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A B S T R A C T Digoxin-specific antibodies are capable
of removing essentially all intracellular digoxin from rat
renal cortical slices or from human erythrocytes. In re-
moving digoxin from erythrocytes, these antibodies are
capable of reversing an effect of the drug on cellular
potassium transport. This study provides direct evidence
that antibodies are capable of removing, and thereby
reversing the biological effect of, physiologically active
low molecular weight substances after they have been
taken up by mammalian cells. This biologic property
of digoxin-specific antibodies suggests that antidigoxin
sera may prove useful in the reversal of digoxin toxicity.
Rapid and essentially quantitative removal of digoxin

from red cells by antibody is not accompanied by an
immediate restoration of potassium influx to normal
levels. Identification of the mechanism of this phenom-
enon may provide useful information concerning the
mode of action not only of digoxin, but also of the
cation transport system of human erythrocytes.

INTRODUCTION

Antibodies specific for biologically active molecules of
high molecular weight, such as tetanus and diphtheria
toxins, have long been known to be capable of acting
as specific antagonists of their respective antigens (3).
Antibodies specific for such antigens have, in general,
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not been shown to be capable of reversing the biological
actions of these antigens; that such immunological re-
versal of physiological activity is possible, however, has
been clearly demonstrated by the finding that antibodies
to thyrotrophin and to insulin are capable of reversing
the action of these polypeptide hormones on certain re-
ceptor cells in vitro (4).

Antibodies capable of binding pharmacologically active
low molecular weight compounds can be elicited in the
serum of animals immunized with synthetic hapten-pro-
tein conjugates (5, 6). In contrast to antibodies to
protein antigens, however, little is known about the
capacity of such hapten-specific antibodies to act as
specific antagonists of the biologically active com-
pounds for which they exhibit immunological specificity.
Evidence has been presented that antibodies specific for
steroid hormones (7-9), serotonin (10), pyridoxal (11),
histamine (12), angiotensin (13), and bradykinin (14)
possess the capacity, by virtue of their ability to bind
these substances, of inhibiting certain physiological ef-
fects of these compounds on various tissues, either in
vitro or in vivo. In each instance, however, the binding
of hapten by specific antibody could have occurred in
extracellular fluids. To our knowledge, the ability of
hapten-specific antibodies to remove a specific biologi-
cally active compound from cells and to reverse a
physiological effect of this substance after it has
entered into, or been bound by, these cells has never
been directly demonstrated.
The demonstration of the capacity of antibodies spe-

cific for a pharmacologically active hapten to remove the
corresponding drug from cells would be of considerable
general importance because such antibodies might then
be useful as specific antagonists of the compound in
studies of its mechanism of action and, perhaps of
greater immediate value, in the reversal of toxicity re-
sulting from excessive tissue levels of the specific phar-
macologic agent.
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It is the purpose of this report to present evidence that
antisera specific for the cardiac glycoside, digoxin (15),
are capable of binding digoxin in biologic systems and,
in so doing, interfere with the pharmacologic effects of
the glycoside. Evidence will be presented that anti-
digoxin sera are capable of removing essentially all of
the intracellular glycoside from renal cortical slices of
rats or from human erythrocytes and that, in so doing,
these antibodies are capable of reversing an effect of
digoxin on cellular cation transport. The potential value
of these antibodies in the reversal of digoxin toxicity
and in the study of the effect of digoxin on cation trans-
port will be discussed.

METHODS

Albumin-digoxin conjugates
Synthetic human serum albumin-digoxin (HSA-Dig)1

and bovine serum albumin-digoxin (BSA-Dig) conjugates
were prepared by the periodate oxidation method (15, 16),
as described in detail elsewhere (17).

Immunological
After control preimmunization sera had been obtained,

rabbits were immunized by the injection of HSA-Dig or
BSA-Dig, 1 mg/ml, in an emulsion containing equal volumes
of 0.85%o NaCl and Freund's complete adjuvant mixture. An
initial series of three weekly 0.6-ml injections (0.1 ml into
each of two front-toe pads and 0.2 ml into each two rear-toe
pads) was carried out; 0.4-ml booster injections were given
intramuscularly at varying intervals thereafter. Antiserum
was obtained 5-7 days after completion of the initial series
of injections and after subsequent booster injections.

Control sera were obtained from rabbits immunized in a
similar manner with human serum albumin (HSA),' bovine
serum albumin (BSA),' hen ovalbumin,8 human ay-globulin
(HGG),' whole human serum, and purin-6-oyl-HSA (Pur-
HSA; [18]) or folic acid-BSA (BSA-FA).' Control sera
were also obtained from rabbits which had received no
antigen or which had failed to form detectable antibody to
cytochrome C or to human hemoglobin.'
Antidigoxin antibodies were raised in sheep by the intra-

muscular injection of BSA-Dig, 1 mg/ml in complete
Freund's adjuvant mixture, twice monthly for a 4 month
period.7 Thimerosal' in a final concentration of 1: 10,000
was added to all rabbit and sheep sera as a preservative.

1Abbreviations used in this paper: BSA-Dig, bovine serum
albumin-digoxin; BSA-FA, folic acid-BSA; HGG, human
y-globulin; HSA-Dig, human serum albumin-digoxin; Pur-
HSA, purin-6-oyl-HSA; RBC, red blood cells.
'Fraction V powder, Pentex Biochemicals, Kankakee, Ill.
'Ovalbumin, 2x crystallized, Mann Research Labs, Inc.,

New York.
'Fraction II powder, E. R. Squibb & Sons, New York;

supplied through the generosity of the American Red Cross.
'Butler, V. P., and J. Lindenbaum. Unpublished experi-

ments.
'Kindly supplied by Dr. Morris Reichlin, Department of

Medicine, State University of New York at Buffalo.
'Kindly performed by Dr. Donald H. Schmidt, Depart-

ment of Medicine, Columbia University, New York.
'Merthiolate, Eli Lilly & Co., Indianapolis, Ind.

To determine the quantity of antigen necessary to absorb
antibodies to HSA or to HSA-Dig from anti-HSA-Dig
sera, quantitative precipitin analyses were performed accord-
ing to a method outlined by Kabat (19), employing the
Folin-Ciocalteu color reaction for analysis of specific precipi-
tates. After determining the quantity of HSA or of HSA-
Dig necessary to remove all precipitating antibody at equiva-
lence, an appropriate amount of antigen in a small volume
of isotonic NaCl, buffered in some instances with phosphate
at pH 7.4, was added to 5 or 10 ml antiserum. After 1 hr
at 370C, the antiserum was placed at 4VC for several days
with frequent centrifugation at 2000 rpm until no further
precipitation occurred. The absorbed supernatant serum was
then decanted and stored at 4VC until studied.

Purified -y-globulin was obtained from each of several indi-
vidual sera by dialysis against starting buffer and chroma-
tography on a 2.5 X 30 cm column of DEAE-cellulose' in
0.03 M phosphate buffer, pH 7.0, or DEAE-Sephadex A-25 10
in 0.01 M phosphate buffer, pH 7.0; y-globulin was obtained
as the first 280 m/L-absorbing peak to appear from such a
column (20). Purified y-globulin was also prepared in a
similar manner from pooled normal rabbit Fraction II ' by
dissolving it in 0.03 M phosphate, pH 7.0, and passing it over
DEAE-cellulose. After concentration by negative pressure
dialysis, each purified protein fraction was dialyzed against
pH 7.45 Tris-buffered saline (21). Four of six preparations
contained only proteins which migrated as -y-globulins on
filter paper electrophoresis; the fractions from two anti-
HSA-Dig sera (DB-38, DB-45) contained small amounts of
,6-globulin.

Equilibrium dialysis experiments were carried out at 4°C
in isotonic Tris-buffered saline, pH 7.45 (21). 2 ml of -y-
globulin or 9 ml of test serum, diluted in this buffer, was
placed inside Visking dialysis tubing' and dialyzed in a
test tube against an equal volume of buffer in the presence
of randomly labeled digoxin-'H (Dig-3H)" added in a con-
centration of 0.016-0.027 ,tg/ml either inside or outside the
membrane. After 5 days of mechanical mixing, 0.5-ml por-
tions from inside and outside the dialysis membrane were
added to 15 ml of a modified Bray's scintillation mixture
(23); the latter solution contained 242 mg 1,4-bis-2-(4-
methyl-5-phenyloxazolyl) -benzene," 4 g 2,5-diphenyloxazole,'
60 g naphthalene, 20 ml ethylene glycol, and 100 ml methanol
made up to 1 liter with dioxane. Measurements of radio-
activity were carried out in a Tri-Carb liquid scintillation
counter 14 equipped with automatic external standardization.
The mean recovery of added radioactivity was 94% (±tSD
'Schleicher & Schuell Inc., Keene, N. H.
0Pharmacia Fine Chemicals, Inc., Piscataway, N. J.
Pentex Biochemicals, Kankakee, Ill.

"Union Carbide Corp., Food Products Div., Chicago, Ill.
"Lots G448 (112.6 ,ACi/mg), L499 (126 ,uCi/mg), and

R907 (144 ,aCi/mg), generously supplied by Dr. Stanley T.
Bloomfield, Burroughs Wellcome & Co., Research Triangle
Park, N. C. All three lots contained less than 2%o radio-
chemical impurities as determined by paper chromatography
using a formamide-saturated paper strip and chloroform sat-
urated with formamide as the mobile phase (courtesy of Mr.
James E. Murphy, Analytical Research Department, Bur-
roughs Wellcome & Co., Inc.). After the completion of the
experiments described herein, lot L499 was also shown to be
radiochemically pure by thin-layer chromatography (22), but
lot R907 (used only in the experiment shown in Table V)
was found to contain between 10 and 20%o radioactive im-
purities, when analyzed by this method.
" Packard Instrument Co., Inc., Downers Grove, Ill.

Biologic Activity of Digoxin-Specific Antisera 639



7%7); no significant bag binding (24) nor quenching was
observed with the dilutions of serum or 'y-globulin used in
these experiments. The concentration of protein-bound radio-
activity was determined by subtracting the concentration of
free radioactivity (as measured outside the dialysis bag)
from the total concentration of radioactivity inside the bag.
The percentage of digoxin bound by antibody was then ex-
pressed as the percentage of total recovered radioactivity
found to be protein bound.

Tissue uptake of digoxin
Rat renal cortical slices. Holtzman rats weighing ap-

proximately 200 g were sacrificed and the kidneys rapidly
removed and placed in ice-cold buffer, containing NaCl 115
mM, KCl 5 mM, MgSO4 1.2 mM, CaC12 1.0 mm, Na acetate
10 mM, and Tris 25 mm, adjusted to pH 7.4 with HCl. Thin
slices of cortex weighing approximately 100 mg were cut
with a Stadie-Riggs microtome'1 and placed in 25-ml
Erlenmeyer flasks containing 1 ml of buffer. The flasks were
preincubated at 250C in a Dubnoff metabolic shaking incu-
bator16 for 30-60 min. After the preincubation period, 1 ml
of buffer containing Dig-3H and inulin-14C (footnotes 13
and 17) was added to each flask together with carrier
digoxin to obtain the desired medium concentration of the
glycoside. The slices were incubated at 25'C for specified
intervals. At the specified times, duplicate flasks were re-
moved from the shaker and a portion of medium quickly
withdrawn from each for isotopic counting. The remainder
of the medium was rapidly separated from the slice by pour-
ing the contents of each flask onto filter paper in a Gooch
crucible placed in a filtering flask attached to a vacuum
pump. The slices on the filter paper were washed three
times with cold 0.85% NaCl, blotted on filter paper and
placed on a torsion balance for determination of wet weight.
Since evaporation loss was small and constant, no correction
was made. The slices were then digested in 2 ml of boiling
water for 5 min, and a portion of the supernatant was re-
moved for counting. For determination of dry weight, addi-
tional sets of duplicate slices handled in a similar manner,
except for the water digestion, were dried at 1000C in a
vacuum oven for 8-12 hr, or until constant dry weight was
obtained.

In order to study the effect of various test sera on the
digoxin distribution ratios, the slices were allowed to incu-
bate with the desired medium concentration of digoxin for
60 min in order to reach a steady state (see Fig. 1). Then
0.5 to 1.0 ml of test serum or 'y-globulin solution was added
to the flasks and incubation continued for an additional time
period, after which the slices and medium were handled as
described above.

In all rat kidney slice experiments, counting was per-
formed in a Mark I Model No. 6860 Nuclear Chicago liquid
scintillation counter'8 with Bray's solution (23) as the scin-
tillation mixture. The external standard procedure for dou-
bly labeled samples was used as described in the operating
manual for the counter. Counting error was less than 1%.
Commercially prepared water-quenched "4C and 8H standards
in Bray's solution were used to prepare the quench correc-
tion curves. Using these methods of extraction and counting,
the recovery of the isotopes was greater than 95%.
" Arthur H. Thomas Co., Philadelphia, Pa.
" Precision Scientific Company, Chicago, Ill.
17 Inulin-carboxyl-lC, 1-3 mCi/g was obtained from the

New England Nuclear Corp., Boston, Mass.
8 Nuclear-Chicago, Des Plaines, Ill.

Intracellular water was calculated as the difference be-
tween wet and dry tissue weights, less the volume of the
extracellular (inulin-"C) space (25). After correcting for
extracellular Dig-'H in the inulin-"C space, the intracellular
(actually, intracellular and/or cell membrane bound) Dig-8H
concentration in the tissue slice was determined. The distri-
bution ratio of digoxin was then calculated by the method of
Rosenberg, Blair, and Segal (26) as the ratio of digoxin
concentration (Dig-3H dpm/ml) in intracellular fluid to its
concentration in extracellular fluid (equivalent to Dig-3H
dpm/ml in the supernatant medium).
Extent of kidney slice metabolism and degradation of

Dig-3H. Slices were prepared, incubated, washed, and di-
gested as described above. A 0.5 ml aliquot of the water
digest was extracted with 20 ml chloroform and the extract
passed through a 100-200 mesh activated alumina'9 column
(5 X 0.5 cm). The column was eluted with a 2: 1 chloro-
form-ethanol mixture into a counting vial and evaporated to
dryness (27). The resultant residue was dissolved in 0.5 ml
95% ethanol, scintillation mixture was added, and the vial
was counted as described above. In four tissue extracts,
100%o of the tritium counts were recovered from the column,
indicating that no significant amount of labeled metabolite or
degradation product had been adsorbed to the column. Ap-
proximately 98%o of the radioactivity was recovered in the
first 10 ml of the chloroform-ethanol eluate.

Samples of the eluates from additional tissue extracts were
dried, redissolved in 95%o ethanol, and applied to thin-layer
chromatography plates of Silica Gel G; pure digoxin and
digoxigenin controls were also applied. After ascending
chromatography in a solvent system of cyclohexane: acetone:
glacial acetic acid in a ratio of 49: 49: 2 (22), the fractions
were identified by spraying with chloramine T-trichloroacetic
acid solution (28). The developed areas on the chroma-
tography plate (including origin and solvent front) were
quantitatively removed and counted for radioactivity. 95%
of all the radioactivity present in the tissue- extract eluate
was in a fraction which migrated with an RF comparable to
that of a digoxin standard. No fraction was visible with an
RF similar to that of digoxigenin. There was uniformly a
faint spot in the water extract eluates which traveled slightly
faster than digoxigenin, but it contained no radioactivity and
was not further characterized. It was concluded that, during
the course of these experiments, no significant metabolism or
degradation of labeled digoxin occurred in the renal cortical
slices.

Human red blood cell uptake of digoxin
The red blood cells (RBC) from fresh heparinized normal

human venous blood were washed twice in 0.85% NaCl and
suspended overnight in a storage medium containing NaCl
130 mM, NaH2PO4 5 mm, KC1 5 mm, MgCl2 1 mm, and
glucose 15 mm, adjusted to pH 7.4 with 0.9 N NaOH. On
the day of the study the cells were separated from the stor-
age medium and suspended, at an approximate hematocrit
of 16%, in a buffer containing NaCl 153 mm, KCl 5 mm,
NaH2PO8 2 mm, inosine 10 mm, adenine 9' 0.5 mM, and
glycylglycine f 20 mm, adjusted to pH 7.4 with 0.9 N NaOH
(if obtained on the day of a study, the RBC were washed
three times with this latter buffer, before preparation of the
final 16%o RBC suspension). 3-ml samples of the RBC sus-
pension in 25 ml Erlenmeyer flasks were preincubated for

l9Bio-Rad Laboratories, Richmond, Calif.
" Cyclo Chemical, Div. of Travenol Laboratories, Inc.,

Los Angeles, Calif.
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30 min at 37'C in a Dubnoff metabolic shaking incubator,"
through which a continual flow of oxygen was maintained.
To each flask was then added 1 ml of a solution containing
Dig-'H (0.6 ,sCi/ml), carrier digoxin, and inulin-"C (0.36
.sCi/ml) 17 2 ml of buffer was added at this time to adjust
the final volume to 6 ml. All determinations were carried
out in duplicate. Incubation was continued for an additional
60 min, at which time the contents of the flasks were trans-
ferred to plastic centrifuge tubes and spun for 5 min at 40C
and 20,000 g in a Sorvall RC2B centrifuge.' The super-
natant was removed by suction through a Pasteur pipette
and three 1 ml samples of the supernatant medium (referred
to as "extracellular") were removed for counting. The
packed RBC were then hemolyzed by the addition of water
to a 3 ml calibration mark on the centrifuge tube. Hemo-
globin was precipitated by the addition of 2 ml 10% tri-
chloroacetic acid; finally, 1 ml of ethanol or of digoxin, 3 mg/
ml in ethanol, was added (this latter addition was necessary
for satisfactory and reproducible recovery of Dig-'H). After
mixing, the centrifuge tubes were again spun 5 min under
the above conditions and three 1 ml samples of the super-
natant (referred to as "cellular") were removed for counting.

In experiments designed to study the effect of test sera
on the digoxin uptake of RBC, the cells were allowed to
incubate with digoxin for 60 min in a 4 ml volume. At that
time, 2 ml of buffer or test serum was added to each of two
duplicate flasks (all sera had been heated at 56'C for 30
min to inactivate complement, and absorbed three times with
washed human RBC to remove heterophile anti-RBC anti-
bodies). Incubation was continued for various intervals
thereafter; the contents were then transferred to plastic cen-
trifuge tubes and handled as described above.

In early experiments, radioactivity was determined by
methods identical with those employed in the kidney slice
experiments. However, more recently available batches of
inulin-'4C have been extremely unstable in the usual liquid
scintillation counting solutions. Satisfactory accuracy and
reproducibility could be obtained by the addition of the
three 1 ml portions of the above extracellular and cellular
supernatants to 15 ml of liquid scintillation mixture contain-
ing 5.5 g 2,5-diphenyloxazole,' 100 mg 1,4-bis-2-(4-methyl-
5-phenyloxazolyl) -benzene,' and 333 ml Triton X-100'1
made up to 1 liter with toluene (29). To one portion of each
supernatant specimen was then added an internal standard
solution containing 0.15-0.18 ,Ci Dig-8H and to another por-
tion was added an internal standard solution containing 0.06
,uCi inulin-14C. The vials were shaken vigorously, placed for
1 hr at 4VC in the absence of light, shaken again, and
counted immediately in a Tri-Carb liquid scintillation
counter."' Using internal standard increments to calculate
efficiencies, 14C and 'H dpm in the extracellular and cellular
fluids were determined. The volume of the extracellular
(inulin-14C) space in the cellular specimen was calculated
on the basis of the inulin-14C concentration observed in the
extracellular supernatant fluid. Then, by correcting for extra-
cellular Dig-'H in this inulin-14C space, the total cellular
Dig-'H in the packed RBC was calculated. The RBC vol-
ume was calculated by assuming that 100 ml RBC contain
34 g hemoglobin (30), as determined by the cyanmethemo-
globin method, using Drabkin's solution (31). Using this
volume of RBC and the specific activity of Dig-'H (in
dpm/.umole digoxin), the RBC uptake of digoxin was cal-
culated and expressed as ,umoles/liter RBC.

"Ivan Sorvall Inc., Norwalk, Conn.

Potassium influx in human RBC (30)
RBC suspensions were prepared in the glyclyglycine buffer

described above. 3-ml portions of the 16% RBC suspension
were preincubated for 30 min at 37'C in the same shaking
incubator, with continual oxygen flow, as described above.
To each flask was then added 1 ml of 6 X 10' M digoxin or
1 ml of digoxin-free buffer. At that time or at various in-
tervals thereafter, 2 ml buffer, control serum, or antidigoxin
serum was added to each of two duplicate flasks; all sera
had previously been heated 30 min at 56'C and absorbed
three times with washed human RBC. 1 hr after the addi-
tion of buffer or serum, 200 gl '2KCI (1 uCi/ml)" was
added to each flask, and incubation was continued for an
additional 60 min. At this time, the contents of each flask
were transferred to centrifuge tubes and spun at 4VC at
20,000 g for 5 min. 4 ml of the supernatant was removed
for counting, and the remainder saved for K+ determination.
The packed cells were washed three times at 4'C with 6-ml
portions of 280 mosomolar MgC12 (30). The washed cells
were hemolyzed in 5 ml H20 and the hemolysate counted
in a Packard Auto-Gamma Counter.1 RBC volume was
again calculated as outlined in the preceding section, and the
supernatant solutions were stored at -20'C for several
days to allow for the radioactive decay of "K (ti = 12.4
hr). The potassium concentration of the supernatant solution
was then determined with a flame photometer; ' using the
observed potassium concentration to calculate the specific
activity of "K in the supernatant medium (cpm per milli-
mole K+), potassium influx was expressed as millimoles of
K+ per liter of red cells per hour (30).

RESULTS
Equilibrium dialysis experiments. In Tables I-III

are listed the percentages of Dig-'H bound in equilibrium
dialysis experiments when a constant amount of Dig-'H
was added to various dilutions of the sera and av-globulin
preparations employed in this study. It is clear that
antidigoxin sera possess a potent digoxin-binding ca-
pacity (Table I) and that this capacity is a property
of the '-globulin fractions of these sera (Table II).
The digoxin-binding capacity was not present in pre-
immunization sera (Table I) nor in '-globulin frac-
tions derived therefrom (Table II). The acquired
ability to bind digoxin was not a nonspecific result
of immunization because antisera to HSA and other
antigens lacked this capacity (Table III). Furthermore,
removal of antibodies to HSA from anti-HSA-Dig sera
did not affect their digoxin-binding capacity whereas
absorption of antibodies to HSA and digoxin with an
HSA-Dig conjugate did diminish the digoxin-binding
capacity significantly (Table IV). Evidence that this
binding is specific for digoxin has been presented
previously (15, 17).

Extracellular space and dry weight determination of
the kidney slices. The extracellular space of the kidney

' Iso/Serve Division, Cambridge Nuclear Corp., Cam-
bridge, Mass.
'Model 143, Instrumentation Laboratory, Inc., Water-

town, Mass.

Biologic Activity of Digoxin-Specific Antisera 641



TABLE I

Ability of Rabbit Serum Obtained before, and after, Immu-
nization with HSA -Dig to Bind Digoxin and to
Remove Digoxin from Rat Renal Cortical Slices

Distribu-
% digoxin tion ratio*
bound in of digoxin

equilibrium in renal
dialysis slice

Rabbit (1:20 serum (10-5 M
No. Nature of serum dilution) digoxin)

DB-34 Preimmunization 3.8 1.28
DB-44 Preimmunization 3.8 1.19
DB-46 Preimmunization 4.9 1.25
DB-34 Anti-HSA-Dig 97.7 0.00
DB-44 Anti-HSA-Dig 97.1 0.04
DB-46 Anti-HSA-Dig 98.2t 0.02

* Ratio of intracellular to extracellular Dig-3H concentration
after 1 hr of incubation with digoxin followed by a subsequent
1 hr exposure to serum (0.5 ml).
t 1:100 serum dilution employed.

slice as determined by the inulin-"C space averaged 25%
(SD ±3%) of the wet tissue weight. These results are
in agreement with those reported by others (32). The
mean dry weight was 21% of the wet weight and did not
appear to be appreciably affected by changes in the ex-
perimental conditions employed in this study.

Slice uptake of digoxin and effect of sera. Fig. 1
shows the time course of uptake of digoxin by renal
cortical slices at a medium concentration of 10' M
digoxin. At this concentration, digoxin rapidly accumu-

TABLE I I
Ability of y-Globulin Fractions of Rabbit Serum to

Bind Digoxin and to Remove Digoxin from
Rat Renal Cortical Slices

% digoxin
bound in

equilibrium Distribution
dialysis ratio* in
(30 pg renal slice

-y-globulin (10-6 M
Source of 7y-globulin N/ml) digoxin)t

Buffer Control 0.2 2.45
Rabbit DB-36 preimmunization serum 0.0 2.27
Rabbit DB-38 preimmunization serum 0.0 3.15
Rabbit DB-45 preimmunization serum 2.3 3.07
Pooled normal rabbit y-globulin 0.0 2.58

Rabbit DB-36 anti-HSA-Dig serum 98.3 0.05
Rabbit DB-38 anti-HSA-Dig serum 98.8 0.50
Rabbit DB-45 anti-HSA-Dig serum 99.2 0.00

* Ratio of intracellular to extracellular Dig-'H concentration after 1 hr of
incubation with digoxin followed by a subsequent 1 hr incubation with
-y-globulin (0.5 ml of a solution containing 150 pg N/ml).
$ Distribution ratios were higher in control renal slices in this experiment
than in that illustrated in Table I because a lower digoxin concentration
was employed.

TABLE I I I
Digoxin Binding by Antisera to Various Antigens as
Determined by Equilibrium Dialysis and by their

Ability to Remove Digoxin from Rat
Renal Cortical Slices

% Dig-3H
bound in Distribution

equilibrium ratio* in
dialysis renal slice

Rabbit (1: 20 serum (10-' M
No. Nature of serum dilution) digoxin)

None Buffer control 1.3 1.83
BSA-3 Anti-BSA 3.2 1.37
HSA-l Anti-HSA 0.6 1.57
HSA-3 Anti-HSA 3.5 1.52
OVA-i Anti-ovalbumin 0.1 1.20
OVA-2, 3 Pool Anti-ovalbumin 5.4 1.45
WHS-5 Anti-whole human serum 3.1 1.34
E22-42 Anti-Pur-HSA 1.4 1.24
FA-10 Anti-BSA-FA 0.0 1.14
HGG-4 Anti-HGG 0.0 1.47

* See Table I for definition.

lated in the slices and reached a steady-state distribu-
tion ratio of 1.8 by 60 min. Since a distribution ratio of
greater than one indicates that the concentration of
digoxin in intracellular fluid exceeds its concentration
in extracellular fluid, Fig. 1 indicates that the kidney
slices are capable of accumulating the glycoside against
a concentration gradient.

This accumulation of digoxin provided a system in
which the ability of antisera to remove the glycoside
from the slice could be studied. Accordingly, after 60
min preincubation with Dig-3H at a medium concen-
tration of 10' M digoxin, 0.5 ml of serum was added to

TABLE IV
Effect of Absorption of Anti-HSA-Dig Serum

with HSA or with HSA-Dig

% Dig-'H
bound in Distribution

equilibrium ratio* in
dialysis renal slice

Rabbit (1:500 serum (10'- M
No. Absorbing antigen dilution) digoxin)

None Buffer control 1.4 1.83
DB-36 None 99.9 0.10
DB-38 None 98.7 0.01
DB-45 None 99.9 0.07
DB-36 HSA ND 0.00
DB-38 HSA 98.1 0.02
DB-45 HSA 99.3 0.12
DB-36 HSA-Dig 13.5 1.07
DB-38 HSA-Dig 7.7 1.06
DB-45 HSA-Dig 17.6 1.31

ND, not done.
* See Table I for definition.
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FIGURE 1 Uptake of 10' M digoxin by rat renal cortical
slices is plotted as a function of time, in minutes. The dis-
tribution ratio is the ratio of the intracellular digoxin con-
centration to the concentration of digoxin in extracellular
fluid.

the medium. Fig. 2 demonstrates the rapidity with which
digoxin was removed from slices in the presence of
anti-HSA-Dig serum as compared to control serum.
The change in distribution ratio is plotted as a func-
tion of time. The upper curve demonstrates a slight fall
in the distribution ratio after the addition of control
nonimmune serum while the lower curve shows the rapid
removal of digoxin from the slice by the immune
serum. 50% of the glycoside was removed within 5 min.

In Tables I-III are shown the distribution ratios after
60 min of incubation with various sera and a-globulin
preparations. Preimmunization sera(Table I), preim-
munization av-globulin (Table II), and antisera to a
variety of unrelated antigens (Table III) diminished
the digoxin concentration in the slice slightly when
compared with buffer controls. In contrast, anti-HSA-
Dig sera, or ev-globulin fractions derived from anti-
HSA-Dig sera, removed almost all of the tissue glyco-
side as shown by the fall in distribution ratio to less
than 0.10 in most instances (Tables I, II, IV). Ab-
sorption of antibodies to HSA did not obliterate the
effect whereas removal of digoxin antibodies by ab-
sorption with the HSA-Dig conjugate did diminish
the ability of the sera to remove digoxin from the
slices (Table IV).
RBC uptake of digoxin and effect of sera. In Fig. 3,

the uptake of digoxin in human RBC expressed in
iumoles/liter of RBC is plotted as a function of time, in
minutes, during RBC incubation with 10' M digoxin.
It can be seen that, at 60 min, the uptake is 5.44 Amoles/
liter in the presence of buffer alone. Assuming a cell
water content of 80% this value represents a distribution
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FIGURE 2 Removal of digoxin from rat renal cortical slices
by rabbit antidigoxin serum (0), as compared with control
rabbit serum (0). Slices had been allowed to incubate 1 hr
with 2 ml 10' M digoxin to achieve steady-state distribution
ratio before adding 0.5 ml serum at 0 min. Distribution ratio
(ratio of intracellular to extracellular digoxin concentra-
tion) is plotted as a function of time.

ratio of approximately 0.68; this uptake of digoxin by
human RBC is in contrast to the uptake against a
concentration gradient observed with rat kidney slices
(Fig. 1).
To determine whether digoxin-specific antibodies

were capable of removing digoxin from human RBC,
antidigoxin sera and various control sera were added
to human RBC which had previously been incubated
with 1.5 X 10' M digoxin for 1 hr. Fig. 4 shows the
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FIGURE 4 Removal of digoxin from RBC by antidigoxin
serum. RBC digoxin concentration at various times after the
addition, at 0 time of 2 ml of buffer (A), control serum
obtained from sheep S-62 before immunization (*), and
antidigoxin serum from sheep S-62 (0) to 4 ml of an
RBC suspension which had been preincubated with 1.5 X 10'
M digoxin for 1 hr; final digoxin concentration was 10' M.

rate of removal of digoxin from RBC in the presence
of antidigoxin serum from sheep S-62. Within 10 min,
all detectable glycoside had been removed from the cells
whereas, in the presence of control serum obtained
from the same animal before immunization, removal of
digoxin from RBC was minimal. In Table V, the ca-
pacity of various test sera to remove digoxin from hu-
man RBC is illustrated. Only antidigoxin sera were
capable of binding the glycoside and of removing it from
RBC, as determined by a fall in RBC digoxin concen-
tration to nondetectable levels (Table V).

Effect of antidigoxin sera on digoxin-induced inhibi-
tion of K+ influx in RBC. A known pharmacologic ac-
tion of the cardiac glycosides is their ability to inhibit
cation transport across cell membranes (33). As shown
in Table VI, digoxin is capable of inhibition of the in-
flux of potassium into human erythrocytes. In the ex-
periment illustrated in Table VI, K+ influx in buffer
without digoxin was 1.87 mmoles/liter RBC per hr. In
the presence of test serum without digoxin, there was
no significant difference. Digoxin, however, markedly
inhibited K+ influx, and this inhibition was not affected
when control serum was added concomitantly. In the
presence of antidigoxin sera, the action of digoxin on
potassium transport was inhibited, as shown by the prox-
imity of the K+ influx values to the control range.
The results shown in Table VI demonstrate that

antidigoxin sera are capable of preventing a known

pharmacologic effect of the glycoside when antiserum
and digoxin together are added to an RBC suspension.
To determine whether or not antisera were capable of
reversing the effect of digoxin on K+ influx after digoxin
had been taken up by the RBC, antidigoxin sera were
added to RBC suspensions after K+ transport had been
inhibited. In these experiments (Table VII), K+ influx
values were calculated and then expressed as percentages
of serum control values at 1 and 4 hr, respectively, after
the addition of 2 ml of control serum or of antidigoxin
serum to 4 ml of RBC suspensions which had been
allowed to incubate with 1.5 X 10' M digoxin for 60
min before the addition of test sera. In the presence of
control serum and of buffer alone there was a minimal
increase in K+ influx over a 4 hr period. Only anti-

i Serum digoxin sera caused significant reversal of the effect
*-- ...-...... of digoxin on K+ influx, but the recovery of K+ influx
100 120 was a gradual one and was not complete at the end

TADRT- RI

Capacity of Test Sera to Remove Digoxin
from Human Erythrocytes (RBC)

Animal No. Nature of serum RBC Dig-3H
smoles/

liter RBC*
Control buffer and sera
None Buffer control 5.94
Sheep S-61 Preimmunization 7.20
Sheep S-62 Preimmunization 7.67
Sheep S-63 Preimmunization 5.82
Rabbit DB-87, 88, 89 Pool Preimmunization 4.90
Rabbit OVA-I Anti-ovalbumin 4.95
Rabbit HSA-2 Anti-HSA 4.47
Rabbit HGG-2 Anti-HGG 4.62

Antidigoxin sera

Sheep S-61 Anti-BSA-Dig 0
Sheep S-62 Anti-BSA-Dig 0
Sheep S-63 Anti-BSA-Dig 0
Rabbit DB-20 Anti-HSA-Dig 0
Rabbit DB-46 Anti-HSA-Dig 0
Rabbit DB-87, 89 Pool Anti-BSA-Dig 0

* RBC digoxin-3H concentration after 1 hr incubation with
digoxin, followed by addition of 2 ml test serum and an addi-
tional 1 hr incubation period; average of two duplicate de-
terminations. Final digoxin concentration was 10-6 M. The
Dig-3H used in this experiment (lot R907) was subsequently
found to contain 10-20% radiochemical impuritiesU but these
impurities had little, if any, effect on calculated RBC digoxin
concentrations, when compared with other RBC experiments
employing more highly purified digoxin (Fig. 3 and 4, and
unpublished experiments). In addition, the complete removal
of detectable radioactivity from RBC by antidigoxin serum
suggests that the RBC had not taken up any significant quan-
tity of radioactive contaminants structurally unrelated to
digoxin.
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TABLE VI
Inhibition of Potassium Influx into Human Erythrocytes by 10-5 M Digoxin in the

Presence of Antidigoxin Sera and other Test Sera*

K+ influx

Serum
control
value in
digoxin-

No 10-1 M treated
Animal No. Nature of serum digoxin digoxin RBC

mmole/liter RBC per hr %
Control buffer and sera
None Buffer control 1.87 0.39 21
Sheep S-61 Preimmunization 2.04 0.53 26
Sheep S-62 Preimmunization 2.08 0.52 25
Sheep S-63 Preimmunization 1.96 0.45 23
Rabbit DB-87, 88, 89 Pool Preimmunization 1.56 0.49 32
Rabbit OVA-1 Anti-ovalbumin 2.17 0.46 21
Rabbit HSA-2 Anti-HSA 1.91 0.37 19
Rabbit HGG-2 Anti-HGG 2.09 0.46 22

Antidigoxin sera
Sheep S-61 Anti-BSA-Dig 1.92 1.94 101
Sheep S-62 Anti-BSA-Dig 2.09 2.18 104
Sheep S-63 Anti-BSA-Dig 1.94 1.91 98
Rabbit DB-20 Anti-HSA-Dig 2.21 2.52 114
Rabbit DB-46 Anti-HSA-Dig 1.44 1.64 114
Rabbit DB-87, 89 Pool Anti-BSA-Dig 1.98 1.85 93

* In experiments shown in this table, test sera and digoxin were added to RBC suspen-
sions simultaneously (see text for details).
t Average of duplicate determinations.

of 4 hr. At this time, K+ influx had been restored to
67-76% of buffer control values. This slow recovery
of K+ influx (Table VII) was in sharp contrast with
the rapid removal of digoxin from RBC by the same
antisera under identical experimental conditions (Fig.
4, Table V).

DISCUSSION
In an earlier report, evidence was presented that rab-
bits immunized with synthetic protein-digoxin conju-
gates form antibodies capable of specific binding of
tritiated digoxin (15). The demonstration, in equilibrium
dialysis experiments, that sera obtained from animals
immunized with HSA-Dig conjugates are capable of
binding digoxin-8H, is in accord with these earlier
observations.
The finding (Fig. 1) that renal cortical slices ac-

cumulate digoxin against a concentration gradient is
in accord with the finding of Doherty and Perkins (34)
who demonstrated in vivo that tritiated digoxin is ac-
cumulated in various tissues with tissue-to-serum distri-
bution ratios considerably in excess of one; in their
studies, the kidney concentrated digoxin more than any

other tissue. The mechanism by which rat renal cortical
slices accumulate digoxin and the kinetics of digoxin
uptake by these slices are being reported in detail
elsewhere.'

This study provides evidence that antidigoxin sera are
capable of removing digoxin from rat renal cortical
slices after these tissue slices have accumulated digoxin
against a concentration gradient (Fig. 2, Table I). The
capacity to remove digoxin from slices appeared in
the sera of these rabbits as a consequence of immuniza-
tion with HSA-Dig, since preimmunization sera from
these same individual rabbits lacked the capacity to re-
move digoxin (Table I). This ability was a property
of the v-globulin fraction of antidigoxin sera (Table
II). It did not develop as a nonspecific result of im-
munization because it was not present in the sera of
rabbits immunized with antigens unrelated to digoxin
(Table III). Further evidence for the immunologic
specificity of the capacity to remove digoxin was ob-
tained in the demonstration that this capacity, like the

'Watson, J. F., D. Hare, G. H. Cramer, and H. M.
Tanenhaus. Digoxin uptake by rat renal cortical slices.
Manuscript in preparation.
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TABLE VI I
Restoration of Potassium Influx into Digoxin-Treated Human'Erythrocytes

after Addition of Antidigoxin Serum

K+ influx K+ influx
1 hr after addition of 2 ml serum 4 hr after addition of 2 ml serum

Serum Serum
control control
value in value in
digoxin- digoxin-

No 10-5 M treated No 10-6 M treated
Animal No. Nature of serum digoxin* digoxin* RBC digoxin* digoxin* RBC

mmole/liter RBC per hr % mmole/liter RBC per hr %
Control buffer and sera
None Buffer control 1.31 0.33 25 1.04 0.31 30

Sheep S-61 Preimmunization 1.33 0.35 26 1.26 0.37 30
Sheep S-62 Preimmunization 1.22 0.33 27 0.81 0.30 36
Sheep S-63 Preimmunization 1.27 0.33 26 0.96 0.34 35
Rabbit DB-87, 88, 89 Pool Preimmunization 1.49 0.43 29 1.46 0.43 29
Rabbit OVA-I Anti-ovalbumin 1.31 0.39 30 0.95 0.40 42
Rabbit HSA-2 Anti-HSA 1.24 0.33 27 1.11 0.36 32
Rabbit HGG-2 Anti-HGG 1.39 0.39 28 1.31 0.37 32

Antidigoxin sera
Sheep S-61 Anti-BSA-Dig 1.58 0.59 37 1.34 0.91 68
Sheep S-62 Anti-BSA-Dig 1.04 0.47 45 1.06 0.81 76
Sheep S-63 Anti-BSA-Dig 1.59 0.70 44 1.58 1.05 67
Rabbit DB-20 Anti-HSA-Dig 1.45 0.47 33 1.30 0.90 69
Rabbit DB-46 Anti-HSA-Dig 1.23 0.51 41 1.20 0.80 67

* Cells were preincubated for 60 min in buffer or 1.5 X 10-6 M digoxin in 4 ml reaction volume. 2 ml of test serum was
added at 0 hr to make final digoxin concentration of 10-5 M. All determinations were performed in duplicate.

capacity to bind digoxin in equilibrium dialysis, is sig-
nificantly diminished by prior absorption with an HSA-
Dig conjugate whereas prior absorption with the HSA
carrier protein alone was without effect (Table IV).

This study also provides evidence that antidigoxin
sera, but not control sera, are capable of removing
digoxin from human RBC after these erythrocytes have
taken up the glycoside (Fig. 4, Table V). This removal
is rapid and, within limits of experimental error, ap-
pears to be complete in cells examined 10 min after
the addition of antiserum (Fig. 4).

Digoxin-specific antibodies are known to have high
affinity for digoxin (17), but the precise mechanisms
by which these antibodies remove the glycoside from
rat kidney cells and from human erythrocytes has not
been determined in the present study. Presumably, when
extracellular digoxin is bound by antibody, the effec-
tive extracellular concentration of "free"glycoside is
decreased, thereby creating a new concentration gradient
which would theoretically promote the reentry into the
extracellular space of cellular (intracellular and/or cell
membrane-bound) digoxin. Although it seems likely
that such a process occurs, direct evidence for this mech-
anism is lacking. It is also possible that antibody binds

cell membrane-bound digoxin (35) directly, thereby
removing it from cellular sites of attachment. It is known
that antibodies may, under certain circumstances, enter
nonendocytotic mammalian cells (36). However, if
digoxin-specific antibody entered renal and erythrocytic
cells in significant amounts, one would anticipate the
detection of significant quantities of cellular digoxin
due to the presence of antibody-digoxin complexes in
the intracellular fluid; thus the absence of significant
amounts of cellular digoxin after exposure to antibody
makes this latter mechanism of removal seem unlikely.
Normal sheep or rabbit serum and rabbit antiserum

to antigens unrelated to digoxin exerted no significant
effect on the capacity of digoxin to inhibit the influx
of potassium into human erythrocytes. However, digoxin
was not capable of exerting its effect on the influx of
potassium into these cells when the glycoside was added
to red cells in the presence of antidigoxin serum (Ta-
ble VI). These experiments provided evidence that
digoxin-specific antibodies could prevent digoxin from
exerting certain of its pharmacological effects, but they
did not provide any information concerning whether
reversal of a pharmacological effect might occur after
digoxin had been removed from cells upon which
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digoxin had already exerted such an effect. Accordingly,
antidigoxin serum was added to red cells in which K+
influx had been inhibited during 60 min of exposure to
10' M digoxin. Antidigoxin serum was found to be
capable of reversal of much of the inhibitory effect of
digoxin on K+ influx (Table VII), thus demonstrating
that, in removing digoxin from erythrocytes, digoxin-
specific antibody was capable of reversing a pharmaco-
logic effect of the glycoside on cation transport.
However, despite the rapid and essentially quanti-

tative removal of digoxin by antiserum (Fig. 4, Table
V), restoration of potassium influx toward normal
control values was delayed. 60 min after addition of
antidigoxin antibody, restoration of potassium transport
was slight and, in representative experiments (Table
VII), a lag of 4 hr occurred before K+ influx was re-
stored to 67-76% of serum control values. It would
therefore appear that a delay occurs between removal
of RBC digoxin and reversal of the pharmacologic ef-
fect of the glycoside on cation transport.
The basis for the delay between removal of digoxin

from erythrocytes and subsequent restoration of potas-
sium transport is not known, but a knowledge of the
mechanism for- this delay might provide useful infor-
mation concerning the mechanism of action of digoxin
on individual cells. Three possible mechanisms have
been considered: (a) the cardiac glycoside-sensitive,
Na-K-dependent "transport" ATPase of mammalian cell
membranes is known to bind digoxin (35) with a result-
ant decrease in potassium influx (33). It is possible
that a small fraction of the Dig-2H, not detectable by
the methods used in the current study, is bound with
high affinity to, and released more slowly from, such
a specific cellular cation transport system than is the
majority of cellular digoxin which is promptly removed
by antibody. (b) the delay between quantitative digoxin
removal and restoration of K+ influx is consistent with
the hypothesis that the cation transport system is de-
pleted of an unknown substance, or substances, during
exposure to digoxin and that this substance is restored
or resynthesized at a relatively slow rate after removal of
digoxin from cells. (c) a related hypothesis is that an
unknown inhibitory substance, or substances, is accu-
mulated by the cation transport system during incubation
with digoxin and that this substance is removed or in-
activated at a slow rate after the removal of cellular
digoxin.
These experiments provide direct evidence that anti-

bodies to low molecular weight substances are capable
of removing, and thereby reversing the biological ef-
fect of, physiologically active low molecular weight sub-
stances after these substances have entered mammalian
cells, Thus, these studies suggest that antibodies specific

for physiologically active low molecular weight sub-
stances may be useful in the study of the mechanism of
action of these compounds. Moreover, such antibodies
may be useful in the reversal of toxic cellular effects of
certain low molecular weight compounds. For example,
these studies indicate that antidigoxin antibodies are
capable of removing the glycoside from tissues incubated
in a medium containing 10O M digoxin. Since serum
concentrations in human subjects with clinical evidence
of toxicity are usually in the 10 -10' M range (37, 38),
these findings have suggested that digoxin-specific anti-
bodies may eventually be of value in the clinical man-
agement of patients who have received excessive amounts
of this glycoside. In this connection, evidence has re-
cently been obtained that antidigoxin antibodies are
capable of reversing digoxin toxicity in the dog (39).
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