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SUMMA Ity

MARKS, MICHAEL ,J., AND MEI)ZIHRAI)SKY, FEDOR: Characterization of the transport

system for benzomorphans in leukocytes. Mo!. P/iarmacol. 10, 837-848 (1974).

The biological transport of pentazocine in leukocytes displayed characteristics of an active,
carrier-mediated process. \\ ithin 5 mill the uptake reached cellular equilibrium levels several

fold higher than those in the medium. The transport process followed simple saturation
kinetics, with an apparent Km of 40 MM and V,ax of 100 nmoles/g of cells �I1 5 sec. The

uptake was sodium-independent. At decreased temperatures and in the presence of meta-

bolic inhibitors, the transport of pentazocine was subject to noncompetitive inhibition. For
temperatures between 0#{176}and 37#{176}the V,,ax for uptake had a Qio of 1 .58. Poisons of glycolysis

were more effective in blocking drug uptake than were inhibitors of aerol)ic energy produc-
tion, and oxygen deprivation did not affect the transport process. The rate of transport of

pentazocine into leukocytes decreased linearly with the fall in cellular ATP content . Uptake
of pentazocine in cells depleted of ATP amounted to one-fifth of the uptake in control cells
and was equal to that in cells previously treated by heating or freezing. Effiux of the drug
from leukocytes was rapid and sensitive to temperature. Exodux appeared to be the result

of two first-order processes with greatly different rate constants. Only the higher of these
rate cOIlstants was affected by temperature, and displayed a Qio of 1.86. Both uptake and
exodus exhibited the phenomenon of count.ertransport , showing transacceleration. Uptake

of pentazocine and inhibition of this process at various pH values indicated that. the drug
was transported when it. bore no net charge. Benzomorphan analogues and amines of wide

structural variety, excluding quaternary amines or those with acidic character, competitively
inhibited the uptake of pentazocine. Additional structural requirements in the uptake
process have been elucidated. On the basis of its characteristics, the transport system for
benzomorphans in leukocytes represents a novel process for the cellular uptake of amines.

INTRODUCTION in the search for pain-relieving drugs with

Benzomorphans compounds exhibiting little or no addiction liability (1, 2). Among
strong analgesic properties, were developed the benzomorphans pentazocine particularly

has found wide clinical application as a po-
This investigation was supported in part by tent markedly fast analgesic (3 4). This

United States Public Health Service Grants 5Pll . �

GM15559 and R01-DA-00254. �nig rapidly enters the brain of rodents after
I To whom requests for reprints should he int.raperitoneal (5), subcutaneous (6), or

addressed. intravenous (7) administration. It was re-
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AMl�, lactate, and glucose were estimated

ceiit.ly shown that 1)elltazocine is accumu-
lated in rat. leukocvtes by a process possess-
big many characteristics of an active trans-
port system (8) . I’urthermore it. was reported
that the uptake into leukocytes of pentazo-

due, as well as Of amphetamine, codeine,

methadone, and naloxone, occurred through

the intervention of a single, carrier-mediated

pr(.)C(’S5 (9, 10). P(’lltaZOCiII(’ has also been

found to be a p��)teIlt inhibitor of the uptake
of 1)0th 5-hydroxytryptamine and metar-

an)inol into blood platelets (11).

The present study provides a detailed
characterization of the process by which the
uptake and exodus of pentazocine occurred
in niorphologically typical, nucleated marn-
malian cells, the rat leukocytes.

MATERIALS AN!) METHODS

�Iateria1s. Trit.iated pentazocine (gener-

ally labeled) was a generous gift. of the

St erling-\\ inthrop Research I nstitute, Rens-

selaer, N. Y. Its specific activity was deter-

mined by gas-liquid chromatography (12).
Tryptamine, AV-methyltryptamine, choline
chloride, tyramine hydrochloride, ouabain,
Tris, ascorbic acid, and iodoacetamide were
purchased from Sigma Chemical Company.
Phenethylamine was purchased from Al-

drich Chemical Company . The central nerv-
GUS system drugs used in this study were

kindly provided by Drs. H. H. Swain and

j. H. \% oods of the Department of Pharma-

cology, The University of Michigan.

Reagents and enzymes used for the analy-
sis of metabolites were obtained from
Boehringer/\ Iannheim and Sigma, respec-
tively. Protosol, a tissue solubilizer, was a

product of New England Nuclear Corpora-

tion. Plasmagel, a modified gelatin solution
used for the separation of leukocytes, was

obtained from HTI Corporation, Buffalo,
N.Y.

Isokition of blood cells. Leukocytes were
isolated from the blood of 300-g male
Sprague-Dawley rats as described previ-
ously (8, 9, 13). Briefly, erythrocytes were

separated from the other blood cells by sedi-

mentation in the presence of Plasmagel. The

further separation of platelets and leuko-

cytes was carried out by differential centrifu-
gat.ion. The separated leukocytes were oh-

tanied within 2 hr after the collection of

blood, with an average yield of 59 %. The

purity and viability of the isolated cells were
investigated in detail and ascertained (13).

The leukocytes fulfilled the viability criteria

of cellular content of K+, Na+, and ATP,
trypan blue exclusion, and uptake of 02 im-

mediately after their isolation as well as
during incubation at 37#{176}for up to 3 hr (13).

Leukocytes were counted either micro-

scopically, using a Spencer Bright-Line hema-

cytometer, or electronically, in a Cytograf
model 6301 instrument (Bio/Phvsics Sys-

tems, Inc., Mahopac, N. Y.). Approximately
10� cells corresponded to 1 g, wet weight,

and 50 mg of protein.
Protein . Protein was determined according

to Lowry et a!. (14).

Cellular ion content. Aliquots of cellular

suspensions correspondmg to 2-4 X 10�

leuk )cytes were centrifuged in polyethylene

tubes at 3000 X g for 2 mm at 2#{176}.The cellu-

lar pellet was washed twice with ice-cold

0.3 �i sucrose by resuspension and recentrifu-
gat.ion. The washed pellet was digested with

50 ,�l of 70 � �. HNO, at �S0#{176}for 1 hr. After

the addition of 5 ml of LiCl reference solu-
tioii (15 n�i) the concentrations of potas-
sium and sodium were determined in a flame

photometer.

Determination of nietabolites. All operations
ill these experiments were carried out at

2-4#{176}.Cell suspensions containing 5-10 X 10�
leukocytes (2.5-5 mg of protein) were
centrifuged at 3000 x g for 2 miii. After the

supernatant solution had been discarded,
the cellular pellet was disrupted ill all all-

glass Potter-Elvehjem homogenizer with
500 �l of 0.6 M HC1O4. After centrifugation

at 1900 X g for 15 mm, 250 �1 of the super-

natant fluid ��ere pipetted off and neutral-

ized to pH 7 with a measured volume of 5 �i

K,C03. The mixture was chilled for 15 mm

ill ice, to allow precipitation of KCIO4, the
tubes were briefly centrifuged at 1900 X g,
and the supernatant fluid was decanted and

stored at - 70#{176}until analysis. Aliquots of

these extracts, corresponding to 4-8 X 106

leukocytes, were used for the determination
(.)f metabolites.

Cellular concentrations of ATP, ADP,
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using enzyme assays coupled to the fluoro-
metric measurment of reduced nicotinamide
adenine nucleotides (15) . Final concentra-

lions of the reagents in the particular assays
were the following. ATP : Tris HC1 buffer

(pH 7.5), 100 m�l; MgCl2, 5 mM; NADP�,
0.05 m�i ; glucose, 1 mM ; BSA, 0.01 % ; glu-

cose 6-phosphate dehydrogenase, 2 jig/ml;

hexokinase, 4 ,�g/m1. Glucose : Tris HC1
buffer (pH 7.5), 100 m�i ; MgCl2, 5 m�i;

NADP�, 0.1 mM ; BSA, 0.01 % ; glucose
6-phosphate dehydrogenase, 2 j&g/ml; hexo-
kinase, 4 j�g/ml. Lactate : hydrazine buffer
(pH 9.5), 200 mM; NAD�, 0.2 mM; BSA,

0.01 % ; lactate dehydrogena.se (beef heart),

40 �sg/ml. ADP and AMP: phosphate buffer
(pH 7.0), 50 mM ; MgCl2, 2 m�i ; NADH,

0.006 mu ; ATP, 0.02 m�i ; phosphoenolpy-
ruvate, 0.02 mM ; BSA, 0.01 % ; lactate de-

hydrogenase (skeletal muscle), S �ig/nl1;
pyruvate kinase, 0.5 �g/ml ; myokinase,

1 �g/ml. Appropriate standards were in-
cluded in each set of analyses. Progress of

the enzymatic reaction was monitored on a
recorder to ascertain the rate and comple-

tion of the assay.
General experimental procedure. Through-

out the experiments a phosphate buffer was
used, containing the following millimolar
concentrations : NaCl, 133 ; KC1, 5.3 ; MgSO,,
1.3 ; Na2HPO4, 13.3 ; glucose, 10. The pH of

this medium was adjusted to 7.4 with 1 x

HC1. After isolation, 1-mi aliquots of a sus-

pension of leukocytes in the buffer (5-10 X
106 cells, 0.25-0.5 mg of protein) were incu-
bated at 37#{176}for 1 hr. The pH remained con-

stant throughout this period. Cellular uptake
was initiated by the rapid addition of 1 ml

of buffer medium containmg pentazocine at

a concentration twice that desired during

the incubation. In addition, this solution
contained 0.05-0. 1 j�Ci of the radiolabeled
drug. Because of the markedly rapid cellular

uptake, the incubation was routinely termi-
nated 5 sec after the addition of pentazocine
by quickly separating the leukocytes from

the incubation medium as described previ-
ously (10). Briefly, the cellular suspension

was quickly filtered on a Millipore assembly

through glass-fiber filters supported by a

stainless-steel screen. The cells on the filter

were washed with three 6-mi portions of

ice-cold 0.9 C.; NaCI. 1”or the determination

of radioactivity, the filters were placed on

the bottoms of counting vials and the bio-

logical material was digested for 1 hr at 60#{176}
with 0.3 ml of Protosol. After the addition of

10 ml of toluene scintillation fluid, contain-

ing 5 g/liter of 2 , 5-diphenyloxazole and 0.3

g/liter of 1 , 4-his[2-(4-methyl-5-phenyloxa-

zolyl)]benzene, the radioactivity was deter-

mined in a liquid scintillation spectrometer.

Efficiency of counting was determined pen-
odically by using radiolabeled toluene as �ll

internal standard.
The procedure outlined above was partly

modified in specific experiments. Although

details of the conditions are included in
legends for the table and figures, several

major modifications are outlined in the

following sections.

Effect ofpH. To provide buffering capacity

between pH 6 and 1 1 , the standard incuba-
tion medium was modified to include both

phosphate and pyrophosphate as buffers.

While the cells, prior to incubation with

pentazocine, were suspended in the standard
1)uffer at pH 7.4, the drug was dissolved in a

solution of the following composition : NaCl,

133 m�i; KC1, 5.32 mM; MgSO4, 1.33 m�l;

Na,HPO4, 6.6 msi; and Na4P2O5, 20.0 mi�i.

The pH of the drug solution was adjusted to

a value such that mixture of this solution

with an equal volume of standard medium

at pH 7.4 resulted in a solution with the
desired pH.

Efflux of pentazocine. Owing to the rapid

exodus of the drug, a technique using quick

dilution of the cells was adopted. To load
tile cells with pentazocine, 0.25-mi aliquots

of cell suspension, concentrated 4-fold more

than usual, were incubated with an equal
volume of a solution of radioactive drug. In
order to achieve high cellular concentration

of the drug, the loading of leukocytes was
carried out at elevated pH (see RESULTS).

Exit. of pentazocine was initiated by dilution
with 4.5 ml of drug-free medium. Also esti-

mated was the efflux at various tempera-

tures. Cells ��er�’ loaded with drug at 37#{176}as

described above. Dilution with medium at

370 (.)r at a lower tefllperatur(’ initiated

exodus. After dilution at teml)eratureS below
370, the final temperature was measured and
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designated as the temperature at which exit

occurred. In general, because of the
markedly rapid cellular exodus of pentazo-

cine, efflux of drug was more conveniently
determined at low temperatures.

Countertransport. Countertransport phe-
nomena were investigated during both up-

take and effiux of pentazocine. In uptake
experiments 0.5 ml of cellular suspension,
containing twice the usual concent ration of
leukocytes, was incubated with the same

volume of a solution containing unlabeled
pentazocine. In controls the latter solution
was drug-free. After equilibrium had been

reached between medium and cellular con-

Celltratiolls of the drug, radiolabeled penta-

zocine was added, and the cellular uptake
was determined as usual. Tile effect of

external pent.azocine 011 drug efflux was de-

termined by diluting the cells with medium

containing various concentrations of un-

labeled drug instead of drug-free medium as
described above.

RESULTS

Time course and saturability of uptake. The
uptake of [3H]pentazocine by leukocytes was

markedly rapid. Within S sec the cellular

drug content was about 60 � of that at equi-
librium, and the uptake (60 nmoles/g) was

virtually complete 2 miii after the addition

I 2 3

Incubation Time (mm)

zocine by leukocytes

The conditions for incubation and collection of

cells as well as quantitation of the drug are de-

scribed under MATERIALS AND METHODS. Each
point is the mean of 5-50 experiments, correspond-

ing to 20-200 separate incubations. The apparent

Km and TTmax values were determined to be 40 �M

and 100 nmoles/g of cells 5 sec, respectively.

of pentazocine (42 MM) (Fig. 1). At low con-

centrations of penta.zocine in the medium,

the cellular accumulation of the drug was up
to 12-fold. The identity of the measured
radioactivity with pentazocine was estab-

lished in initial experiments (8).
For drug concentrations in the medium

ranging from 2 to 100 ,.�i, the uptake of

pentazocine by leukocytes conformed to
simple Michaelis-Menten kinetics (Fig. 2).
The apparent Km and Vm� for uptake were

40 .t�i and 100 nmoles/g of cells . 5 sec’,
respectively. At millimolar concentrations of

the drug in the medium, the uptake deviated
from that predicted by Michaeiis-Ment.en

4 5 kinetics, indicating the existence, under these
conditions, of additional mechanisms for the
entry of pentazocine into leukocyt.es.

Effect of teniperature. Lowering the tern-
perature of incubation decreased the Vm�

without changing the Km of the uptake

process (Fig. 3). The Arrhenius plot was
linear in the range of temperatures studied.
The Qio for the V,,,� from three separate

experiments was calculated to be 1.88.
Unlike the pronounced temperature effect

FIG. 1. Time course of uptake of pentazocine into

leukocytes

Suspensions of cells were incubated at 37#{176}in

the standard medium containing 42 MM pentazo-
cine. In addition the medium contained 0.1 �zCi

of the ‘H-labeled drug. At the times indicated, the
cells were collected by rapid filtration as described

under MATERIALS AN!) METHODS. The shortest incu-
bation time was 5 sec. Plotted are results of a rep-

resentative experiment.
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FIG. 3. Effect of temperature on uptake of penta-

zocine

Leukocytes, suspended in the standard medium,

were incubated for 60 mm at the indicated tern-
peratures . Subsequently radioactive pentazocine

was added and the cellular uptake at 5 sec was de-
termined as described under MATERIALS AND

METHODS. The temperature of the drug solution
was the same as that of the cell suspension to

which it was added. Shown are mean values of

four separate experiments using different prepara-

tions of leukocytes.

observed for viable cells, the uptake of

pentazocine by heat-treated leukocytes was
insensitive to changes in temperature. Also
uninfluenced by temperatures in the range

0-37#{176} was the binding of pentazocine to
BSA.2

Effects of metabolic inhibitors and atmos-

pheric composition. Prior incubation of leuko-

cytes with metabolic poisons resulted in non-
competitive inhibition of pentazocine up-
take. Most pronounced effects were obtained
with inhibitors of glycolysis (Fig. 4). No

significant difference in the cellular uptake
of pentazocine was observed if the incuba-
tion was carried out in oxygen (18.34 ± 2.35
nmoles/g of cells . 5 see) or in a nitrogen

atmosphere (17.90 ± 1 .40 nmoles/g of
cells#{149}5see).

Correlation of drug uptake and energy re-

serves in leukocytes. The marked reduction of
pentazocine uptake in the presence of glyco-
lytic inhibitors mandated a closer investiga-
tion of the consequences of such treatment.
In addition to elevated levels of glucose

2 M. J. Marks and F. Medzihradsky, unpub-

lished observations.

025 FIG. 4. Effect of metabolic inhibitors on uptake

of pentazocine

Leukocytes, suspended in the standard me-

dium, were incubated at 37#{176}in the presence of

2 mai concentration each of either KCN, NaN,,

or dinitrophenol, 3 mM jodoacetarnide, or 30 mM
NaF. The osmolarity of the incubation medium

was maintained constant by decreasing the con-
centration of NaCI equivalently. In separate ex-

periments suspensions of cells were incubated for

60 ruin in a nitrogen atmosphere. After these treat-

ments the cells were exposed to radioactive penta-

zocine for 5 sec. The separation of the cells and

quantitation of the drug were performed as de-

scribed under MATERIALS AND METHODS. Each

point represents the mean of four experiments.

and markedly decreased cellular concentna-

tiOll of lactate,’ leukocytes incubated with
NaI’� were characterized by a strongly de-
pleted content. of ATP. The total adenine
nucleot.ide coiltelit decreased by 75 � , and
the cellular energy charge, calculated as

ATP + � ADP/ATP + ADP + AMP
(16), was reduced by 40 (.�, relative to control
cells. The rate of transports decreased as a

linear function of the cellular ATP content

(I’�ig. 5) . The cellular concentrations of
alkali metals were considerably less sensitive

to changes in the levels of ATP. A pro-
noulleed decrease in the K+ content and an

increase in the Na+ content occurred only

after the cellular concentration of ATP fell
to one-fourth the level found in control cells.

Incubation of leukocytes with NaF did not
result in either a decrease in the number of

cells or an increase in their permeability to

trypan blue.2
Sodium requirement of uptake process.

Neither the exclusion of NaCl from the incu-

bation medium IIO� prior incubation of leuko-
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FIG. 5. (,‘orrelations between rate of pentazocine transport, cellular concentration of K+ and Na+, and

content of A TP in leukocytes
Leukocytes were incubated for 60 mini with various concentrations of NaF (from left to right, 0,

0.3, 1, 3, 12, 30, and 60 mM). Subsequently, using aliquots of the suspensions, the cellular contents of

ATP, K+, and Na+ were determined as described under MATERIALS AND METHODS. In addition, the up-

take of radiolabeled pentazocine by these cells was estimated at an external drug concentration of 20 �M.

The cellular uptakes are expressed as a fraction of the uptake in control cells, incubated in the absence

of NaF. Presented are mean values ± standard deviations of at least four experiments.

cytes with ouabain affected the cellular up-
take of pentazocine.

Drug uptake by purposely disrupted cells.

Cells treated by freezing and thawing or by
heating exhibited greatly diminished capaci-
ties for pentazocine uptake. In cells exposed
to either treatment the uptake, at a drug
concentration of 10 zu in the medium, was
reduced 80-90 %.

Effect of pH on pentazocine uptake. The
uptake was markedly sensitive to changes in
hydrogen ion concentration. Maximal cellu-
lan uptake at various concentrations of the

drug in the medium occurred at pH 10
(Fig. 6). Analysis of the data (Fig. 7) mdi-
cated a steady increase in the Vm� With

decreasing hydrogen ion concentration in
the range from pH 7 to pH 10. The ap-
parent Km for pentazocine was unchanged

between pH 8 and 10 but illcreased outside
this range.

Possible cellular damage by the short cx-
posure to nonphysiological pH levels was cx-

amined using several criteria. Neither the
cell count iior the percentage of cells stained

by trypan blue was altered after an 8-sec cx-

posure to pH values ranging from 6 to 11. In
addition, after tile exposure to various pH

values, leukocytes at pH 7.4 demonstrated

unchanged uptake of pentazocine relative to
control cells.

Exodus of pentazocine. The effiux of penta-
zocine from leukocytes was rapid and the
rate of outflow increased with rising tern-
peratunes (Fig. 8). As a sample analysis (17)
shows (Fig. 9), the exit of pentazocine was
apparently the result of a process composed
of two first-order components. The ac-
celerated efflux at higher temperatures re-

suited from an increase in the rate constant
for the more rapid component of the process,
which displayed a Qio of 1 .86. The fraction

of drug exiting with the latter rate constant
increased from 0.55 at 8#{176}to 0.90 at 36#{176}.The
slower component of the exodus was rela-
tively independent of temperature.

Countertransport in uptake and exit of

pentazocine. The rate at which pentazocine
entered leukocytes increased in cells previ-

ously loaded with the drug. At a concentra-
tion of pentazocine of 143 ± 26 nmoles/g of

cells the initial rate of uptake of labeled drug
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FIG. 6. Effect of pH on uptake of pentazocine

The uptake of pent.azocine at. several pH values

was determined using the standard experimental

procedure described under MATERIALS AND

METHODS. The different pH values of the incuba-

tion medium were achieved by mixing equal vol-

umes of a suspension of cells in the standard incu-

bation medium (pH 7.4) and of drug solution of a

different, appropriate pH. The following sets of

numbers represent the initial pH of the drug solu-

tion and the final pH achieved after mixing with

an equal volume of cell suspension: 7.4, 7.4; 8.4,

8.1; 9.9, 8.8; 10.5, 9.2; 11.0, 10.1; 11.4, 10.9. The

concentrations of pentazocine in these experi-

ments were 5, 10, and 20 �M, respectively. Each

point corresponds to the mean of four determi-

nations.

was 81 .29 ± 10.70 nmoles/g of cells . 5 see,
as compared to the corresponding value of
64.83 ± 4.94 in cells not loaded with un-
labeled drug (p < 0.01, t-test).

The exit of pentazocine from leukocytes

previously loaded with the radiolabeled drug
was accelerated when the external medium

contained high concentrations of the benzo-

morphan (Fig. 10). An analysis of the data
(17) indicated that under these conditions
the first-order rate constants of exodus re-

mained unchanged. The acceleration of
efflux was apparently the result of a more

rapidly established equilibrium, in the
presence of pentazocine, in the external

medium.
Effects of competitive inhibitors on pentazo-

cine uptake. The uptake of pentazocine was

FIG. 7. Kinetic constants for uptake of pentazo-

euue at various pH values

The values for Km and � obtained from

Lineweaver-Burk plots of the data presented in

Fig. 6, are plotted as a function of pH at which

the uptakes were determined.

FIG. S. Efflux of pentazocine from leukocytes at

various temperatures

Leukocytes, suspended in the standard me-

dium, the pH of which was adjusted to 9.8, were

incubated with radioactive pentazocine for S sec

at 36#{176}.The external concentration of drug was

10 �M. The cells were either immediately filtered

(cell content at zero time) or diluted 10-fold with

incubation medium (pH 7.4) kept at various tem-

peratures. Dilution with media at 0#{176}and 12#{176}gave

final temperatures of 50 and 17#{176},respectively. In

all instances the dilution resulted a final pH of

7.4, at which the efflux was monitored. The latter

incubations were terminated at the times mdi-
cated. Plotted are results of a representative

experiment.
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FIG. 9. Analysis of efflux of pentazocine

Analyzed according to Robertson (17) are the

data from an experiment in which the effiux from

leukocytes was determined at 17#{176}.Previously the

cells had been loaded with pentazocine by incuba-

tion with 5 ,�M drug for S see at pH 10. Up to 60 sec

after dilution the cell content at any time can be

calculated as the sum of two first-order processes:

(‘C = Co[fie�InI + (1 - fi)e�”,’l

where (‘, and Co are the cellular concentrations of

the compound at times t and zero, Ii is the fraction
of the efflux accounted for by the process with a

rate constant k, , and (1 - .fj) is the remaining
fraction of the efflux occurring with a rate constant

k2 . As shown, this analysis indicates the inter-
vention during the efflux of pentazocine of two

processes with considerably different rate con-

stants.

competitively inhibited by a number of corn-
pounds with structures similar to that of the
benzornorphan . The competitive nature of

the interactions at the transport site is
illustrated by the data shown in Fig. 11. The
K values obtamed for various compounds

are listed in Table 1. All benzomorphall
analogues were potent inhibitors of penta.zo-

cine uptake. The latter process was also
strongly inhibited by quinacriiie, tricyclic

antidepressants, and a liulTiher of narcotics

Incubation TIme (sec)

FIG. 10. Effect of external penlazocine on efflux
of drug from leukocytes

The cells were incubated at pH 9.5 for 8 sec
with radioactive pentazocine at a drug concen-

tratmon of 5�uM. Subsequently the cells were rapidly

diluted 10-fold with the standard incubation me-

dium which was kept at 12#{176}and contained differ-

60 ent amounts of pentazocine to give a final concen-

tration of the drug in the external medium of 0.5

�sM, 100 MM, or 500 �M. The temperature and pH
at which efflux occurred were 18#{176}and 7.4, respec-

tively. Each point. is the mean of four determin-

ations.

i/[PENTAZOCINE)medm (nmo�s ml)

FIG. 11. Competitive inhibition by methadone and

naloxone of uptake of pentazocine

The uptake of radiolabeled pentazocine (20 MM)

by leukocytes was determined in the absence and

presence of 30 MM methadone or 100 �u�i naloxone.

Shown are results of a representative experiment.

Each point. is the mean of three separate incuba-

tions.
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TABLE 1

Potency of various compounds as inhibitors of pentazocine uptake by leukocytes

The inhibition constants were determined at 37#{176}and pH 7.4 using several methods. The K1 values

were generated from log dose-response curves of the uptake of pentazocine in the presence of inhibitor.

The rate of pentazocine transport was determined in control cells and in the presence of different con-

centrations of the inhibitor. By plotting the log of inhibitor concentration in the medium against. the

rate of pentazocine uptake, the point at which 50% inhibition of the latter process occurred was deter-

mined. In addition, the inhibition constants were estimated from 1)ixon plots of the data on the up-
take and were also calculated from the apparent Km values obtained in the presence of inhibitor (Line-

weaver-Burk plots). Within the same experiment, the values for the inhibition constants obtained by

the various methods were virtually identical.

Compounds according to classification K� Compounds according to classification

Benzomorphans
(± )-Pentazocine

(+ )-Pentazocine
(- )-Pentazocine
Etazocine

Cyclazoc me

Phenazocine

Tricyclic antidepressants

Amitryptiine
l)esipramine

Imipramine
Narcotic analgesics and antagonists

Morphine

Codeine

Thebaine
Naloxone
Nalorphine

Levorphan
Levallorphan

Meperidine
Methadone
Propoxyphene

Phenethvlamine anali)gues
Phene thyl amine

Amphetamine
Tyramine

I )opamine

Norepinephrine

I ndoleal kyl amines

Trypt amine
8 .V-Methyltryptamine
8 #{149}\�,�V-Dimethyltryptamine

8 5-Hydroxytryptamine

Miscellaneous

Choline
H istam inc

Cocaine

Phenoharhital

Quin acrine

Tripelen ii am i lie

130

100

>1000
>1000

>1000

>1000

600

8:)

>1000

>1000

>1000

100

>1000

3

40

and narcotic antagonists. Morphine, how-
ever, was a decidedly weak inhibitor. In
proceeding from primary to tertiary arnines

in the indolealkylamine series, the potency

of inhibitors increased. Hydroxylation of
phenethylamine strongly reduced its inhibi-
tory properties. Similarly, inhibition of the
uptake of pentazocine decreased with the
additional presence of free hydroxyl groups
in the series thebaine, codeine, and
morphine.

DISCUSSION

The characteristics of the uptake of penta-

zocine by rat leukocytes are consistent with

those expected for a carrier-mediated, active

transport system (18-20) : the uptake dis-

played saturatioii kinetics: at equilibrium
the distribution of drug between cells and
medium exceeded a ratio of 1 ; the tempera-

tune sensitivity of the uptake resulted in a

Qio of approximately 2 ; tile uptake �vas
markedly reduced in cells poisoned with

metabolic inhibitors; the rate of uptake was

closely correlated with cellular ATP con-

tent ; chemical analogues competitively in-

hibited uptake; the uptake and exit of drug
exhibited the pilenomenon of count ert ratis-

port ; and the ability to transport the (Irug

strongly decreased in cells disrupted by

heating or freezing.
Both cellular uptake and exit of petitazo-

Cille occurred rapidly and were equally SeIlSl-

tive to changes iii temperature. �Vhile the
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Vmax for pentazocine uptake exhibited a Qio

of 1 .88, the Km was unchanged between 1#{176}
and 37#{176}.The rapid first-order component of
efflux showed the same temperature depend-
ence (Q’#{176}= 1.86) as the Vm5x for uptake.

Marked sensitivity to temperature is not
limited to carrier-mediated processes but can
also be the result of temperature-dependent
binding (19, 20). However, the binding of

pentazocine to heat-treated leukocytes as
well as to BSA was unaffected by changes in

temperature. The temperature independence
of pentazocine binding, as well as the in-
sensitivity of the Km to changes in tempera-

tune, suggests that the activation energy for

binding of this drug to protein or to the
transport carrier is remarkably low.

The nature of the slower component of
exodus is still uncertain. This component

may be either a true exit process or an anti-
fact arising from recapture of drug from the
medium.

The effect of metabolic poisons on penta-
zocme transport was kinetically similar to
that. of temperature ; i.e., inhibition of uptake
was noncompetitive. The strong effect of in-

hibitors of anaerobic energy production is
consistent with the dominant role of glycol-
ysis ill leukocyt.es suspended in artificial
media (21-23). The rate of transport of
pentazocine decreased both as a function of
the duration of exposure to NaF and as a

function of inhibitor concentration. Upon
concurrent addition of drug and inhibitor’
no change was observed in cellular uptake,

indicating the lack of a direct effect of NaF
on the carrier.

The importance of ATP in maintaining
active transport processes has been demon-
strated directly for erythrocyte ghosts (24,

25), squid axon (26-28), and Escherich.ia coli

(29) by incorporation of the nucleotide into
the previously depleted systems. Additional
evidence for the role of ATP has been pre-
sented by the correlation of its concentration
and transport. in tissues with altered energy
metabolism (30-34) . Therefore the connela-
tioll between the rate of uptake of pentazo-

C1IlP and ATP levels in leukocytes presents
strong evidence for the active nature of the
transport process. The linear relationship of
this correlation closely resembles that re-

ported for glycine transport in brain slices

(30, 31) and Ehrlich cells (33) . At an cx-
trapolated cellular ATP content of zero, the

uptake of pentazocine was calculated to be
identical with that obtained in leukocytes
disrupted by heating on freezing. The ne-
sidual fraction of uptake (less than 20 % of

control) under such conditions apparently
represented a fraction of the drug which was

nonspecifically bound to cellular protein, on
which diffused into cells incapable of active

transport.
The uptake of pentazocine was apparently

independent of sodium concentration in the

external medium and was insensitive to in-

hibition by ouabain. These results indicate
that neither the electrochemical gradient of
K� and/or Na� nor the participation of
sodium as a cosubstrate was required for the

accumulation of the drug by leukocytes.
The pH sensitivity of the uptake of penta-

zocine resulted from changes in both the Km

and Vmax. The change in Km outside the
range of pH 8-10 indicated that only when
it bone no net charge was pentazocine a sub-
strate for the transport carrier (35) . The
5-fold increase in TITL&X occurring between
pH 7 and 10 cannot be explained as a simple
ionization process (36) . Various factors in-
fluencing the Vmax of a transport system,

e.g., ionization of the carrier, rate constants
of translocation, and cannier distribution,

might have been affected by the change in
pH, resulting in a complex, composite change

in Vm,�x. The enhanced transport of pentazo-
cine at high pH did not appear to result from
an increase lfl diffusion or binding of the
drug, for several reasons : inhibition of drug
transport by NaF was unchanged through-

out the investigated range of pH ; uptake of
pentazocine at high pH was strongly affected
by competitive inhibitors ; at high pH bind-
ing of the drug to disrupted cells accounted
for an even smaller fraction of the uptake
than at physiological pH ; and at all pH
values the cellular content of the drug was

considerably higher than its external con-
centration.

The observation of countertnanspont is
considered important evidence for the exist-

ence of cannier-mediated processes (18-20,
37). Both uptake and exit of pentazocine in
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leukocytes exhibited tnansaccelenation, mdi-
eating that tnanslocation of the loaded

carrier was more rapid than that of the
empty one (37). Acceleration of exit by cx-
tennal drug occurred with an interesting

alteration of the kinetic parameters of that
pnocess. While neither first-order rate con-
stant of the process describing exodus

changed, the fraction of drug exiting by the
rapid component increased with rising cx-

tennal concentrations of pentazocine. Half-
maximal acceleration of exit occurred at an
external drug concentration of 50 ,�t, a con-
centration close to the Km for uptake.

Acceleration of uptake in loaded cells was

less pronounced. Since no change in the rate
constant for exit was seen for cellular drug
concentrations as high as 200 nmoles/g of

cells, the level to which the cells were loaded
may have been sufficiently below the intra-
cellular Km for pentazocine to prevent
significant acceleration of uptake.

At physiological pH the cellular transport
of pentazocine was competitively inhibited

by amines of wide structural variety. Inter-
estmgly, however, a number of endogenous

compounds, including tynamine, dopamine,
choline, histamine, tnyptamine, and 5-hy-
dnoxytryptamine, were poor inhibitors. Cer-
tam structural changes considerably affected

the inhibitory strength of a given compound.
The addition of hydnophilic hydroxyl groups
in progressing from levonphan to morphine,

from phenethylamine to tyramine, and from
levallorphan to nalorphine, greatly reduced
the inhibitory potency displayed toward the

uptake of pentazocine. On the other hand,
inhibitory strength was increased by methyl-
ation of the hydnoxyl groups, as observed in

the series morphine, codeine, and thebaine.
The phenolic hydroxyl group in the benzo-

morphan nucleus had less influence on inhi-
bition, since cyclazocine and deoxycyclazo-
cine displayed nearly identical K� values.
The increased inhibition by dimethyltrypt-

amine relative to t.nyptamine was seemingly

the result of the different extents of ioniza-

tion of these compounds. With rising pH the

inhibitory potency of both compounds in-

creased as a function of the amount of un-

charged amine present at a given pH. The
latter observation provides additional sup-

port for the concept of an unpnotonat.ed
amine as the substrate for the transport
carrier. At high pH both primary and
tertiary amines were strong inhibitors of the
uptake of pent.azocine. Apparently, a sub-
strate for the benzomorphan cannier in leu-

kocytes can be a primary, secondary, on
tert.iary amine, but it must be unchanged to

be transported. The affinity of the transport
system toward a compound is inversely re-

lated to the increase in the hydnophilic
character of the latter. Although all the effec-
tive inhibitors of the uptake of pentazocine
contained an aromatic ring spatially sepa-

rated from the amino group, an absolute re-
quinement for an aromatic nucleus has not

been established. As investigated with opti-
cal isomers of pentazocme, no evidence for

stereospecificit.y of the transport process was

obtained.
On the basis of its characteristics, the

transport process for benzomorphans in leu-
kocytes is different from hitherto described
processes for the uptake of biogenic amines

by nervous tissue and platelets (38), as w’ell
as for the uptake of choline (39, 40) and of
methylglyoxal bis(guanylhydrazone) (41 , 42)

by human leukocytes. Similarities in tile ac-
cumulation of benzylamine in Ehrlich cells
(43) and the transport of pentazocine by
leukocytes described here are of interest, but
further work is required to clarify the nela-

tionship among these systems. Uptake of

various central nervous system drugs by
preparations of nervous tissue has been re-

ported, although the characterization of

these processes is not unequivocal. In addi-
tion to pentazocine, several other central
nervous system drugs, including codeine,
naloxone, methadone, and amphetamine,
\\��fl� actively transported into leukocytes

(9, 10). The results of the latter studies mdi-
cated that these compounds entered the cell

by a single, common carrier system.
Parallels between the uptake of pentazo-

cine by leukocytes in vitro and of various
central nervous system drugs by brain in

vivo exist. Results of ()ldendonf et al. (44),

obtained by a technique of carotid artery

injection (45), show a good correlation be-
tween tile specificity for cerebral drug up-

take and the affinity of the leukocyte trans-



848 MARKS AND MEDZ!HRADSKY

port system for a particular compoulid.
Nevertheless, an evaluation of the biological
role of the transport system for drugs exist-

ing in leukocytes will require the characteni-
zation of such processes in cellular prepara-
tiolls from nervous tissue.
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