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Abstract— The anti-anginal drug amiodarone produced a dose dependent reduction in the overflow
of transmitter from the isolated blood perfused cat spleen following nerve stimulation at 30 Hz.

In the presence of phenoxybenzamine (30 pg'ml) the normal increase in overflow of transmitter,
following 200 stimuli at 10 Hz was prevented. This effect occurred whatever the order of addition
of phenoxybenzamine and amiodarone. indicating that amiodarone did not reduce the overflow by
stimulation of inhibitory presynaptic x receptors.

In experiments in which the transmitter stores werc labelled with [*H](—)-noradrenaline, amiodarone
inhibited the release of label following nerve stimulation but had no effect on release induced by
tyramine. Responses of the spleen to both nerve stimulation and tyramine were reduced by amiodarone
but uptake of [*H](—)-noradrenaline given as injections (pulses) or as infusions. was not significantly
affected. The effects of amiodarone on nerve evoked overflow of transmitter are not therefore related
to changes in uptake of noradrenaline or to selective stimulation of presynaptic « receptors but probably

reflect @ neurone blocking action of the drug.

Amiodarone (2-butyl-3-(4-diethylamino-ethoxy-3. 5-
ditodobenzoyl)-benzofuran hydrochloride) (see Fig.
1) has been reported to have beneficial actions in
patients with angina pectoris [1]. It has been shown
to decrease heart rate, vascular resistance and myo-
cardial oxygen consumption and to increase myocar-
dial blood flow [2]. Both o and f effects of catechola-
mines are antagonised in a non-competitive man-
ner [3]. Amiodarone has no demonstrable effect on
the catecholamine content of both heart and
adrenals [4]. The antiarrythmic properties of the drug
protect anacsthetised guinea pigs against ouabain in-
duced ventricular fibrillation [5]. In isolated rabbit
atria or ventricular muscle strips the drug prolongs
the duration of the action potential but has no effect
on the resting potential or action potential height [5].
The present study was undertaken to determine
whether a drug known to antagonise the actions of
catecholamines non-competitively would elevate the
overflow of transmitter from the cat spleen following
nerve stimulation in the same way as competitive
o-receptor blockers such as hydergine [6] and phento-
lamine [13].
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METHODS

Overflow of endogenous transmitter. Cat spleens
were perfused with blood in vitro [7.9]. The splenic
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nerves were stimulated supramaximally with shielded
bipolar platinum ¢lectrodes. In order to stabilise the
transmitter overflow, 3 trains of 200 impulses at 10
Hz followed by 2 trains of 200 impulses at 30 Hz
were given at 10 min intervals. Subsequent overflows
of transmitter following 200 impulses at 30 Hz
remained at a steady level [7]. Blood containing over-
flowing transmitter was collected in chilled tubes for
30 sec from the start of nerve stimulation.

Bioassay of transmitter. Blood samples containing
transmitter were spun at 3100 ¢ for 15 min at 0.
Plasma was removed from the buffy coat and packed
red cells. The plasma samples were assayed against
noradrenaline for pressor activity on the blood pres-
sure of the pithed rat[8]. Amiodarone is rapidly
taken up by the spleen and does not interfere with
the assay.

Uptake  of radioactively  labelled  noradrenaline.
Uptake from | ug pulses of [ 7-*H](—)-noradrenaline
was measured as previously described [9]. Venous
blood containing [*H]( - )-noradrenaline that had not
been taken up and [*H] metabolites was collected
in chilled tubes during the 3 min following the injec-
tion. Uptake of [7-*H](—)-noradrenaline was also
measured from infusions [10]. In all these exper-
iments uptake was taken as the difference between
the amount of label given and the amount recovered
in the venous blood. Evans Blue was added to the
noradrenaline to act as an intravascular marker for
the determination of the overall recovery of the injec-
tate or infusate [ 10].

Labelling of transmitter stores. In order to label the
transmitter stores [*H|(—)-noradrenaline {10-1 Ci/
m-mole) was infused close arterially into the blood per-
fused spleen for 10 min at a rate of 45 ng/min. The
spleen was then perfused with Krebs-Henseleit solu-
tion for 30 min during which two periods of stimu-
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lation of 200 impulses at 10 Hz were given. The total
venous effluent during the infusion of label and for
30 sec afterwards was collected and counted to deter-
mine the amount of radioactivity retained by the
spleen. The Krebs—Henseleit solution was replaced
with fresh blood and perfusion continued for a further
30 min during which one train of stimuli was given
(200 impulses at 10 Hz).

Release of label by neree stimudation and tvramine.
Initially two trains of stimuli of 200 impulses at 30
Hz were given at 10 min intervals followed by alter-
nate periods of stimulation and the administration
of tyramine (5 pg/g) close arterially to the spleen,
Blood was collected for 1 min after stimulation and
for 4 min following the administration of tyramine.
Each of these collection pertods was at least twice
as long as the responses produced by the procedures.
After centrifugation of the blood. plasma samples
were assayed biologically for transmitter and counted
for tritiun.

Sample counting. 10 ml of scintillant comprising 5
Scintol 2 (Koch-Light Laboratories Ltd.). 33-37 Tri-
ton X 100 (Scintillation Grade) and 61-7" toluene
were added to 0’1 ml of plasma and 1-0 mi distilled
water. Samples were counted for *H on a Packard
Tri-Carb Scintillation Counter. Blank und quench
corrections were applied.

Amiodarone determination. Since amiodarone con-
tains 37", by wt of todine. the difference between the
iodine content of control untreated spleen and spleens
exposed to the drug was taken as an index of amio-
daronc content. Small picces of spleen were freeze
dried and assayed for iodine content by neutron acti-
vation analysis.

Drugs. [7-*H i —)-Noradrenaline (10-1 Ci-m-mole).
Radiochemical Centre. Amersham: amiodarone hy-
drochloride, Labaz Laboratories: tyramin hydrochlo-
ride.  Sigma: phenoxybenzamine  hydrochloride.
Smith, Kline & French Laboratories Ltd: Heparin
(mucus). Boots Pure Drug Co.: Prostaglandin E,. Dr.
John E. Pike, Upjohn. Kalamazoo. Amiodarone and
phenoxybenzamine were dissolved in a few drops of
ethyl alcohol, diluted with about 10 ml Krebs solu-
tion and added to the blood as an opalescent solu-
tion. All doses of the amines arc cxpressed as basc.

Unless otherwise defined results are presented as
means + SEM.

RESULTS

(@) Fate of amiodarone added to blood perfusing the
spleen. Almost all the amoidarone added to the per-
fusing blood was bound to the spleen. This can be
seen in Fig. 2 which shows the amount of amiodarone
{as iodine) recovered from the spleen at the end of
the experiment plotted against the dose administered.
If all the amiodarone is bound the points should fall
along the line shown which has a gradient of 1-0.
Since there was good agreement between the points
and the line it can be assumed that almost all the
amiodarone is bound within the spleen and for this
recason all doses of amiodarone are expressed as mg'g
(wet wt spleen).

(b) Effect of amiodarone on overflow of transmitier
following nerve stimulation. Following the condition-
ing series of stimuli the overflow of transmitter col-
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Fig. 2. The relationship between the dose of amiodarone
administered to the spleen in the blood and the amount
found in the spleen at the end ol the experiment.

lected i cach of the four controt periods after 200
impulses at 30 Hz remained cssentially constant.
Addition of amiodarone to the blood in the reservoir
produced a dose-dependent inhibition of overflow of

transmitter which reached a4 maximum 30 40 mimn
after the addition of the drug (Fig. 3).
When the overflow of transmitter at the fourth

stimulus period after the drug was compared to the
overtlow following the last stimulus before the dru
(@) and plotted against the log concentration of dru
measured as mg'g (wet wt of the spleen) and the
points tested by lincar regression analysis, it was
found that the pomts Iell along o straight line
(P < 0-001) (Fig. ). The dose of drug required to pro-
duce 30 per cent inhibition of the overflow of trans-
mitter (FD<,) was 0116 mg g (wet wt spleen) (937, €L
0-10 0-24 mg-g).

(¢) Effect of phenoxvhenzamine  on overflow o
transmitter in the presence of amiodaronc. Forty nin
after anmiodarone. phenoxybenzamine (30 gg mib) was
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Fig. 3 The elfect of amiodarone {(A) 71 pg g twel wi

spleen) (O): 270 pgg (@) and 857 pg g (A) on transnitter

overflow from the cat spleen in three typical experiments.

Splenic nerves were stimulated at 10-min intervals with

trains of 200 supramaximal stimuli at 30 Hz. Transmitter

averflow is expressed as a fraction of the mean overtlow
of the pre-drug stimulations i each experiments.
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Fig. 4. Effect of amiodarone on overflow of transmitter
(@) and vascular response (O) following 200 stimuli at 30
Hz. Overtflow (O,) and response (R,) are expressed in terms
of the mean pre-drug values (0O, and R,).

added to the blood and allowed to act for 30 min
without nerve stimulation. The overflow of transmit-
ter following 200 stimuli at 10 Hz was then collected
for two successive periods of 40 sec. It was found
that amiodarone was able to prevent the increase of
transmitter normally produced by phenoxybenza-
mine [11] and that the effect was dose dependent. The
log dose/inhibition line is plotted in Fig. 5. (In the
absence of other treatment the overflow of transmitter
from 200 stimuli at 10 Hz in the presence of phenoxy-
benzamine is 3-15 times that with stimuli at 30 Hz
in the absence of drugs). The dose of amiodarone
required to reduce the overflow following phenoxy-
benzamine to S0 per cent of the normal value was
0-30 mg:g (95, C.L. 013 0-68 mg/g).

(d) Receptor protection experiments. The results of
the previous section illustrate that amiodarone can
prevent the increase in transmitter overflow produced
by phenoxybenzamine. Since it is possible that amio-
darone may produce its effect by selective stimulation
of presynaptic x-receptors, cxperiments were per-
formed in which the order of addition of phenoxyben-
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Fig. 5. Effect of amiodarone on overflow of transmitter

in the presence of phenoxybenzamine (30 ug/ml) following

200 stimuli at 10 Hz. Transmitter overflow (0,) 1s expressed

in terms of the mean pre-drug overflow from 200 stimuli
at 30 Hz (0,).
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Fig. 6. The effect of amiodarone {A) (1 mg/g spleen) and
phenoxybenzamine (PBA) (25 pg/mi) upon transmitter
overflow from the spleen following 200 stimuli at 10 Hz.
(A— PBA) A followed by PBA, n = 6. (PBA — A) PBA
followed by A. n = 12, and PBA alone. n = 20.

zamine and amiodarone was altered. In each case the
drug was allowed 30 min to act before the addition
of the second drug. Since phenoxybenzamine pro-
duces an irreversible blockade of a-receptors, addition
before amiodarone should prevent amiodarone's
action if it acts through this mechanism. However,
as shown in Fig. 6, the overflow of transmitter follow-
ing stimulation of the nerves at 10 Hz was signifi-
cantly reduced by amiodarone (093 mg/g) compared
with the overffow with phenoxybenzamine alone,
whether amiodarone was given before or after
phenoxybenzamine.

(e) Effect of amiodarone on overflow of transmitior
and tritium following nerve stimulation and tyramine.
Amiodarone (133 mg/g) significantly reduced the
overflow of both endogenous transmitter and tritium
following stimulation of the nerves with 200 impulses
at 30 Hz (P <0:001: n = 9) but had no significant
effect on the overflow produced by tyramine (5 Hg/e)
injected close arterially (P >0-6; n = §) as shown in
Fig. 7a. The administration of the amiodarone solvent
(ethanol in saline) (Fig. 7b) had no significant effect
on the overflow of transmitter (P >08; n = 3) or tri-
tium (P >0-2; n = 3) following nerve stimulation. In
the control experiments tyramine evoked release was
also unchanged.

() Responses of the spleen 10 nerve stimulation and
tyramine. The spleen responded to stimulation at 30
Hz with increases in perfusion pressure (vascular re-
sponses) and reductions in spleen volume (capsular
responses). Amiodarone produced inhibition of the
vascular responses of the spleen which were dose-de-
pendent but the responses were never abolished even
with the highest doses used in these experiments (Fig.
4} this confirms what has been observed with other
vascular beds [2]. The graph of splenic vascular re-
sponse cxpressed as a percentage of the control re-
sponses against log dose of drug (mg/g wet wt spleen)
shows a linear relationship (P <0-001) and the Eps,
s 0-24 mg/g (95°, C.L. 0-13-0-66 mg/g). The effects
of amiodarone on the capsular responses of the spleen
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Fig. 7. (a) Ellect of amiodarone (A) 13 mg g spleen and
ih) effect of vehicle (Vi on release of endogenous transmit-
ter (E) and *H itaken up previously as [PH j(—)-noradrena-
line) by nerve stimulation (8) and tvramine (Ty. The
numbers in the columns are the number of observations.

to nerve stimulation were variable. With ngh doses
of amiodarone (0-6 1 mg'g) the response was inhi-
bited whereas with low doses no consistent effect was
observed. The reduction in response is due to the
combined effect of a reduction in transmitter release
and a post-synaptic z-blocking action. Responses of
the spleen to tyramine were also inhibited but not
to the same extent as those to nerve stimulation. This
inhibition can be explained in terms of post-synaptic
y-blockade alone.

(@) Effect of amiodarone on uptake of [PH(— -nor-
adrenaline. (1) Uptake from pulses of [PH (- )-norad-
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Fig. % Recovery of M in splenic venous blood following
7 min infusion of [*H](—)-noradrenaline close arterially

at S ngmin in the presence of (&) and absence (4A) of

amiodarone {1 mg g). (@) recovery of Evans Blue mtravas-
cular marker (= 4
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renaline  In the blood perfused cat spleen it has been
shown that the characteristics of uptake of [*HJ(-)-
noradrenaline given as an infusion varies from that
of [*H( - )-noradrenaline given as pulses [ 10 1 g
pulses of [*HY - Fnoradrenaline were given over 4
period of 6 see to the spleen before and 40 min after
addition of amiodarone (1 mg/g). Uptake (corrected
for Fvans Blue recoveryy from the first pulse of
[*H)(— b-noradrenaline was 366 + 10 ng and from
the second, 40 nun after amiodarone (1 mg ).
455 4 36 ng tn = 3: P >0-1). In control experiments
uptake from the first pulse was 400 + 32 ng and from
the second, 40 min after the addition of anuodarone
vehicle, 363 4+ 24 ng (n = 4: P 03 Amiodaronc.
thercfore. had no significant cffect on uptake of
[*H](—)-noradrenaline from pulses. Overall recovery
of the Evans Blue intravascular marker m these ox-
periments was 96-2 + 23 per cent. (i Uptake from
infusions  On intusion of [*H ) — -noradrenaline into
the isolated blood perfused cat spleen o steady-state
condition is reached within 2 3 mun of the start of
the infusion [10]. In the absence of drugs the spleen
is able to take up about hall the [“H(- )-noradrena-
line presented to it at a rate of 345 ng-min (spleens
were perfused at a mean rate of %0 = 0.4 ml min).
The remaining label overflows into the venous cireu-
fation to be collected and counted. As shown m Fig.
& the pattern of overflow of label in the spleens
treated for 40 min with amiodarone (A 1 mg g) was
not significantly  different from that observed i
spleens treated with the amiodarone vehicle (4. The
overflow ol the mtravascular marker Pvans Blue in
the plasma during these experiments {@) rose Lo about
937 of the amount given, the losses bemg due 1o
small leaks and trapping of Evans Blue i the extrie-
cellular space of the loosely packed red cells (3 57 ).
Amiodarone, therefore. has no demonstrable effect on
uptake of noradrenaline from mfusions.

DISCUSSION

The effect of amiodaronce. a non-competitive » and
/ antagonist upon the overflow of endogenous trans-
mitter from the isolated blood perfused cat spleen.
Is opposite 1o that of all tested pure z anta-
gonists [ 12]. A reduction i overflow after amiodar-
one could be due to several Tactors: mcereased inacti-
vation of transmitter, a depletion ol the nerve ter-
minal. a reduction in transmitter liberation. cither di-
rectly or indireetly vig an % agonist effect upon postu-
tated presvnaptic » receptors. or to o local anaesthetic
effect.

The reduction in overflow does not appear o be
due to increased inactivation of transmitter by uptuke
since spleens treated with amiodarone showed no in-
crease in their ability to remove noradrenaline given
as infusions or pulses. Sinee the trunsmitter overflow
is measured by a bioassay method which detects vnly
noradrenaline in the overflowing venous blood.
reduction in overtlow could be brought about by in-
creased metabolism, However, in the expertments in
which the transmitter were  labelted  with
radioactive noradrenaline. the overflow of Libel fol-
lowing nerve stimulation. which includes both norad-
renaline and metabolites. was reduced by amiodarone
to the same extent as the bioassaved noradrenaline,

stores
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An cffeet of anmiodarone on metabolism could not
therefore explain its effect on overflow. Catechola-
mine depletion also seems unlikely as a mode of
action since no response was scen following injection
of amiodarone which might have indicated release of
amines. and in addition, other workers have looked
for but not found. a catecholamine-depleting
effect [2]. Amiodaronce has also been tested for local
anaesthetic effects using the guinea pig wheal test [5].
No effeet was seen even in concentrations as high
as 50 mg.ml. The most likely explanation for the
reduction of overflow produced by the drug is. there-
fore, an effect on liberation of transmitter, It is inter-
esting o note that in the past overflows from spleens
treated with phenoxybenzamine have been used as
an index of transmitter liberation [7] and in the pres-
ent experiments the increase in overflow usually seen
after phenoxybenzamine was antagonised by amio-
darone. The drug. therefore. could be producing its
ceffect by acting on the release mechanism. The exper-
iments in which nerve stimulation evoked release has
been compared with that produced by tyramine pro-
vide support for this conclusion. Since stimulation
evoked release is calcium-dependent unlike that pro-
duced by tyramine and only stimulation evoked
release 1s reduced by amiodarone it would indicate
that the drug may act on calcium metabolism in the
nerve endings. The effect is unlikely to be mediated
through presynaptic z receptors since the irreversible
7 antagonist phenoxybenzamine did not  protect
against the action of amiodarone. In addition, even
in high concentrations the drug failed to produce any
response of the splenic musculature indicating that
it has no stimulating effect on post-synaptic x recep-
tors. Amiodarone also blocks fas well as % recep-
tors [2] and this must be considered as a possible
site of action since it has recently been suggested that
presynaptic fi-receptor stimulants  increase and  fi-
antagonists decrease release of transmitter in guinea
pig auricles [13]. However. the effect on noradrena-
line overflow of the f# antagonist propranoelol is too
small to be considered as an explanation for the
almost total abolition of transmitter liberation in the
presence of large doses of amiodarone.

1199

In conclusion, amiodaronc reduces transmitter
overflow from the cat spleen following nerve stimu-
lation. The effect is not related to changes in uptake
or metabolism of noradrenaline or to selective stimu-
lation of presynaptic x receptors but probably reflects
a ncurone blocking action of the drug. In this amio-
darone appears to resemble adrenergic blocking drugs
such as guanethidine or bretyvlium. However, unlike
these drugs it does not block uptake of noradrenaline
and its effects are not reversed by amphetamine
(Blakeley and Summers, unpublished observations).
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