the complex multicellular 
barriers such as gastric mucosa, intestinal epithelium, tubular epithelium of 
the kidney, the blood-brain barrier, and others. I t will be clear t ha t the absorp
tion of a drug, its t ransport in the organism, its reabsorption, and its excretion 
are all governed by the passage through such membranes. 

This passage may be active, i.e., the transport takes place against a potential 
gradient which may be a concentration gradient (chemical potential gradient), 
an electrical potential gradient, or a combination of both (electrochemical 
potential gradient). However, not only may an "uph i l l " transport be active, 
i t is possible t ha t even a "downhi l l " t ransport may be accelerated by special 
mechanisms, and when energy consumption is involved in this mechanism the 
"downhi l l" transport becomes partially active. 

I.A.1. PASSIVE PROCESSES 

In many cases the transport of a drug is passive, i.e., by pure diffusion, some
times influenced by a difference in hydrostatic or osmotic pressure, by electro-
osmosis, by a difference in p H between the two fluids separated by the 
membrane or by some other special structure. I t should be noted tha t such a 
difference in pressure or p H may be caused by an active process. A concentra
tion gradient may arise from some active process, for example, in the kidney 
as a result of the concentrating action of the tubule. However, a transport 
which is brought about or influenced by such differences will not be classified 
as active here, because the drug itself moves passively. 

A second important factor in the passive distribution of a drug is given by 
the properties of the drug itself, e.g., its solubility, affinity for binding sites 
on proteins, ability to form chelates, etc. In this section on distribution, the 
passive processes will be discussed first, followed by a t reatment of active 
transport. 

I.A.1.1. Diffusion 
This type of transport can take place by passage through pores in the mem

brane or by dissolving in the membrane substance. 

I.A. 1.1.a. DIFFUSION THROUGH P O R E S 

I t is generally believed tha t the normal capillary wall and the glomerular 
membrane are examples of porous membranes with fairly large apertures, 
although i t is by no means clear where these pores are situated, or what their 
structure is. Solvent and solutes, with the exception of those with sufficiently 
large molecular dimensions (e.g., proteins), can pass these barriers by simple 
diffusion transport, aided by a concentration gradient. In the case of the capil
lary wall the diffusion transport is modified by hydrostatic as well as osmotic 
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pressure differences. At the arterial end of a capillary, the hydrostatic pressure 
(in this case the blood pressure) exceeds the colloid osmotic pressure of the 
plasma, whereas a t the venous side the reverse is true (Fig. 1). Thus, fluid is 
forced out of the capillary at the arterial side and drawn back at the venous 
side. In the normal situation the outflow of fluid is practically balanced by the 
inflow, since only a small fraction of the filtrate flows to the lymph vessels. 
This is the familiar Starling mechanism. I t is clear tha t this mechanism will 
support the diffusion transport of the drugs from the blood to the cells and 
vice versa through the medium of the extracellular fluid. 

In the glomerulus the blood pressure normally greatly exceeds the colloid 
osmotic pressure, resulting in the production of the glomerular filtrate. Here, the 
transport of drugs is the result of pressure differences only, since there are no 
concentration gradients between the fluids on both sides of the membrane, 
because concentration changes in the filtrate occur more distally in the tubules . 

I t should be noted tha t drugs are often more or less bound by the plasma 
proteins. In general, the molecules of the drug adsorbed by the protein mole
cules will be in equilibrium with those which are free in solution. In such cases 
only the drug molecules in the equilibrium solution will be able to pass the 
capillary wall or the glomerular membrane. Although the free concentration 
of the drug in plasma and extracellular fluid or glomerular filtrate will be equal 
in these cases (apart from small differences in the case of ions, due to Donnan 
effects), a difference between the total plasma concentration and t ha t of the 
filtrate may be present. Thus, when such a difference is found, it should always 
be borne in mind t ha t binding to plasma proteins may be the cause. 

Compared with the complex multicellular membranes of the capillary wall 
and the glomerulus, the membranes of cells seem to be of rather simple com
position. An old concept concerning the structure of the cell membrane is the 
filter theory (78, 79, 80, 81) which considers the cell wall as a membrane riddled 
with pores. Only by way of these pores can a drug enter or leave the cell, and 
the number and dimensions of the pores determine the permeability of the cell 
wall for molecules of different diameter. Since, however, larger particles often 
penetrate more easily than smaller particles, particularly small ions, this 
picture is certainly too simple. 

Around 1900 Overton (63, 64) discovered t h a t the permeability of Chara 
cells for a number of aniline dyes paralleled the solubility of these drugs in 
nonpolar solvents. Therefore, he supposed tha t the cell wall was a thin, lipid 

FIG. 1. Mechanism of Starling. 
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membrane and tha t permeation would take place by dissolving in this lipid 
material. Indeed it was found later on by Gorter and Grendel (33, 34) t ha t 
the membrane of the red cell, for example, contained enough lipid material for 
a bimolecular lipid layer. A large number of experiments concerning this 
question have since been performed by Collander and Barlund (19), which are 
represented graphically in Fig. 2. The relation between lipid solubility and 
permeability is unmistakable. 

P. cm / hr 

distribution coefficient 

FIG. 2. Relationship between the permeability of Chara cells for various drugs and the 
distribution coefficient between oil and water of these drugs. Ρ: permeability. Diameters 
of the circles are proportional to the molecular dimensions. Note that even large molecules 
permeate easily when their lipid solubility is sufficiently great. From Collander (19). 

In order to explain the permeation of nonlipid-soluble particles, for instance, 
small ions, Collander (18) combined both theories in his lipid filter theory, 
which considers the cell membrane as a thin, lipid layer with small pores. 
Davson and Danielli (26) criticized this model and demonstrated theoretically 
tha t the experiments of Collander and Barlund (19) could equally well be ex
plained without assuming the presence of pores in the membrane. 

More recently, however, experiments on water transport through several 
types of cell membranes have been carried out by a number of investigators, 
the results of which point to the presence of pores. The evidence is based upon 
theoretical considerations given by Ussing (57, 99,100) and Teorell (98), from 
which it appears t ha t the flux ratio, i.e., the ratio between the influx and efflux 
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of a neutral solution, will be equal to the ratio of the concentrations (or better, 
activities) on both sides of the membrane if the transport takes place only by 
pure diffusion. However, large deviations from this ratio will occur when bulk 
flow of the solution through pores is possible. Actually, the second phenomenon 
was found in the case of a number of egg cells of fish and amphibians (73), in 
the case of the frog skin (15, 39), and in the case of the isolated skin of the toad 
(45). Recently Solomon and co-workers (65, 91, 94) concluded the existence of 
pores in the human red cell membrane, because different values for the per
meability to water was found under a diffusion gradient and an osmotic 

FIG. 3. Membrane pore model. From Danielli (23). 

gradient, respectively. They were even able to estimate the equivalent pore 
radius of this red cell membrane, which was 3.5-4.2 A. Therefore, although 
direct evidence by observation under the electron microscope is still lacking it 
seems very likely t ha t these membranes, and possibly many other cell mem
branes, have pores allowing passage of water and other molecules or ions of 
sufficiently small dimensions. 

From studies of the surface tension of cells, evidence was obtained t ha t the 
lipid-pore model certainly needs some refinements (17, 38, 24). The surface 
tension was found to be very much lower than could be expected for an oil-
water interface. Adsorption of some substance from the solution outside the 
membrane is the most plausible explanation. Since, besides lipids, the mem
brane also contains a protein component, Danielli and Harvey proposed a 
bimolecular lipid layer with pores and probably a monomolecular protein 
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layer coating both sides of the membrane and the wall of the pore (Fig. 3). In 
this model, the inner surface of the pore may be electrically charged because 
of the presence of polar side-chains of the protein. In view of the complex 
behavior of the cell membrane, especially with respect to drugs which play 
some role in metabolism, this model seems rather simple. Bungenberg de Jong, 
and his co-workers have proposed a number of more complex models which 
will not be discussed here (10a, 11). 

L A . 1.1.6. DIFFUSION BY DISSOLVING IN THE MEMBRANE MATERIAL 

I t will be clear tha t the passage of nonpolar substances through a thin lipid 
membrane will be easier than the passage of polar molecules. Ions are the most 
extreme example of polar substances. In recent years a number of investigators 
have shown tha t the concept of the lipid membrane is of great importance to 
the pharmacologist (86). From their experiments it appears probable tha t for 

pH = 7 

neutral = 1 

pH = 1 

neutral - 1 

ion ized=1000 

pH = 7 
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pH = 1 

r / / / i > neutral = 1 

II 
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Ά V//A 
weak acid pKa=4 weak base pKa = 4 

Α Β 
FIG. 4. A . and B . Influence of pH on the distribution of weak acids and bases between 

two osmotically buffered solutions separated by a lipid membrane. 

many drugs, especially organic compounds which have molecules of moderate 
dimensions, the biological membrane behaves very much as a lipid layer. In 
view of the large number of drugs belonging to this class and used by the 
pharmacologist for therapeutic and purely scientific purposes, it seems per
t inent to discuss this mat ter in some detail. 

Since ions are strongly hydrophilic and thus poorly soluble in lipid solvents, 
they will not be able to pass a lipid barrier to any extent by simple diffusion. 
Many drugs are weak acids or bases. The nonionized, neutral form of these 
compounds may be lipid soluble. Then the neutral form will be able to pass the 
barrier, by nonionic diffusion. When equilibrium is reached, the concentration 
of the neutral form will be equal on both sides of the barrier, but the tota l con
centration, the sum of ionized and nonionized form, will be different, depending 
on the pH on each side of the barrier. Only when the p H is the same will the 
total concentration be equal. This is represented in Fig. 4. Here a lipid mem-
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brane is assumed to be present between two solutions of p H 7 and p H 1, both 
containing a weak acid with a pKa of 4. When equilibrium has been reached the 
neutral form has an equal concentration on each side of the membrane (Fig. 4A). 
The concentration ratio of neutral and ionized form can now easily be derived 
from the well known Henderson-Hasselbalch equation, which for a weak acid 
reads: 

ionized form 
P H " P* " + 1°gneu t ra l fo rm ( 1) 

From this equation it can be seen tha t on the left-hand side of the membrane 
the ratio of the neutral and ionized moiety, because the p H is 7, is about 1:1000. 
On the right-hand side, however, since the p H is 1, this is about 1:0.001. The 
total concentration ratio thus becomes about 1000:1. For a weak base of ρ JL a 4* 
this ratio will be reversed (Fig. 4B) since in this case Eq. 1 changes into: 

, neutral form 
P H = P * a + l o g i o n i z e d f o rm (2) 

I t should be emphasized tha t an extreme concentration ratio, as is reached in 
these examples, can occur only when the fluids on both sides of the barrier are 
osmotically buffered, i.e., when the osmotic concentration of the drug on either 
side is very small compared with the total osmotic concentration of the fluids. 
Shore et al. (90) obtained evidence tha t the barrier between plasma and gastric 
juice has the characteristics of a lipid membrane for a variety of drugs. Dogs 
with Heidenhain pouches had drugs infused intravenously in such a way tha t 
the plasma level was maintained constant. After equilibrium had been reached, 
the concentration of the drug in plasma and gastric juice was determined. The 
concentration ratio found, after correction for binding of the drug to plasma 
proteins, was compared with the ratio obtained from the Henderson-Hassel
balch equation, assuming only the neutral form to be able to pass the barrier. 
Some results are given in Table I, which shows good correlation between ex
perimental and theoretical concentration ratios. The very high theoretical 
ratios for bases with a p i i a of 5 or higher are not found experimentally. Since 
these drugs were completely absent from the blood leaving the stomach, i t 
seems likely t ha t the limiting value, 40, of these drugs is determined by the 
amount present in the blood reaching the gastric mucosa. 

From these experiments one could predict ready absorption of those drugs 
which are present in the acid media of the stomach in a nonionized state. 
Schanker et al. (87) found this to be t rue in the rat . The results of their studies 
are presented in Table I I . Acids, except the very strong ones, were easily 
absorbed. Strong bases were not absorbed; extremely weak bases were. 

* Here pKa is, according to Bronstedt, the so-called acidic dissociation constant of the 
base. Its relation to the basic dissociation constant is: pKa + pKb = 14. A strong base has a 
low pKb and, therefore, a high pKa, and vice versa. 
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Experiments on the absorption from the ra t small intestine (88, 41) and the 
rat colon (85) suggested tha t the intestinal mucosa also behaves as a lipid 
barrier to a large number of drugs (40a). 

An analogous mechanism appears to be in action a t the blood-brain barrier. 
In the latter case, the pH on both sides of the barrier is nearly equal. Therefore, 
when the blood-brain barrier behaves as a lipid membrane, a lipid-soluble drug 
will reach about the same free concentration on both sides of the barrier. In this 

TABLE I 

DISTRIBUTION OF DRUGS BETWEEN GASTRIC JUICE AND PLASMA OF DOGS" 

Experimental R6 

Experimental (corrected for Theoretical 
Drug pKa Rfc plasma binding) Rft 

Bases 
Acetanilide 0.3 1.0 1.0 1.0 
Theophylline 0.7 1.5 1.3 1.5 
Antipyrine 1.4 4.2 4.2 4.2 
Aniline 5.0 40 — 10* 
Amidopyrine 5.0 42 — 104 

Quinine 8.4 38 — 10e 

Dextrorphan 9.2 40 — 10e 

Acids 
Salicylic acid 3.0 0 0 10~4 

Probenecid 3.4 0 0 10"4 

Phenylbutazone 4.4 0 0 10~3 

p-Hydroxy propiophenone 7.8 0.13 0.5 0.6 
Thiopentone 7.6 0.12 0.5 0.6 
Barbitone 7.8 0.6 0.6 0.6 

a From Shore (90). 
b R = (Concentration in gastric juice/Concentration in plasma). 

case, however, an additional factor of importance is the rate of transfer. This 
will determine the time in which equilibrium is reached. The more lipid-
soluble the drug, the greater the rate of transfer, and the shorter the t ime to 
equilibrium. Since only the nonionized fraction of a drug is assumed to be lipid-
soluble, the rate of transfer across the membrane is dependent upon its pKa. 
Thus, a base with a high j)Ka will have a slow rate of penetration. For a weak 
acid the reverse can be expected. This was experimentally demonstrated by 
Brodie and co-workers (14, 55). Results of such studies are shown in Table I I I 
(12, 54, 55). 
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I t is clearly seen tha t substances which are highly lipid soluble at p H 7.4 
penetrate very rapidly into the cerebrospinal fluid. The penetration becomes 
slower with decreasing lipid-solubility. This is consistent with the well-known 
fact t ha t strong bases, like tetraethylammonium, with a very high p i£ a do not 
penetrate into the brain at all when introduced into the circulation. They are 

T A B L E I I 

ABSORPTION OF DRUGS FROM THE STOMACH OF RATS" 

Drugs pKa Absorption % 

Acids 
5-Sulfosalicylic Strong 0 
Phenol red Strong 2 
5 - Nitr osalicy lie 2.3 52 
Salicylic 3.0 61 
Acetylsalicylic 3.5 35 
Benzoic 4.2 55 
Thiopentone 7.6 46 
^-Hydroxypropiophenone 7.8 55 
Barbitone 7.8 4 
Quinalbarbitone 7.9 30 
Phenol 9.9 40 

•ases 
Acetanilide 0.3 36 
Caffeine 0.8 24 
Antipyrine 1.4 14 
Aniline 4.6 6 
Amidopyrine 5.0 2 
p-Toluidine 5.3 0 
Quinine 8.4 0 
Dextrorphan 9.2 0 
Mecamylamine 11.2 0 
Darstine Strong 0 
Tetraethylammonium Strong 0 

a From Schanker (87). 

practically completely ionized at the physiological p H and thus their neutral 
lipid-soluble forms are present in negligible quantities. On the other hand, 
weaker bases like tert iary amines, for example, atropine, scopolamine, nico
tine, pilocarpine, tremorine, and a weak acid like thiopentone are partially in 
the neutral lipid-soluble form a t the physiological p H and the rapid penetration 
of these substances into the brain is well known. Typical examples are given in 
Figs. 5 and 6A. 
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T A B L E III 

CORRELATION OF PENETRATION OF DRUGS INTO THE CEREBROSPINAL 
FLUID AND THEIR LIPID SOLUBILITY0 

Compound 
7o neutral 
at pH 7.4 pb Heptane Benzene Chloroform td 

Thiopentone 7.6 61.3 0.69 0.95 2.00 102 < 2 
Aniline 4.6 99.8 0.69 0.55 0.90 17 < 2 
Aminopyrine 5.1 99.5 0.69 0.15 0.40 73 < 2 
4 - Aminoantipy rine 4.1 99.9 0.69 0.03 0.12 15 2 
Antipyrine 1.4 99.99 0.21 0.04 0.09 28 < 2 
Acetanilide 1.0 99.99 0.039 0.01 0.02 3.0 120 
Barbitone 7.8 71.5 0.029 0.005 0.01 2.0 40 
Ν - Acetyl - 4 - amino -

antipyrine 0.5 99.99 0.0051 0.004 0.002 1.5 > 180 
Salicylic acid 3.0 0.01 0.0026 0.001 0.001 0.2 >360 

a From Mayer (56). 
b Ρ: permeability constant. 
e Κ: partition coefficient between lipid solvent and a buffer of pH 7.4. 
d t: time in minutes to attain a cerebrospinal fluid: plasma ratio of 1. 

Figure 5 illustrates the results of experiments done by Pfeiffer and Jenney 
(68). Rats were trained to escape an electric shock preceded by a warning buz
zer by climbing a wooden pole. This conditioned response is inhibited by pilo
carpine, which is a tert iary amine and is able to pass the blood-brain barrier. 

% conditioned responses 
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60 

-I X V 
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-30 -20 
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~ 10 10 20 
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7 0 min 

FIG. 5. Effect of pilocarpine on the conditioned response of the rat. 1. Pilocarpine alone. 
2. Rats were protected with atropine. 3. Rats were protected with methylatropine. From 
Pfeiffer and Jenney (68). 
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FIG. 6. A. Sections of stellate ganglia (SG) and ciliary ganglia (CG) of cats after treatment with 217-AO or 217-MI, and stained for 
cholinesterase activity. Dose is in /xg/kg. From Mclsaac (56). 

CONTROL 217-AO 217-MI 

106 150 35 50 

SG 

CG 
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tha t after t reatment with the tert iary compound 217-AO, extracellular as 
well as intracellular AChE activity has been abolished, whereas in the case of 
217-MI intraneuronal acetylcholinesterase was still heavily stained. By Rail 
et al. (74) it has been demonstrated tha t experimentally induced p H gradients 
between plasma and cerebrospinal fluid caused changes in the distribution of 
a drug, which were also in agreement with the theory outlined above. Attention 
must be drawn to the fact tha t the barrier between blood and brain tissues and 
tha t between blood and cerebrospinal fluid differ in certain aspects (26a,b). 

In general it may be concluded tha t the lipid solubility of a drug plays a 
major par t in its permeation of the central nervous system. Strong bases like 
most quaternary ammonium bases do not penetrate and have no central 
effects, in contrast to the tert iary bases and also anesthetics like ether and 
chloroform, which are much more lipid soluble and so gain rapid access to the 
central nervous system. For further details see (26c, 28b, 36a, 40a, 56a, 57a, 
74a, 76a, 76b, 94b, 98a, 106a, 106b). 

The concept of the lipid barrier seems to have a certain, though limited value 
in the case of the kidney. The first step in the action of the kidney is the forma
tion of the plasma filtrate at the glomeruli, in man at a rate of about 125 ml/min. 

When the rats were protected with atropine, a tert iary amine too, no influence 
of pilocarpine is found. Methylatropine, however, a quaternary amine, which 
is not able to pass the blood-brain barrier, does not protect the animal against 
the action of pilocarpine. 

Figure 6A is taken from Mclsaac and Koelle (45a, 56). Cats were treated with 
two potent irreversible anticholinesterase agents. These compounds are repre
sented by the symbols 217-AO and 217-MI; their structural formulas are 
shown in Fig. 6B. The first drug is a tert iary amine, the second a quaternary 
amine. The ratio of their respective oil: water parti t ion coefficients is 217:1 . 
After t reatment with enzymologically equivalent doses of both drugs (106 and 
35 /xg/kg for 217-AO or 150 and 50 /xg/kg for 217-MI), sections of the stellate 
and ciliary ganglia were stained for cholinesterase activity. I t is clearly seen 

+/ C - C - 0 - C - C - N - C a c e t y l c h o l i n e 
II \ 1 

0 C 

c - c - o x c 
P - S - C - C - K 217-AO 

/ i l \ 
C-C-0 0 C 

C-C-0 + C 
P-S-C-C-N^C 217=MI 

c-c-o'6 C 
FIG. 6. B . Acetylcholine and the anticholinesterases, 217-AO and 217-MI. 
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This filtrate, which is protein free but otherwise has the same composition as 
the plasma, then runs into the tubules where nearly all the water crosses the 
tubule wall, returning to the plasma. This results in a urine flow of normally 
about 1 ml/min. A solute in the filtrate which is not able to pass the tubule wall 
(e.g., inulin) will then be concentrated and reach a final concentration in the 
urine of about 125 times tha t of the free plasma concentration. When the drug 

neutra l = 1 γ / / /\ > neut ra l = 1 

weak b a s e p K Q- 7 . 4 

FIG. 7. Influence of the pH of the urine on the excretion of a weak base. 

is not bound to plasma protein, 125 ml plasma will be cleared of the solute, or 
in other words, the clearance of the solute is 125 ml/min. Many drugs are able 
to pass the tubule wall by passive diffusion and/or by active transport mechan
isms. The active transport may be either from tubular lumen to plasma (reab-
sorption) or from plasma to lumen (secretion). When reabsorption is complete, 
the clearance becomes zero (e.g., glucose). When secretion is complete, the 
clearance rises to the level of renal plasma flow, normally about 700 ml/min. 
Diodrast (see Table V and Fig. 21) is used as a radiopaque contrast medium 
in the pyelography. These active transport mechanisms will be considered 
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later in more detail. Some evidence has been obtained concerning diffusion 
which suggests tha t the tubule wall behaves as a lipid barrier. If this is true 
the influence of the pH of the urine on the excretion of weak acids and bases 
can be predicted. Consider, for example, a weak base with a pKa of 7.4. In the 
plasma and in the glomerular filtrate, which have a p H of 7.4, the weak base 
will be half in the nonionized and half in the ionized form (Fig. 7). Now assume 
tha t the filtrate is acidified in the tubule to pH 5.4. At this level of acidity only 
1% of the base will be in the nonionized form. Should this form be sufficiently 

T A B L E I V 

WEAK ACIDS AND BASES EXCRETED BY NONIONIC DIFFUSION" 

Plasma Clearance ratio* 
Weak base protein 

or acid binding 
(%) 

Acidic 
excretion 

Alkaline 
excretion 

Remarks 

Ammonia 9.3 high low 
Quinacrine 7.7 80-90 3.0 0.5 Total plasma 

clearance; man 
Chloroquine 8.05 55 high low Exact figures not 

available 
Quinine 8.3 70 0.65 0.05 Total plasma 

clearance; dog 
Procaine 8.95 30 2.25 0.25 Unbound plasma 

clearance; dog 
Mecamylamine 11.3 28 4.6 0.06 Total plasma 

clearance; dog 
Salicylic acid 3.0 75 0.02 1.6 Unbound plasma 

clearance; man 
Phenobarbital 7.2 40 0.1 0.7 Unbound plasma 

clearance; dog 

α From Milne (58) 
b Clearance ratio = clearance of substance/clearance of inulin. 

lipid soluble it will be able to pass the tubule wall rapidly, so tha t equal con
centration of the neutral form on both sides of the barrier will be attained. If 
we accept the supposition tha t the barrier is completely impermeable for the 
ionized form, the concentration of the base in the urine will be about 50 times 
tha t in plasma. Thus, with a normal urine production of 1 ml/min. the clearance 
would be 50 ml/min. When the filtrate is not acidified in the tubule, then the 
total concentration of the drug in the urine and plasma will be the same and a 
clearance of 1 ml/min will be found. For weak acids the reverse will be true, the 
excretion will increase with increasing p H of the urine. A number of weak 
bases and acids are known to behave according to this concept. Reference to 
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Table IV, taken from Milne, Scribner, and Crawford (58), permits one to com
pare the clearance ratio of the drug to t ha t of inulin in acidic and alkaline 
urine. The effect of urinary p H on the excretion is most striking in the cases of 
mecamylamine and salicylic acid. The pH-dependent excretion of salicylic 
acid can also be seen in Fig. 8, taken from Macpherson, Milne, and 
Evans (53). Excretion increases markedly with rising p H of the urine. 
This effect has been used in practice in the t reatment of severe barbiturate 
poisoning. Alkalinization of the urine by administration of sodium lactate, 
gives a large increase of the excretion of the drug (4a, 47, 60, 62). From Fig. 8 
it also appears t ha t the increased excretion has nothing to do with the p H 

S a l i c y l a t e c l e a r a n c e ( m l / m i n ) 1 

• Acetazoleamide / 
Δ Sodium bicarbonate / 

5 6 7 8 
Urinary pH 

FIG. 8. Salicylate clearance as a function of urinary pH. From Macpherson (53). 

of the body fluids, because acetazoleamide (Diamox) causes a high pH of 
the urine together with systemic acidosis, while sodium bicarbonate and hyper
ventilation give rise to a systemic alkalosis. A similar conclusion can be drawn 
in the case of mecamylamine, illustrated by Fig. 9 which is constructed from 
data of Baer et al. (4). Another example tha t speaks in favor of the lipid barrier 
hypothesis in the kidney is given in Table V. Here the excretion of a series of 
X-ray contrast media in urine and bile is given. With increasing length of R, 
i.e., with increasing lipophilic character of the drug, the excretion in the urine 
decreases because reabsorption is more complete. On the other hand, the excre
tion in the bile increases. I t is often found tha t hydrophilic substances are 
excreted in the urine, lipophilic substances in the bile (2). Although these ex
amples accord well with the lipid barrier hypothesis, i t should be emphasized 
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FIG. 9. Clearance of mecamylamine as a function of urinary pH. From Baer (4). 

tha t , especially in renal secretion, many cases are known where special me
chanisms undoubtedly are involved in the transport . Therefore, a t present it 
can be said tha t probably in the process of renal excretion, the lipid barrier 
and therefore nonionic diffusion, plays a par t (26d, 40a). 

TABLE V 

EXCRETION OF A SERIES OF X - R A Y CONTRAST MEDIA (DIODRONE 
DERIVATIVES) AFTER INTRAVENOUS ADMINISTRATION" 

I—C 

Ο 
II 

C \ N/ C 

R—C—COOH 

R Urine Bile 

Η + + + 
CH3 + + + — 

+ + + 
C 3H 7 + + + 
C 4H 9 — + + + 

— + + + 

From Archer (3). 

ΙΛ1.2. Facilitated Diffusion 
There are a number of instances where a substance moves according to 

existing gradients, ending with equal concentration on both sides of the barrier. 
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This occurs in such a way t h a t the movement cannot be explained by simple 
diffusion. Although energy consumption is not necessarily involved in such a 
process, some mechanism must be supposed in order to explain this type of 
transport—which Danielli (23) called "Facil i tated diffusion." A classic ex
ample of this type of t ransport is the permeation of glucose and other sugars 
in the red cell of man and ape. This permeation has been intensively studied 
and it seems relevant to consider the results of these studies here in some detail 
because they represent a typical case of facilitated diffusion. Moreover, facili
ta ted diffusion usually shows the same characteristic features found in active 
transport and, therefore, may serve as a suitable model for an understanding of 
these types of permeation. 

0.1 

0.Ό5 

2 . 0 5 R S 0 

FIG. 10. Exit rate of sugar from human red cells as a function of concentration gradient. 
S0: sugar concentration outside = constant. St: sugar concentration inside, v: exit rate of 
sugar. From Wilbrandt (112). 

The human red cell membrane is much more permeable to polar substances 
such as glucose, glycerol, urea, and chloride ions than can be expected from 
the simple lipid membrane hypothesis. The permeation of these substances is 
from 10 to 104 times more rapid than their lipid solubility would theoretically 
allow. Furthermore, rapid diffusion through the pores also seems unlikely 
because these pores are very small (94). From the studies of LeFevre (48, 49, 
50), Wilbrandt and Rosenberg (75,110, 111, 112,113,114), and Widdas (107, 
108, 109), it has become evident tha t special mechanisms are involved in 
sugar transport across the red cell membrane. In the first place the glucose 
permeability of the red cell membrane shows a limited capacity. When the 
rate of transport is plotted against the concentration difference, a curve of the 
type shown in Fig. 10 is obtained (112), 

Another striking effect demonstrated by Wilbrandt and yielding evidence 
against simple diffusion, is the dependence of the sugar exit rate upon the 
external concentration when the outside concentration is low compared with 
the internal concentration. In the case of simple diffusion it might be expected 
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tha t the exit rate would be only very slightly influenced by variation of the 
external concentration when this concentration is low, compared with the 
inside concentration. A strong dependence, however, was found (Fig. 11). The 
limited capacity of the transport system was also shown by LeFevre using the 
method of 0rshov. After addition of glucose to a very dilute suspension of red 
cells, the light transmission is followed by photometric recording (Fig. 12) (49). 
At low external glucose concentration equilibrium is rapidly attained, but 
with increasing external concentration the approach to equilibrium becomes 
more and more delayed. Similar results were obtained with various other sugars 

ν ι 1 

FIG. 11. Exit rate of sugar from human red cells as a function of the inside concentration. 
S{: inside concentration. S0: different outside concentrations, v: exit rate of sugar. From 
Wilbrandt (112). 

of related structure, for instance, the aldoses, dextrose, mannose, galactose, 
arabinose, and xylose. The ketoses, levulose and sorbose, on the other hand, 
penetrated according to simple diffusion. Competition between the sugars for 
the permeation could also clearly be demonstrated. This is shown in Fig. 13 (49). 
The upper curve shows tha t the uptake of sorbose is completely blocked in the 
presence of dextrose, but, as appears from the lower curve, presence of sorbose 
has no effect on the later uptake of dextrose. 

I t is evident from these experiments tha t some special mechanism must be 
assumed to explain these deviations from simple diffusion. The most widely 
accepted hypothesis is tha t of the membrane carrier. [For recent reviews on 
carrier transport , see (115) and (44).] This presumes tha t the molecules of the 
drug may pass the membrane by forming a complex with a carrier molecule 
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on one side of the membrane. This complex now is able to cross the membrane 
since in this form it may be much more lipid soluble than the substrate. On the 
other side of the membrane the complex is broken and the carrier molecule 
diffuses back (Fig. 14). When the formation and breakdown of the car r ier 
substrate complex is catalyzed by the same or different enzymes and the 
dimensions of carrier and complex molecules are small enough, then a rapid 

J 1 I u 

0 5 10 15 
Minutes 

FIG. 12. Light transmission of a dilute red cell suspension as a function of time. At zero 
time, saline isotonic with the suspension and containing glucose was added. Final glucose 
concentrations are indicated. Immediate deflection at zero time is the resultant of dilution 
of suspension (upward deflection) and cell volume change (shrinkage downward); subse
quent upward deflection records cell swelling with uptake of sugar and water. From 
LeFevre (49). 

penetration of a substance to which the membrane is otherwise impermeable 
would be possible. This model can explain fairly well the properties of sugar 
transport in the case of the red cell membrane (75,109,114). A very simplified 
theoretical t reatment may be instructive to the reader and will be given here. 

Suppose the reaction of substrate S with carrier C, 

C + S ^ CS (3) 

because of the presence of the enzymes, is rapid as compared to the diffusion 
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M i n u t e s s ince first a d d i t i o n 

FIG. 13 . Light transmission of a dilute red cell suspension as a function of time, register
ing the entrance of a sugar into red cells, influenced by another sugar. Upper curve: 
inhibition of uptake of sorbose in the presence of dextrose. Lower curve: uptake of dex
trose not affected by the presence of sorbose. Deflections interpreted as in Fig. 12 . From 
LeFevre (49). 

membrane 

FIG. 14 . Schematic representation of the membrane carrier mechanism. S: substrate. 
C: carrier. CS: carrier-substrate complex. 
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rate of complex and carrier in the membrane. Now equilibrium is established 
on both sides of the membrane. Then: 

SxC rr 

~ctT = K< W 

where S, C and CS stand for the concentrations and K8 is the equilibrium con
stant or Michaelis-Menten constant. When we assume tha t the diffusion con
stants of C and CS are equal in the membrane, the total concentration Ct of the 
carrier molecules in the membrane is constant and Eq. (4) can be written as 

Cx(Ct-CS) 
—cs— = K> (5) 

By solving for CS in this equation, we obtain: 

This equation can now be applied to both sides of the membrane, hence: 

The transport rate v9 i.e., the amount of substrate penetrating per uni t area 
per unit t ime, will then be in accordance with Fick's law: 

n CS1-CS2 

ν — Dx—^ d XK+Sj^ Κ+8J K ' 

where D is the diffusion constant of carrier and complex and d is the thickness 
of the membrane. 

Let us now consider two extreme cases: 
1. The carrier is far from saturation. This means C8/Ct <ξ 1 and, thus, from 

E q . (6): 
CS S S 
— = (9) 
Ct Κ,+S Ks

 y' 
This case will be found when the substrate concentration is low compared with 
K8. Equat ion (8) now becomes: 

DC 

ν = ^ ( S i - S i ) (10) 

Hence, the transport rate is proportional to the concentration gradient, as in 
simple diffusion (compare first par ts of the curves in Figs. 10 and 11). 
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2. The carrier is practically saturated. Now we have [cf. Eq. (6)]: 

1 or ^ i , (11) 
C\ Ks+S 

In this case the substrate concentration is high compared with Ks. Then from 
Eq. (8): 

DxC, DxCt S^St 
v = -dr-x(Ks+8l){Ks+s2) ~ ~irxK°-s^ (12) 

DxCt v / l 1 \ . . . . 
v - - d - x E ' x ( s t - s J ( 1 3 ) 

Thus, a t concentrations of Sv which are high compared with those of S2, the 
term becomes very small compared with the term ljS2 and the transport 
rate is practically independent of S1 (see horizontal parts of the curves in 
Figs. 10 and 11). Moreover, a t constant high concentrations oiS1 the transport 
rate must in this case be highly dependent on variations in the low concentra
tion of S2. This is actually found, as is demonstrated in Fig. 11 (110). 

I t can further be seen from the Eqs. (10) and (13) tha t in both cases the 
transport rate also depends on the affinity ljKs. In the first case (carrier far 
from saturation) the transport rate is proportional to the affinity, but in the 
second case (carrier nearly saturated) it is inversely proportional to the affinity. 
The latter conclusion, in contrast with the former, seems a t first glance some
what unexpected. I t is, however, quite conceivable for, in tha t case, the trans
port rate is determined by the breakdown of the substrate-carrier complex a t 
the low concentration side and therefore will decrease with increasing affinity 
of the substrate for the carrier. 

Wilbrandt 's experiments (111) on sugar penetration in red cells are in agree
ment with these conclusions. At low concentrations the order of increasing 
transport rate is sorbose, arabinose, galactose, mannose, and glucose, whereas 
at high concentrations the order is just the reverse. 

The phenomenon of competition can also easily be understood from the 
carrier hypothesis. Suppose two substrates, one with a high, the other with a 
low affinity for the carrier, are present but the carrier is far from saturation for 
both substrates. When S1—S2 is the same for these substrates, the transport 
rate will be highest for the substrate with the highest affinity (l/Ks) [Eq. 10]. 
With rising concentration of the high affinity substrate the carrier soon be
comes saturated and the transport of the low affinity substrate will then be 
blocked completely. A substrate of low affinity, however, will no t be able to 
influence the transport of a drug with a high affinity (study Fig. 13). From the 
foregoing, another interesting conclusion can be drawn. Powerful competitors, 
i.e., drugs with a high affinity for the carrier, will easily saturate the carrier, 
but a t the same time are only slowly transported, and vice versa. Examples of 
such saturation will be given later. 
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lΛΑ.3. Influence of Other Passive Processes 
I.A.1.3.a. BINDING TO PROTEINS 

As already mentioned, many drugs, organic as well as inorganic, are more 
or less bound by proteins. In this respect the plasma proteins, particularly 

a m o u n t bound 

f „ ! 

Ci • f r e e c o n c e n t r a t i o n 
2 A 

free concentrat ion 

• total c o n c e n t r a t i o n 

FIG. 15. A. Schematic representation of the binding of a drug to protein as a function of 
the free concentration. B. Free concentration of the drug as a function of the total con
centration, a: saturation value = binding capacity. C±: concentration at which the pro
tein is 50% saturated. 1/Oj: affinity. 

albumin, are of importance. There will always be a dynamic equilibrium, be
tween the drug molecules which occupy the protein-binding sites and the drug 
molecules which are free in solution. Hence, the binding will be a function of the 
free concentration, and, in general, this function has the form of a Langmuir 
adsorption isotherm (Fig. 15A), showing tha t with rising concentration the 
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protein gradually approaches saturation. I t is obvious tha t with rising plasma 
level (bound -f unbound) the free concentration will first increase slowly be
cause most of the drug is bound, but a sharper rise in free concentration will 
occur when the proteins are saturated (Fig. 15 B). The forces responsible for 
the binding are, in the case of ions, often of electrostatic nature. Most plasma 
proteins have isoelectric points (iep) below the physiological p H of 7.4 and, 
therefore, they carry a negative charge at this pH. This does not mean tha t 
only positive ions can be bound, because the charge usually is the algebraic 
sum of a large number of positive and negative groups. Albumin (iep 4.9), for 
example, has at p H 7.4 a net negative charge of about 16 electron units, which 
is composed of 100 negative and 84 positive groups (97). Cations can be bound 
by the negative groups, anions by the positive groups. But neutral molecules 
also, especially large stretched or flat organic structures, which fit the nonpolar 
groups of the protein molecule, can be adsorbed owing to forces of nonelectro-
static nature. When a molecule contains charged groups together with fitting 
nonpolar groups, a very strong binding may occur. The adsorption of drugs to 
proteins has several effects: 

1. Excretion is delayed. A typical example is calcium. When the plasma 
albumin content is low, calcium excretion is high and vice versa. Another 
example is the azo dye Evans Blue (T1824), which has a very high affinity for 
albumin. At normal doses the free concentration is so low, tha t it remains in 
the circulation for several days. Because of its very strong binding to plasma 
proteins, Evans Blue is used for the determination of plasma volume. 

2. In general, the concentration of a drug in a protein-deficient fluid like 
lymph will be equal to the free concentration of the drug in plasma. Thus, there 
is a difference between the total plasma level and the concentration in lymph 
which may be great when the protein affinity is high. In cases where large 
quantities of drug are bound to protein, determination of the plasma level can 
be misleading, as the activity of the drug is dependent upon the free drug 
concentration. Similar considerations often apply in the case of the cerebro
spinal fluid (CSF). Low concentrations of drugs in this fluid are not always a 
result of difficult passage of the blood-brain barrier but may be caused by 
protein binding in plasma. This is probably the case for the sulfonamides of 
Table VI. The concentration of these drugs in the cerebrospinal fluid is about 
the same as the concentration in plasma ultrafiltrate, i.e., as the free plasma 
concentration, but lower than the total plasma level. 

3. In cases of strong binding and low free concentration it is possible tha t 
this free concentration is still sufficient to give an effect. Then the protein 
functions as a drug storage depot. A typical example is phenylbutazone. The 
therapeutic plasma level of this drug is 50-150 mg/liter, but a t this level only 
a few per cent is free in solution (see Table VII) (12). A second example is 
dicumarol. At its therapeutic plasma level of 5-10 mg/liter, the free concen
tration is only 0.02 mg/liter (106). 
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4. Heavy metals like mercury are strongly bound by the SH-groups of 
proteins, which give the protein a function in modifying toxic effects. 

5. The absorption of a drug with a poor solubility in water, and therefore 
in the intestinal fluid, is favored when the drug is strongly bound. The free 

T A B L E V I 

CORRELATION BETWEEN C S F AND PLASMA ULTRAFILTRATE 
CONCENTRATION OF SOME SULFANILAMIDES" 

Per cent of total plasma cone. 

Drug CSF Plasma ultrafiltrate 

Sulfanilamide ca. 80 ca. 80 
Sulfapyridine 50-70 ca. 60 
Sulfadiazine 40-60 ca. 45 
Sulfathiazole ca. 20 20-30 
Sulfamethylthiodiazole Trace — 
Sulfadimidine ca. 15 ca. 15 
Sulfamerazine ca. 15 ca. 15 

• See refs. (6, 31, 32, 59, 92). 

concentration of the drug in plasma and lymph may then be so low tha t , in 
spite of the low solubility of the drug, a concentration gradient is maintained 
between intestinal fluid and extracellular fluid. Presumably, dicumarol is an 

T A B L E V I I 

UNBOUND DRUG AT DIFFERENT PLASMA LEVELS 
OF PHENYLBUTAZONE IN MAN" 

Total drug Unbound drug 
(mg/liter) (mg/liter) 

100 2 
150 5 
225 20 
250 30 

a From Brodie (12). 

example of this mechanism. This drug is practically insoluble in water. Never
theless it is reasonably well absorbed when given orally. Probably as a result 
of its very strong adsorption by plasma proteins, the free concentration in the 
extracellular fluid is very low [see (3)]. 
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6. In certain special cases, plasma proteins serve as " vehicles " for transport 
of biologically important substances. An example is the transport of oxygen by 
hemoglobin, of F e 3 + by transferrin and of C u 2+ by ceruloplasmin (62a). 

I.A.I.3.6. SOLUBILITY 

While the influence of the solubility of a drug on the passage of barriers has 
been discussed in a previous section, another aspect of the solubility properties 
will be treated here, viz., the influence of these properties on the duration of 
the action of the drug. 

I.A.I.3.δ (1) Drugs with Brief Action. The very brief action of some barbi
turates, for example thiopentone, was first a t t r ibuted to their rapid metabolic 

m g / k g , 

τ 1 1 ' 
1 2 3 hours 

FIG. 16. Thiopentone concentrations in various tissues after intravenous administration 
of 25 mg/kg to a dog. From Brodie (13). 

degradation. I t was later found (13) t ha t in dogs after intravenous adminis
tration, thiopentone concentration in plasma and a number of organs showed 
an initial rapid decline while simultaneously the concentration in body fat 
rose to high values (Fig. 16). I t then follows tha t the transient action of thio
pentone must be at tr ibuted to its high fat: water parti t ion ratio. Immediately 
after administration the drug is dispersed, but by subsequent rapid dissolution 
and storage in body fat the concentration in the extracellular fluid and blood 
plasma drops. Thus, an effective free-drug-plasma level is present for a brief 
period only. 

The same mechanism partially explains the brief action of an ether narcosis 
after a single administration. When a prolonged action is desired much more 
ether is required because the body fat has to be saturated. When this is accom
plished and no ether is lost (closed system), equilibrium is reached and no 
further administration of ether is necessary. 

I. A. 1.3.b (2) Storage Depot Drugs. When a prolonged action is desired, use can 
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be made of the solubility properties of a drug. The prolonged action of such 
substances is often based upon a delayed absorption. This can be reached in 
two ways: 

a. By decreasing the water solubility. Examples are procaine-penicillin and 
protamine-zinc-insulin. In the first case the solubility of the acidic penicillin 

solubility pH t issues 

FIG. 17. Schematic representation of the solubility of insulin, protamine, and the insulin-
protamine complex as a function of pH. 

is lowered by coupling it to the basic compound, procaine. The insoluble com
plex is administered by intramuscular injection. I t is then only slowly absorbed 
and dispensed in the body fluids. In the case of protamine-zinc-insulin, a 
similar result is obtained. Insulin is a protein with an isoelectric point of about 
5. At this p H the insulin molecule is uncharged and practically insoluble 
(Fig. 17). At p H values below 5 the molecule becomes positively charged and 
more hydrophilic. This increased solubility also occurs when the p H rises 
above 5, but now because of a negative charge, Protamine, a basic protein, has 
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similar properties, but here the isoelectric point is about 8. At a p H of 7.4, both 
proteins are oppositely charged and a reversible insoluble complex is formed. 
After subcutaneous or intramuscular injection the insulin is slowly absorbed. 

Sometimes it is possible to chemically modify molecules which form large 
crystals in order to convert them to a micro crystalline form. When an aqueous 
suspension of these microcrystals is given by subcutaneous or intramuscular 
injection, a deposit of solid particles is formed. Now the drug, because of its 
low solubility, will be slowly absorbed. The rate of absorption increases as the 

T A B L E V I I I 

INFLUENCE OF FATTY ACID ESTERS OF TESTOSTERONE UPON THE WEIGHT OF THE 
SEMINAL VESICLE OF CASTRATED RATS0-* 

Ο — C — R 

Time in weeks after injection 

Ester of: R 0 1 2 3 4 5 6 

Acetic acid —CH3 50 112 50 40 40 
Propionic acid —CH 2 C H 3 50 150 240 190 50 62 
Butyric acid —(CH2)2CH8 50 190 330 150 125 112 45 
Valeric acid —(CH2)3CH3 50 200 575 440 440 450 200 
Caproic acid - ( C H 2) 4C H 3 50 150 550 750 500 300 200 
Enanthic acid - ( C H 2) 5C H 3 50 200 625 960 780 750 400 
Caprylic acid —(CH2)eCH8 50 275 500 775 525 650 550 

a After a single subcutaneous injection of 20 mg in 0.4 ml sesame oil. Weights in mg/1 OOgm. 
* From Junkmann (43). 

dimensions of the particles decrease. In this case the storage characteristics of 
the drug will be dependent upon the size of the microcrystals. 

b. By using a drug with a high oil: water parti t ion ratio. When a solution of 
such a drug in oil is given by subcutaneous or intramuscular injection, a lipo
philic drug can only slowly be absorbed by the hydrophilic extracellular fluid. 
In many cases it is possible to make a drug more lipophilic by modifying the 
molecule. This principle for instance, has been applied in practically all steroid 
hormones, by esterification of alcoholic OH-groups with a fatty acid. 

The lipophilic character of a fatty acid, and therefore of the ester, increases 
with increasing length of the carbon chain. A demonstration of this effect is 
presented in Table VI I I (43). The weight of the seminal vesicle of castrated 
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FIG. 18. Phosphoric acid ester of stilbestrol (Honvan). 

the esterogenic action of stilbestrol will be especially prone to occur in prostate 
tissue where the phosphoric acid form of stilbestrol is split by the acid phos
phatase (91a). 

I.A.I.3.C. CHELATION 

A chelate can be formed when an organic molecule has two groups (ligands) 
present, with characteristics and position permitting them to bind a metal ion 
in a heterocyclic ring structure. (The name chelate is derived from the Greek 
word for claw.) The bonds between the ion and the groups of the organic 
molecule (the ligands) arise from the sharing of electron pairs. The most com
mon electron donating or electron sharing atoms in ligands are nitrogen, 
oxygen, and sulfur. Usually these chelate structures, in which the metal has 
lost its ionic character, have a high stability. Complexes between organic 
ligands and metal ions are known which have no ring structure but are never
theless very stable, for instance, the bond between some metals and sulfur. 
In chelates and other stable complexes, most of the physical and chemical 
properties, and therefore the biological properties of the metal ion and the 
ligand molecule, are changed. Since the organic molecules in the organism 
contain many groups capable of forming chelates, di- and trivalent metal ions 
will easily be bound in stable chelate complexes. Therefore, chelation must be 
of importance with respect to the transport and distribution of these ions. To 
support this it should be mentioned tha t a number of powerful chelating com
pounds have been synthetized in the last few decades, and some of these have 
proved to be of great therapeutic value. 

I.A.I .3.c (1) Natural Chelating Agents. The distribution of several vital metals 

rats is shown in relation to the length of the carbon chain esterifying the tes
tosterone. With increasing chain length the depot character of the drug grows. 
This results in an elevated testosterone blood level for a longer period and, 
therefore, there is a proportional increase in seminal vesicle weight. 

In some cases the storage-depot character of a drug may depend on special 
properties of certain organs. An example is the uptake of iodine by the thyroid 
gland. This property is utilized in the therapeutic application of radioactive 
iodine in the t reatment of hyperthyroidism. The great danger of the radioactive 
derivative of the element strontium (Sr9 0) is also the consequence of a special 
organ property, namely the uptake of S r 90 by bone tissue, where it remains 
almost permanently stored. Another example is the use of a phosphoric acid 
ester of stilbestrol (Fig. 18). Prostate tissue is rich in acid phosphatase. Hence, 
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is strongly influenced by natural chelating agents which include small mole
cules like amino acids, some organic acids such as citric acid, but also macro-
molecules such as proteins. The plasma transport of iron, copper, and possibly 
other metals by special proteins like transferrin, ceruloplasmin, etc., is pos-
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FIG. 19. Some powerful chelating compounds. 

sibly due to complex formation or to chelation. Iron is bound in heme, a 
familiar example of a natural chelate. The chelate complexes of iron are so 
stable tha t the free concentration of iron in the extracellular fluid is extremely 
low. The action of enzymes is often only possible in the presence of certain di-
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or trivalent cations and, here again, it is likely tha t chelate bonds are involved. 
In general it can be said tha t di- and trivalent ions are very easily trapped in 

complexes by organic ligands. I t is surprising tha t these ions are nevertheless 
able to penetrate into all parts of the organism, including the interior of tissue 
cells. I t is not unlikely tha t the permeation of various barriers by these ions 
require special processes, among which can be the formation of chelates with 
organic molecules of small dimensions like amino acids and citric acid (e.g., 
calcium citrate). Other organic acids may also play a part . The passage through 
membranes by these strongly hydrophilic ions would in this way be greatly 
facilitated. 

TABLE IX 

STABILITY CONSTANTS OF EDTA COMPLEXES 

Element log A; Element log A; 

Na+ 1.66 Co++ 16.10 
Li+ 2.79 Cd++ 16.48 
Ba++ 7.76 Zn++ 16.58 
Sr++ 8.63 Pb++ 18.2 
Mg++ 8.69 Cu++ 18.38 
Ca++ 10.59 Ni++ 18.45 
Mn++ 13.47 Cr+++ 24 
Te++ 14.42 Fe+++ 25 
La+++ 15.4 

Although evidence with regard to these hypotheses is scarce, there are some 
experiments which support them. The absorption of iron in the gut, for in
stance, is markedly enhanced by many amino acids (72, 73). Inhibition of 
citrate oxidation leads to the accumulation of citrate (produced in large 
quantities in the Krebs cycle) and appears to effectively stimulate the removal 
of lead from lead poisoned animals (28). 

I.A.1.3.C (2) Chelation by "Foreign" Compounds. A number of powerful 
chelating compounds have become available in the last few decades. Well-
known examples are (Fig. 19) dimercaprol [2,3-dimercapto-l-propanol, British 
Anti-Lewisite (BAL)], ethylenediaminetetraacetic acid (EDTA), diethylene-
triaminepentaacetic acid (DTPA), penicillamine and j8-mercaptoethylamine 
(cysteamine, thioethanolamine). 

One of the most important therapeutic applications, especially of EDTA, 
DTPA, and BAL is the removal of toxic metals from the organism. A toxic 
metal is bound in the tissue by complex or chelate formation with proteins or 
other molecules and in this way disturbs vital metabolic processes. These 
metals are often bound so strongly by compounds like EDTA (see Table IX) , 
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tha t the free concentration of the metal ions drops to an extremely low value, 
causing a displacement of the ions from the tissues to the EDTA molecules. 
The compound formed in this way is usually not only much less toxic than the 
metal ion itself, it is in most cases also more easily excreted, so tha t the toxic 
metal is effectively removed. In this respect EDTA and D T P A are used suc
cessfully in the t reatment of a variety of metal poisoning, among which lead 
must especially be mentioned. Since EDTA also forms chelates with metals 
like C a + + it has been used for the lowering of elevated serum calcium levels. 
When EDTA is used for the removal of toxic metals, however, since calcium 
is vital to the body, EDTA has to be administered as EDTA CaNa2. The loading 
with calcium in the latter case prevents the loss of this metal. 

The very strong binding of heavy metals in some chelates suggests the use of 
these compounds as X-ray contrast media. Encouraging results in this respect 
have been obtained with lead EDTA and a bismuth chelate (61, 77, 89). The 
strong antibacterial activity of 8-hydroxyquinoline is at t r ibuted to its ability 
to form very stable chelates with metals like Fe and Cu. I t has been suggested 
that , because of the good lipid solubility of these compounds, the toxic metal 
easily penetrates into the cell (1). 

For greater detail concerning the chemistry of chelation see Bailar's mono
graph (5) and for the pharmacological and medical aspects the reader is referred 
to the reviews of Chenoweth (16), and Bessman and Doorenbos (7). A general 
report of chelation phenomena and their biological and medical significance 
recently appeared (29). For further information the reader is referred to the 
highly instructive series of papers on biological aspects of metal binding with 
an emphasis on pharmacological and therapeutical aspects of chelating agents 
(SO, 42a, 88b). 

I.A.2. ACTIVE TRANSPORT 

In the previous par t of this chapter only "downhil l" transport has been dis
cussed. Although, as already mentioned in the introduction of Section LA., 
these transports may be partially active, it is usually very difficult to demon
strate experimentally tha t energy derived in some way from metabolic pro
cesses is involved in these transfers. But even when a substance is moving from 
low to high concentration and the transport seems to be "uphi l l ," one should 
be careful in interpreting this transport as an active process. Suppose, for 
example, tha t cations pass the membrane by means of an active transport 
mechanism. This gives rise to an electrical potential gradient, and anions will 
now pass the membrane in the same direction and will accumulate on the same 
side of the membrane as do the cations. I t is t rue tha t the anions move against 
a concentration (chemical potential) gradient, but it is not an "uph i l l " trans
port, for when one considers the total potential gradient (the sum of chemical 
and electrical potential gradient) the movement of the anion is "downhi l l " 
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and therefore not active. Another example is the t ransport of weak bases from 
the plasma to the stomach (see Table I) , where the concentration of the 
base in the gastric juice may reach values of as high as 40 times tha t in plasma. 
This accumulation, however, is a necessary consequence of the difference in 
p H between plasma and gastric juice, which in tu rn is the result of the active 
transport of hydrogen ions. In this case the base passes the membrane passively 
in the nonionized form. 

I t will be clear from these examples, t ha t in some cases it will not be easy 
to make certain which kind of substances are being actively transported and 
which are carried along passively. The penetration of drugs into cells by active 
transport can be based on a passage of the cell membranes by the drug or on an 
engulfment of the drug with the membrane in a kind of a phagocytotic process 
called pinocytosis. 

/A2./. Active Passage of Cell Membranes 

There are many examples where active t ransport is beyond doubt (102). 
Among these are : the secretion of hydrogen ions in the stomach, previously 
mentioned; the extrusion of Na ions from nerve and muscle cells; the complete 
reabsorption of glucose from the glomerular filtrate to the plasma; and the 
secretory process by which various substances are transferred from plasma 
to urine by the renal tubules. 

These uphill transports require energy, which in most cases is derived from 
oxidative metabolism. There are some instances in which transport continues 
as long as anaerobic glycolysis and fermentation can occur. Very little is 
known about the coupling link between these energy sources and the transport 
system. As in facilitated diffusion, saturation and competition are typical 
phenomena here and, therefore, most theoretical considerations about active 
transport s tar t from the carrier hypothesis. Again, the substance S is supposed 
to combine on one side of the membrane with a carrier molecule, C: 

C + S ~ * CS (14) 

When the affinity of S for the carrier is great, S will be taken up even from a 
dilute solution. The compound CS now passes across the membrane. On the 
other side the moiety C of the complex CS is chemically changed, for instance, by 
catalytic action of some enzyme system into another molecule C , which is no 
longer able to bind the substrate S. 

CS > C S > C'-f S (15) 

Then S is released into the solution on the other side of the membrane, even in 
the face of a high concentration of S. I t is possible tha t on the first side of the 
membrane C is formed from metabolic precursors, while on the other side C 
may be completely destroyed. I t is also possible t ha t C diffuses back to the 
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first side and is reconverted there into C with the aid of suitable enzymes. The 
molecule C may serve as a carrier for a substance S' in the opposite direction. 
Then a link between the transport of S and S' exists. In general the energy 
required for the transport is here obtained from the chemical reactions on one 
or both sides of the membrane. In the case of linked transport of two substrates, 
it is also possible tha t the energy necessary for the active transport of one of the 
substrates is derived from the concentration gradient of the other passively 
transported substance (107). This can be illustrated by the following hypo
thetical case (Fig. 20). On the left-hand side of a membrane, two substrates 

FIG. 20. Active transport (from right to left) of substance b. Energy is derived from 
the concentration gradient of substance a, which moves passively by facilitated diffusion. 

S a and S b are present with concentrations of the same order of magnitude. 
They compete for the same carrier but S a has a much greater affinity for the 
carrier than S b. S a will then occupy the carrier to a large extent and the CS a 

complex diffuses to the other side. Here, the concentration of S b is high com
pared with the very low concentration of S a on tha t side so tha t , despite its low 
affinity for the carrier, S b will occupy the carrier to an appreciable extent. The 
carrier molecules loaded with S b diffuse back to the left hand side, but there S a 

is present in high concentration and S b is driven from the carrier by S a. In this 
way an uphill transport of S b is brought about by a downhill transport of S a. 

Rosenberg and Wilbrandt (76), experimentally demonstrated the existence 
of this type of transport. A concentrated suspension of erythrocytes was 
equilibrated with glucose and then mannose was added to the external solution 
in high concentration. The movement of mannose into the red cells caused a 
transport of glucose from inside to outside against the growing concentration 
gradient. Park et al. (66) found the same effect, using glucose and xylose. I t is 
not known if this simple type of "uph i l l " transport has physiological signifi-

membrane 
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cance. This is certainly not impossible, because in the cells metabolic products 
are formed which easily give rise to sharp concentration gradients between the 
interior of the cell and the surrounding fluid. The outward transport of such a 
substance then may lead to an active inward transport of another substance 
tha t uses the same carrier. The energy of this "uph i l l " t ransport is derived 
indirectly from the cell metabolism, via the concentration gradient. 

The active transport of ions is usually visualized as a carrier mechanism. 
The carrier is supposed to be itself an ion with a charge opposite to tha t of the 
ion to be transferred. A cation M+, for example, may combine with a carrier 
ion C~ or C~ ~, to give a neutral or negatively charged complex, respectively. 
Very small amounts of transported cation will give rise to a potential difference 
and the transport must cease unless there is a compensating transfer of elec
trical charge. This compensation can be reached by means of negative ions, 
diffusing passively in the same direction under the influence of the electrical 
potential difference, with or without support of active processes. The result is 
now the transport of a complete electrolyte. An example possibly fitting in this 
picture is the transport of NaCl by the frog skin (42, 46,101). The uptake of 
salts by plant roots is usually considered as an active carrier t ransport of 
anions, while the cations for the greater par t follow passively. A small fraction 
of the cations are transported actively [anion respiration (52)]. Compensation 
can also be made by transport of another positive ion in the opposite direction. 
An example in which this second ion moves passively is probably the accumu
lation of Κ ions in nerve and muscle cells brought about by the active extrusion 
of Na ions from these cells. An example in which the second positive ion is 
actively transported is found in the red cell, where both Na and Κ ions are 
actively transported. A coupling link between both transports has been shown 
by Harris (37). 

A third way in which compensation of the charge transport can be obtained 
is by electron transfer. This balance can be at tained simultaneously by means 
of an oxidation-reduction chain which has a suitable spatial arrangement. 
Theories based on such electron transfers as an energy source in active trans
port have been proposed by Conway (20, 21) for inorganic cations in animal 
cells (redox pump), and by Lundegardh (52) for inorganic anions in plant root-
hairs. For further details about theories on active transport the reader is 
referred to the literature cited. 

The carrier hypothesis which is the basis of most theories on active transport 
has been found attractive by workers in this field because it makes for an easy 
understanding of the phenomena of saturation and competition, although 
information about the nature of these carriers is still very scarce. 

The phenomena of competition and saturation are well known in the kidney. 
Examples of saturation are given in Fig. 21, which gives the clearances of 
inulin, urea, glucose and diodrone (Diodrast) as a function of the plasma con
centration. Inulin and urea are handled passively by the nephron. Below the 
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threshold value, glucose is completely reabsorbed, while diodrone is strongly 
(in fact, completely) excreted, indicating tha t both transports are active. At 
higher concentration, reabsorption and excretion are no longer complete. The 
transport systems approach saturation. I t should be noted tha t active trans
port of a substance in the tubules is beyond doubt when the concentration 
of tha t substance in the urine remains below the free plasma concentration. 
Then there is an active reabsorption. There is an active secretion when the 
clearance is greater than tha t of inulin. Between these limits, active processes 
may be involved, but experimental proof of their presence is, in general, very 
difficult. 

ml plasma c l e a r e d per min 1 

τ " π 1 1 1 Γ 

g l u c o s e 100 2 0 0 3 0 0 4 0 0 500 6 0 0 
d iodras t 10 20 30 4 0 50 6 0 

p l a s m a concentration 

FIG. 21. Clearance of a number of substances as a function of the plasma concentration. 
(The plasma concentration is in milligrams per 100 ml.) From Smith (93). 

The mammalian kidney has several transport mechanisms a t its disposal 
which satisfy these criteria. Examples already mentioned include: reabsorp
tion of glucose; reabsorption of amino acids; secretion of hydrogen ions by the 
tubule cells; and the secretion of a number of organic acids and bases. Uric 
acid can be secreted by birds, urea by the frog. 

In connection with the reabsorption of glucose from the glomerular filtrate 
the so-called "phosphorylation-dephosphorylation" theory has been proposed. 
According to this hypothesis glucose diffuses from the tubule lumen, through 
the lumenal membrane of the tubule cell, because on the cell side of tha t mem
brane the glucose concentration is kept very low, supposedly due to the con
version of the glucose molecules into glucose-6-phosphate [at the expense of 
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adenosine triphosphate (ATP)]. The latter compound then migrates to the 
other side of the cell and it is assumed tha t on tha t side the phosphatase re
quired for dephosphorylation is present. As a result of this reaction glucose is 
formed, in a concentration high enough to permit outward diffusion to the 
extracellular fluid. 

Several objections in recent years have cast doubt on this theory. One is the 
fact t ha t glucose does not easily diffuse through the tubular cell membrane. 
Another objection is the possibly back-diffusion of the glucose formed near 
the peritubular membrane to the region in the cell near the lumenal membrane, 
which would make the whole mechanism inefficient. Other suggestions have 
since been made but a satisfactory theory is still lacking. For further details 
the reader is referred to a review article by Taggart (96). 

The concentration of the hydrogen ions in the urine may reach values from 
100 to 1000 times tha t in plasma and, thus , they must be actively transported 
into the tubule lumen. According to P i t t s ' theory (69, 70), the hydrogen ions 
are produced in the tubule cells from carbonic acid and exchanged for sodium 
ions in the tubule lumen. The reaction by which carbonic acid is formed from 
carbon dioxide and water is catalyzed by carbonic anhydrase. An argument for 
this assumption is the fact tha t inhibitors of this enzyme like acetazolamide 
(Diamox) depress the hydrogen ion secretion and so give rise to an increased 
p H of the urine. 

Of particular interest from the pharmacological point of view is the secretion 
of organic acids and bases, since many drugs belong to these classes. There 
seems to be two independent t ransport systems, one for acids, the other for 
bases. 

Figure 22 presents the structure of a number of organic acids which probably 
share a common transport system. From experiments with various inhibitors 
of cell metabolism, i t has become clear tha t the t ransport depends on the pro
duction of energy-rich phosphates like ATP. The coupling link between the 
energy source and the transport mechanism is, however, unknown. The com
pounds of Fig. 22 show the phenomenon associated with saturation of a trans
port system (for diodrone, see Fig. 20), and the fact t ha t they are transported 
by the same secretory mechanism has been concluded from the competitive 
phenomena t ha t have been observed. A well-known example is the inhibition 
of penicillin excretion by caronamide. This compound can be used to block the 
renal excretion of penicillin, but has the disadvantage tha t i t is rather rapidly 
excreted. Probenecid proved to be a very strong inhibitor of penicillin excre
tion. I t has a much greater affinity for the transport system than penicillin and 
is, moreover, very slowly excreted. (Refer to the conclusion about the transport 
of a substance with a high affinity for the carrier, Section I . A, 1.2.) The excretion 
of a number of smaller acid molecules like salicylic acid, ρ-, m-, and o-amino-
benzoic acid, and fatty acids of intermediate chain length, present in sufficient 
concentration is also inhibited by p-aminohippuric acid (PAH) and probenecid. 
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FIG. 22. Acid compounds which are secreted in the renal tubules, probably by the same transport mechanism. 
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t e t r a e t h y l - N - m e t h y l - mepiperphenidol 
a m m o n i u m n i c o t i n a m i d e 

N / N - 1 

t o l a z o l i n e 

FIG. 23. Bases which probably share a common secretory mechanism in the renal tubules. 

promote its excretion, probably by inhibiting tubular reabsorption (9, 36, 22). 
Although this indicates a special t ransport mechanism across the tubular 
membrane for uric acid, the clearance of this substance normally found does 
not make i t necessary to assume an active transport . In rabbits Poulsen (72) 
found a uric acid clearance above the glomerular filtration rate only when the 
plasma concentration was much greater than normal, but here the excretion 
was inhibited by probenecid and salicylic acid. The tubular transport of uric 
acid, thus , remains rather confusing. 

A second secretory mechanism differing from tha t for acids is available for 
bases. Sperber (95) and Beyer (8) have already shown t h a t iV^-methylnicotin-
amide (NMN) is secreted by the tubules of the chicken and d9g kidneys and in 
recent years several bases have been found which probably are secreted along 
the same route. Figure 23 gives the structure of a number of these bases. Again 
the conclusion tha t these compounds are secreted by the same transport 
mechanism has been drawn from inhibition experiments. Figure 24, taken from 

HO-C-C-N-C HN=C/ 

\ \ 
C NH 2 

chol ine g u a n i d i n e 

These are usually excreted in the form of conjugates with glycine and glucur
onic acid, thus, as compounds identical with, or of close structural similarity 
to, those compounds shown in Fig. 22. This makes the inhibition by PAH and 
probenecid comprehensible, although Beyer (10) has shown tha t probenecid 
also inhibits the conjugation of p-aminobenzoic acid (PABA) and p-amino-
salicylic acid (PAS) with glycine. The decrease of salicylate excretion by PABA 
is caused by competitive inhibition of the formation of salicyluric acid (84). 

I t has already been noticed by Hober (40) t ha t all compounds excreted via 
this route have a "b ipo la r" structure. One end of the molecule is predomi
nantly of hydrophilic nature, while the other end has a more organophilic-
hydrophobic character. A compound which obviously does not fit into this 
picture is uric acid, since probenecid, cinchophen, and even salicylic acid 
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FIG. 24. Lineweaver-Burk plots showing competitive inhibition by various organic 
bases on uptake of iV'-methylnicotinamide (NMN) per gram of kidney tissue. TEA: tetra-
ethylammonium. S: molar concentration of the substrate NMN in medium, υ: moles of 
NMN per gram of kidney tissue. From Farah {27). 

Farah et al. (27) gives Lineweaver-Burk plots of the uptake of NMN by slices 
of the dog kidney, which clearly show the competitive inhibition of this uptake 
by various organic bases. From experiments of Voile (103, 104, 105) and 
Green (35) it now seems likely that , a t least in the avian kidney, many other 



Ι,Ι .Α. DRUG TRANSFERENCE : DISTRIBUTION 47 

basic substances may be added to those of Fig. 23. These include a large number 
of tetraalkylammonium compounds, aliphatic amines, and iV\iV-dialkylpiperi-
dine compounds. 

Little is known about the nature of this transport mechanism. I t is different 
from tha t for acidic substances such as PAH and phenol red (27, 28, 51) and it 
is energy linked, since metabolic inhibitors such as cyanide, dinitrophenol, and 
fluoroacetate depress the transport . For greater detail concerning the excretion 
of bases, the reader is referred to a recent review article of Peters (67). 

Transport mechanisms of the type described probably play a par t in hepatic 
excretion of organic acids and bases (88a, 94a) and in certain blood-brain 
barrier phenomena, too (74a, 95a). In experiments on the small intestine in 
vitro the inhibition of active transport of sugars by phlorizin is found to be of a 
competitive type (la, 50a, 51a). 

An especially important aspect is the penetration of drugs and drug 
metabolites through the placental barrier. Data on this are summarized by 
Canon (14b). 

The placenta constitutes a series of membranes which separate maternal and 
fetal blood. If differences in concentration are found between these compart
ments, one has to take into account the different metabolic situations. Drug 
metabolism, oxidation, acetylation, and glucuronic acid conjugation may 
proceed quickly in the maternal liver, but hardly or not a t all in the fetal liver. 
Active transport is reported for glucose and amino acids. Certain hormones, 
estrogens, epinephrine, and vasopressin can pass the placental barrier; other 
hormones, the corticoids, parathormone, insulin, ACTH, and TSH appear to 
be unable to pass the barrier (5a, 38a, 41e, 74b, 93a,b,c, 95b, 89a, 115a,b). The 
permeability of the placenta changes with the duration of the pregnancy 
(28a, 38a). 

Studies on the actions of the teratogen thalidomide are in progress (6a). 

I.A.2.2. Pinocytosis 
A special type of transport of material into cells is pinocytosis. As a result of 

an invagination of the cell membrane, small droplets are taken up into the cell 
as small vesicles, which form t iny vacuoles. These are then "diges ted" by the 
cell. In this way the content of the vesicle is transported into the cells. This 
form of transport resembles tha t which is known as phagocytosis (6b, 41a), in 
which small particles, bacteria, etc., are engulfed by amoeboid cells. Pinocy
tosis can be classified as active transport . 

The question arises how pinocytosis can result in a selective uptake of 
certain compounds from a medium. This requires a concentration or accumula
tion of such a compound in the vesicle. Specific adsorption on the cell membrane 
can lead to such an accumulation. Pinocytosis can be induced by certain com
pounds, e.g., by proteins. Possibly, the changes in the cell membrane as a 
result of the adsorption of these compounds, causes the invagination. 
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Specific adsorption implies the possibility of a competition for the " t rans
port sys tem" by compounds bound a t common sites of adsorption, tha t is, 
on common receptors on the cell membrane. The quanti ty of extracellular fluid 
ingested by the cell during pinocytosis can remain relatively low. Holter (41b, 
41c) reports tha t from a medium containing protein and sugar, more than a 
tenfold concentration of protein relative to the sugar is taken up by amoebae. 
Comparable to the uptake of drugs by pinocytosis is the so-called Piggyback 
penetration. Drugs which are not able to penetrate the cell membrane may do 
so if combined with particular macromolecules or particles which are taken up 
by phagocytosis. This phenomenon may be due to adsorption to the macro-
molecules. This is, however, not necessarily the case. Small quantities of the 
drug present in the extracellular fluid may sneak in with the fluid swallowed by 
the cell in the phagocytotic process. Also, the binding of the drug to the cell 
membrane may lead to an increased uptake when phagocytosis is stimulated. 
In the phagocytotic process a par t of the cell membrane is taken up as a vesicle 
around the particles taken up by the cell (84a). 

C O N C L U D I N G REMARKS 

In this chapter we have tried to elucidate a number of general principles con
cerning the transport of drugs. Firstly, these principles are of importance, 
because they give a deeper understanding of the laws which govern processes 
like absorption, penetration into various organs, and excretion of drugs. I t 
has become clear in several instances, tha t our knowledge is still far from com
plete. A better insight into these processes is not only of significance from the 
purely theoretical point of view, but the principles treated here may be of great 
practical value. To recall some striking examples: A drug tha t must be able to 
penetrate rapidly into the brain, should have a high lipid solubility, so tha t 
hydrophilic groups in the molecule must be either absent or masked; When 
absorption of a drug through the gastric mucosa is desired, it should be a weak 
acid and certainly not a strong base. The rapid excretion of a drug can be 
prevented by giving it a form with high lipid solubility, or by simultaneous 
administration of a drug which, due to structural similarities, has a much 
higher affinity for the common renal transport system. 

In many cases the knowledge of the phenomena discussed in this chapter 
may serve as a guide in designing drugs to meet certain requirements with 
respect to uptake, distribution, and excretion. 

REFERENCES 

1. A. Albert. (1958). Symposium Soc. Gen. Microbiol. 8, 112. 
la. F. Alvarado. (1962). Biochim. et Biophys. Acta 56, 170. 
2. S. Archer. (1959). Ann. N.Y. Acad. Sci. 78, 720. 
3. S. Archer, J. O. Hoppe, T. R . Lewis, and Μ. N. Haskell. (1951). J. Am. Pharm. 

Assoc., Sci. Ed. 4 0 , 143. 



Ι,Ι .Α. DRUG TRANSFERENCE : DISTRIBUTION 49 

4. J. E. Baer, S. F. Paulson, H. F. Russo, and Κ. H. Beyer. (1956). Am. J. Physiol. 1 8 6 , 
180. 

4a. R. C. Balagot, H. Tsuji and M. S. Sadove. (1961). J. Am. Med. Assoc. 1 7 8 , 1000. 
5. J. C. Bailar. (1956). "Chemistry of Coordination Compounds." Reinhold, New York. 
5a. O. Barnabei. (1962). Proc. 22nd Congress Intern. Union Physiol. Sci. Vol. II, 

Excerpta Medica Foundation, Amsterdam. 
6. P. Becker-Christensen and Μ. H. Simesen. (1941). Nord. Med. 1 2 , 3147. 
6a. R. Beckmann. (1962). Arzneim.-Forsch. 1 2 , 1095. 
6b. S. Bennet. (1956). J. Biophys. Biochem. Cytol. 2 (suppl.), 99. 
7. S. P. Bessman and N. J. Doorenbos. (1957). Ann. Internal Med. 4 7 , 1036. 
8. Κ. H. Beyer, H. F. Russo, S. R. Gass, Κ. M. Wilhoyte, and A. A. Pitt. (1950). Am. J. 

Physiol. 1 6 0 , 311. 
9. Κ. H. Beyer, V. D. Wiebelhaus, H. F. Russo, Η. M. Peck, and S. E. McKinney. 

(1950). Federation Proc. 9 , 258. 
10. Κ. H. Beyer, V. D. Wiebelhaus, Ε. K. Tillson, H. F. Russo, and Κ. M. Wilhoyte. 

(1950). Proc. Soc. Exptl. Biol. Med. 7 4 , 772. 
10a. H. L. Booy and H. G. Bungenberg de Jong. (1956). Protoplasmatologia I (2), 1. 
11. H. L. Booy. (1954). Acta Physiol, et Pharmacol. Neerl. 3 , 536. 
11a. P. W. Brandt. (1958). Exptl. Cell Research 1 5 , 300. 
12. Β. B. Brodie and C. A. M. Hogben. (1957). J. Pharm. and Pharmacol. 9 , 345. 
13. Β. B. Brodie, L. C.Mark, Ε. N. Papper, P.A. Lief, E. Bernstein, and E. A. Rovenstine. 

(1950). J. Pharmacol. Exptl. Therap. 9 8 , 85. 
14. Β. B. Brodie, H. Kurz, and L. S. Schanker. (1960). J. Pharmacol. Exptl. Therap. 1 3 0 , 

20. 
14b. R. Canon. (1958). In "Le Placenta Humain" (J. Snoeck, ed.), p. 403. Masson, Paris. 
15. V. Capraro and G. Bernini. (1952). Nature 1 6 9 , 454. 
16. Μ. B. Chenoweth. (1956). Pharmacol. Revs. 8, 57. 
17. K. S. Cole. (1940). Cold Spring Harbor Symposia Quant. Biol. 8, 110. 
18. R. Collander. (1937). Trans. Faraday Soc. 3 3 , 985. 
19. R. Collander and H. Barlund. (1933). Acta Botan. Fenn. 1 1 , 1. 
20. E. J. Conway. (1953). Intern. Rev. Cytol. 2 , 419. 
21. E. J. Conway. (1954). Symposia Soc. Exptl. Biol. 8 , 297. 
22. C. Crone and U. V. Lassen. (1955). Acta Pharmacol. Toxicol. 1 1 , 295, 301, 362. 
23. J. F. Danielli. (1954). Symposia Soc. Exptl. Biol. 8 , 502. 
24. J. F. Danielli and Ε. N. Harvey. (1934). J. Cellular Comp. Physiol. 5 , 483. 
25. B. D. Davis. (1942). Science 9 5 , 78. 

26. H. Davson and J. F. Danielli. (1943). "The Permeability of Natural Membranes." 
Cambridge Univ. Press, London and New York. 

26a. H. Davson. (1958). In "Ciba Foundation Symposium on the Cerebrospinal Fluid," 
p. 189. Churchill. London. 

26b. J. Dobbing. (1961). Physiol. Revs. 4 1 , 130. 
26c. Editorial. (1961). Lancet ii, 1392. 
26d. K. D. G. Edwards, M. A. Crawford, W. J. Dempster, M. D. Milne, and A. Sicinski. 

(1961). Clin. Sci. 2 1 , 175. 
27. A. Farah, M. Frazer, and E. Porter. (1959). J. Pharmacol. Exptl. Therap. 1 2 6 , 202. 
28. A. Farah and B. R. Rennick. (1956). J. Pharmacol. Exptl. Therap. 1 1 7 , 478. 
28a. L. B. Flexner and D. B. Cowie. (1948). Am. J. Obstet. Gynecol. 5 5 , 469. 
28b. R. P. Forster and S. K. Hong. (1962). J. Gen. Physiol. 4 5 , 811. 
29. J. F. Fredrick. (1960). Ann. N.Y. Acad. Sci. 8 8 , 281. 
30. J. F. Fried, M. W. Rosenthal, and J. Schubert. (1956). Proc. Soc. Exptl. Biol. Med. 

9 2 , 331. 



50 G. A. J . VAN OS, E. J . ARIENS, AND A. M. SIMONIS 

31. A. R. Frisk. (1943). Acta Med. Scand. Suppl. 1 4 2 . 
32. D. R. Gilligan. (1943). J. Pharmacol. Exptl. Therap. 7 9 , 320. 
33. E. Gorter and F. Grendel. (1925). J. Exptl. Med. 4 1 , 439. 
34. E. Gorter and F. Grendel. (1926). Proc. Koninkl. Ned. Akad. Wetenschap. 2 9 , 314. 
35. R. E. Green, W. E. Ricker, W. L. Attwood, Y. S. Koh, and L. Peters. (1959). J. 

Pharmacol. Exptl. Therap. 1 2 6 , 195. 
36. A. B. Gutman and T. F. Yu. (1952). Advances in Internal Med. 5 , 227. 
36a. E. Hansson and O. Steinwall. (1962). Acta Physiol. Scand. 5 4 , 339. 
37. E. J. Harris. (1954). Symposia Soc. Exptl. Biol. 8, 228. 
38. Ε. N. Harvey. (1932). J. Franklin Inst. 2 1 4 , 1. 
38a. L. M. Hellman. (1948). Am. J. Obstet. Gynecol. 5 6 , 861. 
39. G. Hevesy, E. Hofer, and A. Krogh. (1935). Skand. Arch. Physiol. 7 2 , 199. 
40. R. Hober. (1945). "Physical Chemistry of Cells and Tissues." Blakiston, Philadel

phia, Pennsylvania. 
40a. C. A. M. Hogben. (1963). "Drugs and Membranes." Pergamon Press, New York. 
41. C. A. M. Hogben, D. J. Tocco, Β. B. Brodie, and L. S. Schanker. (1959). J. Pharmacol. 

Exptl. Therap. 1 2 5 , 275. 
41a. H. Holter. (1959). Intern. Rev. Cytol. 8 , 481. 
41b. H. Holter. (1961). Sci. American 2 0 5 , 167. 
41c. H. Holter. (1962). In "Enzymes and Drug Action" (J. L. Mongar and Α. V. S. de 

Reuck, eds.), p. 30. Churchill, London. 
41d. K. C. Huang. (1962). J. Pharmacol. Exptl. Therap. 1 3 6 , 361. 
41e. K. Ichiyanagi, Y. Tsukada, and J. Soga. (1961). Acta. Med. Biol.-9, 33. 
42. E. Huf. (1935). Pfluger's Arch. ges. Physiol. 2 3 5 , 655. 
42a. L. A. Johnson. (1961). Federation Proc. 2 0 , Suppl. 10, 1. 
43. K. Junkmann. (1952). Med. Mitt. Schering A.G. Berlin 1 3 , 55. 
44. A. Kleinzeller and A. Kotyk, eds. (1961). "Membrane Transport and Metabolism." 

Academic Press, New York. 
45. V. Koefoed-Johnsen and Η. H. Ussing. (1953). Acta Physiol. Scand. 2 8 , 60. 
45a. G. B. Koelle. (1961). In "The Plancenta and Foetal Membranes," (C. A. Villee, ed.), 

p. 225. Williams and Wilkins, Baltimore, Maryland. 
46. A. Krogh. (1938). Z. vergleich Physiol. 2 5 , 335. 
47. N. A. Lassen. (1960). Lancet ii, 338. 
48. P. G. LeFevre. (1948). J. Gen. Physiol. 3 1 , 505. 
49. P. G. LeFevre. (1954). Symposia Soc. Exptl. Biol. 8, 118. 
50. P. G. LeFevre and R. J. Davies. (1951). J. Gen. Physiol. 3 4 , 515. 
50a. P. G. LeFevre. (1961). Pharmacol. Revs. 1 3 , 39. 
51. D. Lesher and F. E. Shideman. (1956). J. Pharmacol. Exptl. Therap. 1 1 8 , 407. 
51a. W. D. Lottspeich. (1961). Harvey Lectures 5 6 , 63. 
52. H. Lundegardh. (1954). Symposia Soc. Exptl. Biol. 8 , 262. 
53. C. R. Macpherson, M. D. Milne, and Β. M. Evans. (1955). Brit. J. Pharmacol. 10 , 484. 
54. L. C. Mark, J. J. Burns, C. J. Campomanes, S. H. Ngai, N. Trousof, Ε. M. Papper, 

and Β. B. Brodie. (1957). J. Pharmacol. Exptl. Therap. 1 1 9 , 35. 
55. S. Mayer, R. P. Maickel, and Β. B. Brodie. (1959). J. Pharmacol. Exptl. Therap. 1 2 7 , 

205. 
56. R. J. Mclsaac and G. B. Koelle. (1959). J. Pharmacol. Exptl. Therap. 1 2 6 , 9. 
56a. C. M. McKean, S. M. Schanberg, and N. J. Giarman. (1962). Science 1 3 7 , 604. 
57. P. Meares and Η. H. Ussing. (1959). Trans. Faraday Soc. 5 5 , 142. 
57a. J. W. Millen and D. Η. M. Wollam. (1962). "The Anatomy of the Cerebrospinal 

Fluid." Oxford Univers. Press, London. 
58. M. D. Milne, Β. H. Scribner, and M. A. Crawford. (1958). Am. J. Med. 2 4 , 709. 



Ι,Ι .Α. DRUG TRANSFERENCE: DISTRIBUTION 51 

59. Κ . Ο . ΜΘΙΙΘΓ, Α . Η . Andersen, and Μ. Η . Simesen. (1942). Arch. Exptl. Pathol. 
Pharmakol. 1 9 9 , 528. 

60. P. Mollaret, M. Rapin, J. J. Pocidalo, and J. F. Monsallier. (1959). Presse mid. 6 7 , 
1435. 

61. M. Nalbandian, W. T. Rice, and W. P. Nickel. (1959). Ann. N.Y. Acad. Sci. 7 8 , 779. 
62. W. T. L. Ohlsson. (1949). Nord. Med. 4 2 , 1471. 
62a. H. Ott. (1962). In "Erbliche Stoffwechsel Krankheiten" (F. Linneweh, ed.), p. 35. 

Urban & Schwarzenberg, Munchen. 
63. E. Overton. (1897). Z. physik. Chem. 2 2 , 189. 
64. E. Overton. (1900). Jahrb. wiss. Botan. 3 4 , 669. 
65. C. V. Paganelli and A. K. Solomon (1958). J. Gen. Physiol. 4 1 , 259. 
66. C. R. Park, R. L. Post, C. F. Kalman, J. H. Wright, Jr., L. H. Johnson, and Η . E. 

Morgan. (1956). Ciba Foundation Colloq. Endocrinol. 9 , 240. 
67. L. Peters. (1960). Pharmacol. Revs. 1 2 , 1. 
68. C. C. Pfeiffer and Ε. H. Jenney. (1957). Ann. N.Y. Acad. Sci. 6 6 , 753. 
69. R. F. Pitts and R. S. Alexander. (1945). Am. J. Physiol. 1 4 4 , 239. 
70. R. F. Pitts and W. D. Lotspeich. (1946). Am. J. Physiol. 1 4 7 , 138. 
71. J. Pomeranze and R. J. Gadek. (1957). N. Engl. J. Med. 2 5 7 , 73. 
72. H. Poulsen. (1955). Acta Pharmacol. Toxicol. 1 1 , 277. 
73. D. M. Prescott and E. Zeuthen. (1953). Acta Physiol. Scand. 2 8 , 77. 
74. D. P. Rail, J. R. Stabenau, and C. G. Zubrod. (1959). J. Pharmacol. Exptl. Therap. 

1 2 5 , 185. 
74a. D. P. Rail and C. G. Zubrod. (1962). Ann. Rev. Pharmacol. 2 , 109. 
74b. P. Rosa and A. Fanard. (1958). In "Le Placenta Humain" (J. Snoeck, ed.), p. 365. 

Masson, Paris. 
75. T. Rosenberg and W. Wilbrandt. (1955). Exptl. Cell. Research 9 , 49. 
76. T. Rosenberg and W. Wilbrandt. (1958). J. Gen. Physiol. 4 1 , 289. 
76a. L. J. Roth and C. F. Barlow. (1961). Science 1 3 4 , 22. 
76b. J. de Rougemont, A. Ames, F. B. Nesbett, and H. F. Hofmann. (1960). J. Neuro-

physiol. 2 3 , 485. 
77. M. Rubin and G. Di Chiro. (1959). Ann. N.Y. Acad. Sci. 7 8 , 764. 
78. W. Ruhland. (1912). Ber. deut. botan. Ges. 3 0 , 139. 
79. W. Ruhland. (1912). Jahrb. wiss. Botan. 5 1 , 376. 
80. W. Ruhland. (1913). Biochem. Z. 5 4 , 59. 
81. W. Ruhland. (1914). Jahrb. wiss. Botan. 5 4 , 391. 
82. W. Rummel and B. Candon. (1956). Intern. Record Med. <Sc Gen. Pract. Clins. 1 6 9 , 

783. 
83. W. Rummel, H. Jacobi, and K. Pfleger. (1956). Arch, exptl. Pathol. Pharmakol. 2 2 8 , 

204. 
84. R. M. Salassa, J. L. Bollman, and T. J. Dry. (1948). J . Lab. and Clin. Med. 3 8 , 1393. 
84a. A. J. Sbarra, W. Shirley, and W. A. Bardawil. (1962). Nature 1 9 4 , 255. 
85. L. S. Schanker. (1959). J. Pharmacol. Exptl. Therap. 1 2 6 , 283. 
86. L. S. Schanker. (1961). Ann. Rev. Pharmacol. 1, 29. 
87. L. S. Schanker, P. A. Shore, Β. B. Brodie, and C. A. M. Hogben. (1957). J. Pharmacol. 

Exptl. Therap. 1 2 0 , 528. 
88. L. S. Schanker, D. J. Tocco, Β. B. Brodie, and C. A. M. Hogben. (1958). J. Pharmacol. 

Exptl. Therap. 1 2 3 , 81. 
88a. L. S. Schanker. (1962). Biochem. Pharmacol. 1 1 , 253. 
88b. J. Schubert. (1961). Federation Proc. 2 0 {suppl. 1 0 ) , 219. 
89. R. Shapiro and D. Papa. (1959). Ann. N.Y. Acad. Sci. 7 8 , 756. 
89a. J. L. Sherman and R. V. Locke. (1960). Am. J. Cardiol. 6 , 834. 



52 G. A. J . VAN OS, E. J . ARIENS, AND A. M. SIMONIS 

90. P. A. Shore, Β. B. Brodie, and C. A. M. Hogben. (1957). J. Pharmacol. Exptl. Therap. 
1 1 9 , 361. 

91. V. W. Sidel and A. K. Solomon. (1958). J. Gen. Physiol. 4 1 , 243. 
91a. W. Siegenthaler. (1956). Schweiz. Med. Wochschr. 3 1 , 871. 
92. Μ. H. Simesen. (1941). Arch, exptl. Pathol. Pharmakol. 1 9 7 , 12, 87. 
93. H. W. Smith. (1951). "The Kidney." Oxford Univ. Press, London and New York. 
93a. J. Snoeck. (1958). In "Le Placenta Humain " (J. Snoeck, ed.) p. 193. Masson, Paris. 
93b. J. Snoeck. (1957). Bull. Fed. Soc. Gynecol. Obstet. Langue Franc. 1, 5. 
93c. J. Snoeck. (1962). Triangle 5 , 178. 
94. A. K. Solomon. (1960). J. Gen. Physiol. Suppl. 4 3 , 1. 
94a. Η. M. Solomon and L. S. Schanker. (1962). Federation Proc. 2 1 , 150. 
94b. A. H. Soloway. (1958). Science 1 2 8 , 1572. 
95. I. Sperber. (1948). Kgl. Lantbruks-Hogskol. Ann. 1 6 , 49. 
95a. O. Steinwall. (1961). Acta Psychiat. Neurol. Scand. 3 6 , Suppl. 1 5 0 , 314. 
95b. E. Strobel and B. Herrmann. (1962). Arzneim.-Forsch. 1 2 , 302. 
96. J. V. Taggart. (1958). Am. J. Med. 2 4 , 774. 
97. C. Tanford, S. A. Swanson, and W. S. Shore. (1955). J. Am. Chem. Soc. 7 7 , 6414. 
98. T. Teorell. (1949). Arch. sci. physiol. 3 , 205. 
98a. R. D. Tschirgi. (1962). Federation Proc. 2 1 , 665. 
99. Η. H. Ussing. (1949). Acta Physiol. Scand. 19 , 43. 

100. Η. H. Ussing. (1952). Advances in Enzymol. 1 3 , 21. 
101. Η. H. Ussing. (1954). Symposia Soc. Exptl. Biol. 8 , 407. 
102. Η. H. Ussing. (1961). Colloq. Ges. physiol. Chem. 1 2 , 1. 
103. R. L. Voile, C. G. Huggins, G. A. Rodriguez, and L. Peters. (1959). J. Pharmacol. 

Exptl. Therap. 1 2 6 , 190. 
104. R. L. Voile, R. E. Green, and L. Peters. (1960). J. Pharmacol. Exptl. Therap. 1 2 9 , 388. 
105. R. L. Voile, L. Peters, andR. E. Green. (1960). J. Pharmacol. Exptl. Therap. 1 2 9 , 377. 
106. M. Weiner, S. Shapiro, J. Axelrod, J. R. Cooper, and Β. B. Brodie. (1950). J. Pharma

col. Exptl. Therap. 9 9 , 409. 
106a. K. Welch. (1962). Am. J. Physiol. 2 0 2 , 757. 
106b. K. Welch. (1962). Proc. Soc. exptl. Biol. Med. 1 0 9 , 953. 
107. W. F. Widdas. (1952). J. Physiol. 1 1 8 , 23. 
108. W. F. Widdas. (1953). J. Physiol. 1 2 0 , 23 P. 
109. W. F. Widdas. (1954)../. Physiol. 1 2 5 , 163. 
110. W. Wilbrandt. (1954). Symposia Soc. Exptl. Biol. 8 , 136. 
111. W. Wilbrandt. (1956). J. Cellular Comp. Physiol. 4 7 , 137. 
112. W. Wilbrandt. (1959). J. Pharm. and Pharmacol. 1 1 , 65. 
113. W. Wilbrandt. (1961). Colloq. Ges. physiol. Chem. 1 2 , 112. 
114. W. Wilbrandt and T. Rosenberg. (1950). Helv. Physiol. et Pharmacol. Acta 8, C 82. 
115. W. Wilbrandt and T. Rosenberg. (1961). Pharmacol. Revs. 1 3 , 109. 
115a. P. Wilkin. (1960). In "The Placenta and Foetal Membranes," (C. A. Villee, ed.), 

p. 225. Williams and Wilkins, Baltimore, Maryland. 
115b. P. Wilkin. (1958). In "Le Placenta Humain" (J. Snoeck, ed.), p. 194. Masson, Paris. 




