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Reversal of Advanced Digitoxin Toxicity and
Modification of Pharmacokinetics by
Specific Antibodies and Fab Fragments

HERMANNR. OCHSand THOMASW. SMITH, Cardiovascular Division,
Department of Medicine, Peter Bent Brigham Hospital, and the
Department of Medicine, Harvard Medical School, Boston,
Massachusetts 02115

A B S T RA C T The effects of Fab fragments of high-
affinity specific antibodies have been studied in a
canine experimental model of lethal digitoxin toxicity.
Selected antiserum from sheep immunized and
boosted with a digoxin-serum albumin conjugate con-
tained antibodies that cross-reacted with digitoxin
with an average intrinsic association constant of 1.4
x 10"0 M-1 as determined by equilibrium dialysis.
Rapid second-order association kinetics (kf = 3.7
x 106 M-1 per s) and slow dissociation kinetics
(kr = 1.9 X 10-4 per s) were documented for the
antibody-digitoxin complex. Eight dogs given 0.5 mg/
kg digitoxin intravenously developed ventricular
tachycardia after 23±4 (SEM) min. Control nonspecific
Fab fragments were then given. All animals died an
average of 101+36 min after digitoxin administration.
Another eight dogs given the same digitoxin dose simi-
larly developed ventricular tachycardia after 28+3 min.
This group then received a molar equivalent dose of
specific Fab fragments intravenously over 3 min, fol-
lowed by a 30-min infusion of one-third of the initial
dose. All dogs survived. Conducted sinus beats reap-
peared 18+4 min after initial Fab infusion, and stable
normal sinus rhythm was present at 54 ± 16 min. Plasma
total digitoxin concentrations increased threefold dur-
ing the hour after initial Fab infusion, while plasma
free digitoxin concentration decreased to less than 0.1
ng/ml. Effects on digitoxin pharmacokinetics of these
Fab fragments and the antibody population from which
they were derived were further investigated in a
primate species. Unlike common laboratory animals
previously studied, the rhesus monkey was found to
have a prolonged elimination half-life, estimated at 135
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and 118 h by radioimmunoassay and [3H]digitoxin
measurements, respectively, similar to man and thus
providing a clinically relevant experimental model.
Intravenous administration of 2 mol of specific Fab
fragments per mole of digitoxin 6 h after 0.2 mg of
digitoxin produced a rapid 4.3-fold increase in plasma
total digitoxin concentration followed by a rapid fall
(t1 4 h) accompanied by a 14-fold enhancement of
urinary digitoxin excretion over control values during
the 6-h period after Fab was given. Analytical studies
were consistent with increased excretion of native digi-
toxin rather than metabolites, and the glycoside was
found in equilibrium dialysis studies to be excreted
in the urine in Fab-bound form. Administration of 2
mol of specific antibody binding sites per mole of digi-
toxin as intact IgG caused a greater and more pro-
longed increase in plasma total digitoxin concentra-
tion, peaking 13-fold above control levels. In contrast
to the effects of Fab, however, specific IgG reduced
the rate of urinary digitoxin excretion substantially
below control values. Weconclude that Fab fragments
of antibodies with high affinity for digitoxin are ca-
pable of rapid reversal of advanced, otherwise lethal
digitoxin toxicity, and are capable of reducing the
plasma half-life and accelerating urinary excretion of
digitoxin.

INTRODUCTION

Severe digitalis toxicity resistant to conventional
therapy remains an important clinical problem (1, 2).
Substantial experimental literature now exists demon-
strating reversal of established effects of digoxin (3-5)
as well as ouabain (6, 7) by specific antibodies or their
Fab fragments, and Fab fragments of digoxin-specific
antibodies have recently been used clinically to re-
verse toxicity after suicidal digoxin ingestion with high-
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grade atrioventricular block and intractable hyper-
kalemia (8).

The cardiac glycoside digitoxin is used in 16-20% of
digitalis-treated patients in the United States (9, 10)
and is in even more common use in several other
countries (2, 11, 12). Substantial differences exist in
plasma protein binding and pharmacokinetics of digi-
toxin compared with shorter-acting glycosides (13, 14).
The apolar nature of the digitoxin molecule results in
a high degree of binding to serum albumin and pre-
sumably accounts as well for substantially higher myo-
cardial tissue to medium glycoside concentration ratios
compared with digoxin or ouabain in in vitro studies
(15, 16). Qualitative as well as quantitative differences
in myocardial binding of digitoxin compared with more
polar glycosides have been documented by Dutta et al.
(17). Potentially important pharmacodynamic differ-
ences, including differences in neurally mediated ef-
fects, have been observed in recent studies (18, 19).

These differences in pharmacokinetics and pharma-
codynamics of digitoxin raise serious questions regard-
ing the extent to which prior studies of antibody re-
versal of digoxin toxicity can be extrapolated to digi-
toxin. Therefore, in the present study we have
produced and characterized antibodies with high affinity
for digitoxin and have examined in a canine experi-
mental model the efficacy of Fab fragments of these
antibodies in the reversal of advanced, potentially
lethal digitoxin toxicity.

Because the dog, like other common subprimate
laboratory animals, displays a pattern of digitoxin phar-
macokinetics profoundly different from man (20), we de-
termined that the rhesus monkey (Macaca mulatta)
is a suitable experimental model for digitoxin pharma-
cokinetic studies in man. Wethen used this species to
investigate the effects on digitoxin pharmacokinetics
of these Fab fragments and the antibody population
from which they were derived, and to test the hypothe-
sis that excretion kinetics of a slowly excreted
molecule could be enhanced by the administration
of specific Fab fragments.

METHODS
Antibody production and characterization. Digoxin was

conjugated to bovine serum albumin (BSA)' by periodate
oxidation and Schiff's base formation and reduction (21, 22)
as previously described (23). Sheep were immunized with the
BSA-digoxin conjugate in complete Freund's adjuvant and
serially boosted and bled (4). Preliminary studies identified
an animal that responded to immunization with a high titer of
antibodies that crossreacted strongly with digitoxin, and
pooled antiserum from consecutive bleedings of this animal
was used in subsequent experiments.

The IgG fraction was isolated by ammonium sulfate
precipitation (24), and Fab fragments were prepared by

'Abbreviations used in this paper: BSA, bovine serum
albumin; PBS, phosphate-buffered saline.
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papain digestion as described by Nisonoff (25). Undigested
IgG was removed by gel filtration chromatography on
Sephadex G-150 (Pharmacia Fine Chemicals, Inc., Piscata-
way, N. J.) equilibrated with 150 mMNaCl, 10 mMNa phos-
phate, pH 7.4 (phosphate-buffered saline [PBS]). Sodium
dodecyl sulfate polyacrylamide-gel electrophoresis per-
formed by the method of Weber and Osborn (26), but omitting
the 2-mercaptoethanol step, confirmed the absence of detect-
able IgG in pooled Fab peaks. Digitoxin-binding capacities
of Fab fragment and IgG preparations were determined by a
dextran-coated charcoal method for separation of antibody-
bound and free hapten as previously reported (23, 27).
All antibody preparations were centrifuged at 20,000 g for
20 min and passed through a sterile 0.22 ,um Millipore filter
(Millipore Corp., Bedford, Mass.) just before use. Control
(nonspecific) IgG and Fab fractions were identically pre-
pared from sera of sheep not previously immunized with
cardiac glycoside conjugates.

Association and dissociation rate constants for interactions
between antibody and digitoxin were determined as pre-
viously described (28, 29). The average intrinsic association
constant (K0) of the antibody population studied was deter-
mined by equilibrium dialysis as described in detail else-
where (23), using [3H]digitoxin of specific activity 20 Ci/
mmol (New England Nuclear, Boston, Mass.).

Toxicity reversal experiments. 16 mongrel dogs (mean
weight 13.3+1.2 [SEM] kg) were anesthetized with i.v.
pentobarbital (30 mg/kg) and ventilated with a Harvard
respirator at 12 cycle/min with a tidal volume adjusted to the
weight of the animal. Arterial Po2 was maintained in the range
of 95-100 mmHg, and electrocardiograms were continuously
recorded. Preliminary dose-response experiments were car-
ried out to determine a digitoxin dose that would elicit re-
producible endpoints of advanced toxicity. For the studies
reported here, 0.5 mg of digitoxin/kg body weight was in-
jected intravenously over 10 min. When ventricular tachy-
cardia had ensued for 5 min, eight control dogs were
then given nonspecific (control) Fab fragments intravenously.
A second group of eight dogs received an amount of specific
Fab fragments representing the molar equivalent of the digi-
toxin dose over 3 min, followed by a 30-min infusion of one-
third of the initial dose. Assuming a molecular weight of
50,000 for Fab fragments, the total dose of specific Fab frag-
ments given was 44 mg/kg. Blood samples for determination
of plasma digitoxin concentrations were drawn at the onset
of ventricular tachycardia and at hourly intervals after ad-
ministration of Fab fragments. After 3 h in stable sinus
rhythm, surviving dogs were allowed to breathe spon-
taneously and to awaken. Electrocardiograms were again re-
corded 24 h after digitoxin administration.

Pharmacokinetic studies. Three male rhesus monkeys
weighing 4.6, 7.4, and 13.6 kg were sedated 1 h before digi-
toxin administration with ketamine, 20 mg/kg, to facilitate
handling. This set of experiments comprised four parts.
Initially, animals received 0.2 mg digitoxin in saline intra-
venously over 5 min. In the subsequent three phases, each
separated in time by 4-6 wk, the same dose of digitoxin
included 33 ,uCi [3H]digitoxin (sp act 20.0 Ci/mmol, New
England Nuclear) to permit determination of plasma and
urine digitoxin or metabolite concentrations by direct count-
ing of radioactivity as well as by radioimmunoassay. Blood
samples in all experiments were obtained at 0.5, 1, 2, 3, 4,
6, 8, 10, 12, 24, 28, 48, 52, 72, 96, and 100 h after digitoxin
administration and also on the 7th, 9th, 11th, 14th, and
21st days.

The four experimental phases for each animal were as fol-
lows: (a) Digitoxin administration followed by control (non-
specific) Fab fragments 6 h later; (b) Digitoxin administration



followed by a calculated dose of 26.2 mgof specific Fab frag-
ments 6 h later (2 mol of binding sites per mole of digitoxin
administered); (c) Digitoxin administration followed by a cal-
culated dose of 39.3 mg of specific IgG 6 h later (2 mol of
binding sites per mole of digitoxin administered); and (d)
Digitoxin administration without subsequent IgG or Fab in-
fusion for comparison with phase a above.

No untoward effects of infusion of sheep IgG or Fab frag-
ments were noted.

In the second and third phases, additional blood samples
were drawn 6.5, 7, 9, and 11 h after digitoxin administration
(0.5, 1, 3, and 5 h after specific Fab or IgG injections, respec-
tively). Spontaneously voided urine was collected during
time intervals between 0 and 6, 6 and 12, 12 and 24, 24 and
48, 48 and 72, and 72 and 96 h after digitoxin administra-
tion. All plasma and urine samples were stored at -20°C
until analyzed.

Plasma and urine digitoxin measurements. Digitoxin con-
centrations in plasma samples from dogs and in serum samples
from rhesus monkeys were determined by radioimmunoassay
as previously described (30). Identical results were obtained
for samples prepared as plasma or serum from either species,
and are therefore reported as plasma values for convenience.
Samples obtained after administration of specific antibody or
Fab fragments were diluted 1:5 with PBS, heated for 1 h in a
water bath at 100°C, and centrifuged for 30 min at 5,000 g
to remove coagulated protein. Suitable amounts of the clear
supernatant phase were then used to determine the total
digitoxin content. Initial studies showed 95-98% recovery of
known amounts of digitoxin by this method whether or not
an excess of specific antibody or Fab fragments was present
before the heating step. The results to be reported have not
been corrected for these minor losses.

To determine the effect of [3H]digitoxin present in some
doses administered to monkeys on the radioimmunoassay
determination of unlabeled digitoxin, standards consisting of
aliquots of suitable dilutions of the administered digitoxin
mixture were used as well as conventional unlabeled stand-
ards. Comparison of results using these two types of stand-
ards documented the absence of measurable interference
in the radioimmunoassay system by the relatively low specific
activity of [3H]digitoxin administered to animals.

For the direct determination of 3H counts in samples, 0.2
ml of urine or plasma was counted in 10 ml of the liquid scintil-
lation medium described by Bray (31). Quenching corrections
were based on internal standards.

Separation of antibody-bound or Fab fragment-bound from
free and albumin-bound digitoxin in plasma and urine
samples was accomplished by equilibrium dialysis (23).
Dialyses were carried out in plastic chambers (Technilab
Instruments, Inc., Pequannock, N. J.) with 1-ml volumes on
either side of a sheet of washed dialysis tubing (average
pore diameter 48 A, Arthur H. Thomas Co., Philadelphia, Pa.).
Plasma samples were dialyzed against equal volumes of nor-
mal rhesus or dog plasma, as appropriate, at 4°C with gentle
mixing for a period of 6 days. Preliminary studies were car-
ried out to ensure that equilibration had fully occurred by
this time. Tritium counts on each side of the dialysis
membrane were determined by liquid scintillation counting
as described above. 1-ml urine samples were dialyzed against
PBS using the method just described.

Since the digitoxin radioimmunoassay as used was limited
to a sensitivity of about 1 ng/ml, 1-ml samples of plasma
obtained from dogs 1-6 h after specific Fab fragment ad-
ministration were also equilibrated for 4 h with 2 ng of [3H]-
digitoxin added in vitro and then dialyzed against 1 ml of
normal dog plasma. This extended the sensitivity of detec-
tion of free digitoxin to levels of at least 0.05 ng/ml.

Analytical studies of digitoxin and metabolites excreted in
urine. Urine samples from rhesus monkeys were heated at
100°C for 1 h in a boiling water bath to denature ex-
creted immunoglobulins or immunoglobulin fragments. 1 ml
of urine was then added to 3 ml of dichloromethane (Aldrich
Chemical Co., Inc., Milwaukee, Wis.) and mixed for 5 min
with a Vortex-Genie (Scientific Industries, Inc., Bohemia,
N. Y.) in a glass-stoppered tube (32). After centrifugation,
aliquots of aqueous and dichloromethane phases were sub-
jected to liquid scintillation counting as described above.

After extraction, another aliquot of the dichloromethane
phase was evaporated in a water bath at 50°C to dryness and
the residue redissolved as described by Storstein (33). Appro-
priate amounts of the tritiated digitoxin solution administered
to animals in the second, third, and fourth experimental
phases and [3H]digoxin (New England Nuclear) were
identically treated and used as reference standards, applied in
parallel with aliquots of dichloromethane extracts to silica-
gel chromatographic sheets (Eastman Chromagram, Eastman
Kodak Co., Rochester, N. Y.). The sheets were run in cyclo-
hexane:glacial acetic acid:chloroform, 49:2:49, developed
with chloramine-T followed by heating, and read under
ultraviolet light (34). Tracks along which applied materials
were chromatographed were then cut into 1-cm-long sec-
tions and subjected to liquid scintillation counting as noted
above.

Pharmacokinetic analysis. Plasma pharmacokinetic data
were fitted by computer using weighted nonlinear-squares
regression analysis to a function of the form

C = Aet-c + Be-"t

where C = plasma concentration and t = time after the dose
(35, 36). The coefficients A, B, a, and 8 are "hybrid"
quantities related to parameters of a two-compartment open
model (37, 38). Each residual error was weighted by a factor
equal to the reciprocal of the concentration. Goodness of fit
was assessed by comparison of actual data points to the com-
puter-generated line to determine randomness of scatter. All
analyses were then repeated using triexponential functions
consistent with a three-compartment open model. The most
appropriate model (biexponential for the data reported here)
was chosen according to which yielded the smallest sum of
squares of residual errors. The following pharmacokinetic
parameters were then calculated: distribution half-life
(tb), apparent elimination half-life (tip), volume of central
compartment (V,), total apparent volume of distribution using
the "area" method (Vd), and total clearance.

RESULTS

Characterization of antibodies with high affinity for
digitoxin. A sheep immunized and repeatedly
boosted with a digoxin-bovine serum albumin (BSA)
conjugate produced antibodies that crossreacted
strongly with digitoxin. The average intrinsic associa-
tion constant (K0) for digitoxin of the pooled anti-
serum used in experiments reported in this paper, as
determined by equilibrium dialysis and Scatchard
analysis, was 1.4 x 1010 M-1 (Fig. 1). Association and
dissociation rate constants for the reaction

kf
antibody + digitoxin antibody-digitoxin complex

kr
were kf = 3.7 x 106 M-' per s and kr = 1.9 x 10-4 per s.
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FIGURE 1 Scatchard plot of data obtained from equilibrium
dialysis of [3H]digitoxin against specific antibody. B denotes
the molar concentration of digitoxin bound to antibody; F is
the molar concentration of free digitoxin. The average intrinsic
association constant (K0) of the antibody population for digi-
toxin is 1.4 x 1010 M-l.

The resulting kf:kr ratio of 1.9 x 1010 M-l is in satis-
factory agreement with the K0 value of 1.4 x 1010 M-l
obtained under equilibrium conditions.

Digitoxin toxicity reversal studies in dogs. Pre-
liminary studies demonstrated that i.v. digitoxin doses
between 0.15 and 0.3 mg/kg given over 10 min usually
caused ventricular tachycardia within 1 h, lasting 30-
90 min. Both time of onset and duration of arrhythmias
were variable, however, and the dose of 0.5 mg/kg was
chosen for subsequent studies because of the reproduc-
ible and unequivocal endpoint of death in all eight
dogs receiving this dose (Table I) without specific
Fab infusion.

The usual pattern of digitoxin intoxication was an

TABLE I
Digitoxin Toxicity Reversal in the Dog

Control (non-
specific) Fab Specific Fab

n=8 n=8

Time to VT,* min 23.4±3.8 28.1±2.8
Incidence of death 8 0
Time to death, min 101±36
Time to reappearance of conducted

sinus beats, min 18±4
Time to stable normal sinus

rhythm, min - 53.9±16.5

All values are given as mean±SEM.
* VT = ventricular tachyeardia.

1306 H. R. Ochs and T. W. Smith

initial sinus bradycardia with varying degrees of atrio-
ventricular block shortly after digitoxin administra-
tion, sometimes followed by runs of supraventricular
tachycardia. Ventricular tachycardia ensued shortly
after the appearance of the first premature ventricular
depolarizations, at an average time of 23.4+±3.8 (SEM)
min after digitoxin injection. Ventricular fibrillation
occurred terminally in six of eight control animals;
ventricular standstill occurred in the other two. Aver-
age survival time of the eight control dogs was 101.4
±36.1 min after digitoxin injection (Table I).

The group of eight dogs subsequently treated with
specific Fab fragments developed ventricular tachy-
cardia an average of 28±3 min after digitoxin adminis-
tration, similar to the time course of toxicity in con-
trol animals (Table I). In marked contrast to the con-
trol group, however, conducted sinus beats reappeared
in all animals given specific Fab fragments, an average
of 18+4 min after initial Fab administration. Stable
sinus rhythm without ventricular or supraventricular
ectopic activity was present an average of 54±16
min after Fab injection (Table I).

Animals treated with specific Fab fragments were
observed over a 24-h period after the acute phase of the
experiment, and all appeared healthy. Electrocardio-
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FIGURE 3 Time course of plasma total digitoxin concentra-
tions of eight dogs treated with specific Fab fragments (upper
curve); brackets denote 1 SE above and below the mean. The
lower curve shows the expected decline in plasma digitoxin
levels in an animal that received nonspecific Fab fragments
and died 220 min after digitoxin administration.

grams recorded 24 h after digitoxin administration
showed normal sinus rhythm in all instances.

Fig. 2 shows the effect of specific Fab fragments
on plasma total digitoxin concentration. Each of the
eight animals so treated showed a substantial increase

in plasma total digitoxin concentration between the
time of onset of ventricular tachycardia (just before
Fab infusion) and 1 h after Fab infusion. The mean
value of 762±68 ng/ml at onset of ventricular tachy-
cardia was similar to that of 832±56 for control dogs,
and increased to 2,143±144 ng/ml at 1 h (P < 0.0001).

As illustrated in Fig. 3, peak plasma total digitoxin
concentrations were present 1 h after initial Fab infu-
sion and remained at these high levels over the ensuing
2 h. The only control animal surviving beyond 1 h after
onset of ventricular tachycardia showed the expected
decline in plasma concentration from 1,000 to 600 ng/
ml at 3 h (Fig. 3). Despite these striking rises in plasma
total digitoxin concentrations, free digitoxin levels in
samples obtained from 1 to 6 h after specific Fab frag-
ment administration were less than 1 ng/ml as deter-
mined by radioimmunoassay and were less than 0.1
nglml by direct measurement of dialyzable [3H]digi-
toxin added in vitro.

Digitoxin pharmacokinetic studies. The rhesus
monkey was studied with the hope that the digitoxin
elimination rate in this species would be similar to that
in man. This proved to be the case. As shown in Fig. 4,
semilogarithmic plots of digitoxin plasma concentra-
tion vs. time showed a biexponential disappearance
pattern. The mean distribution half-life (tb) of the three
animals studied on two occasions by radioimmunoassay
(phase 1 and phase 4) was 0.59 h (Table II). The apparent
elimination half-life (ti) was 135.5 h in the absence of
specific antibody or Fab fragment infusion. Infusion of
nonspecific (control) IgG or Fab fragments produced no
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FIGURE 4 Time course of mean serum digitoxin concentrations after i.v. injection of 0.2 mgdigi-
toxin. Values from radioimmunoassay are shown in the left panel (open circles) for six studies in
three rhesus monkeys. The right panel (solid circles) shows data obtained by direct tritium count-
ing after administration of [3H]digitoxin to the same three animals. The lines of best fit illustrated
were derived by computer as described in the text.
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TABLE II
Digitoxin Pharmacokinetics in the Rhesus Monkey*

Radioimmunoassay Tritium counts
Mean (+SEM) Mean (+SEM)

(n=6) (n=3)

tb, h 0.59 (±0.23) 0.86 (±0.05)
tp, h 135.5 (±+21.9) 1 17.6 (±+10.9)
VI, literlkg 0.20 (±0.11) 0.26 (±0.03)
Vd, literlkg 1.23 (±0.05) 1.26 (±0.12)
Clearance

mllmin 0.90 (±0.22) 0.79 (±0.36)
ml/min per kg 0.113 (±0.024) 0.126 (±0.017)

VI = volume of central compartment; Vd =
volume of distribution.
* Data analyzed on the basis of a two-com]
model.
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FIGURE 7 Cumulative urinary excretion of digitoxin and
metabolites, determined from tritium counts excreted after i.v.
administration of 0.2 mg [3H]digitoxin. Solid circles: mean
values for control experiments in three rhesus monkeys; open
triangles: mean values for the same three animals given a two-
fold molar excess of specific Fab fragments at 6 h (arrow);
open circles: mean values for the same three animals given a
twofold molar excess of specific binding sites as intact IgG
at 6 h.

was given. Tritium recovery in urine increased from a

control value of 0.6% to 8% of the [3H]digitoxin dose
given for the 6-h time period after specific Fab infusion.
Fig. 8 summarizes the urinary excretion of digitoxin
and metabolites during the 6-h collection period im-
mediately after specific Fab administration. The mean

hourly excretion rate of radioactivity during the 12- to
24-h collection period ( 6-18 h after Fab infusion) re-

mained elevated and exceeded values before Fab ad-
ministration by a factor of 2.2 (mean 489 ng/h vs. 220 ng/
h). Cumulative urinary excretion of 3H counts over the
90 h after specific Fab infusion more than doubled
when compared with control experiments, as shown in
Fig. 7.

Effects of specific IgG on urinary excretion of digi-
toxin. In marked contrast to Fab infusion, administra-
tion of intact antibodies significantly reduced the uri-
nary digitoxin excretion rate to 37% of control during
the interval between the 6th and 12th hour of the exper-
iment. These data are summarized in Figs. 7 and 8. Dur-
ing the 90 h after IgG infusion, only 1.5% of 3H counts
present in the digitoxin dose given was recovered in the
urine, compared with 4.1% in control experiments and
11.4% after specific Fab administration.

Binding of digitoxin in plasma and urine by specific
IgG and Fab. Table III summarizes results of equi-
librium dialysis studies of plasma samples obtained
after injection of specific IgG or Fab fragments.

FIGURE 8 Mean urinary excretion values for digitoxin and
metabolites during the period from 6 to 12 h after i.v. admini-
stration of 0.2 mg [3H]digitoxin in three rhesus monkeys.
Brackets show 1 SEM. Values given were determined by tri-
tium counts excreted in control experiments and after specific
Fab or IgG, given at 6 h.

Whereas digitoxin fully equilibrated across the dialysis
membrane in samples obtained before specific anti-
body or Fab injection or after nonspecific protein ad-
ministration, the glycoside was more than 90%bound
to specific IgG or Fab in samples obtained from 30 min
through 5 h after specific Fab or IgG was given. Whereas
the amount of digitoxin bound to IgG declined insig-
nificantly from 99.6 to 98.7% over 90 h, the per-
centage of plasma [3H]digitoxin bound to Fab declined
relatively rapidly after 2 h and only a minor fraction

TABLE III
Equilibrium Dialysis of Rhesus Monkey Plasma Samples

Obtained after Specific Fab or IgG Administration*

Percent bound Percent bound
Hours after injection after Fab after IgG

of specific Fab or IgC Mean (±SEM) Mean (±SEM)

h % 3

0.5 99.0 (±0.1) 99.6 (+0.1)
1.0 98.6 (+0.2) 99.7 (+0.03)
2.0 97.2 (±1.0) 99.6 (±0.1)
3.0 93.5 (±5.2) 99.6 (±0.1)
4.0 94.3 (±3.8) 99.6 (+0.04)
5.0 90.6 (+4.1) 99.6 (±0.1)
6.0 82.8 (±5.9) 99.5 (±0.2)

18.0 62.6 (±1.9) 99.8 (±0.1)
42.0 12.7 (±1.6) 99.6 (±0.1)
66.0 1.6 (±0.9) 99.6 (±0.04)
90.0 0.5 (±0.4) 99.7 (±0.4)

* No binding other than that attributed to serum albumin was
demonstrable in plasma samples obtained before antibody
infusion.
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TABLE IV
Equilibrium Dialysis of Rhesus Monkey Urine Samples Ob-

tained after Administration of Specific Fab or IgG*

Percent bound Percent bound
after Fab after IgG

Collection period Mean (+SEM) Mean (±SEM)

h % %

0-6 2.7 (+1.6) 0.3 (+0.3)
6-12 98.7 (+0.5) 45.2 (±12.1)

12-24 77.7 (±7.9) 25.3 (±9.7)
24-48 58.5 (±9.7) 42.0 (±8.4)
48-72 40.5 (±1.8) 40.0 (±5.4)
72-96 17.7 (±5.6) 45.6 (+3.8)

* No binding was demonstrable in urine samples obtained
before antibody infusion.

(12.7%) was still bound 42 h after specific Fab injection,
decreasing to an average of 1.6% after 66 h.

The urine equilibrium dialysis results (Table IV)
show a marked increase of the bound (nondialyzable)
fraction of digitoxin during the 6 h after specific Fab
administration to 98.7±0.5%, compared with a negligi-
ble value of 2.7±1.6% for urine excreted during the 6-h
control period before Fab infusion. After specific IgG
infusion, the small amount of 3H activity excreted in-
creased from negligible percent bound values during
the control (0-6 h) period to values in the 25-45%
range, presumably related to small amounts of immuno-
globulin or immunoglobulin fragments excreted.

It should be noted that the percent bound values for
urine samples after Fab or IgG administration repre-
sent lower limits of actual binding since some degree
of degradation of antibody or antibody fragments dur-
ing collection and storage periods cannot be excluded.

Analytical studies of digitoxin and metabolites ex-
creted in urine. To test the hypothesis that enhance-
ment of 3H excretion in urine after specific Fab infusion
was due to excretion of native digitoxin bound to Fab
fragments, further analytical studies were done. Di-
chloromethane extraction according to the method
used showed that 99%of 3H counts in digitoxin samples
before administration to animals were extracted into
the dichloromethane phase. Table V summarizes the
percentages of dichloromethane-extractable radioac-
tivity from urine obtained during the control experi-
ments (phase 4) and after administration of specific
Fab fragments and specific IgG (phases 2 and 3). After
administration of specific Fab fragments, the percent-
age of extractable radioactivity increased from a control
mean of 40% (phase 4) to 92% during the first 6-h pe-
riod, gradually decreasing to control levels by the time
of the 72- to 96-h urine sample. This is consistent with
accelerated excretion of native digitoxin and excludes
the possibility that 3H excretion was due to 3H exchange
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with water-soluble material or accelerated formation of
water-soluble metabolites. Analysis of extracted mate-
rial by thin-layer chromatography further demonstrated
identical mobility of greater than 90%of 3H counts pres-
ent in this fraction with identically treated samples of
[3H]digitoxin standard.

DISCUSSION

Digitoxin is one of the two cardiac glycosides most
widely used in clinical practice. A substantial number
of instances of severe intoxication have been reported
(2, 39). Due to its prolonged half-life compared with
other glycosides (13), digitoxin intoxication poses a
special therapeutic problem. In a series of 115 patients
treated for advanced (usually suicidal) digitalis intoxi-
cation, 96%had taken digitoxin and the resulting mor-
tality was 22% (2). Patients died as late as 4 days after
injection of the drug, and doses as low as 3 mg were
reported to cause mortality. Caldwell et al. have sug-
gested a novel therapeutic approach using oral
ingestion of a steroid-binding resin to interrupt entero-
hepatic cycling of digitoxin (40, 41). This approach was
highly effective in the rat (40), a species with very ac-
tive enterohepatic cycling of digitoxin, and some en-
hancement of digitoxin excretion was also documented
in man (41). However, since no specific antagonist of
demonstrated clinical effectiveness in the setting of ad-
vanced toxicity has yet been described, therapy is re-
stricted to symptomatic management of the clinical
manifestations of digitalis toxicity.

To provide a more specific and effective therapeutic
approach, the present study was undertaken to deter-
mine whether specific Fab fragments of antibodies that
bind digitoxin with high affinity can reverse advanced,
life-threatening digitoxin toxicity in a canine experi-
mental model. The feasibility of this approach was
suggested by earlier studies using digitalis-specific
antibodies or their Fab fragments for reversal of glyco-

TABLE V
Percent of 3H Radioactivity Extractable into Dichloro-

methanefrom Rhesus Monkey Urine Samples*

Phase 2 Phase 3 Phase 4
Collection (specific Fab) (specific IgG) (no Fab or IgG)

period Mean (+SEM) Mean (tSEM) Mean (tSEM)

h

0-6 38.2 (±2.2) 37.8 (±5.1) 40.0 (±2.1)
6-12 91.8 (+2.4) 37.7 (±5.3) 49.7 (+0.2)

12-24 81.9 (+3.0) 25.6 (+7.7) 54.7 (+2.8)
24-48 61.6 (+10.8) 43.8 (+12.4) 52.8 (+5.2)
48-72 44.6 (+12.3) 43.7 (+3.6) 34.6 (±5.3)
72-96 37.4 (+9.0) 52.3 (+3.7) 36.2 (±4.2)

* 99% of 3H activity from native [3H]digitoxin was dichloro-
methane-extractable under the conditions used.



side-induced effects in vitro (4-7, 42-44) and toxic ar-
rhythmias in vivo (3-5,45). Differences in both pharmaco-
kinetics (13, 46) and pharmacodynamics (15-19), how-
ever, make extrapolation of results from studies of one
cardiac glycoside to another hazardous. The rationale
for use of Fab fragments in preference to intact IgG for
in vivo reversal of cardiac glycoside toxicity has been
discussed in detail recently (5, 47) and includes lesser
antigenicity of Fab compared with IgG as well as more
rapid excretion of both binding protein and bound
drug.

With regard to potential therapeutic use, the first req-
uisite of an antibody population or the Fab fragments
derived therefrom is high affinity and specificity for the
drug molecule which is to be counteracted. In the case
of cardiac glycosides such as digitoxin and digoxin,
toxic effects may be manifest at free plasma concentra-
tions of 10 nM or less (30, 48). Antibody affinity con-
stants must therefore be at least 109 or more if free gly-
coside concentrations are to be lowered to negligible
levels without the use of excessive amounts of anti-
body, an issue of obvious importance if heterologous
antiserum is used as the source of cardiac glycoside-
binding immunoglobulin (5).

In extending our earlier work to the reversal of digi-
toxin toxicity, we have taken advantage of the observa-
tion that selected antisera from animals immunized
with BSA-digoxin conjugates contain antibody popula-
tions that strongly crossreact with digitoxin (23). Among
the first three sheep screened, we identified an animal
that developed a high titer of antibodies with a Ko value
for digitoxin of 1.4 x 1010 M-1 by equilibrium dialysis,
in satisfactory agreement with results of separate esti-
mates of the kinetics of formation and dissociation of
the hapten-antibody complex. The rapid second-order
association kinetics ensure that the free fraction of
serum digitoxin concentration will fall to less than 1 nM
within a few seconds of the infusion of antibody in the
amount used in the experiments reported here, assum-
ing rapid mixing in the intravascular compartment.
This rapid binding of digitoxin by antibody occurs in
spite of extensive serum albumin binding of digitoxin
(14) because of the very rapid dissociation rate of the
digitoxin-albumin complex. It should be noted that the
degree of digitoxin crossreactivity noted in the present
studies cannot be expected for every digoxin-binding
antibody population (23).

The dose of 0.5 mg/kg of digitoxin administered intra-
venously to dogs uniformly led to the death of the ani-
mals at a mean time of 101 min. Nonspecific Fab given
to eight control animals did not protect from digitoxin
toxicity. The administration of a small (33%) molar ex-
cess of specific Fab fragments not only prevented the
death of all eight animals so treated, but also reversed
cardiotoxic effects completely and led to reappearance
of conducted sinus beats as early as 9-10 min after

injection. This relatively rapid reversal of established
advanced digitoxin toxicity confirms and extends pre-
vious experience with antibody reversal of established
digoxin toxicity (3-5) as well as our initial clinical
experience in the treatment of advanced digoxin tox-
icity with purified specific Fab fragments (8).

A rapid increase in plasma total digitoxin levels took
place within 30 min after the end of specific Fab infu-
sion in all dogs (Fig. 2); during the subsequent 2 h,
plasma concentrations did not change significantly
(Fig. 3). A similar plateau of serum total digoxin con-
centration after the initial rise after administration of
specific Fab fragments lasted for 10 h in a patient
treated for advanced digoxin toxicity after a massive su-
icidal ingestion of 22.5 mg of the drug (8). The consis-
tent increase in total digitoxin concentration in plasma
observed after specific Fab administration in the stud-
ies reported here presumably reflects continuing re-
moval of digitoxin from the tissues and sequestration
in the extracellular space in an antibody-bound, phar-
macologically inactive form, balanced by renal excre-
tion of the Fab fragment-digitoxin complex. This mech-
anism was further supported by equilibrium dialysis
studies showing free digitoxin concentrations of less
than 0.1 nglml after specific Fab infusion in these dogs.

The prolonged half-life of digitoxin in man is asso-
ciated with very slow excretion by the kidneys, which
in turn is presumably due to the high degree of binding
of digitoxin in the circulation by serum albumin. Lukas
and DeMartino demonstrated that 97% of digitoxin at
usual therapeutic concentrations is bound to serum al-
bumin (14). An effective approach to the specific treat-
ment of advanced digitoxin intoxication, then, ideally
should enhance excretion of the drug as well as neutral-
ize its effects before excretion.

Canine digitoxin excretion, like that of usual labora-
tory animals such as the mouse, rat, and cat, is substan-
tially more rapid than is the case in man (11, 13,20). The
rhesus monkey (Macaca mulatta) was shown in the
present studies to provide a more suitable model. The
mean elimination half-times of 135 and 118 h found by
two separate methods in this species (Fig. 4; Table II)
are in satisfactory agreement with the values of 115 and
165 h in man reported by Lukas (13) and Gjerdrum (11),
respectively.

Prior studies of the effects of digoxin-specific IgG and
Fab fragments on the pharmacokinetics of digoxin in
the dog have documented substantial rises in plasma
total digoxin concentration, with IgG causing about a
sixfold greater rise than Fab (47). Analogous results
were observed in the present rhesus monkey experi-
ments. Administration of 2 mol of binding sites per
mole of digitoxin in the form of an IgG prepara-
tion resulted in a greater and substantially more
prolonged increase in plasma total digitoxin levels
compared with the response to an equal number
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of binding sites given as Fab fragments. The dif-
ferences may be accounted for in part by a smaller
distribution space of 160,000-dalton IgG molecules
compared with 50,000-dalton Fab fragments, as well as
by continuing urinary excretion of Fab fragments. The
increases in plasma total digitoxin levels after both IgG
and Fab administration were demonstrated in equilib-
rium dialysis studies to be due to high-affinity immuno-
globulin binding, and were accompanied by rapid de-
creases in free digitoxin concentration to near-zero
levels (Table III).

Administration of IgG reduced the urinary excretion
of radioactivity to 37%of control values. Of this amount
more than 40%was not dialyzable, indicating that digi-
toxin was partly excreted in bound form, possibly to low
molecular weight antibody fragments formed in vivo.
The serum ti of homologous and heterologous y-glob-
ulin injected into rabbits or guinea pigs has been shown
to be between 4.2 and 6 days (49), and only small
amounts of intact IgG were excreted in the urine. The
reduction in urinary excretion of radioactivity after
specific IgG administration was therefore not an unex-
pected observation.

Binding of digitoxin to Fab fragments appears to ac-
count for the initial half-life of digitoxin elimination
from serum of 4 h (Fig. 5). It has been reported that
rabbit Fab fragments are excreted by the mouse, at least
in part via the kidneys, with a half-time of 3.6 h (50).
Although comparable data are not available for sub-
human primates, the data of Janeway et al. (51) indicate
elimination of immunoglobulin fragments of size and
other properties similar to Fab by humans with a half-
time of 5 h. One would therefore predict that relatively
rapid renal elimination of sheep specific Fab fragments
by the rhesus monkey kidney would enhance excretion
of bound digitoxin, and this proved to be the case, as
summarized in Figs. 7 and 8. The high affinity of this
population of Fab fragments for digitoxin ensures that,
once filtered by the glomerulus, the Fab-digitoxin com-
plex will not dissociate to a major extent and the digi-
toxin excreted in the urine remains predominantly
bound in early urine samples collected after specific
Fab administration (Table IV). The analytical experi-
ments using dichloromethane extraction and thin-layer
chromatography suggest that administration of specific
Fab fragments led to elimination of native digitoxin and
not of metabolites.

Under the experimental conditions used in this pri-
mate model, digitoxin elimination rose 14-fold to 8%of
the dose given over 6 h, compared with control values.
When in severe digitoxin intoxication an even more
pronounced acceleration of glycoside excretion is de-
sirable, this may well be achieved by a constant infu-
sion or repeated doses of purified Fab fragments over a
more prolonged period of time. This, to our knowledge,

is the first demonstration of enhanced excretion of a
drug by an immunoglobulin fragment and may repre-
sent only one example of a number of therapeutic op-
portunities wherein a higher clearance of a drug or hor-
mone can be obtained.

In conclusion, the present studies demonstrate that
high-affinity specific Fab fragments enhance urinary
excretion of digitoxin, whereas administration of intact
IgG leads to the opposite effect and retains the poten-
tially toxic glycoside stores in the body. Taken together
with the toxicity reversal studies in the dog, these data
support the potential clinical use of purified specific
Fab fragments in selected cases of advanced, life-
threatening digitoxin toxicity unresponsive to conven-
tional therapy.
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