
Table V-Incremental Constant Evaluating Effect of 
Molecular Modsca t ion  of Side Chain of Cholesterol on 
Permeability and Partition Coefficients of Desmosterol 
and p-Sitosterol 

Incremental Constant 

Parameter Desmosterol 8-Sitosterol 

KaterodKchaleaterol 3 . 2 6  0.65 
Pstsrol/Pcholssterol 3 . 0  0 . 5 3  

permeability coefficients by a factor of two. The interpretation of 
these molecular modifications of cholesterol is unclear. It is appar- 
ent that the expectation of increased partition coefficient with de- 
creasing polarity of the solute is not found here. 
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Systems Approach to Study of Solute Transport across 
Membranes Using Suspension Cultures of Mammalian 
Cells V: Uptake and Release Kinetics of 
Cardiac Glycosides by Burkitt Lymphoma Cells 

J.’S . TURI *x, N. F. H. HO *, W. I. HIGUCHI $,and 
C. SHIPMAN, Jr. 5 

Abstract 0 Mass transport studies with three cardiac glycosides 
in the Burkitt lymphoma cell system have provided significant ex- 
amples of the factorization and quantification of the influences of 
serum-drug binding, membrane-drug binding, cell interior bind- 
ing, and intrinsic membrane permeability upon the uptake and re- 
lease kinetics of drugs in living cell systems. All of the data from 
the glycosides are in agreement with the general physical model in- 
volving the rapid equilibration of the solute within the cell after 
permeation through the rate-determining plasma membrane bar- 
rier. The transport of digitoxin was influenced by membrane and 
serum binding and that of digoxin was influenced by membrane 
binding. There was no binding of ouabain to the plasma membrane 
and serum. The variables in the uptake and release kinetic studies 
at pH 7.3 included the use of viable and heat-inactivated cells, 
fetal bovine serum levels, and temperature. 

Keyphrases Membrane diffusion-systems approach to drug 
transport, uptake and release of cardiac glycosides by Burkitt lym- 
phoma cells, influence of serum-drug binding, membrane-drug 
binding, cell interior binding, and intrinsic membrane permeabil- 
ity Drug transport-uptake and release kinetics, cardiac glyco- 
sides, Burkitt lymphoma cells, influence of serum-drug binding, 
membrane-drug binding, cell interior binding, and intrinsic mem- 
brane permeability o Mammalian cells, suspension culture-up- 
take and release of cardiac glycosides, systems approach to study 
of drug transport across membranes Cardiac glycosides- 
kinetics of uptake and release by Burkitt lymphoma cells, systems 
approach to drug transport 

The lack of a mechanistic and quantitative under- 
standing of the kinetics of drug transport to the re- 

ceptor site has impeded the quantitative approach to 
drug design. Nearly all previous studies in the field 
have been of a rather descriptive nature; i t  has been 
difficult to separate, for example, the driving force 
factors from the kinetic factors in describing the 
transport and the bioavailability of drugs at the site 
of action from a physical-chemical standpoint. 

Existing evidences indicate that one cannot always 
rely solely on oil-water partition coefficients, blood 
levels of drugs, or rates of intestinal transport as true 
indications of drug availability a t  the site of drug ac- 
tion. It is believed that the developed physical mod- 
els and experimental techniques will give more in- 
sight into drug availability, especially a t  the receptor 
site. The concepts put forth here can be valuable in 
assessing molecular modifications of drugs. This 
study illustrates that collaborative research among 
pharmacokineticists, medicinal chemists, and experts 
in mass transport across biological membranes can be 
very valuable in assessing drug availability. 

This paper describes the mass transport of oua- 
bain, digoxin, and digitoxin in suspension cultures of 
an established cell line. This study evolved from the 
development of various biophysical models (1, 2) and 
the accompanying experimental systems and tech- 
niques. Its significance lies not only in the important 
implication it may have on the understanding of the 
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OUABAIN DI GOXIN DI GITOXIN 

Figure 1-Schematic physical model of the uptake transport of 
the cardiac glycosides. The term Co is the concentration of drug 
outside of the cell, Ci is the concentration inside of the cell, C. 
is the concentration adsorbed on the plasma membrane surface, 
and  Co* is the concentration of serum-bound drug. 

pharmacokinetics of the cardiac glycosides in hu- 
mans but also, from the standpoint of methodology, 
in providing examples of the factorization and quan- 
tification of the influences of serum-drug binding, 
membrane-drug binding, cell interior binding, and 
the intrinsic membrane permeability upon the up- 
take and release kinetics of drugs in living cell sys- 
tems. 

EXPERIMENTAL 

Materials and Methods-The materials, methods, and proce- 
dures in the cultivation and preparation of Burkitt lymphoma cells 
were described previously (3). The uptake and release kinetic ex- 
periments of radiolabeled ~ u a b a i n - ~ H ,  d i g ~ x i n - ~ H ,  and digitoxin- 
3H cardiac glycosides' were conducted in a manner identical to 
that employed previously for cholesterol, desmosterol, and 0-sito- 
sterol (3,4).  

In the uptake studies, the drug was added to 100-ml water-jack- 
eted spinner flasks2 containing about 4 X l@ viable cells in 100 ml 
of culture medium at  pH 7.3, under isoosmotic and sterile condi- 
tions. The suspending medium contained modified McCoys 5A, 
basal medium Eagle, balanced salt solution, penicillin G (50 units/ 
ml) and amphotericin B (1 c(g/100 ml). The variables included fetal 
bovine serum concentrations, drug concentrations, and tempera- 
ture. 

To follow changes in drug concentration with time, 5-ml samples 

8 

- 6  
Y 

54 

1 
W 
0 

u 
3 
a 
0 2  

0 2000 4000 6000 
MINUTES 

Figure 2-Uptake of ouabain at 26O by viable and  nonviable 
Burkitt cells a t  various fetal bovine serum concentrations. 
The solid curve represents the best theoretical fit of the model by 
nonlinear regression analysis. Key: 0, 0%; 0, 15%; m, 30%; 
and Q, 0% (heat-inactivated cells). 

New England Nuclear Carp., Boston. Mass. * Bellco Class, Inc.. Vineland, N.J. 

were centrifuged in thrombocytocrit tubes a t  5000Xg for 10 min 
and both the cell and extracellular fractions were assayed by liquid 
scintillation counting. Total cell numbers in the samples were de- 
termined3. 

To study the release kinetics, the static equilibration technique 
was used to load the cells with the radiolabeled drug. Viable cells 
in culture suspension were allowed to mix with the drug a t  26" for 
a t  least 48 hr. Thereafter, the equilibrated cells were washed and 
resuspended in fresh medium and the release studies followed the 
sampling procedure for the uptake studies. 

Uptake and release kinetic studies were performed at  26,30, and 
33O. Although somewhat removed from the physiological tempera- 
ture of 37O, these temperatures were chosen to prevent cell divi- 
sion during the experiments and yet sustain a level of metabolic 
activity. 

In some instances, nonviable cells were utilized. These were cells 
in which the cellular enzymes were inactivated by heat a t  50" for 
30 min. Viability was assessed by the erythrocin B dye exclusion 
method. When viable cells were used, at least 90% of the cell popu- 
lation remained viable after 24 hr and 50% was viable after 48 hr. 
As indicated by the particle counter and multichannel pulse height 
analyzer, the cell population and the quite narrow size distribution 
at  the beginning and end of the experiments were essentially su-  
perimposable. 

The methods and procedures of these kinds of experiments have 
already been shown to be precise, accurate, and reproducible. 
There was less than 2% drug entrapment in the centrifuged cell 
plug, well within the experimental error. These experimental tech- 
niques are highly quantitative when the transport rate is essential- 
ly membrane controlled (i.e., low permeability coefficient), as was 
shown in the sterol studies and in this present study. Refined tech- 
niques are being developed for situations when the transport rate 
becomes less membrane controlled and more controlled by the 
stagnant aqueous layer about the cell. 

To evaluate drug-serum binding, the experimental dialysis 
setup used two spinner flasks of 150-ml capacity each and a dialy- 
sis membrane placed at  the flanged connection. The surface area 
of the exposed membrane was 5.07 cm2 and had a pore size of 24 A. 

Uptake and Release Kinetics of Ouabain-Theoretical- 
The kinetics of cell uptake and release of ouabain can be explained 
by Model 1, the simplest of the various models previously derived 
(2). Figure 1 is a schematic illustration of the passive transport of 
unbound drug molecules across the rate-determining plasma mem- 
brane with rapid distribution of the drug in the heterogeneous cell 
interior. There is no binding of the drug to the surface of the cell 
nor to the serum and other components comprising the external 
medium of the culture suspension. 

The uptake transport function of this model, UF ,, is: 

A = T / V ,  

where a is the radius of the cell, n is the number of cells, V, is the 
volume of a cell, V O  is the volume of the external aqueous phase, T 
is the total amount of drug in the system, Ci is the concentration 
of drug in a cell, K is the intrinsic partition coefficient, P is the in- 
trinsic permeability coefficient of the plasma membrane, and t is 
time. The initial boundary condition is Ci(0) = 0. 

A plot of UF 1 versus t in minutes is linear with a slope equal to 
P in units of centimeters per second. The permeability coefficient 
can also he found by nonlinear regression analysis of the nonlinear 
form of Eq. 1. In both cases, the intrinsic partition coefficient must 
be first determined. 

For initial rates, Eq. 1 reduces to: 

3PT c, = - - 1  
av" 

(Eq. 4) 

Coulter counter model A. 
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Table I-Permeability and Partition Coefficients of Ouabain at Various Temperatures and  Fetal Bovine Serum 
Concentrations from Uptake Kineticsu 

Fetal  
Bovine 
Serum, 

% 

0 
Ob 
5 

15 
15" 
30 

Intrinsic Partition Coefficient K Intrinsic Permeability Coefficient P, cm/sec x 108 

26 O 30 33 26 ' 30 ' 33 

7.69 f 0.84 12.2 3z 0 . 8  16.0 & 1 . 0  20.7 3 .1  2.08 f 0.43 
14.0 -. - 2.38 -~ 

4.78 f 0 .03  
13.0 dz 1 . 4  14.0 f 1 . 7  15.0 f 2.8 1.73 f 0.11 2.76 f 0.12 4.38 f 0.04 

4.35 f 0.14 11 .3  I!= 1 . 5  -. 

4.18 f 0 . 1  
- - 

- - 16.5 f 0.7 -~ - 

- - 
~~ 16.0 f 1 .4  2.49 f 0 . 1  - 

-. 16.0 + 1 .0  1 .58  f 1.53 

" The values of K were found from the equilibrium data according to Eq. 5, and the values of P were found from nonlinear regression analysis of the model. 
Heat-inactivated Burkitt lymphoma cells used here; viable cells in culture suspension were utilized in all other studies. Partition and permeability coef- 

ficients were calculated from release kinetics from viable ceLls at 30" using 15% fetal bovine serum. 

Thus, the intrinsic permeability coefficient can be readily obtained 
from the initial slope of a Ci versus t plot. 

The intrinsic partition coefficient can be experimentally found 
from the equilibrium condition, i.e., when (dCJdt), =_ = 0; thus: 

(Eq. 5 )  

where CO, ,  and CL,- are the concentrations of drug in the external 
medium and cell a t  equilibrium, respectively. 

The release transport function, R F I ,  is expressed by: 

R F ,  = - a In [ - A ] -Pt (Eq. 6 )  180B BC,(O) - A 

The initial boundary condition is C, = C;(O). 
Analysis of Results-Figure 2 shows the uptake kinetics of oua- 

bain by viable cells a t  three fetal bovine serum concentrations at 
26' and by heat-inactivated cells with no fetal bovine serum. The 
partition coeff-icients are found from the plateau region of these 
plots. As illustrated in Fig. 3, the application of theory (Eq. 1) to 
the data yields the predicted linear relationship of the uptake 
transport function, UF 1, versus time. 

The permeability coefficients, found by the best theoretical fit 
of the data in Fig. 2 and linear regression of the plot in Fig. 3, were 
not significantly different from each other. Table I summarizes the 
phenomenological transport constants of ouabain with respect to 
the Burkitt cell under varying conditions of temperature, cell via- 
bility, and fetal bovine serum concentration. 

The following observations and comments can be made: 
1. A t  any specific temperature, there are no significant differ- 

ences between the permeability coefficient and partition coeffi- 
cient themselves a t  the 15 and 30% fetal bovine serum levels. This 
is an indication that there is no occurrence of ouabain-serum bind- 
ing, which will be further corroborated by dialysis experiments in 
the next section. However, these coefficients appear to be larger a t  
0% fetal bovine serum with respect to those a t  15 and 30% fetal bo- 
vine serum, and the deviation tends to increase with increasing 
temperature. A similar observation was noted with the transport of 
cholesterol, desmosterol, and p-sitosterol a t  26" with the Burkitt 
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Figure 3-Profiles of uptake kinetics of ouabain at various 
fetal bovine serum concentrations at 26' according to the linear 
predictions of Eq. 1.  Solid lines are least-squares lines. Key:  
0, 0%; (3, 15%; #, 30%; and 0, 0% (heat-inactivated cells). 
Faster uptake kinetics at 0% fetal bovine serum are attributed 
to altered integrity of the plasma membrane when m serum is 
present. 

cells (4) and unpublished findings of digitoxin with red blood cells 
a t  0% fetal bovine serum in these laboratories. There apparently is 
some degree of alteration of the plasma membrane in the absence 
of serum and the change is more apparent a t  higher temperatures. 

2. There is a temperature dependence in the permeability coef- 
ficients. After applying the Arrhenius-type relationship of the per- 
meability coefficients to temperature, the heat of activation is 
found to be about 24 kcal/mole. The temperature dependence of 
the partition coefficients is very small. 

Eualuation of Serum Binding by Dialysis -According to the 
setup of the dialysis experiments, the rate of dialysis is: 

(Eq. 5) 

and, with C,(O) = 0, the solution is described in the following man- 
ner: 

where C d  and c, are the total concentrations of the drug in the 
donor and receiving compartments of equal volume, respectively; 
V ,  is the volume of solution of the receiving compartment; A, is 
the effective surface area of the dialysis membrane; P,, is the ef- 
fective permeability coefficient of the membrane; t is the time; and 
DF is the dialysis function. 

A plot of D F  versus t in minutes gives a straight line with a slope 
of P,, in centimeters per second. The long times required to reach 
equilibrium are due to both the small effective surface area-to-vol- 
ume ratio of 1:40 and also the pore size of the dialysis membrane of 
24 A diameter as compared to the molecular size of the cardiac gly- 
cosides. 

The results in Fig. 4 clearly show that there is no serum binding 
with ouabain as well as digoxin. The dialysis profiles are identical 
between both of these cardiac glycosides a t  zero and 30% fetal bo- 
vine serum at  26' and pH 7.3. However, digitoxin does adsorb to 

0 2 4 6 8 
DAYS 

Figure 4-Kinetics of dialysis of ouabain, digoxin, and 
digitoxin in the presence of fetal bovine serum at 26O. The 
dialysis function is defined by Eq. 8. Key: (3, digitoxin-O%; 
M, digitoxin-30yo; 0, digoxin-0%; 0. digoxin-30%; and 
e, ouabain-30%. Ouabain with no fetal bovine serum was 
similar to ouabain-30% fetal bovine serum. Taken together, the 
data show that ouabain and digoxin do not bind to fetal bovine 
serum while digitoxin does. 
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Table 11-Evaluation of P la sma  Membrane-Digoxin Equilibrium Binding Cons tan t ,  Khm, under  Varying Conditions 
of Init ial  D r u g  Concentrations, S e r u m  Levels, and Tempera tu re  f rom U p t a k e  Kinet ic  Studiesn 

Init ial  Amoun t  
Fe ta l  Bovine Adsorbed per loG T o t a l  Amoun t  of Drug in 

Temperature  Serum, % Cells, d p m  5 ml Suspension, d p m  Kbm 

26 ' 0 210 3.28 X lo6 1.82 
15 228 3.22 x 105 1.96 

33 O 0 295 6.98 x 105 1.20 
5 290 6.57 X lo5  1.24 

15 
30 

285 
294 

6.25 x 105 
7.05 X lo5 

1 .28  
1.17 

The Kb, is 1.89 at 26" and 1.22 a t  3 3 O .  

fetal bovine serum. Similar findings were reported previously (1). 
Uptake and Release Kinetics of Digoxin-TheoreticaI-The 

kinetics of cell uptake and release of digoxin can be appropriately 
described by Model 4 (Z), in which the unbound drug permeates 
passively across the plasma membrane and distributes rapidly in 
the heterogeneous interior of the cell (Fig. 1). However, there is an 

ternal side of the plasma membrane. The membrane-bound drug is 
in equilibrium with the free drug in the external medium; there is 
no significant binding of the drug to the serum in the medium. 

by: 

U F ,  = - 

a cell a t  zero time and is determined by extrapolation of a A, 
(amount of drug per cell) uersus t plot to t = 0. 

The experimental partition coefficient, K,,, is determined from 
the equilibrium transport conditions; thus: 

c,, c,, + KhCtI, 
Co. m Co m 

(Eq. 14) K = - =  
CI instantaneous, reversible binding of the drug molecules to the ex- 

whereupon, with E ~ .  5: 

According to the model, the uptake transport function is given K,, = K + K b m  (E4. t5) 

As one observes, the intrinsic partition coefficient K is readily cal- 
culated once K,, and Kbm are found from the experimental data. in [ - GC' ] = pt  (Q. 9, 

4 1  + K d )  
1W F - GC,(O)  The release transport function, RF4, is described by: 

F = (1 + %x The model described here for digoxin is not apparently distin- 
guishable from another model (Model 5 in Ref. 2), in which not 
only the unbound drug but also the external membrane-bound 
drug permeates across the plasma membrane into the cell. The 
mathematical exmessions. such as Eas. 9 and 16. are identical in 

(Eq. 11) 

(k. 12) 

where Kbm is the plasma membrane-drug equilibrium adsorption 
constant; K and P are the intrinsic partition and permeability 
coefficients, respectively; C, is the concentration of drug in the 
cell, which includes the drug within the cell and the drug adsorbed 
to the external surface of the plasma membrane; and C,(O) is the 
cell concentration a t  zero time and is equal t o  the initial surface- 
adsorbed drug concentration. I t  follows that the intrinsic perme- 
ability coefficient can be obtained from the application of the lin- 
ear or nonlinear form of Eq. 9. 

The membrane-drug equilibrium adsorption constant may be 
found by: 

The A,,o is the amount of drug bound to the plasma membrane of 

0 1000 2000 3000 4000 5000 
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Figure 5-Uptake rate of digoxin at 26 and 33O by viable 
Burkitt cells at various fetal bovine serum levels. Solid curves 
represent Uze best theoretical fit of the model by nonlinear regres- 
swn analysis. Key:  A, 0% (26'); A, 15% (26O); 0, 0% 
(33'); 0,5% (33'); ~ 1 5 %  (33'); and ., 30% (33'). 

form for both mddels. Since the authdrs cannot readily see any ac- 
cessible experimental means to distinguish Model 5 from this 
Model 4 and, moreover, believe that the permeability coefficient of 
the unbound drug is much greater than the permeability coeffi- 
cient of the membrane-bound drug, Model 4 is considered appro- 
priate for describing the cell transport of digoxin. 

Analysis of Results-The profiles of the percent of digoxin 
taken up by the cells with time in Fig. 5 illustrates several inter- 
esting points. The identical uptake profiles of the 5, 15, and 30% 
fetal bovine serum cases a t  33" demonstrate that  digoxin does not 
appreciably bind to the serum. This finding is in agreement with 
the conclusions of the dialysis experiments. Consistent with the re- 
sults of the ouabain studies, the uptake rate is faster when there is 
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Figure 6-Profiles of uptake kinetics of digoxin at 26 and 
33' and various fetal bovine serum concentrations according to 
the linear predictions of Eq. 9. Key: A, 0% (26'); A, 15% 
(26");  0 , 0 %  (33'); 0,5% (33"); 0, 15% (33");  and W, 30% 
(330). 
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T a b l e  111-Permeability a n d  Partition Coefficients of Digoxin at  Various Temperatures and  Fetal  Bovine Serum 
Concentrations from Uptake and Release Kinetic Studiesa 

Fetal  Intrinsic Intrinsic Permeability Coefficient P, 
Bovine Partition Coefficient K cm/sec X 108 

Tem- Serum, 
perature % Uptake Release Uptake Release 

26 O 0 11.2 f 2 . 1  
15 13.0 f 2 . 6  

2.93 f 0.67 
2.80 f 0.56 

33" 0 17.8 rt 2.7 18.8 =t 2.3 5.01 f 1 . 1  3.52 i 1 . 8  

15 14.7 i 1 . 9  17.8 i 1 .7  3.30 =k 0 .62  3.75 i 1.1 
30 12 .8  f 1.3  16.8 f 1 . 5  3.21 f 0.51 3.74 + 0.8 

3.51 =!= 0.71 - 5 13.8 f. 2 . 2  - 

'' Values of K and P are average i S D .  The intrinsic partition coefficients were calculated from the equilibrium data according to Eqs. 14 and 15. The in- 
trinsic permeability coefficients were found by nonlinear regression analysis of the model. 

no serum present. The uptake rates increase with increasing tem- 
perature. 

In Fig. 5 there are significant intercepts a t  zero time, indicative 
of an initial rapid adsorption of digoxin to the external surface of 
the plasma membrane. The results of further treatment of these 
data by the physical model are given in Table 11. The plasma 
membranedigoxin equilibrium adsorption constant, Kbm, is 1.87 
at  26" and 1.22 a t  33". These constants are independent of the ini- 
tial concentration of digoxin used as well as the concentration of 
fetal bovine serum in the external medium. 

In Figs. 6 and 7, the linearity of the curves derived from the 
treatment of the data for uptake by Eq. 9 and for release by Eq. 16 
supports the physical model described in the Theoretical section. 
Examples of the fit of the model to the data by nonlinear regres- 
sion analysis are shown in Fig. 5. 

The intrinsic permeability and partition coefficients from up- 
take and release studies a t  26 and 33" and various fetal bovine 
serum concentrations are found in Table 111. There is a tendency 
for the intrinsic partition coefficients a t  33O to be slightly higher 
from the release experiments as compared to those from the up- 
take studies. The reason for this may be attributed to cellular 
changes occurring over prolonged periods in the release kinetic 
studies (the total time in loading the cells with digoxin and in the 
release kinetic portion). However, even when a lower partition 
coefficient is used along with a permeability coefficient calculated 
from an uptake experiment, the deviation of the theoretical calcu- 
lations from the experimental points does not appear to be signifi- 
cant. 

Uptake and Release Kinetics of Digitoxin-Theoretical - 
Figure 1 shows the model for the passive transport of unbound di- 
gitoxin across the plasma membrane, with rapid distribution with- 
in the heterogeneous cell interior as well as the instantaneous re- 
versible linear adsorption of the drug to the external cell surface 
and the reversible linear binding with the serum in the external 
media. According to Ref. 2, this system corresponds to the combi- 
nation of Models 2 and 4. 

The mathematical description of this physical model is ex- 
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Figure 7-Profiles of release kinetics of digoxin at 33' and 
various fetal bovine serum levels according to the linear predic- 
tions of Eq. 16. The solid line is derived from least-squares 
analysis. K e y :  0, 0%; a, 15%; and a, 30%. 

pressed by the following uptake transport function: 

F =(1 + %E 

(Es. 19) 

where P, and K, are the effective permeability and partition coef- 
ficients relating to the intrinsic permeability, P, and partition, K ,  
coefficients and serum-drug binding; &, is the equilibrium serum- 
drug binding constant; and (S) is the serum concentration in terms 
of the fraction of the volume of serum added in the total volume of 
the suspension system. 

Before a plot of the uptake function uersus time in minutes can 
be made to calculate the intrinsic permeability coefficient in units 
of centimeters per second from Eq. 17, the constants K, Kb, and 
K b m  must be found. This is readily accomplished by utilizing the 
data from a family of C, uersus t plots at different serum concen- 
trations. The experimental partition coefficient, K,,, is found 
from the equilibrium situation: 

0 1000 2000 3000 4000 5000 
MINUTES 

Figure 8-Uptake rate of digitoxin by viable cells at various 
fetal bovine serum concentrations at 30'. Solid curves rep- 
resent the best theoretical fit of the model by nonlinear regression 
analysis. Key: 0, 0%; and m, 30%. The positive intercept at 
initial time is evidence of membrane binding. The lower inter- 
ceDt for the 30% fetal bovine serum case is due to the influence 
of serum binding and is consistent with the theory (Eqs. 23 and 
24) .  
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Table IV-Effective and Intrinsic Plasma Membrane-Digitoxin Binding Constants at  Various Serum 
Concentrations and Temperatures 

Fetal Intrinsic Membrane Range of Initial 
Bovine Effective Membrane Binding Constanta Binding Constant Kbm Concentration of 
Serum, Digitoxin per 5 ml 

% 26 O 30 O 33" 26" 30 O 33 O dpm 

5 . 9 4  -f 0.47 5 . 8 1  & 0 . 6 5  5 . 2 2  f 0 . 6 7  5 . 9 4  5 . 8 1  5.22 2 X 105-8. 1 X lo5 
- 3 . 8 6  + 0.06  3 . 9 0  3= 0 . 3  - 6 . 2 7  6.49 6 X 10'-3.5 X 10' 

0 
5 

15 ~ 2.76 & 0.27 2 .39  f 0 . 0 9  -~ 7.94 7.17 8 . 4  X 104-1.6 X 108 
30 2.49 f 0.31 1 .69  i 0.13 1 .96  f 0.24  ~ 8.02  9 .80  2 . 5  X 105-8.1 X 105 

* Values represent the averages f S D .  The effective plasma membrane binding constant is defined as Kbm/ (1 + Kb(S)], where&,, is the intrinsic memhrane- 
drug binding constant, Kb is the serumdrug binding constant, and (5') is the fetal bovine serum concentration. The Kb is 12.5 at 30" and 13.3 at 33'. 

Table V-Effective Partition and  Permeability Coefficients of Digitoxin at Various Fetal Bovine Serum Concentrations and 
Temperatures from Uptake Kinetic StudiesQ 

Fetal 
Bovine Effective Partition Coefficients K, 
Serum, ___ 

Effective Permeability Coefficients P, ,  cm/sec X lo8 
% 26 O 30 O 33 O 26 O 30 O 33 O 

43.7 f 3 . 2  52 .0  f 3 . 5  10 .07  9L 2.48 1 9 . 8  9 L l . 2  23.0 f 1 . 7  
- 1 3 . 0  f 2 . 1  15 .3  + 1 . 1  

2 8 . 6  =t 0 . 9  
- 2 5 0 * 2 8  3 5 3 1 4 9  

0 
5 

15 -~ 14:3 =t 312 22.5 =t 211 _. 6T99 f 0.88  12 .2  f 3 . 0  
30 1 0 . 7  f 2 . 1  8 . 0  =t 1 . 4  1 2 . 0  f l . 4  2 .27  f 0 . 3 3  4 . 0 5  f 0 . 2 1  4 . 9 1  f 0.14  

a All values represent averages f SD. The K ,  is obtained from the equilibrium data and the Pe from nonlinear regression analysis of the model; K. and P e  are 
defined by Eqs. 18 and 19. 

In turn, the membrane-drug binding constant is obtained from 
the initial condition: 

The release transport function, RF2.4, according to the model is: 

oh. asT 
Analysis of Results-In Fig. 8, the decrease in the rate of up- 

take of digitoxin at 30' with increasing concentrations of fetal bo- 
vine serum and the percent of the drug associated with the cells a t  
zero time found by extrapolation give evidence that there is bind- 
ing of the digitoxin not only to the components of the serum but 
also to the external surface of the plasma membrane4. Similar 

~~ 
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Figure 9-Normalized plot of the effective permeability and 
effective partition coeficients of digitoxin as a function of fetal 
bovine serum concentration. The solid curve represents the least- 
squares lines. Key :  0, Pan/Pe; and 0, K,,/K,. 

From recent unpublished findinRs, there appears to be a rapid uptake of 
digitoxin within the 1st min for which a mechanistic interpretation can- 
not be made from the kinetic data alone. Taking the uptake and release 
studies together, it is deemed unlikely that the plasma membrane is not the 
rate-determining barrier. Autoradiographic studies within this 1-min pericd 
are being pursued to examine the distribution of digitoxin on the cell pe- 
riphery and inside the cell. 

plots are also observed with the uptake experiments a t  26 and 33". 
The interpretation of serum-digitoxin binding is corroborated by 
the results of the dialysis experiments described earlier. 

The values of the effective equilibrium plasma membrane-digi- 
toxin binding constant a t  various temperatures and initial concen- 
trations of digitoxin are found in Table IV. The effective mem- 
brane-digitoxin binding constant decreases with increasing fetal 
bovine serum concentrations. The effective membrane binding 
constant is equal to Kbm/[l + Kb (S) 1, In Fig. 9, the serum binding 
constant, K b .  is equal to 12.5 a t  30' and 13.3 at 33' and, in turn, 
the intrinsic membrane binding constant, Kbm, can be determined. 

It is observed in Table IV that there is no discernible tempera- 
ture dependence on the &,,,, at 30 and 33'. Because the calculated 
Kbm is independent of the range of initial concentrations of digi- 
toxin used with respect to a constant concentration of cells, the as- 
sumption that the concentration of digitoxin adsorbed is linearly 
related to the concentration of unbound species in the external 
fluid is justified. Upon comparing digitoxin with digoxin, the for- 
mer being more nonpolar than the latter, the propensity of digitox- 
in to adsorb onto the plasma membrane is about three times great- 
er. 

Figure 10 shows the linear relationships of the uptake function 
of the experimental data a t  30' versus time a t  different fetal bo- 
vine serum concentrations as predicted by the model. The linear 
plots of P30/Pe and K30/Ke versus percent of fetal bovine serum 
and the superposition of the points are other indications in sup- 
port of the model (Fig. 9). The slope is equal to Kb/(l + 0.3Kb), 
and the intercept equals 1/(1 + 0.3Kb). Accordingly, the Kb is cal- 

P t  / 
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Figure 10-Profiles of uptake kinetics of digitoxin at 30" 
according to the linear predictions of Eq. 17. Solid lines are 
least-squares lines. K e y :  0, 0% fetal bovine serum;. and W, 
30% fetal bovine serum. 
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Figure 11-Uptake kinetics of digitoxin at 30°, showing no 
effect of antibiotic preservatives in the medium on cell mern- 
brane permeability. Key:  a, 15% fetal bovine serum; and 
0, 15% fetal bovine serum with penicillin G (50 unitslml) 
and amphotericin B sulfate ( I  pgg/lOO rnl). 

MINUTES 

culated to he 12.5, which is equivalent to 92% of the digitoxin being 
bound reversibly to the fetal bovine serum. 

The summary of the phenomenological constants (permeability 
and partition coefficients) and their relationships to serum levels 
and temperature are found in Table V. 

The addition of penicillin G (50 unitdml) and amphotericin B 
sulfate (1 pg/100 ml) to the cell suspension to maintain sterility 
during the transport studies does not seem to have a measurable 
effect on the uptake kinetics of digitoxin at 30' and 15% fetal bo- 
vine serum (Fig. ll). The identical uptake rates by viable and 
heat-inactivated Burkitt lymphoma cells (Fig. 12) indicate that the 
transport of digitoxin does not depend upon the viability of the 
cell and, therefore, is passive. 

The change in the concentration of digitoxin in the cell with 
time in the release kinetic studies and the subsequent data analy- 
sis by the release function are shown in Figs. 13 and 14, respective- 
ly. 

The experimental results of the uptake and release kinetics of 
digitoxin agree well with the model that accounted for the simulta- 
neous reversible membrane-drug and serumarug binding across 
the plasma membrane. This was demonstrated by the linear and 
nonlinear regression analyses of the data with respect to the physi- 
cal model. However, additional comments should be made to de- 
scribe attempts to investigate whether other model variations are 
also applicable. 

The likelihood of irreversible membrane-drug binding, as de- 
scribed by Model 3 (2), is not consistent with the findings that the 
initial concentration of digitoxin bound to the outer surface of the 
plasma membrane is proportional to the initial concentration in 
the external medium (see Table IV). Although the simultaneous 
passive transport of both the membrane-hound and unbound drug 
species across the plasma membrane is a possibility, as described 
by Model 5 (2), this mechanism is deemed less likely on the evi- 
dences presented here. Furthermore, if the permeability of the 
membrane-bound species is smaller than that of the unbound 
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Figure 12-PUptake of digitoxin with time at 33" and 15% 
fetal bovine serum. Key:  0, uptake by viable cells; and 0, 
uptake by heat-inactivated cells. The solid curve is the best-fit 
curve by nonlinear regression analysis of the model. 
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Figure 13-Release rates of digitoxin from viable cells at 33O 
into the surrounding medium containing 5% (0) and 30% 
(w) fetal bovine serum. The cells were initially equilibrated with 
digitoxin using the static procedure. Solid curves represent the 
theoretical fit of the model by nonlinear regression analysis. 

species, this model effectively reduces to the model involving the 
transport of unbound species. 

Simultaneous Uptake Kinetics of Ouabain and Digitoxin- 
Theoretical -This model considers the simultaneous uptake of 
two radiolabeled solutes, such as digitoxidH and ouabain-", by 
cells in suspension. It is assumed that both solutes diffuse inde- 
pendently of each other. Let digitoxin be identified as solute A 
and ouabain as solute B. As shown previously, digitoxin binds to 
the plasma membrane and fetal bovine serum while ouabain does 
not. The cell concentration of both solutes as a function of time is 
described by the following expression (2): 

C n 4 + R ,  = (CcI,+H,eq - C,  HN,ie-hfir + (Cs,o - C, .apq)e-kAl 

(Eq. 26) 

where: 

- + 95) 
a ( K ,  v, 

3P k , = H  a. 28) 

Analysis of Results -The simultaneous uptake of digitoxin and 
ouahain at 26' without fetal bovine serum is shown in Fig. 15. 
Equal concentrations of each cardiac glycoside were added to the 
cell suspension. The memhrane-digitoxin equilibrium constant, 
Kbm, was calculated using the intercept of Fig. 15, the total 
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Figure 14-Profiles of release kinetics of digitonin at 3 3 O  
according to the linear predictions of Eq. 25. Solid lines are 
least-squares lines. Key:  0, 5% fetal bovine serum; and B, 
30% fetal bovine serum. 
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Figure 15-Simultaneous uptake of digitoxin and ouabain 
with time by viable cells at 26" in the absence of fetal bovine 
serum. Experimental points are the sums of both drugs in the 
cells. The solid curve represents the theoretical predicted curve 
from the model using the values of the permeability and parti- 
tion Coefficients and other parameters of both drugs from in- 
dependent experiments. The interpretation is that the transport 
of digitoxin is independent of that of ouabain and vice versa. 

amount of digitoxin, and the number of cells and was found to be 
4.1, which is in reasonable agreement with 5.9 in Table IV. Using 
the intrinsic partition and permeability coefficients of the glyco- 
sides (Tables I and V) and Eq. 26, the theoretical predictions of 
the C,(A+B) uersus time plot is in good agreement with the experi- 
mental findings. Thus, the passive uptake of digitoxin is not af- 
fected by ouabain and vice versa. 

DISCUSSION 

The kinetic transport data of the cardiac glycosides are consis- 
tent with the general physical model involving the rapid equilibra- 
tion of these solutes within the cell after permeation through the 
rate-determining plasma membrane barrier. The passive transport 
of digitoxin is influenced by membrane and serum binding and 
that of digoxin by membrane binding. There is no binding of oua- 
bain to the plasma membrane and serum. 

As reported earlier (3, 4), the sterols (cholesterol, desmosterol, 
and $-sitosterol) provide complementary examples of the occur- 
rence of only serum binding. In all of these cases the unbound drug 
molecules appear to be the only kind involved in the penetration of 
the plasma membrane. Significantly, these studies with the cardiac 
glycosides and sterols not only provide excellent examples of how 
each kind of physical interaction, alone and in combination, affect 
the total transport rate but also demonstrate the method of quan- 
titative factorization of each physical phenomenon and combined 
interaction from the intrinsic transport rate. 

Table VI summarizes the intrinsic phenomenological constants 
factored out by the analysis of the kinetic data. The intrinsic parti- 
tion coefficients are direct indications of how much drug actually 
penetrates the cells. This is an important aspect in the design of 
drug molecules aside from the interaction of the molecule with the 
serum and plasma membrane. The intrinsic permeability coeffi- 

Table VI-Summaryn of Intrinsic Constants  of Cardiac 
Glycosides: Membrane  Binding Cons tan t  (Kbm), Serum 
Binding Cons tan t  (Kb), Part i t ion Coefficient ( K ) ,  a n d  
Permeabili ty Coefficient (P) 

Tem- P ,  

Glycoside tu re  Kam Kb K 108 
Cardiac pera- cm/sec X 

Ouabain 26" 0 0 12.2 1.65 
30" 0 0 15 .0  2.63 
33' 0 0 15.8 4.51 

Digoxin 26' 1.89 0 13 .0  2.80 
33" 1 .22  0 13 .8  3.34 

Digitoxin 26' 5.94 - 29.0 10 .1  
30" 7.41 12 .5  40.0 20 .1  
33' 7 .82  13 .3  59.5 27.4 

cients indicate the rate a t  which the drug molecule penetrates the 
plasma membrane. 

The intrinsic partition and permeability coefficients of ouabain 
are comparable to those of digoxin, while the coefficients for digi- 
toxin, the most nonpolar among the three cardiac glycosides, are 
significantly higher. The lack of the hydroxyl group on the 12-posi- 
tion of digoxin giving rise to digitoxin results in significant binding 
to serum proteins and approximately to a sixfold increase in the 
membrane binding constant. There is also a threefold increase in 
the partition coefficient and a 10-fold increase in the permeability 
coefficient in favor of digitoxin over digoxin with respect to the 
Burkitt lymphoma cells. Thus, ouabain, digoxin, and digitoxin fol- 
low in ascending order of rapidity of their intrinsic transport rates. 
However, ouabain has the more rapid time for the onset and maxi- 
mum intensity of cardiac activity in uivo following an intravenous 
digitalizing dose than does digoxin and, in turn, digoxin acts more 
rapidly than digitoxin (6). Also, the biological half-life is longest 
with digitoxin, followed by digoxin and then ouabain. 

In extrapolating the results of this study with the Burkitt lym- 
phoma cells and fetal bovine serum to the in uiuo situation, this 
study supports the hypothesis that  the onset and duration of car- 
diac activity of these glycosides depend upon their relative tenden- 
cy to bind to serum proteins and nonspecifically to surfaces of cells 
in the circulatory system because the activity depends upon the 
availability of unbound drug species for transport across the mem- 
branes of capillaries and heart muscle cells. The intrinsic uptake 
and release kinetics and membrane binding of the glycosides by 
nonheart muscle cells and tissues will affect the biological half-life. 
The enterohepatic cycling of digoxin and digitoxin and the bio- 
transformation of digitoxin are other influential, kinetically di- 
mensional factors (7). 

In the specific case of digoxin, the rate-determining step for the 
onset of cardiac activity may be the transport of the unbound di- 
goxin across the capillary membrane and not across the membrane 
of the heart muscle cell, since the pharmacological action seems to 
be focused upon a surface interaction on the cell membrane. This 
is indicated by a recent study (8)  correlating the inotropic and 
chronotropic activities of isolated beating neonatal rat heart cells 
in a culture system with membrane-bound digoxin5. 

In Figs. 3, 6, 10, 11, and 14, it is sometimes observed that the 
scatter of the data about the linear regression line increases as the 
transport of the drug proceeds to equilibrium. This is largely due 
to the logarithmic nature of the uptake concentration function; a 
small experimental error in the assay of the drug in the cells leads 
to a more pronounced deviation in these plots near equilibrium. At 
equilibrium the function equals zero and is, therefore, undefined. 
The deviation encountered when linear regression analysis is used 
disappears when the nonlinear regression technique is employed. 

The experimental techniques used here are satisfactory for 
drugs with low permeability coefficients (5 X and smaller) 
and with relatively high partition coefficients (a t  least 5) because 
the sampling time is of the order of 3 min and the centrifugation 
step takes 10 min. Another limitation is the low partition coeffi- 
cient, which leads to analytical problems. Circumvention of this 
analytical constraint might be possible by increasing the cell vol- 
ume fraction. 

The combined usage of the mathematical models and experi- 
mental methodology developed along the guidelines of the models 
demonstrate the advantages of the physical model approach to the 
quantitative analysis of experimental data to yield meaningful 
phenomenological parameters. The far-reaching goal of this ap- 
proach is to predict drug activity in uiuo. This work should be re- 
garded as a useful tool for the examination of many cells and 
tissues and their relationship to drugs that affect them. This sys- 
tem provides an excellent method for quantifying cellular drug 
availability as a function of molecular design. I t  is not intended to 
preclude other distribution and metabolic factors operative in the 
whole animal. 
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Antiarrhythmic Activity of 
3-Amino-3-methyloxindoles 

M. J. KORNET x, P. A. THIO, N. MALONE, and 
W. C. LUBAWY 

Abstract A series of 3-amino-3-methyloxindoles was synthe- 
sized from indoles by modification of previously described proce- 
dures. All compounds showed activity against chloroform-induced 
arrhythmias in mice. One member of the series, 3-methyl-3-piperi- 
dinooxindole, displayed activity equal to that of lidocaine while 
showing only one-third the acute toxicity. 

Keyphrases 3-Amino-3-methyloxindoles-synthesis, antiar- 
rhythmic activity, compared to lidocaine 0 Antiarrhythmic activ- 
ity-3-amino-3-methyloxindoles synthesized and screened 

The authors’ interest in the synthesis and pharma- 
cological evaluation of lidocaine (I) analogs goes back 
several years, and initially attention was focused on 
compounds where the basic group was a hydrazine 
derivative (1). Recent work in these laboratories on 
the chemistry of aminooxindoles (2) has led to an ex- 
pansion of this interest and to the present report con- 
cerning the synthesis and antiarrhythmic activity of 
a series of 3-amino-3-methyloxindoles (11). 

Examination of I1 showed that these compounds 
incorporate the principal structural moieties of the 
local anesthetic and antiarrhythmic drug lidocaine- 
uiz., an aromatic nucleus, an amide linkage, and a 
basic amino group, in a nearly rigid framework. Clos- 
er examination revealed that the title compounds 
possess unique structural features that set them 
apart from lidocaine and its many congeners. Signifi- 
cant differences can be discerned in the stereochem- 
istry of I1 and lidocaine. Thus, I1 has the cis-amide 
configuration, while the protonated form of lidocaine, 

(8) T. B. Okarma, P. Trammel], and S. M. Kalman, J. Pharma- 
col. Exp. Ther., 183.559(1972). 
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which is supposed to be the active form of the drug, 
has the trans-configuration (3). Another difference is 
found in the coplanarity of the amide carbonyl group 
with respect to the aromatic moiety; steric hindrance 
precludes such a conformation in the lidocaine mole- 
cule (3, 4). Finally, it is worth noting that in 11, in 
contrast to lidocaine, the “activity-controlling dis- 
tance” (5) between the basic nitrogen and the amide 
carbonyl and aromatic nucleus is completely fixed. 

Because of its flexible structure, lidocaine can ac- 
quire a large variety of conformations and may, 
therefore, possibly fit a number of different receptor 
sites (6, 7). On the other hand, if a rigid congener of 
lidocaine can be found of the proper stereochemical 
configuration and charge distribution to give a high 
degree of complementariness to the receptor respon- 
sible for antiarrhythmic action, this hypothetical 
compound should show a more highly specific inter- 
action (8). Since a full coincidence of stereochemical 
properties for the different receptors involved in the 
action of a multipotent drug is rather unlikely, this 
specificity should help to minimize side effects that 
originate from interaction with other receptor types 
as well as those that result from degradation of the 
drug into biologically active metabolites (9). In addi- 
tion, such a hypothetical compound may be pre- 
sumed to be highly active (7) and hence efficacious in 
smaller doses; this, in turn, should lower any associ- 
ated “physical toxicity” (8) due to nonspecific drug 
action (10). 

@&cH~2N’c2H5 ,fj+ &<: RESULTS AND DISCUSSION 

N-‘CIH5 The title compounds were obtained from indoles by modifica- 
tion of the procedures described by Hinman and Bauman (11, 12) 

H H (Scheme I). They prepared 3-bromo-3-methyloxindole by the N -  
bromosuccinimide bromination-oxidation of skatole (11): but in 

N 

R, CHJ 
. ., 

1 I1 repeating this work, considerable difficulty was experienced in 
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