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Abstract

The neutrophil chemoattractants generated in a model of

myocardial infarction in the anesthetized rabbit were inves-
tigated. Coronary artery occlusion was followed by reperfu-
sion for periods from 5 min to 4.5 h. Extracts of myocardial
tissue in normal and post-ischemic zones were tested for
C5a and interleukin-8 (IL-8) using specific radioimmunoas-
says. In the post-ischemic zone, imnunoreactive C5a was
detected within 5 min and rose progressively to reach a
plateau at 3-4.5 h. In contrast, immunoreactive IL-8 con-
centrations rose after a delay and were highest at the last
time point tested, 4.5 h. Myeloperoxidase activity levels, an
index of neutrophil accumulation, rose progressively as the
concentrations of chemoattractants increased. Using cation
exchange and reversed phase HPLC, immunoreactive C5a
and IL-8 co-eluted with authentic standards. Fractions
taken at the C5a and IL-8 peaks from reversed phase HPLC
exhibited neutrophil aggregating activity which was neutral-
ized by the respective antibody used in the radioimmunoas-
says. Depletion of circulating neutrophils virtually abolished
immunoreactive IL-8 in the post-ischemic myocardial tissue.
These observations suggest a sequential release of chemoat-
tractants: the first, C5a is generated in interstitial fluid,
followed by IL-8 generated by infiltrating neutrophils. Thus,
over the time period studied, IL-8 generation would be ex-

pected to be indirectly dependent on C5a production. (J.
Clin. Invest. 1995. 95:2720-2728.) Key words: myocardial
infarction * complement * cytokine * leukocytes * radioim-
munoassay

Introduction

Interruption of the blood supply to a tissue for longer than a

critical period results in irreversible cell death. The critical pe-
riod depends on the metabolic rate of the tissue and the extent

of collateral blood supply. After ischemia in the human heart,
there is a correlation between the amount of tissue which be-

comes necrotic and the prognosis of the patient (1, 2). Salvage

Address correspondence to Timothy J. Williams, Department of Applied
Pharmacology, National Heart and Lung Institute, Dovehouse Street,
London. SW3 6LY. UK. Phone: 0171 351 8170; FAX: 0171 351 8270.

Received for publication 13 September 1994 and in revised form
16 February 1995.

of the myocardium depends on early reperfusion. However,
there is evidence that reperfusion itself can accelerate damage
(3) and result in the death of myocytes which are reversibly
injured.

Ischemia induces all the characteristics of an acute inflam-
matory response, of which an early neutrophil accumulation
is a prominent feature. Neutrophil accumulation is markedly
accelerated during reperfusion (3, 4) and early studies impli-
cated this cell in the associated tissue damage. Thus, systemic
neutrophil-depletion (5) and antibodies blocking leukocyte ad-

hesion molecules have been shown to limit infarction (6-8).
This link between neutrophils and damage is controversial, as

it has been reported in some models that agents affecting neutro-
phils do not influence infarction (9, 10). However, this relation-
ship appears to be critically dependent on the duration of isch-

emia (8) for a given model.
The advent of clinical techniques which permit early reper-

fusion of ischemic myocardium has led to a renewed interest
in the mechanisms involved in neutrophil accumulation and the

potential of this cell as a therapeutic target. An important first

step in neutrophil accumulation is the local generation of che-
moattractants, chemical signals responsible for leukocyte re-

cruitment. This paper is concerned with the identity of neutro-

phil chemoattractants generated in a model of myocardial in-

farction in the rabbit. The observations presented suggest a

potentially important role for the complement fragment CSa
and the cytokine, interleukin-8 (IL-8).

There is evidence to implicate the complement system in
infarction. Clq and products of complement activation, e.g.,
C3b and CSb-9, have been detected in infarcted myocardium
( 11-13) and in the systemic circulation ( 14). Moreover, agents
such as cobra venom factor or soluble complement receptor-i
which deplete or inactivate complement have been shown to

reduce infarct size in animal models (15, 16). Activation of the

complement system results in the liberation of several soluble

products, amongst which is the cleavage product of the fifth

component, CSa. This fragment is a potent neutrophil chemoat-
tractant which has been detected in the systemic circulation
in man after myocardial infarction (14). Chemotactic activity,
neutralized by an anti-CSa antibody, has also been detected in

cardiac lymph in a dog model (17). In a peritonitis model in

the rabbit we detected high levels of CSa in exudate (18, 19)
followed, after a delay, by high levels of interleukin-8 (20, 21)
and a related cytokine, melanoma growth-stimulatory activity
(MGSA) (22). The possibility of a similar relationship was

investigated in the present study.
IL-8 is a potent neutrophil chemoattractant in vitro and in

vivo (23-25). Its major effects are on neutrophils, whereas

other members of the chemotactic cytokine (chemokine) super-
gene family exhibit selectivity for other cell types (25). A

transient rise in circulating levels of IL-8 has been reported in
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patients during acute myocardial infraction (26) and in those
undergoing cardiopulmonary bypass surgery.(27-29). In addi-
tion, IL-8 has been detected on reperfusion of ischemic lung in
the rabbit (30).

This paper provides evidence for the sequential generation
of immunoreactive and functionally active CSa and IL-8 in a
rabbit model of myocardial infarction. The observations suggest
a scenario which could explain the relationship between these
two mediators. These findings do not contribute to the contro-
versy surrounding the importance of the neutrophil to reperfu-
sion injury, set in context above, but they do throw light on some
of the basic mechanisms involved in the process of neutrophil
accumulation in the heart.

Methods

Surgical procedure. Male and female New Zealand white rabbits
(weighing 2.5-3 kg) were anesthetized using intravenous sodium pen-
tobarbitone (45 mg/kg). The animals were artificially ventilated with
room air via a tracheal cannula at positive pressure. Arterial BP was
monitored continuously via a carotid artery cannula and recorded to-
gether with a lead I electrocardiogram. A left thoracotomy at the fifth
intercostal space was performed on each animal, exposing the heart. A
5/0 silk ligature was placed around a branch of the left main coronary
artery and occlusion achieved by passing both ends of the thread through
a small length of polythene tubing and clamping under tension. Coronary
artery occlusion (CAO)' was performed for 45 min in all animals, with
differing reperfusion times (see below). The rabbits were killed by an
overdose of sodium pentobarbitone and the hearts were immediately
removed and perfused with ice-cold saline.

Preparation of heart tissue. The ligature used for occlusion was re-
tied and monastral blue dye perfused through the ex-vivo heart allowing
demarcation of the non-ischemic normal zone (NZ; dyed blue) and
ischemic area at risk (AR). In some experiments a sample of tissue
(0.11-0.57 grams) from each zone was immediately frozen in liquid
nitrogen and stored at -200C (for myeloperoxidase assay). The re-
maining AR and NZ tissues were immediately homogenized separately
in ice-cold 0.1% tri-fluoroacetic acid (TFA, 20 ml/gram tissue). The
homogenates were centrifuged at 5,400 g for 20 min at 40C, the superna-
tant removed and dialyzed overnight in 5 liters of 0.1% TFA at 40C.
After dialysis the samples were frozen and then lyophilized, resuspended
in 0.05 M ammonium acetate (10 ml/gram tissue; pH 5.5) and centri-
fuged at 3,470 g for 20 min to remove the majority of unwanted proteins.
The supernatants were removed, filtered through a 0.45 Om filter and
lyophilized. The samples were then resuspended in distilled water (5
ml/gram tissue), lyophilized again to remove remaining ammonium
acetate, and stored at -20°C before assay.

Assignment of animals to study groups. CAO was confirmed by
changes in the electrocardiogram (e.g., ST segment elevation, indicative
of ischemia), and clear AR demarcation with monastral blue. On the
basis of these criteria CAO was not achieved in two animals which
were therefore excluded from the study together with seven animals
that underwent irreversible ventricular fibrillation during occlusion. Of
the remaining 41 animals, 12 were successfully defibrillated during CAO
and were included in study groups as indicated below. For the time
course studies, four groups of animals were reperfused for 5 min (n =

5, including 2 defibrillated), 1.5 h (n = 5, including 1 defibrillated), 3
h (n = 5, including 1 defibrillated) and 4.5 h (n = 6, none defibrillated).
To obtain material for HPLC analysis, a further 4 animals (none defi-

1. Abbreviations used in this paper: AR, area at risk; CAO, coronary
artery occlusion; LTB4, leukotriene B4; MPO, myeloperoxidase; NZ,
normal zone; PEG, polyethylene glycol; PS, protamine sulphate; RP,
reversed phase; TFA, tri-fluoroacetic acid.

brillated) were reperfused for 4.5 h. To study the effects of neutrophil
depletion, a further 16 animals, 8 (including 4 defibrillated) of which
were pretreated with intravenous mustine hydrochloride and 8 (includ-
ing 4 defibrillated) with intravenous sterile saline, were also subjected
to 4.5 h reperfusion.

Depletion of circulating neutrophils. Circulating neutrophils were
depleted in eight rabbits (subsequently subjected to 45 min CAO and
4.5 h reperfusion) by a single intravenous injection of mustine hydro-
chloride in sterile saline (1.75 mg/kg) administered 3 d before the
experiment. Previous studies of different blood cell types using deple-
tion/repletion and bone marrow exclusion have shown that this proce-
dure induces a selective depletion of neutrophils in the rabbit (31). As
a control, eight rabbits were treated with sterile saline alone. Venous
blood samples were taken before and after treatment for total and differ-
ential leukocyte counts.

Levels of myocardial tissue IL-8 and CSa were measured in five of
the saline-treated animals and five of the mustine-treated animals. The
remaining three animals from each group were used to measure myocar-
dial tissue myeloperoxidase (MPO) levels (see below).

Radioimmunoassaysfor CSa and IL-8. Goat anti-rabbit C5a antise-
rum was generated as described previously (32). Anti-rabbit IL-8 anti-
serum was generated in a similar manner by immunization of guinea-
pigs with emulsions of synthetic rabbit IL-8 in Freund's complete and
incomplete adjuvants injected subcutaneously. Rabbit CSa and IL-8
(2.5-5 sg in 20 tl 0.1 M sodium borate buffer pH 8.3) were iodinated
with Na'"I (500 OCi) in tubes coated with lodogen as described pre-
viously (21 ).

Lyophilized NZ and AR samples were dissolved in PBS at a concen-
tration of 1 ml/gram tissue and mixed with an equal volume of 22%
polyethylene glycol 6000 (PEG) containing 1% protamine sulphate
(PS) to precipitate. any remaining C5 which would otherwise cross-
react in the CSa assay (33). Lyophilized HPLC fractions were dissolved
in 300 Al PBS and 300 sl PEG/PS added. After lh incubation at 4°C,
samples were centrifuged (5,400 g for 10 min at 4°C) and the superna-
tant used for assay.

The assay protocol was as described previously (18, 33). Briefly,
100 tl of the PEG/PS supernatant, or standard (19.5-20,000 pM in
11% PEG/0.5% PS), was incubated at room temperature for 24 h
together with 50 Mtl '"I-ligand (60 fmol) and 100 ul antiserum (goat
anti-rabbit CSa diluted 1/1500 or guinea-pig anti-rabbit IL-8 1/6000).
This was followed by the addition of 50 sl of a second antibody (donkey
anti-goat IgG 1/30 or goat anti-guinea-pig IgG 1/30) and further
incubation for 16 h. After addition of 1 ml PBS and immediate centrifu-
gation (5,400 g for 10 min), the supernatants were removed and the
antibody-bound radioactivity in the pellets counted. '"I-ligands and anti-
sera were dissolved in PBS containing 0.2% gelatin, 0.5% PS and 0.02%
sodium azide. In addition, 0.3% BSA was added to the buffer for '"I-
IL-8 to reduce nonspecific binding (to 7.4%). The nonspecific binding
for l`I-C5a was 3.5%. IL-8 (up to 20,000 pM) did not cross-react in
the CSa assay nor did CSa cross-react in the IL-8 assay. Rabbit MGSA,
which has been found together with CSa and IL-8 in inflammatory
exudates (21) and is structurally related to IL-8 (22), did not cross-
react in these assays. CSa and CSa desArg cross-reacted 100% in the
CSa RIA.

Measurement ofmyeloperoxidase. Myeloperoxidase (MPO) activity
was measured as described previously (8). The frozen NZ and AR
samples were homogenized in 0.02M NaPO4 buffer (pH 4.7) containing
0.1 M NaCl and 0.015 M Na2 EDTA, and centrifuged at 20,000 g for
15 min at 4°C. The supernatant containing hemoglobin was discarded.
The pellets were homogenized again in 0.05 M NaPO4 (pH 5.4) with
0.5% hexadecyltrimethylammonium bromide and freeze-thawed in liq-
uid nitrogen three times. Homogenates were centrifuged at 20,000 g for
15 min at 4°C and the MPO-rich supernatant taken for assay. The assay
was carried out by measuring the change in absorbance at 690 nm using
1.6 mM tetramethylbenzidine, 0.3 mM H202, 12% dimethyl formamide,
40% Dulbecco's PBS and 0.08 M NaPO4 (pH 5.4). One unit of MPO
was defined as the quantity required to reduce 1 Mmol of H202/min.
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Purification of immunoreactive rabbit IL-8 and CSa by Cation ex-
change HPLC. Four paired samples of AR (total weight = 3.19 grams)
and NZ (total weight = 2.83 grams) tissue from animals that underwent
45 min ischemia and 4.5 h reperfusion, were subjected to homogeniza-
tion and dialysis as described above. The extracts were pooled by resus-
pension in a total volume of 2.5 ml 10 mM NaPO4 (pH 5.5) and loaded
onto Ultropac TSK HPLC columns (SWP guard, 7.5 x 75mm and 535
CM cation-exchanger, 7.5 X 150 mm in series). Proteins were eluted
using a 0.15-2M NaCl gradient in 1.0 mM NaPO4 (pH 5.5) run over
60 min at a flow rate of 0.5 ml/min. Sequential 2-min fractions were
collected. An aliquot (5%) of each fraction was lyophilized in prepara-
tion for RIA and the remainder stored at -20'C.

Reversed phase HPLC. Cation exchange fractions containing immu-
noreactive IL-8 and CSa were loaded separately onto a wide pore (300
0

A) C18 column (4 x 250mm, Vydac) in 0.1% TFA and proteins eluted
using a 0-80% acetonitrile gradient in 0.1% TFA over 80 min at a flow
rate of 1 ml/min. Sequential 30-s fractions were collected. An aliquot
(5%) of each fraction was Iyophilized and kept for RIA and the remain-
der stored at -20'C.

Measurement of neutrophil aggregation. Lyophilized reversed phase
HPLC fractions were resuspended in PBS (containing 0.1 mg/ml BSA)
and tested for functional activity using a homotypic neutrophil aggrega-
tion assay. Neutrophils were isolated from peripheral rabbit blood using
the method of Haslett et al. (34). Briefly, blood was collected into 3.8%
tri-sodium citrate and centrifuged at 300 g for 20 min producing platelet-
rich plasma. This was removed and centrifuged for a further 20 min at

2,000 g to produce platelet-poor plasma. Erythrocytes were sedimented
out of the remaining blood with 6% dextran for 30 min. The resulting
leukocyte-rich supernatant was removed and centrifuged at 275 g for 6
min to produce a leukocyte pellet which was resuspended in platelet-
poor plasma and layered onto a discontinuous Percoll-plasma gradient.
After centrifuging at 260 g for 11 min the neutrophil-rich band was

collected, washed and resuspended at I07 cells/ml in assay buffer (NaCl
138 mM; KCI 2.7 mM; Na2HPO4 8.1 mM; KH2PO4 1.5 mM; glucose
10 mM; Hepes 10 mM; CaCI2 1.4 mM, and MgCl2 0.7 mM; pH 7.4).
The cell suspension (300 kl) was added to siliconized glass cuvettes

and continuously stirred at 700 rpm for 5 min at 37°C in a dual channel

aggregometer (Chrono-log) before the addition of agonists in 10 IL
volumes. Test substances used were human recombinant IL-8 (hrIL-8;
this was used as insufficient bioactive rabbit IL-8 standard was avail-

able), rabbit C5a (prepared in the presence of a serum carboxypeptidase
inhibitor to prevent loss of the COOH-terminal arginine) (35), and

reversed phase HPLC fractions. Aggregation was monitored for at least

5 min and expressed as a percentage of the maximal aggregation induced

by 10-6 M phorbol 12-myristate 13-acetate (PMA). IgG-purified anti-

rabbit IL-8 and anti-rabbit CSa antibodies (21) were mixed in 10 M1
volumes with the relevant agonists immediately before addition to the

cell suspension. Assay buffer alone was used as a reference. The assay
was repeated using separate neutrophil preparations from 3-9 donor

rabbits.
Materials. Monastral blue, hexadecyltrimethylammonium bromide,

BSA (endotoxin < 0.1 ng/mg) and protamine sulphate (grade II) were

purchased from Sigma chemical Co. Ltd. (Poole, UK). Iodogen and

Spectra/por dialysis membranes (3.5 kD MWCO) were from Life Sci-

ence Lab. Ltd. (Luton, UK). Sodium pentobarbitone was from May &
Baker Ltd. (Dagenham, UK). Sephadex G 25M columns and Percoll

were from Pharmacia (Milton Keynes, UK). The TSK HPLC columns

were from LKB Ltd. (Milton Keynes, UK). The C18 HPLC column

was from Hichrom Ltd. (Reading, UK). Na 1251 was from Amersham

International PLC, Aylesbury, UK. Goat anti-guinea-pig IgG and don-

key anti-goat IgG anti-sera were from Nordic Immunological Labs

(Tilberg, The Netherlands). The following were generous gifts: the

synthetic rabbit IL-8 used for raising antiserum from Dr. H. Showell

(Pfizer Central Research, Groton, CT); and bioactive synthetic rabbit

IL-8 used for all other purposes from Dr. I. Clark-Lewis (University of

British Columbia, Vancouver, Canada); hrIL-8 from SmithKline

Table L Heart Rate and Mean Arterial Blood Pressure Monitored
in Anesthetized Rabbits Undergoing 45 min CAO and 4.5 h
Reperfusion (n = 10)

Heart rate Blood pressure
Time (beats/min) (mm/Hg)

Preocclusion 262±8 67.7±3.5

45 min post-occlusion 265±9 66.2±4.6

1.5 h reperfusion 259±9 65.6±4.3

3 h reperfusion 275±11 60.9±3.9

4.5 h reperfusion 259±10 59.0±3.9

Beecham (King of Prussia, PA). All other chemicals and reagents were

purchased from BDH Chemicals Ltd. (Dagenham, UK).
Statistical analysis. All results are presented as the mean±SEM of

n experiments. Paired Student's t tests were performed on data compar-
ing AR and NZ from the same heart. An unpaired Student's t test was

used when comparing data from mustine and saline-treated animals. All
data were log1o-transformed to normalize distribution before testing.

Results

No significant changes in the heart rate or blood pressure oc-

curred during the experiments within or between groups of
animals except during fibrillation. After successful defibrillation
(12 of 41 animals), these parameters rapidly returned to normal
levels and remained normal for the remainder of the experiment.
Table I shows the heart rate and blood pressure values in ani-
mals that underwent 45 min CAO and 4.5 h reperfusion (exclud-
ing those given intravenous pretreatments, n = 16); none of
these animals required defibrillation.

Generation of neutrophil chemoattractants during reperfu-
sion. Both IL-8 and C5a immunoreactivity was detected in the
AR myocardium, while little could be found in the NZ. How-

ever, the time course for the generation of these two neutrophil
chemoattractants differed (Fig. 1). Significantly elevated im-

munoreactive C5a in the AR was detected within 5 min of

reperfusion and rose progressively, plateauing at 3-4.5 h. Im-
munoreactive IL-8 levels in AR rose slowly after a delay, with
the highest level attained at the last measurement period of

4.5 h.

Neutrophil accumulation during reperfusion. Myocardial
tissue MPO was measured as an index of neutrophil accumula-
tion in a proportion of the animals from each of the groups
subjected to varying reperfusion times (indicated in Fig. 1), in

addition to determination of IL-8 and C5a generation. Fig. 1 c

shows that MPO activity in the AR was not detectable after 5

min reperfusion but was significantly elevated at 1.5 h and

further elevated at 3 h reperfusion. The MPO content in all NZ

samples was below the detection limit for the assay (0.25U
MPO/gram tissue).

Purification of neutrophil chemoattractants using HPLC.

Since it was clear that the concentrations of C5a and IL-8 were

greatest in animals subjected to 4.5 h reperfusion, cation-ex-

change HPLC was performed on lyophilized extracts of AR

and NZ tissue pooled from a further four hearts taken at this

reperfusion time. Using cation exchange chromatography with

a NaCl gradient, immunoreactive C5a and IL-8 each separated
into a major peak followed by a tail (Fig. 2). We do not know
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Figure 1. The effect of duration of reperfusion on C5a and IL-8 concen-
trations and MPO activity in ischemic rabbit myocardium. CAO was

performed in anesthetized rabbits for 45 min followed by increasing
reperfusion times. After reperfusion, the hearts were removed and di-
vided into post-ischemic AR (solid columns) and non-ischemic NZ
(open columns). (a) C5a and (b) IL-8 concentrations were measured
by RIA on lyophilized AR and NZ extracts from 5-6 animals per time
point and (c) MPO activity was measured by enzyme assay (detection
limit 0.25 U MPO/gram tissue) on frozen AR and NZ samples from a

proportion (n = 3-5) of the above animals (as indicated). The results
are presented as the mean of n rabbits per time point; the error bars
show the SEM. A significant increase in immunoreactive CSa, IL-8 and
MPO using a paired Students t test is indicated by * P < 0.05, * *P
< 0.01.

the identity of the materials in these tails but they may represent
enzymic degradation products of the chemoattractants. The CSa
peak (fractions 22-23) was free of 1L-8, but the IL-8 peak
(fractions 25-26) was contaminated by the CSa tail.

The cation exchange peaks obtained from AR samples were
further purified separately by reversed phase HPLC (RP-

HPLC). For comparison, rabbit C5a, C5a desArg and IL-8
standards were chromatographed after the relevant AR-derived
sample. Immunoreactive C5a eluted at 33-34 min (33% aceto-
nitrile) and IL-8, free from the immunoreactive CSa contami-
nant, eluted at 41-42.5 min (41% acetonitrile). Both eluted in
the same fractions as their respective standards (Fig. 3). In the
case of CSa, a following tail eluting in the same fraction as the
desArg metabolite standard (34.5-35 min) was also observed.

Induction of neutrophil aggregation with RP-HPLC frac-
tions. The amounts of active material available from RP-HPLC
were limited, but it was possible to demonstrate functional activ-
ity in fractions containing immunoreactive CSa and IL-8 using
rabbit neutrophil aggregation as the in vitro test system. Human
recombinant IL-8 (hrIL-8) and rabbit CSa standards induced
dose-dependent neutrophil aggregation (Fig. 4). The HPLC
fractions corresponding to the two peaks of immunoreactive
CSa activity were tested separately. The first peak, retention
time 33-34 min corresponding to the CSa standard, induced
aggregation (Fig. 4). In contrast, the second peak, retention
time 34.5-35 min corresponding to the standard desArg metab-
olite, did not induce aggregation (data not shown). Fractions
containing IL-8 activity (retention time 41-42.5 min) were
pooled and at an estimated concentration of 1 nM consistently
induced aggregation greater than that of an equal dose of the
human IL-8 standard (Fig. 4).

Addition of a guinea-pig anti-rabbit IL-8 IgG-purified anti-
body (which binds to human IL-8 standard) to 10 nM hrIL-
8 immediately before testing resulted in a 50% inhibition of
aggregation (Fig. 5). When added with the RP-HPLC fractions
containing IL-8, almost total inhibition was seen. The anti-
rabbit CSa IgG-purified antibody completely blocked aggrega-
tion induced by both 30 nM rabbit CSa and the RP-HPLC CSa
fractions.

Effect of neutrophil depletion. Preliminary experiments us-

ing immunocytochemistry of AR tissue after 45 min CAO and
4.5 h reperfusion showed immunoreactive IL-8 associated with
infiltrating leukocytes. Hence, the effect of neutrophil depletion
using mustine hydrochloride on IL-8 and CSa levels was investi-
gated. Mustine pre-treatment resulted in a significant reduction
in circulating neutrophil levels 3 days later (pre-treatment:
2.45±0.60 X 106 cells/ml, post-treatment: 0.09±0.01 x 106
cells/ml, n = 8, P < 0.01) while saline treatment had no effect.
The levels of myocardial tissue IL-8 and CSa after 4.5 h reperfu-
sion were measured in five of the saline-treated animals and
five of the animals depleted of circulating neutrophils. Fig. 6 b
shows that neutrophil depletion virtually abolished IL-8 levels
(P < 0.05) in the AR when compared to the control group.
There was an apparent reduction, but no significant difference
(P > 0.1), between CSa levels in mustine-treated animals and
the control group (Fig. 6 a).

The remaining three mustine-treated and saline-treated ani-
mals were used to measure myocardial tissue MPO levels. No
MPO was detected (detection limit of the assay was 0.25 U
MPO/gram tissue) in the AR or NZ from the neutrophil-de-
pleted animals (Fig. 6 c).

Effect of defibrillation. There was no detectable effect of
defibrillation during CAO (12 of 41 animals) on either CSa or

IL-8 generation or MPO activity.

Discussion

This study demonstrates that immunoreactive CSa and 11L-8 are

present in myocardial tissue after ischemia and reperfusion.
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Both proteins co-eluted with authentic standards on HLPC sepa-

ration and the active fractions induced rabbit neutrophil aggre-

gation, the functional in vitro assay used in this investigation.
The anti-C5a and anti-IL-8 antibodies employed in the radioim-
munoassay neutralized the aggregating activity of the respective
ligand standards and the co-eluting HPLC peaks.

The time-courses of appearance of C5a and IL-8 were quite
distinct. Significantly elevated CSa concentrations were de-

tected in the previously ischemic zone 5 min after the initiation
of reperfusion, and reached a plateau at 3-4.5 h. In contrast,

IL-8 concentrations rose slowly after a delay. IL-8 concentra-

tions were significantly elevated at 1.5 h and were highest at

the last measurement time point at 4.5 h. Interestingly, this is
a similar pattern to that seen using an exogenous inflamma-

tory stimulus, zymosan, in an experimental model of perito-
nitis (21).

There is long-standing evidence for complement activation
in ischemia/reperfusion in the heart (11, 13, 17). Human heart
mitochondrial membranes can bind Clq, leading to activation of

complement (36). It has been proposed that during myocardial
ischemia, injured cells release subcellular constituents rich in

mitochondrial membranes, which bind to Clq and thus activate

Figure 2. Cation exchange purification of C5a and IL-

8 from post-ischemic AR and non-ischemic NZ rabbit
myocardium, pooled from four animals, after 45 min
CAO and 4.5 h reperfusion. Lyophilized AR and NZ
extracts were dissolved in 10 mM NaPO4 (pH 5.5) and
purified using a 0.15-2 M NaCi gradient in 10 mM
NaPO4 (pH 5.5) run at a flow rate of 0.5 ml/min. (a)
Absorbance profile of AR at 280 nm vs. NaCl gradient.
(b) C5a and (c) IL-8 immunoreactivity detected by RIA
in sequential 2-min fractions collected from AR (solid
square) and NZ (open square) myocardium after HPLC
purification. The bars in b and c indicate the fractions
pooled for reversed phase HPLC.

complement (37). Products of complement activation have
been detected on myocytes, so activation appears to be predomi-
nantly extravascular, although some intravascular activation

may also occur on the surface of injured endothelial cells. Acti-

vation may occur to some extent during the occlusion phase,
however, this will be limited by the availability of substrate

(complement components). During reperfusion, coronary mi-

crovascular permeability to proteins is elevated and this will

increase the supply of complement to the extravascular space,

thus facilitating C5a production. As shown in this paper, the

following IL-8 production appears to be indirectly related to

the first phase of complement activation.

IL-8 was originally demonstrated as a secreted product from
stimulated monocytes (24) and subsequently shown to be pro-

duced by numerous cells including fibroblasts (38), endothelial

cells (39), lymphocytes (40) and neutrophils (41-43). In the

model described here immunocytochemistry showed a close

association of anti-IL-8 antibody with infiltrated leukocytes (C.
L. Ivey et al., unpublished). Further experiments were therefore

carried out in rabbits depleted of circulating neutrophils. Deple-
tion virtually abolished IL-8 generation in the myocardium, but

had no significant effect on C5a generation. These results sug-
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Figure 3. Reversed phase HPLC purification of cation exchange frac-
tions with C5a and IL-8 immunoreactivity. Cation exchange fractions
that were shown to possess either C5a or IL-8 immunoreactivity by
RIA (see Fig. 2) underwent further purification by RP-HPLC using a

0-80% acetonitrile gradient in 0.1% TFA at a flow rate of 1 ml/min.
(a) C5a immunoreactivity in cation exchange fractions 22-23. The bar
indicates where rabbit C5a standard eluted, as detected by RIA. (b) IL-
8 immunoreactivity in cation exchange HPLC fractions 25-26. The bar
indicates where synthetic rabbit IL-8 standard eluted, as detected by
RIA. The small amount of immunoreactive C5a contaminant in the IL-
8 fractions after cation exchange HPLC was clearly separated on the
reversed phase column (arrow) from immunoreactive IL-8.

gest that infiltrating neutrophils are the source of IL-8 in the
myocardium over the time period investigated. In this respect

the results from the myocardial infarction and peritonitis models
are different, as neutrophil depletion in the peritonitis model
does not affect IL-8 generation (measured in exudate accumu-

lated over 6 h) whereas macrophage depletion abolishes it (B.
T. Au, P. D. Collins, and T. J. Williams, unpublished).

The situation with C5a is less clear cut; neutrophil depletion
apparently induced some reduction in CSa levels in the myocar-
dium, but this was not significant. C5a induces neutrophil-de-
pendent oedema formation (31) and the continuation of the
extravascular generation of C5a is dependent on a supply of
complement components, including C5, from the intravascular
compartment, as previously discussed (44). Neutrophil deple-
tion may, therefore, also be expected to suppress C5a generation
by suppressing increased coronary microvascular permeability
and, as a consequence, limiting the supply of precursor C5 and
other complement components. However, we have previously
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Figure 4. Homotypic aggregation of rabbit neutrophils induced by rabbit

CSa, hrIL-8 and immunoreactive RP-HPLC fractions. Peripheral rabbit

neutrophils were suspended at a concentration of 107 cells/ml in assay

buffer and stirred at 700 rpm at 370C in a dual channel aggregometer.

Aggregating agents were added in volumes of 10 pl. Responses are

shown to (a) Rabbit C5a (solid bars) and lyophilized RP-HPLC frac-

tions with C5a activity (retention time 33-34 min; hatched column);
(b) hrIL-8 (cross-hatched bars) and lyophilized RP-HPLC fractions
with 11L-8 immunoreactivity (retention time 41-42.5 min; hatched bar).
Aggregation is expressed as a percentage of maximal aggregation in-

duced by 10-6 M PMA. Results are presented as the mean of 5-9

experiments using neutrophils from different donors; error bars show

the SEM. Insets show typical aggregation traces plotted against percent

maximal light transmission induced by 10-6 M PMA.

demonstrated that coronary microvascular plasma protein leak-

age, measured using '251-albumin, is not neutrophil-dependent
in the rabbit model (45) showing that additional mechanisms
are responsible for increased microvascular permeability in this

case (e.g., the permeability is elevated because of direct injury
to the endothelium or because of chemical mediators acting on

endothelial receptors).
Other studies have demonstrated that drugs inhibiting ara-

chidonic acid metabolism via the 5-lipoxygenase pathway are

able to suppress neutrophil accumulation and limit infarct size

(46). Thus, leukotriene B4 (LTB4), a powerful neutrophil
chemoattractant metabolized from arachidonic acid, may also
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Figure 5. The effect of IgG-purified antibodies on homotypic rabbit
neutrophil aggregation induced by rabbit C5a, hrIL-8 and immunoreac-
tive RP-HPLC fractions. Peripheral rabbit neutrophils were suspended
at a concentration of 107 cells/ml in assay buffer and stirred at 700 rpm
at 370C in a dual channel aggregometer. IgG-purified antibodies and
aggregating agents were added in 10-ml volumes. In a rabbit CSa stan-
dard (solid bars) and reversed phase HPLC fractions containing C5a,
retention time 33-34 min (hatched bar), were added alone or together
with anti-rabbit C5a antibody (open bar). In b rabbit IL-8 standard
(cross-hatched bars) and reversed phase HPLC fractions containing IL-

8, retention time 41-42.5 min (hatched bar), were added alone or

together with anti-rabbit IL-8 antibody (open bars). Aggregation is

expressed as a percentage of maximal aggregation induced by 10-6 M
PMA. Results are presented as a mean of 3-4 experiments using neutro-

phils from different donors; the error bars indicate SEM. A significant
reduction in neutrophil aggregation using a paired Student's t test is
indicated as * P < 0.05, ** P < 0.01.

have a role in addition to IL-8 and CSa. Indeed, LTB4 has
been detected in the myocardium in a rat model of myocardial
infarction (47). Another, less direct, explanation for the ob-
served effect of 5-lipoxygenase inhibitors on neutrophil accu-
mulation in the heart is that these compounds are able to inhibit
cytokine synthesis in some cells (48). Relevant to the observa-
tion described here, we have recently obtained evidence that
LTB4 (and other lipids) (43) produced by human neutrophils
can act as an autocrine regulator of IL-8 synthesis (B.T. Au,
T. J. Williams, and P. D. Collins, unpublished).

In conclusion, mechanisms have evolved to induce a rapid
accumulation of neutrophils in the heart during reperfusion after
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Figure 6. Effect of depleting circulating neutrophils on C5a and IL-8
concentrations and MPO activity in ischemic rabbit myocardium. Circu-
lating neutrophils were depleted in 8 rabbits by intravenous injection
of mustine hydrochloride (1.75 mg/kg) 3 d before 45 min CAO and
4.5h reperfusion. Control animals (n = 8) were injected with sterile
saline. After reperfusion the hearts were removed and divided into post-
ischemic AR (solid bars) and non-ischemic NZ (open bars). (a) CSa
and (b) LL-8 concentrations were measured using RIA on lyophilized
AR and NZ samples from five animals, and (c) MPO activity was

measured by enzyme assay (detection limit 0.25 U MPO/gram tissue)
on frozen AR and NZ samples from the remaining three animals (see
Methods). The results are presented as the mean of 5 (a and b) or 3

(c) experiments; the error bars show SEM. A significant reduction in

immunoreactive IL-8 levels using an unpaired Student's t test is indi-
cated as * P < 0.05.

a period of ischemia. The following hypothetical scenario is

proposed. A fast onset is ensured by liberating CSa from pre-
formed substrate, C5, in interstitial fluid, which is supplemented
by plasma leaking from coronary microvessels. C5a can then
induce a first phase of neutrophil infiltration. Once in the tissue,
these cells appear to be responsible for synthesizing and releas-

ing the mediator responsible for subsequent neutrophil accumu-
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lation, IL-8, although the endogenous stimulus for synthesis
has not been established. Thus, as these are sequential events,
suppression of C5a generation or action may be expected to be
a more effective means of inhibiting neutrophil accumulation
than more direct means of suppressing the generation or action
of IL-8. These findings provide an insight into some of the
mechanisms involved in neutrophil recruitment during reperfu-
sion of the myocardium following a period of ischemia.
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