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THE EFFECT OF CHEMICAL SYMPATHECTOMY ON
MITOCHONDRIAL FUNCTION
IN THE ISCHAEMIC AND REPERFUSED MYOCARDIUM

WINIFRED G. NAYLER & ELIZABETH M. SCOTT!*
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1 Isolated rabbit hearts were perfused aerobically for 120 min, made ischaemic for 90 min, or made
ischaemic for 90 min and then reperfused for 30 min.

2 Some rabbits were pretreated with 6-hydroxydopamine (6-OHDA), given as three separate
intravenous doses of 30, 20 and 20 mg/kg, 20 to 48 h before they were killed; others (controls)
received saline according to the same regime.

3 Mitochondria were harvested from left ventricular homogenates and their function assessed by
measuring state 3 O, consumption (state 3 QO;), respiratory control index (RCI), phosphate:
oxygen ratio (ADP:0), Ca?* content, and ATP-producing activity. In other experiments peak left
ventricular developed tension was recorded.

4 In hearts from saline-treated animals, mitochondrial state 3 Q0,, RCI and ATP producing
activities were reduced after global ischaemia, with or without reperfusion. There was a small gain in
mitochondrial Ca?* after ischaemia, and a large gain upon reperfusion.

5 6-OHDA pretreatment provided some protection against the effects of ischaemia and reperfu-
sion on mitochondrial function and on peak developed tension.

6 It was concluded that chemical sympathectomy with 6-OHDA does not duplicate the effect of
prolonged B-adrenoceptor blockade in protecting mitochondrial function against the deleterious

effects of ischaemia and reperfusion.

Introduction

B-Adrenoceptor blockade has been shown to protect
the myocardium against the damage caused by pro-
longed episodes of ischaemia and hypoxia, irrespec-
tive of whether these episodes occur naturally
(Wilhelmsson, Vedin, Wilhelmsen, Tibblin &
Werko, 1974; Norris, Clarke, Sammel, Smith & Wil-
liams, 1976; Yusef, Ramsdale, Peto, Furse, Bennett,
Bray & Sleight, 1980; Hjalmarson, Herlitz, Malek,
Ryden, Vedin et al., 1981; The Norwegian Mul-
ticentre Trial, 1981) or are experimentally induced
(Reimer, Rasmussen & Jennings, 1976; Nayler,
Grau & Yepez, 1977; Kloner, Fishbein, Braunwald
& Maroko, 1978; Nayler, Yepez, Fassold & Ferrari,
1978a; Carroll & Welman, 1979; Manning, Keogh,
Shattock, Coltart & Hearse, 1981a; Burmeister,
Reynolds & Lee, 1981). Why the administration of
these agents affords protection is not entirely clear
(Reimer et al., 1976). A reduction in cardiac work
due to B-adrenoceptor inhibition may be involved
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(Reimer et al., 1976; Nayler et al., 1977; Welman,
1979) particularly if catecholamines are released in
response to oxygen deprivation (Wollenberger &
Shahab, 1965; Wollenberger & Krause, 1968; Wol-
lenberger, Krause & Heier, 1969; Rabinowitz,
Kligerman & Parmley, 1975; Hirche, Franz, Bos,
Bissing & Schramm, 1980; Holmgren, Abbahams-
son, Almgreen & Erriksson, 1981). There is other
evidence, however, which indicates that other prop-
erties of the B-adrenoceptor antagonists may also be
involved. Thus Nayler et al. (1978a) found a protec-
tive effect for racemic propranolol 72h after pre-
treatment with propranolol had been terminated,
indicating that the protective effect of propranolol
outlasts its B-adrenoceptor blocking activity. A simi-
lar finding has now been described for oxprenolol
(Manning, Keogh, Coltart & Hearse, 1981b). In
addition, both Sakai & Spieckermann (1975) and
Nayler, Fassold & Yepez (1978b) found only a par-
tial reduction of hypoxia-induced damage in hearts
that had been depleted of catecholamines by reser-
pine pretreatment. Also 3-methylpropranol, an
analogue of propranolol which lacks any B-
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adrenoceptor blocking activity (Ku & Lucchesi,
1978; Gross, Warltier & Hardman, 1978), is nearly
as effective as propranolol in delaying or preventing
the damage caused by prolonged episodes of
ischaemia.

To investigate further the processes whereby g-
adrenoceptor antagonists protect the myocardium
against the deleterious effects of ischaemia and re-
perfusion, we have investigated the effect of chemical
sympathectomy, using 6-hydroxydopamine (6-
OHDA). 6-OHDA can be used to reduce the norad-
renaline content of rabbits hearts by about 97%
(Fozard, Kelly & Small, 1973; Jonsson & Sachs,
1975). Now, if the protective effect of B-
adrenoceptor blockade is due simply to the interac-
tion of the antagonists with the p-adrenoceptors, so
that the positive inotropic and chronotropic effect of
any released or circulating catecholamines is av-
oided, then theoretically, chemical sympathectomy
should be equi-effective. The effectiveness of a par-
ticular protective regime can be assessed in several
different ways. Altered rates of enzyme leakage can
be monitored, ultrastructural damage quantitated, or
the recovery of mechanical activity and mitochondri-
al function assessed. There are several reasons why
we chose not to use enzyme leakage as a monitor of
myocardial damage in this study. Firstly, it is possible
that chemical sympathectomy may alter the leakage
process. Secondly enzyme leakage is a late event.
indicative of gross ultrastructural damage and the
appearance of large membrane defects. Instead, be-
cause of the close association which has been estab-
lished between the preservation of mitochondrial
function and protection against ischaemic and reper-
fusion damage (Henry, Shuchleib, Davis, Weiss &
Sobel, 1977; Henry, Shuchleib, Borda, Roberts, Wil-
liamson & Sobel, 1978; Nayler, Ferrari & Williams,
1980; Nayler, 1981a) we used mitochondrial func-
tion and Ca?>* content as our main marker.
Mitochondrial function was assessed in terms of re-
spiratory function, ATP producing activity and Ca?*
content (Nayler et al., 1978a; 1980). In a second
series of experiments the recovery of mechanical
function, as indicated by peak developed tension, was
also monitored.

Methods

Adult male New Zealand white rabbits weighing
2-2.5kg were randomly divided into two groups.
One group received an initial intravenous dose of
30 mg/kg 6-OHDA followed 20h later by a further
dose of 20mg/kg and 4h later by a final dose of
20 mg/kg. This schedule reduces the noradrenaline
content of rabbit hearts by about 97% (Fozard et al.,

1973). 6-OHDA was always freshly dissolved in
0.7ml ice cold sterile 0.9% w/v NaCl solution
(saline) containing 1% ascorbic acid immediately
before injection. It was injected as a 0.7 ml bolus.

The second group of rabbits (saline controls) re-
ceived intravenous injections of 1% ascorbic acid in
saline in the same dose regimen as the 6-OHDA-
treated animals. Animals were killed 17-20h after
the third injection of either 6-OHDA or saline.

Perfusion

The rabbits were killed by cervical dislocation. The
thorax was opened and the hearts rapidly excised and
placed in heparinized (100 iu/100 ml) ice-cold Krebs
Henseleit buffer previously equilibrated with
95% O, and 5% CO,; 1min later, and hence at a
time when contractions had ceased, the aorta was
cannulated and perfused at 37°C at a constant mean
pressure of 60mmHg (8.0kPa) by the non-
recirculating Langendorff perfusion technique
(Langendorff, 1895). The perfusion buffer was
Krebs Henseleit solution containing (mmol/l):
NaCl115.0, NaHCO325.0, KC14.0, KH,PO,0.9,
Mg>S04 1.1, CaCl; 1.5 and glucose 11.0. The perfu-
sate was gassed with 95% O; and 5% CO,, giving a
Po,>600mmHg (80 kPa). Perfusion pressure was
monitored continuously, by means of a direct reading
pressure gauge attached to a side arm of the inflow
cannula. The pressure was maintained with a
Watson-Marlow flow inducer (MK III, Marlow, Eng-
land). Perfusion pressure was monitored continuous-
ly by means of a direct reading pressure gauge at-
tached to a side arm of the inflow cannula. The output
from the pressure gauge operated a negative-feed
back circuit connected to the pump. In this way the
pump output was automatically adjusted to provide a
constant perfusion pressure. A small incision was
made in the left atrium and the tissue around the
pulmonary artery was carefully removed, to prevent
any obstruction of the outflow tract.

Unless otherwise stated the hearts were paced,
using suprathreshold rectangular pulses of 10 ms du-
ration delivered from a Tektronix (Type 162) square
valve generator assembly (Tektronix Inc., Portland,
Oregon, USA) at a rate of 180/min. The stimuli were
delivered via two platinum electrodes, one attached
to the metal inflow cannula and the other to the
ventricular apex.

Two separate groups of experiments were under-
taken. In the initial series (Series I) tension genera-
tion was not monitored. In the second series (Series
IT) peak developed tension was monitored by means
of a Narco Biosystems myograph (F-60) (Houston,
Texas) attached via a nylon ligature to the apex of the
left ventricle. The output from the myograph was
displayed on a Narco Biosystems MKIV physio-
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graph. At the start of each series II experiment,
resting tension was adjusted until the developed ten-
sion reached its peak. This involved applying a rest-
ing tension of 3.1+ 0.4 g (mean t s.e., 36 expts).

Peak developed tension is defined as the difference
between peak systolic and resting tension.

Experimental procedure

After 20-30min aerobic perfusion (P0O,>
600mmHg), and irrespective of whether tension
generation was being monitored, the hearts in both
the control and 6-OHDA pretreated groups were
randomly divided into three groups. In the first group
aerobic perfusion was continued for a further
120 min. The second group was perfused aerobically
for another 30 min and then made ischaemic by total
cessation of the coronary flow for 90 min. The third
group underwent 90mintotalischaemiafollowed by
30 min aerobic reperfusion at a constant mean pres-
sure of 60 mmHg. The temperature of the hearts was
continuously monitored by a miniature thermoprobe
placed in the wall of the left ventricle and was main-
tained at 36—-37°C throughout the entire experiment,
irrespective of coronary flow. The temperature of the
water jacket was automatically adjusted to correct
for any change in left ventricular wall temperature.
To prevent drying of the outer surface of the heart, a
wad of cotton wool soaked in Krebs-Henseleit buffer
was attached to the inner surface of the water jacket
chamber. Preliminary studies confirmed that this
procedure ensured that the chamber remained suffi-
ciently moist to prevent the heart from becoming
dehydrated. At the end of the experiments the hearts
were dropped into ice cold buffer solution contain-
ing, unless otherwise stated: 0.18 mol/1KCl,
10.0 mmol/l disodium edetate (Na,EDTA) and 5%
bovine serum albumin (pH=7.3-7.4) and the
mitochondria isolated (see below). If the harvested
mitochondria were to be assayed for Ca?* the hearts
were dropped into an ice-cold solution containing
0.12mol/l KCl and 4 mmol/l Tris buffer, pH 7.2,
without any Na; EDTA (Nayler et al., 1980).

Isolation of mitochondria

(a) for respiratory function studies Left ventricular
muscle was weighed, finely chopped and homogen-
ized in the above EDTA-containing buffer solution
to provide a final concentration of about 10 mg/g wet
heart weight. This mince was then homogenized
using an Ultra Turrex homogenizer operating at half
speed for 5s. The mitochondria were isolated by
differential centrifugation, according to a modifica-
tion of the method of Sordahl, McCollum, Wood &
Schwartz (1973) as previously described (Nayler et
al., 1978a). The final pellet was suspended in a

solution containing 0.12 mol/l KCl and 4 mmol/l Tris
buffer pH7.2, to give a protein concentration of
about 15 mg/ml, measured by the method of Brad-
ford (1976), and standardized against bovine serum
albumin.

(b) for Ca** content The procedure used for isolat-
ing cardiac mitochondria so that they retain their
endogenous Ca?* has been described in detail else-
where (Nayler et al., 1980). Essentially it consists of
homogenizing the heart in an EDTA-free, albumin-
free medium (Peng, Kane, Murphy & Straub, 1977).

Measurement of mitochondrial respiration

The respiratory activity of the isolated mitochondria
was measured at 25°C using a Gilson Oxygraph and a
Clark or Rank oxygen electrode (Nayler et al.,
1978b; 1980). The incubation medium contained
(mM): sucrose 250, Tris 10, glutamate 3.0, KH,PO,
3.0, EDTA 3.0 and ADP 0.5 (pH=7.3-7.4);
0.75 mg mitochondrial protein was added per ml of
reaction medium. The parameters used to assess
mitochondrial oxidative phosphorylation were: (1)
State QO;, natoms oxygen used per mg mitochondri-
al protein per min in response to the addition of
ADP. (2) State 4 QO,, the basal rate of oxygen con-
sumption in the absence of ADP (natoms oxygen
used per mg protein per min). (3) Respiratory control
index (RCI), State 3 Q0,/State 4 QO,, is the ratio of
oxygen consumed in the presence of ADP to that
taken up after all of the ADP has been converted to
ATP. It is an index of the tightness of coupling
between oxygen consumption and phosphorylation.
(4) ADP: Oratio, nmol of ADP used per natoms of
oxygen consumed. This is an index of the efficiency of
oxidative phosphorylation.

Duplicate estimations of these parameters were
always made and an average value taken.

Measurement of mitochondrial ATP generation

ATP-generating capacity of mitochondria was meas-
ured at 25°C in the same reaction medium as de-
scribed for the oxidative phosphorylation studies.
Mitochondria were added to give final concentration
of 0.37 mg mitochondrial protein per ml reaction
medium and the reaction started by adding
ADP 1.25mM. At timed intervals after starting the
reaction 200 ul samples were removed and added to
ice cold 10% perchloric acid, to stop the reaction.
Samples were centrifuged (200 g for 10 min; 0°C),
the supernatant decanted, frozen and assayed for
ATP by measuring the change in optical absorbance
at 300nm when NADP is reduced to NADPH
(Nayler et al., 1980).
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Measurement of mitochondrial Ca**

Mitochondria that were assayed for Ca?* were di-
gested in HNO3. La®* (as LaCl;) was added to sup-
press interference. The Ca?* content of the digests
was assayed by atomic absorption spectrometry,
using a Varian AA-175 spectrometer as described
elsewhere (Nayler et al., 1980).

Reagents

All chemicals were of analytical reagent grade. 6-
Hydroxydopamine HCl was obtained from Sigma
Ltd, Poole, Dorset.

Statistical analysis

Results are expressed as meanz*s.e. of n experi-
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Figure 1 State 3 Qo; (nmol O; per mg mitochondrial
protein and per min: nmol mg~! min~!) and respiratory
control index (RCI) values of mitochondria extracted
from hearts perfused aerobically (open columns), made
ischaemic (stippled columns) or made ischaemic then
reperfused (striped columns) (see text). Each value is
mean of duplicate measurements from at least 6 sepa-
rate experiments. Bars denote s.e.mean. Tests of signifi-
cance were calculated by Student’s t test and refer to the
difference between the saline (a) and the 6-
hydroxydopamine (6-OHDA)-treated groups (b)
groups under the same experimental conditions.
*P<0.05;**P<0.01.

Note: these mitochondria were harvested from series I
(see text) hearts. The equivalent data for series Il hearts
are listed in Table 4.

ments. Student’s t test was used and P = 0.05 taken as
the limit of significance.

Results
Adequacy of catecholamine depletion

To ensure that the 6-OHDA regime we used had
depleted the hearts of catecholamines, bolus doses of
500 pug tyramine were added to isolated spontaneous-
ly beating control and 6-OHDA-treated hearts
which had been perfused aerobically for 30min.
When tyramine was added to the control (saline-
treated) hearts the heart rate increased (P <0.001)
from 1021 14 to 168+ 7 beats per min. In the 6-
OHDA group the heart rate remained unchanged
(98 + 12 before tyramine, 103+ 16 after tyramine).
We deduced, therefore that our 6-OHDA pretreated
hearts were catecholamine-depleted.

Mitochondrial function studies: Series I: experiments
in which tension generation was not monitored

Effect of 6-OHDA pretreatment on mitochondrial
function in aerobically perfused hearts Figure 1 and
Tables 1-3 show that the 6-OHDA pretreatment
regime that was used here had no effect on mitochon-
drial state 3 Q0,, RCI, ADP/O, Ca?* content, ATP
producing activity or yield, provided that the
mitochondria were isolated from the aerobically per-
fused hearts. When added directly to freshly isolated
mitochondria to provide a final concentration of up
to 10~*M, 6-OHDA had no effect on mitochondrial
Ca?*, RCI, state 3 Q0,, or their ability to rephos-
phorylate ADP to ATP.

Effect of ischaemia and reperfusion in the absence of
6-OHDA treatment

Oxidative phosphorylation Figure 1 shows that
90 min ischaemia reduced (P <<0.001) the ability of
mitochondria from the saline-treated controls to use
O, for state 3 respiration (state 3 Q0;). Reperfusion
after 90 min ischaemia caused an exacerbation of this
effect. Figure 1 also shows a similar trend for the RCI
values with a significant reduction (P <0.001) after
90 min ischaemia and a potentiation of this effect
upon reperfusion. In agreement with our earlier find-
ings this sequence of ischaemia and reperfusion had
no effect (Table 1) on either the ADP:O ratio or the
yield of mitochondrial protein (Nayler et al., 1980).

Mitochondrial Ca** Table 2 shows that mitochon-
dria harvested from untreated ischaemic hearts con-
tained excess Ca?* relative to the amount present
after aerobic perfusion. Table 2 also shows that upon
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Table 1 Mean values of the ADP:O ratio (nmol ADP used per natoms oxygen consumed) and the yield of
mitochondrial protein (mg protein per g wet weight of ventricular muscle) of mitochondria isolated from hearts
perfused at Po;> 600 mmHg for 120 min (‘Aerobic’), made ischaemic for 90 min (‘Ischaemic’) or made ischaemic
for 90 min then reperfused for 30 min (‘Ischaemic-Reperfused’)

Series I: Without tension record

Perfusion Aerobic

Control (saline) 2.8%+0.3 (5)

6-OHDA 2.610.2 (7)
Series I1: With tension record

Saline 2.6%0.2 (6)

6-OHDA 2.710.3 (6)

Mitochondrial yield (mg protein per g wet heart wt)

Series I: Without tension record

Control (saline) 3.7+£0.2 (10)

6-OHDA 3.5%0.3 (10)
Series II: With tension record

Saline 3.5+0.4 (6)

6-OHDA 3.6+0.3 (6)

ADP:O ratio
Ischaemic Ischaemic-Reperfused

3.0+£0.5 (6) 2.3%20.5 (5)
2.7+£0.3 (7) 2.520.3 (7)
2.7%20.3 (6) 2.2+0.4 (6)
2.9%0.4 (6) 2.6+0.5 (6)
3.4+0.2 (10) 3.320.2 (10)
3.5+0.4 (10) 3.1+x04 (10)
3.3%0.2 (6) 3.2+0.4 (6)
3.7+0.4 (6) 3.4%0.5 (6)

Number of separate experiments shown in parentheses. No significant difference (Student’s ¢ test) between saline

and 6-hydroxydopamine (6-OHDA)-treated groups.

reperfusion there was a marked increase (P <0.001)
in mitochondrial Ca2*.

ATP-production Relative to the aerobic control
series, mitochondria from the ischaemic (P <<0.01)
and ischaemic-reperfused hearts converted ADP to
ATP (Table 3) relatively slowly (P <<0.001).

Effect of ischaemia and reperfusion after 6-OHDA
treatment

Oxidative phosphorylation Figure 1 shows the effect
of 6-OHDA pretreatment on the ischaemic and
ischaemic-reperfusion-induced decline in mitochon-
drial oxidative phosphorylation. Although 6-OHDA

pretreatment did not completely protect against the
loss of mitochondrial function caused by the is-
chaemic episode it had some beneficial effect because
mitochondria that were isolated from the reperfused
hearts exhibited higher RCI (P<0.05) and
state 3 QO, (P <0.01) values than was found for the
control saline-treated series (Figure 1).

Mitochondrial Ca** Table 2 shows a similar trend for
Ca?*, in that there was a smaller increase in
mitochondrial Ca?* upon reperfusion (P<<0.01) if
the hearts from which the mitochondria were ob-
tained came from 6-OHDA-treated, as opposed to
saline-treated, rabbits.

Table 2 Effect of 6-hydroxydopamine (6-OHDA) pretreatment on the ischaemic and reperfusion-induced gain in

mitochondrial Ca2*

Mitochondrial Ca®* (nmol/mg protein)

Perfusion Aerobic
Series I: Without tension record

Control (saline) 14.5+0.9

6-OHDA 142+0.8

Significance NS
Series II: With tension record

Control (saline) 142+1.1

6-OHDA 13.9%+0.6

Significance NS

Ischaemic Ischaemic-Reperfused
17.4+0.8 42.1+1.8
16.3+0.6 30.4+0.6

NS P<0.01
19.6+0.6 49.8+2.3
17.2+0.8 36.210.9

NS P<0.01

Tests of significance relate to the protection due to 6-hydroxydopamine (6-OHDA) pretreatment against gain in
Ca?*. Conditions of perfusion as described in text. Each result is mean *s.e. of 6 experiments. Aerobic refers to
120 min aerobic perfusion (see text); ischaemic refers to 90 min ischaemia at 37°C, and ischaemic-reperfused to

90 min ischaemia followed by 30 min reperfusion at 37°C.
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Table 3 Effect of 6-hydroxydopamine (6-OHDA) pretreatment on the ischaemic and reperfusion-induced decline

in mitochondrial ATP-producing activity

ATP production (umol ATP/mg protein)

Series I: Series II:
Duration of
incubation (s) 30 60 30 60
Perfusion
Aerobic
Control 0.3410.02 0.51+0.04 0.36+0.02 0.55+0.02
6-OHDA 0.3710.06 0.57£0.06 0.39+0.04 0.59+0.06
Significance . NS NS NS NS
90 min ischaemia
Control 0.10+0.02 0.11+0.04 0.091+0.03 0.10+0.02
6-OHDA 0.12+0.03 0.13+0.06 0.101+0.02 0.1210.05
Significance NS NS NS NS
90 min ischaemia-
reperfusion
Control 0.09+0.02 0.10+0.01 0.06+0.03 0.08+0.02
6-OHDA 0.13+£0.02 0.14+0.03 0.10£0.02 0.11£0.03
Significance P<0.05 P<0.05 P<0.05 P<0.05

Tests of significance relate to the significance of the difference due to 6-OHDA pretreatment. NS, not significant at
level of P =0.05. Rates of ATP production were measured over periods of 30 and 60 s as indicated. Control refers to

saline pretreatment.

ATP production Pretreatment with 6-OHDA failed
(Table 3) to prevent 90 min ischaemia from severely
impairing the mitochondrial ATP-producing activity.
6-OHDA pretreatment did, however, provide some
protection (P <0.05) against the exacerbation of the
loss of ATP-producing activity caused by reperfusion
(Table 3).

Mitochondrial function studies: Series II: experiments
in which tension generation was monitored

Effect of 6-OHDA pretreatment on the recovery of
developed tension on reperfusion Although there was
no significant difference between the peak tension
developed by the control (saline-pretreated)
(22.1+3.4g, meantse., 18 expts) and the 6-
OHDA pretreated (21.9+4.2g, meants.e., 18
expts) hearts before they were made ischaemic, upon
reperfusion the control hearts recovered only 21% of
their initial tension generating activity, whilst the
6-OHDA series recovered 38%. This difference was
significant (P<<0.05).

Control mitochondrial function studies

Attaching a transducer to the left ventricle, and
applying a resting tension of 3.1+ 0.4 g (see above)
imposes a work load on the heart. The presence of
such a work load may have affected how well the

heart and its mitochondria recovered from periods of
ischaemia and reperfusion. Some additional experi-
ments were therefore undertaken, in which
mitochondrial oxidative phosphorylating activity,
ATP generating capacity and Ca2* content was de-
termined using mitochondria harvested only from
hearts which had been used for tension recordings.
The results of these experiments are shown in Tables
1-4. Overall, the results closely resemble those al-
ready described for the series I experiments. Thus
(Series II Table 1) under these conditions 6-OHDA
pretreatment had no effect on either the ADP:O
ratio or the mitochondrial yield, and it decreased
(Table 2) but did not prevent the gain in mitochon-
drial Ca?* that occurs during post-ischaemic reperfu-
sion. Table 2 does show, however, that in the series IT
experiments the gain in Ca?* exhibited by mitochon-
dria from the ischaemic-reperfused hearts exceeded
that (P <<0.05) of the series I hearts, indicating that
the imposition of the work load associated with the
presence of the myograph had affected the capacity
of the ischaemic myocardium to maintain homeos-
tasis with respect to Ca2*.

6-OHDA pretreament still exerted a mild protec-
tive effect on the mitochondrial ATP producing ac-
tivity (Table 3), state3 Q0, (Table 4) and RCI
(Table 4). There was no significant difference be-
tween the ATP producing activity (Table 3) and the
RCI or state3 Qo, (Table 4 and Figure 1) of
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Table 4 Effect of 6-hydroxydopamine (6-OHDA) pretreatment on state 3 Qo and RCI of mitochondria prepared
from the aerobically perfused, ischaemic and reperfused series II hearts

Perfusion Aerobic
Qo; (nmol O, mg~! min~1)

Control 161+22
6-OHDA 176 34
Significance NS
RCI

Control 153*3.6
6-OHDA 11.0+3.2
Significance NS

Ischaemic Ischaemic-Reperfused
72+ 14 52%+16
7612 84+17

NS P<0.05
3.6+0.6 3.2%0.2
4.3+0.7 5.1%0.6

NS P<0.05

Each result is mean t s.e. of 6 experiments. Tests of significance relate to the significance of the 6-OHDA treatment.
Aecrobic refers to 120min aerobic perfusion (see text); ischaemic refers to 90 min ischaemia at 37°C, and
ischaemic-reperfused to 90 min ischaemia followed by 30 min reperfusion, at 37°C. Control refers to saline

pretreatment.

mitochondria harvested from the series I and series I1
hearts.

Discussion

The main aim of this study was to determine whether
chemical sympathectomy with 6-OHDA protects
cardiac mitochondria against the damage caused by a
prolonged episode of normothermic global is-
chaemia, and reperfusion. Only partial protection
was obtained (Figure 1, Tables 2, 3 and 4), limited
mainly to protection against the exacerbation of
damage during reperfusion. When compared with
our previous results relating to the beneficial effect of
pretreatment with either propranolol (Nayler et al.,
1980) or timolol (Nayler, 1981b) the protection ob-
tained with 6-OHDA was not very impressive.
Nevertheless the results are in agreement with the
observation that reserpine pretreatment does little to
protect the myocardium against the deleterious ef-
fects of hypoxia (Sakai & Spieckermann, 1975;
Nayler et al., 1978b).

Why catecholamine-depletion should be less pro-
tective than B-adrenoceptor blockade is puzzling.
Isolated Langendorff perfused hearts do contain
catecholamine and noradrenaline is released during
an ischaemic episode (Nayler & Sturrick, unpub-
lished data). There can be little doubt that the 6-
OHDA pretreatment was effective because after it
had been used, bolus doses of tyramine failed to elicit
an increase in heart rate. Nor can we explain our
failure to detect adequate protection after 6-OHDA
treatment in terms of faulty mitochondrial prepara-
tions. The values obtained for State 3 Q0, and RCI
agree with those found by others (Lindenmeyer,
Sordahl & Schwartz, 1968; Schwartz, Sordahl, En-
tman, Allen, Reddy, Goldstein, Luchi & Wyborny,
1973; Lochner, Kotze & Gevers, 1976) using gluta-

mate as the respiratory substrate (Peng et al., 1977).
The ADP:O ratios were also unaltered by ischaemia
(Table 1), a finding which agrees with other results in
the literature (Kane, Murphy, Pisset, de Soyza,
Docherty & Straub, 1975; Peng et al., 1977; Nayler et
al., 1980). Since the yield of mitochondria was un-
changed (Table 1) we cannot explain our failure to
detect adequate protection in terms of a selective
recovery of mitochondria.

We are left with the problem of explaining why in
the present study we obtained relatively little protec-
tion after catecholamine depletion whereas in our
earlier studies we found pretreatment with pro-
pranolol to be effective (Nayler et al, 1980). A
possible explanation could be that the 6-OHDA
regime we followed failed to deplete a particular
store of catecholamines that is sensitive to oxygen
deprivation. However, we find this to be an unsatis-
factory explanation. Perhaps the use of mitochondri-
al function as an indicator of protection is unsatisfac-
tory. This also seems to be an improbable explana-
tion, because there are many studies which point
towards a positive correlation between maintenance
of mitochondrial function and myocardial preserva-
tion (Trump, Mergner, Won Kahng & Saladino,
1976; Henry, Schuchlieb, Davis, Weiss & Sobel,
1977; Weishaar & Bing, 1980; Nayler et al., 1980).
In any case our failure to obtain adequate protection
by means of 6-OHDA pretreatment was not limited
to the mitochondrial function studies, because the
6-OHDA-treated hearts that were made ischaemic
and reperfused recovered only 38% of their initial
tension-generating activity, which is less (P<<0.002)
than that obtained after pretreatment with prop-
ranolol (56%) or timolol (63%) (Nayler et al., 1980;
Nayler, 1981b).

Possibly it is the interpretation of the results that is
in error. In studies where we (Nayler et al., 1980) and
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others (Reimer et al., 1973) have found the administ-
ration of certain B-adrenoceptor antagonists to be
protective it has been tacitly assumed that it is the
B-adrenoceptor blocking activity of these substances
that is solely responsible for their protective effect.
This may not necessarily be true because these com-
pounds have other properties. For example some of
them stabilize lysosomal membranes (Carroll & Wel-
man, 1979; Welman, 1979), and some preferentially
protect mitochondrial ultrastructure (Kloner et al.,
1978). In high concentrations some exert general
membrane stabilizing and local anaesthetic proper-
ties. Possibly high tissue concentrations were
achieved in the animals that were pretreated with
B-adrenoceptor antagonists for several days before
isolating their hearts and making them ischaemic
(Nayler et al., 1980; Manning et al., 1981a), or
hypoxic (Nayler et al., 1978b). This could explain
why under those circumstances the protective effect
of administering a B-adrenoceptor antagonist ex-
tends beyond the duration of effective B-blockade

References

ARNIM, T.V. & WELMAN, E. (1981). Propranolol in
ischaemic-reperfused working rat heart: dissociation of
beta-adrenergic blocking and protective effect. J. mol.
cell. Cardiol., 13, 521-524.

BRADFORD, M .M. (1976). A rapid and sensitive method for
the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Analytical
Biochem., 72,248-254.

BURMEISTER, W.E., REYNOLDS, R.D. & LEE, R.J. (1981).
Limitation of myocardial infarct size by atenolol,
nadalol and propranolol in dogs. Eur. J. Pharmac., 75,
7-10.

CARROLL, B.J. & WELMAN, E. (1979). Loss of respiratory
enzyme activity in anoxic myocardium. Effect of pro-
pranolol. J. mol. cell. Cardiol., 11, 1209-1214.

FOZARD, J.R.,KELLY, M.J. & SMALL, R.C. (1973). Chemi-
cal sympathectomy of the rabbit with 6-
hydroxydopamine. Br. J. Pharmac., 49, 182-183P.

GROSS, G.J.,, WARLTIER, D.C. & HARDMAN, H'F. (1978).
Beneficial actions of N-dimethyl propranolol on
myocardial oxygen balance and transmural perfusion
gradients distal to a severe coronary artery stenosis in
the canine heart. Circulation., 58, 663-669.

HENRY, P.D., SCHUCHLEIB, R. & BORDA, L.J., ROBERTS,
R., WILLIAMSON, J.R. & SOBEL, B.E. (1978). Effects of
nifedipine on myocardial perfusion in ischemic injury in
dogs. Circulation Res., 43,372 -380.

HENRY, P.D.,, SHUCHLEIB, R., DAVIS, J., WEISS, ES. &
SOBEL, B.E. (1977). Myocardial contracture and ac-
cumulation of mitochondrial calcium in ischemic rabbit
heart. Am. J. Physiol., 233, H677-H684.

HIRCHE, H.J., FRANZ, L, BOS, R., BISSING, RL. &
SCHRAMM, M. (1980). Myocardial extracellular K* and
H* increase and noradrenaline release as possible

(Nayler et al., 1978a) and beyond the time when the
plasma contains detectable levels of the antagonists
(Manning et al., 1981a). The recent paper of Armim
& Welman (1981) which showed that acutely ad-
ministered doses of propranolol (3.4 x 10-7 M) that
produce effective B-adrenoceptor blockade fail to
prevent excessive creatine kinase release during
postischaemic reperfusion lends support to the argu-
ment that the ability of certain -adrenoceptor an-
tagonists to protect the isolated myocardium against
ischaemic and reperfusion-induced damage may in-
volve other properties in addition to B-adrenoceptor
blockade.

This does not imply that B-adrenoceptor blockade
itself is not important. Indeed there is good evidence
that it is protective (Parratt, Marshall & Ledingham,
1980; Manning et al., 1981b). It may mean, however,
that to account for the protective effect of substances
like propranolol and timolol in terms of B-
adrenoceptor blockade alone may be an oversimplifi-
cation.

causes of early arrhythmias following acute coronary
artery occlusion in pigs. J. mol. cell. Cardiol., 12,
579-593.

HJALMARSON, A, HERLITZ, J., MALEK, I, RYDEN, L,
VEDIN, A, WALDENSTROM, A., WEDEL, H., ELM-
FELDT, D., HOLMBERG, S., NYBERG, G., SWEDBERG,
K., WAAGSTEIN, F., WALDENSTROM, J., WILHELM-
SEN, L. & WILHELMSSON, C. (1981). Effect on mortality
of metropolol in acute myocardial infarction. Lancet, ii,
823-826.

HOLMGREN, S., ABBAHAMSSON, T., ALMGREEN, O. &
ERRIKSSON, B.M. (1981). Effect of ischaemia on the
adrenergic neurones of the rat heart: a fluorescent his-
tochemical and biochemical study. Cardiovasc. Res., 15,
680-689.

JONSSON, G. & SACHS, CH. (1975). On the mode of action
of 6-hydroxydopmine. In Chemical Tools in
Catecholamine Research. Vol. 1, ed. Jonsson, G., Malm-
fors, T. & Sachs, Ch. pp.41-50. Amsterdam: North
Holland Publishing Company.

KANE, J.J., MURPHY, M.L., BISSETT, J.K., deSOYZA, N.,
DOHERTY, J.E. & STRAUB, K.D. (1975). Mitochondrial
function, oxygen extraction, epicardial S-T segment
changes and tritiated digoxin distribution after reperfu-
sion of ischemic myocardium. Am. J. Cardiol., 36,
213-224.

KLONER, R.A., FISHBEIN, M.C., BRAUNWALD, E. &
MAROKO, P.R. (1978). Effect of propranolol on
mitochondrial morphology during acute myocardial is-
chemia. Am. J. Cardiol., 41, 880-886.

KU, D.D. & LUCCHESI, B.R. (1978). Effects of dimethyl
propranolol (UM-272; SC-27761) on myocardial is-
chemic injury in the canine heart after temporary coro-
nary artery occlusion. Circulation, §7, 541-548.



CATECHOLAMINE DEPLETION AND REPERFUSION DAMAGE 715

LANGENDORFF, O. (1895). Untersuchungen an uber-
lebenden Saugetierherzen. Pflugers Archiv., 61,
291-332.

LINDENMEYER, G.E., SORDAHL, L.A. & SCHWARTZ, A.
(1968). Re-evaluation of oxidative phosphorylation in
cardiac mitochondria from normal animals and animals
in heart failure. Circulation Res., 23, 439-450.

LOCHNER, A., KOTZE, J.CN. & GEVERS, W. (1976).
Mitochondrial oxidative phosphorylation in myocardial
anoxia: Effects of albumin. J. mol. cell. Cardiol., 8,
465-480.

MANNING, AS., KEOGH, JM., SHATTOCK, M.J., COL-
TART, D.J. & HEARSE, D.J. (1981a). Long-term beta-
blockade: prolonged protective action on the ischaemic
myocardium. Cardiovasc. Res., 15,462 -467.

MANNING, A S., KEOGH, J.M., COLTART, D.J. & HEARSE,
D.J. (1981b). Propranolol in the ischaemic, reperfused,
working rat heart: association between Beta-adrenergic
blocking activity and protective effect. J. mol. cell. Car-
diol., 13, 1077-1080.

NAYLER, W.G. (1981a). The role of calcium in the ischemic
myocardium. Am. J. Path., 102, 262-270.

NAYLER, W.G. (1981b). The Heart Cell: Some metabolic
aspects of cardiac arrhythmias. Acta med. scand., 647,
17-26 (Suppl).

NAYLER, W.G., FASSOLD, E. & YEPEZ, C. (1978b). Phar-
macological protection of mitochondrial function in
hypoxic heart muscle: Effect of verapamil, propranolol,
and methylprednisolone. Cardiovasc. Res., 12,
152-161.

NAYLER, W.G., FERRARI, R. & WILLIAMS, A. (1980). Pro-
tective effect of pretreatment with verapamil,
nifedipine, and propranolol on mitochondrial function
in the ischemic and reperfused myocardium. Cardiov-
asc. Res.

NAYLER, W.G., GRAU, A. & YEPEZ, C. (1977). B-
adrenoceptor antagonists and the release of creatinine
phosphokinase from hypoxic heart muscle. Cardiovasc.
Res., 11,344-352.

NAYLER, W.G,, YEPEZ, C.E,, FASSOLD, E. & FERRARI, R.
(1978a). Prolonged protective effect of propranolol on
hypoxic heart muscle. Am. J. Cardiol., 42,217-225.

NORRIS, R.M,, CLARKE, E.D., SAMMEL, N.L., SMITH, W.M.
& WILLIAMS, B. (1976). Protective effect of propranolol
in threatened myocardial infarction. Lancet, ii,
907-909.

PARRATT, J.R,, MARSHALL, R.J. & LEDINGHAM, E.McA.
(1980). Interventions for improving blood flow, oxygen
availability and the balance between oxygen supply and
demand in the acutely ischaemic myocardium. J.
Physiol. (Paris), 76, 791-803.

PENG, G.F, KANE, J.J.,, MURPHY, M.L. & STRAUB, K.D.
(1977). Abnormal mitochondrial oxidative phosphory-
lation of ischemic myocardium reversed by Ca2*-
chelating agents. J. mol. cell. Cardiol., 9, 897-908.

RABINOWITZ, B., KLIGERMAN, M. & PARMLEY, W.W,

(1975). Alterations in myocardial and plasma cyclic
adenosine monophosphate in experimental myocardial
ischemia. In Recent Advances in Studies on Cardiac
Structure and Metabolism, Vol. 8. The Cardiac Sarco-
plasm. ed. Roy, P.E. & Harris, P. pp. 251-261. Univer-
sity Park Press.

REIMER, K.A., RASMUSSEN, M.M. & JENNINGS, R.B.
(1976). On the nature of protection by propranolol
against myocardial necrosis after temporary coronary
occlusion in dogs. Am. J. Cardiol., 37, 520-527.

SAKAL K. & SPIECKERMANN, P.G. (1975). Effects of reser-
pine and propranolol on anoxia-induced enzyme release
from the isolated perfused guinea-pig-heart. Naunyn-
Schmiedebergs Arch. Pharmac., 291, 123-130.

SCHWARTZ, A, SORDAHL, L.A.,, ENTMAN, M.L,, ALLEN,
J.C., REDDY, Y.S.,, GOLDSTEIN, M.A,, LUCHI, RJ. &
WYBORNY, LE. (1973). Abnormal biochemistry in
myocardial failure. Am. J. Cardiol., 32, 407-422.

SORDAHL, LA, McCOLLUM, W.B., WOOD, WG. &
SCHWARTZ, A. (1973). Mitochondria and sarcoplasmic
reticulum function in cardiac hypertrophy and failure.
Am. J. Physiol., 224, 497-502.

THE NORWEGIAN MULTICENTRE STUDY GROUP.
(1981). Timolol-induced reduction in mortality and re-
infarction in patients surviving acute myocardial infarc-
tion. New Engl. J. Med., 304, 801-807.

TRUMP, B.F., MERGNER, W.J., WON KAHNG, M. &
SALADINO, AJ. (1976). Studies on the subcellular
pathophysiology of ischemia. Circulation, 83, Suppl. 1,
17-26.

WEISHAAR, R.E. & BING, R.J. (1980). The beneficial effect
of a calcium channel blocker, diltiazem, on the ischemic-
reperfused heart. J. mol. cell. Cardiol., 12, 993-1009.

WELMAN, E. (1979). Stabilization of lysosomes in
anoxic myocardium by propranolol. Br. J. Phar-
mac., 65,479-482.

WILHELMSSON, C., VEDIN, J.A., WILHELMSEN, L., TIB-
BLIN, G. & WERKO, L. (1974). Reduction of sudden
deaths after myocardial infarction by treatment with
alprenolol. Lancet, ii, 1157-1160.

WOLLENBERGER, A. & KRAUSE, E.G. (1968). Metabolic
control characteristics of the acutely ischemic myocar-
dium. Am. J. Cardiol., 22,349-359.

WOLLENBERGER, A., KRAUSE, E.G. & HEIER, G. (1969).
Stimulation of 3’5’ cyclic AMP formation in dog
myocardium following arrest of blood flow. Biochem.
biophys. Res. Comm., 36, 664-670.

WOLLENBERGER, A. & SHAHAB, L. (1965). Anoxia-
induced release of noradrenaline from the isolated per-
fused heart. Nature, 207, 88-89.

YUSEEF, S., RAMSDALE, D., PETO, R., FURSE, L., BENNETT,
D., BRAY, C. & SLEIGHT, P. (1980). Early intravenous
atenolol treatment in suspected acute myocardial infarc-
tion: preliminary report of a randomized trial. Lancet, ii,
273-276.

(Received May 3, 1982.
Revised June 11, 1982.)



