
Cytochemical Demonstration of Sites of Hydrogen Peroxide
Generation and Increased Vascular Permeability in Isolated
Pig Hearts After Ischaemia and Reperfusion
J.N. SKEPPER,1* R.N. PIERSON, III,2 V.K. YOUNG,3 J.A. REES,4 J.M. POWELL,1 V. NAVARATNAM,1
N.R.B. CARY,3 D.N. TEW,5 P.J. BACON,5 J. WALLWORK,3 D.J.G. WHITE,3 AND D.K. MENON5

1Multi-Imaging Centre, Department of Anatomy, University of Cambridge, UK
2Department of Cardiothoracic Surgery, Vanderbilt University, Nashville, Tennessee, USA
3Papworth Hospital, Papworth Everard, and Imutran Ltd., Cambridge, UK
4Philips Electron Optics, Application Laboratory, Eindhoven, The Netherlands
5Department of Anaesthesia, University of Cambridge, Addenbrookes Hospital, Cambridge, UK

KEY WORDS cerium; complement; cytochemistry; electron spectroscopic imaging; endothe-
lium; horseradish peroxidase; hyperacute rejection; ischaemia; myocardium;
oxidative stress; reperfusion; xenograft; x-ray microanalysis

ABSTRACT Isolated pig hearts, subsequently perfused with pig or human blood, were prepared
for the cytochemical demonstration of sites of hydrogen peroxide generation and increased vascular
permeability. Oxidant stress was associated with ultrastructural changes commonly seen following
myocardial reperfusion. In addition, the precipitation of cerium perhydroxide following perfusion
with physiological saline containing cerium chloride suggested the vascular endothelium and
leukocytes as sources of oxidants. This was associated with rapid penetration of horseradish
peroxidase through the intercellular clefts of the vascular endothelium into the interstitial space,
suggesting increased vascular leakiness at these sites. The rapid penetration of horseradish
peroxidase was observed at all monitored periods of reperfusion with pig or human blood. This
indicates that the increased permeability occurred during the ischaemic period and continued
during reperfusion. Morphological damage was greatest in pig hearts reperfused with whole human
blood and this was attenuated if the blood was preabsorbed to remove antibodies prior to
reperfusion. We conclude that oxidant stress was initiated during ischaemia and continued during
reperfusion in this model. Microsc. Res. Tech. 42:369–385, 1998. r 1998 Wiley-Liss, Inc.

INTRODUCTION
It is widely recognised that oxidants at least contrib-

ute to tissue damage following ischaemia and reperfu-
sion of biological tissues (Halliwell et al., 1992). Whether
or not oxidants are the fundamental cause of tissue
damage in this setting remains controversial. The
answer to this question has been elusive because
perfect animal models do not exist and oxidant species
are difficult to detect and even more difficult to quantify
in vivo (Halliwell and Gutteridge, 1989).

Animal models have implicated a variety of oxidants
in the pathophysiology of myocardial ischaemia/reper-
fusion. These include hydroxyl radicals, singlet oxygen
(Kukreja et al., 1992), and hypochlorous acid generated
from several different pathways, including vascular
endothelium (Lefer et al., 1991), activated neutrophils
(Siminiak and Ozawa, 1993), lipid degradation, mito-
chondrial prostaglandin metabolism nitric oxide me-
tabolism (Beckman et al., 1990), and catecholamine
auto-oxidation (Singal et al., 1980).

Elevated oxidants have been described after myocar-
dial reperfusion in vivo and in vitro for both intact
animals (Bolli and McCay, 1990) and isolated hearts
(Garlick et al., 1987; Mergner et al., 1991) and also in
man (Grech et al., 1993). This has been correlated with
impaired myocardial function (Bolli and McCay, 1990)
and structural damage. Antioxidant therapy has been

shown to reduce oxidant stress and improve myocardial
function during ischaemia/reperfusion. There are al-
most no data on the effect of oxidants on normal,
nonischaemic myocardium which might be predicted to
mimic the changes associated with myocardial reperfu-
sion. However, where myocardial endothelium has been
subjected to oxidant stress in vitro, the results suggest
that exogenous oxidants impair endothelial function
through inhibition of EDRF release (Seccombe et al.,
1994).

In this study of myocardial reperfusion of the iso-
lated, working, pig heart we used techniques designed
to identify the sites of oxidant stress and increased
vascular permeability. Perfusion with cerium chloride
was used as a marker for sites of hydrogen peroxide
production (Shlafer et al., 1990). Extravasation of horse-
radish peroxidase was used to assess capillary leaki-
ness (Karnovsky, 1967) and stereology was used to
quantify changes in the volume fraction of the intermyo-
cyte space. To unequivocally identify the different reac-
tion products of the cytochemistry, we examined the
value of energy dispersive x-ray microanalysis (EDX)
and electron spectroscopic imaging (ESI).
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MATERIALS AND METHODS
Isolated Heart Preparations

Piglets weighing 3.5–5.5 kg, corresponding to 2–4
weeks of age, were used as heart donors. Anaesthesia
was induced by mask inhalation of halothane, which
was supplemented by the intramuscular injection of
0.5–1 ml of Hypnorm (fentanyl with fluanisone). A
tracheostomy was performed and the animals were
artificially ventilated. A midline sternotomy was per-
formed and the pigs were heparinised by the injection of
6,000 IU of heparin into the vena cava. This was the
start of 20 minutes warm global ischaemia, during
which the lungs were removed and the heart prepared
for reperfusion by the insertion of a left atrial inflow

cannula and an aortic outflow cannula. The hearts were
removed by blunt dissection and the aorta and left
atrial appendage were attached to customised alumi-
nium cannulae, air was removed from the left heart,
and Langendorf reperfusion with either pig or human
blood was established. The perfusion apparatus in-
cluded a paediatric oxygenator with an incorporated
heat exchanger. The heat exchanger jacket was main-
tained at 40°C to produce a physiological temperature
of approximately 38°C in the left atrial reservoir. Blood
pH was maintained between 7.3 and 7.4 by the delivery
of 95% O2 / 5% CO2 to the oxygenator at a flow of
0.5–2 l/min.

Reperfusion with pig blood was performed for 5, 15,
30, and 90 minutes, as described above. As changes
were evident at 5 minutes, subsequent reperfusion with
human blood was performed for various intervals be-
tween 30 seconds and 4 minutes and thereafter for 15
and 30 minutes; one heart was used at each time point.
Three further hearts were reperfused with human
blood with antibodies removed from the serum by
preabsorption. These hearts were perfused for 15, 30,
and 60 minutes. Thirty seconds from the end of the
period of reperfusion horseradish peroxidase (Sigma
type VI) was added to the main blood reservoir at a final
concentration of 0.005 mg/ml of blood. High concentra-

Fig. 1. Thin section of a bundle of cardiac myocytes from the left
ventricle of a pig heart fixed in situ. Capillaries are dilated and free of
cells and plasma. Cardiac myocytes abut closely against one another
with minimal intermyocyte space. Scale bar 5 5 µm.

Fig. 2. Thin section of the edge of a bundle of cardiac myocytes; at
this site the separation between adjacent myocytes is greater. The
intermyocyte space (S) and the region between bundles are both
densely packed with collagen fibrils. Scale bar 5 5 µm.

TABLE 1. Potential buffers available for double labeling for HRP
activity and H2O2 production

Buffer pH range pKa
PPt with
cerium

ADA 6.0–7.2 6.6 2222
Cacodylate 5.8–7.6 6.3 1111
Imidazole 6.2–7.8 6.8 2222
MES 5.5–6.7 6.1 11
PIPES 6.1–7.5 6.8 2222
Phosphate 5.8–7.6 6.3 1111
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tions have been reported to increase vascular permeabil-
ity in some experimental animals (Lin and Esser, 1986).
In the intact animal, intravenously injected horserad-
ish peroxide takes several minutes to traverse the
capillary endothelium and appear in the extracellular
space (Karnovsky, 1967).

Control experiments were conducted where the hearts
were removed and perfused immediately, which gave
an ischaemic period of 2–3 minutes while the cannula
was being attached. Tissue from these hearts was used
as controls for the presence of endogenous peroxidase
activity. When sections from these hearts that had not
been administered horseradish peroxidase were exam-
ined, endogenous peroxidase activity was restricted to
peroxisomes and occasionally mitochondria and lipid
droplets as described by Mack et al. (1993). Peroxidase
reaction product was never seen in the intercellular
clefts of capillaries or in the subepithelial space. To
determine the period of exposure to horseradish peroxi-
dase, 1 mg/kg body weight of horseradish peroxidase
was injected intravenously into pigs and the hearts
were fixed in situ 4 minutes later.

Electron Microscopy
At the end of the period of reperfusion the flow of

blood via the Langendorf cannula was changed to
PIPES buffered saline to exsanguinate the heart. Final

perfusion for electron microscopy was undertaken in
several stages.

1. Perfusion with 50–100 ml of PIPES buffered saline
containing final concentrations of: 10 mM PIPES
buffer, 137 mM sodium chloride, 2.7 mM potassium
chloride, 19.4 mM glucose, 1.0% adenosine, 5%
polyvinylpyrrolidone with a formula weight of 40,000
(PVP-40), and 3,000 IU of heparin/l adjusted to pH
7.2–7.4. This solution was oxygenated before use
and maintained at 38°C.

2. Perfusion with PIPES buffered saline as above with
the addition of cerium chloride to a final concentra-
tion of 2 mM immediately before use.

3. Perfusion as in 1 above for 20 seconds.
4. Perfusion with 800 ml of fixative containing 0.1 M

PIPES buffer, 2.5% glutaraldehyde, 1% formalde-
hyde, and 5% PVP-40, set to pH 6.0 and maintained
at 4–6°C.

5. Fixation was terminated by perfusion with 300 ml
0.15 M PIPES buffer at pH 6.0.

A transverse slab of left ventricular myocardium
encompassing the whole thickness from endocardium
to epicardium was removed for further study. To ensure
repeatability of sampling from heart to heart, this slab
was taken from a point 25% of the length of the left

TABLE 2. Volume fractions of components of the left ventricle of pig hearts reperfused with pig blood and the proportion of the endothelial
lining of blood vessels demonstrating cerium perhydroxide deposition

Time (min)
Myocytes

(%)

Total
intermyocyte

space
(%)

Capillaries
and blood vessels

(%)

Unperfused
vessels

(%)

Proportion
of endothelial

surface stained
with cerium

(%)

Number of
white blood

cells/100 mm
endothelial

cell boundary

Fixed in situ 75.20 24.80 23.10 0.87 10.50 0.00
Fixed on cannula 76.11 23.89 21.76 2.99 30.45 0.00
Reperfusion time

5 52.78 47.22 16.66 2.76 53.46 2.6
15 66.20 33.80 15.09 11.66 43.68 8.1
30 47.39 52.61 20.26 13.46 55.41 22.2
90 47.87 52.13 15.18 33.53 50.94 34.9

TABLE 3. Volume fractions of components of the left ventricle of pig hearts reperfused with human blood and the proportion of the endothelial
lining of blood vessels demonstrating cerium perhydroxide deposition

Time (min/sec)
Myocytes

(%)

Total
intermyocyte

space
(%)

Capillaries
and blood vessels

(%)

Unperfused
vessels

(%)

Proportion
of endothelial

surface stained
with cerium

(%)

Number of
white blood

cells/100 mm
endothelial

cell boundary

Fixed in situ 75.20 24.80 23.10 0.87 10.30 0.00
Fixed on cannula 75.30 24.70 19.80 3.54 42.60 0.00
Reperfusion time

/30 75.83 24.17 21.66 2.12 34.59 2.60
1/25 77.41 22.59 20.37 7.27 55.71 10.80
1/50 55.11 44.89 17.87 11.92 57.20 10.90
2/50 40.74 59.26 8.49 10.95 55.11 16.60
4/00 44.72 55.28 6.49 7.93 58.97 25.20

15/00 52.96 47.04 10.56 52.65 61.33 41.30
30/00 46.60 53.40 11.30 43.72 68.00 55.70

(Pig hearts reperfused with human blood after antibody absorption)
15/00 71.67 28.33 22.13 3.75 16.21 5.00
30/00 69.17 30.83 21.21 4.38 19.75 10.60
60/00 55.00 45.00 16.29 9.09 14.64 19.40
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ventricle, below the trigone and extended for 2.5 mm
caudally. It also extended 5 mm laterally in each
direction from the midline of the epicardial surface of
the left ventricle.

Slices 100 µm in thickness were prepared from the
slab of myocardium using a Vibratome (Technical Prod-
ucts International, St. Louis, MO, USA). They were
collected sequentially through the slab into two pots of
PIPES buffer one and one at pH 6.0 and the next at pH
7.2. The slices collected in buffer at pH 7.2 were
osmicated in 1% osmium tetroxide in PIPES buffer,
dehydrated in an ascending series of ethanol solutions,
and flat embedded in Spur’s epoxy resin. These were
examined for the presence of cerium perhydroxide,
which indicates the generation of hydrogen peroxide
(Shlafer et al., 1990). These slices were examined
without processing for horseradish peroxidase to act as
controls in the event of interference of one reaction
product with the other. The other slices were treated for
the demonstration of horseradish peroxidase activity
using tetramethylbenzidine as the chromagen in a
modification of the method proposed by Weinberg and
Van Eyck (1991). This method is based on the use of
phosphate buffer, which in our hands produces signifi-
cant amounts of spurious background precipitation.
This problem was particularly prominent when horse-

radish peroxidase tracing was used in combination with
cerium staining for hydrogen peroxide. Consequently,
the suitability of other buffers was examined and they
and their properties are listed in Table 1. PIPES buffer
was found to have the most favourable combination of
properties and a method using it is described below.

The slices of left ventricle were washed twice in
PIPES buffer at pH 6.0 over 5 minutes and transferred
to a reaction mixture containing: 2 ml 0.1 M PIPES
buffer at pH 6.0, 100 µl of 0.1% tetramethyl benzidine
in absolute ethanol, 100 µl of 1% aqueous ammonium
paratungstate (gentle heating encourages the stock
solution to dissolve), and 10 µl of 0.3% hydrogen
peroxide. The reaction vials were covered in aluminium
foil and agitated on a shaker for 15–20 minutes at room
temperature. The reaction mixture must not be cooled
or the ammonium paratungstate will precipitate. The
reaction was terminated by rinsing four times in 0.1 M
PIPES buffer at pH 6.0. A second reaction was per-
formed using diaminobenzidine as the chromogen. The
reaction mixture was composed of: 2 ml 0.1M PIPES
buffer at pH 6.0, 40 µl of 2.5% aqueous diaminobenzi-
dine, and 40 µl of 1% aqueous cobalt chloride and 40 µl
of 0.3% hydrogen peroxide for 10 minutes at room
temperature. This reaction was terminated by four
brief rinses in cold (4°C) 0.1 M PIPES buffer and the

Fig. 3. Thin section of a capillary from a pig heart fixed in situ 4
minutes after intravascular injection of horseradish peroxidase. Crys-
talline reaction product denoting the location of horseradish peroxi-
dase is located in the capillary lumen and on the luminal surface of the
endothelial cells. Scale bar 5 2 µm.

Fig. 4. Thin section of left ventricular myocardium from a pig heart
reperfused with pig blood for 5 minutes. The subendothelial space is
enlarged and the surrounding myocytes are separated. Cerium perhy-
droxide precipitation is present on much of the luminal surface of the
capillary endothelium. Scale bar 5 2 µm.
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tissue slices were osmicated in 4% aqueous osmium
tetroxide at 4°C for 4 hours. The slices were rinsed in
buffer, dehydrated in an ascending series of ethanol
solutions, and flat embedded in Spurr’s epoxy resin.

Thin sections (50 nm) were cut on a Reichert Jung
Ultracut S ultramicrotome, double-stained with uranyl
acetate and lead citrate, and viewed in a Philips CM100
transmission electron microscope.

Stereology
Four slices of each left ventricle sampled as described

above were chosen by lottery, embedded, and sections
were prepared as described above. The sections were
cut through the full transverse thickness of the ven-
tricle from the epicardium to the endocardium.

The volume fraction of myocytes, capillaries, and
blood vessels and all other components of the intermyo-
cyte space were estimated by point counting. A Gatan
video camera attached to the 35mm camera port of the
microscope was used to display an image of the section
at a final magnification of 1,500x on a 14’’ monochrome
monitor. Nonoverlapping frames from the epicardial
surface to the endocardial surface were successively
overlain with a 16 point square lattice. Points landing
on the compartments described above were accumu-
lated and the following formula was used to estimate
their volume fractions:

Vv 5 Pi/Ptot

where Pi is the number of points landing on the object of
interest and Ptot is the total number of points landing on

Fig. 5. Thin section of left ventricular myocardium from a pig heart
reperfused with human blood for 1 minute, 25 seconds. In this region
the damage is more severe, the myocytes show signs of necrosis, their
myofibrils are disorganised, and the mitochondria are slightly swollen.
The central capillary is strongly stained with cerium and is partly
collapsed. Scale bar 5 2 µm.

Fig. 6. As Figure 5. Light staining for cerium is seen on the
capillary lumenal surface but intense patches of stain are seen at the
openings of the intercellular clefts (arrow). Scale bar 5 200 nm.

Fig. 7. Leukocyte attached to the endothelium of a pig heart
reperfused for 5 minutes with pig blood. The plasmalemma of the
leukocyte is stained with cerium and intense staining is seen between
adjacent intercellular clefts (arrow). Scale bar 5 1 µm.
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the reference space (Weibel, 1979; Warley et al., 1995).
The percentage of the vascular endothelial surface
demonstrating cerium perhydroxide deposition (indicat-
ing putative sites of hydrogen peroxide production) was
estimated from:

% Ce1ve 5 ICe /Iend

where ICe is the number of linear intercepts with
luminal vascular endothelial surface stained with ce-
rium and Iend is the total number of linear intercepts
with luminal vascular endothelial surfaces. An esti-
mate of the density of leukocytes attached to vascular
endothelial surface was also made. Plastic sections
were examined on a Leitz Labborlux S microscope
connected via a video camera to a Leica Q500 image
analysis system. A square lattice with a 10 µm spacing
was overlain on each frame and 25 nonoverlapping
frames from each of four sections through the full
thickness the left ventricle were examined from each
animal. The total number of attached leukocyte profiles
was recorded as was the number of intersections with
endothelial cells. Endothelial boundary length was
calculated from:

BA 5
p

2
? IL

after Weibel (1979) where BA is boundary length and IL
is the length of test lines overlying the reference space.
This was then used to derive the number of leukocyte
profiles/100 mm of endothelial boundary profile.

Energy Dispersive X-Ray Microanalysis
Sections (250–300 nm in thickness) were mounted on

100 mesh formvar/carbon, nickel grids. They were
coated with 20 nm of carbon in an Edward’s coating unit
prior to examination in a Philips EM 400, running a
lanthanum hexaboride filament as a high brightness
electron source. Grids were mounted in an copper/
beryllium low background, single tilt holder which was
tilted 35° towards a 10 mm2 Si(Li) detector with a
standard window. Energy dispersive microanalysis was
carried out in the STEM mode for 200 seconds live time,
at 100 kv, using a 100 µm top hat condenser aperture
and a probe diameter of 100 nm. A solid state backscat-
tered electron detector was used to identify regions for
EDX. This was necessary as unstained sections had
little contrast even when examined by STEM. X-ray
maps were captured at a resolution of 256 x 256 using a
probe diameter of 100 nm and a dwell time of 250 ms.

Electron Spectroscopic Imaging
Sections ,50 nm in thickness were used to avoid the

effect of multiple energy loss events and subsequent
artefacts. Electron energy loss imaging was carried out
using a Philips CM120 BioFilter transmission electron
microscope with an integrated, postcolumn, Gatan Im-
aging Filter (GIF100) fully corrected for second-order
aberrations (Krivanek, 1992). Images and energy-loss
spectra were recorded with a cooled multiscan CCD
camera.

In order to increase contrast from such thin samples,
images were acquired using zero-loss filtering and an
energy selecting slit of 15 eV width. Zero-loss filtering
allowed a more reliable observation of the inherently
low-contrast sections (Lücken et al., 1996). For elemen-
tal mapping using electron spectroscopic imaging (ESI),
the slit width was 30 eV. The computer-controlled
system performed background subtraction by extrapola-
tion of two pre-edge windows and subtraction of the
result from one post-edge window (the so-called three-
window method). The total acquisition time for each
window was 5 seconds (the whole mapping procedure
therefore taking approximately 1 minute); the result-
ing maps were 512 x 512 pixels in resolution.

RESULTS
Nonreperfused Hearts

Hearts fixed by perfusion in situ or immediately after
removal and attachment to the Langendorf cannula
were essentially identical. Both showed normal ultra-
structural characteristics with the vascular bed clear of
erythrocytes, leukocytes, and plasma proteins and with
the myocytes fixed in the relaxed configuration. Myo-
cytes underlying capillaries abutted tightly onto the
abluminal surface of the endothelial cells (Fig. 1). There

Fig. 8. Leukocyte in the process of attaching to the endothelium of
a pig heart reperfused for 1 minute, 25 seconds with human blood. The
plasmalemma of the leukocyte is lightly stained with cerium and
intense punctate staining is seen between leukocyte processes and the
underlying endothelium. Scale bar 5 1 µm.
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was minimal space between myocytes with the excep-
tion of the regions between bundles of myocytes, where
larger spaces between myocytes were found, filled with
densely packed bundles of collagen fibrils (Fig. 2).

The volume fraction of total intermyocyte space in
the left ventricles of these hearts was between 23% and
25% and the vast majority of this space was occupied by
capillaries and other blood vessels (Tables 2, 3). Less
than 3% of the vascular bed of these hearts showed
signs of incomplete perfusion, as indicated by the
presence of erythrocytes or fixed plasma proteins within
the lumen (Tables 2, 3).

Cerium perhydroxide deposition was apparent on
only 10% of the vascular endothelial surface of the
hearts fixed in situ (Tables 2, 3). However, the hearts
fixed after removal and attachment to the cannula both
had more than 30% of their endothelial surface stained
with cerium. Horseradish peroxidase reaction product
was only found in the vascular lumen or on the endothe-
lial surface in these hearts (Fig. 3).

Reperfused Hearts
The volume fraction of intermyocyte space of the left

ventricle increased and the volume fraction of myocytes
decreased rapidly after the onset of reperfusion with

pig or human blood (Tables 2, 3). The volume fraction of
capillaries and blood vessels in the left ventricle fell as
the duration of reperfusion increased and the propor-
tion of blood vessels showing incomplete perfusion
increased (Tables 2, 3). These changes were attenuated
in pig hearts reperfused with human blood with antibod-
ies removed by preabsorption (Table 3).

Interstitial Oedema
There was a large movement of fluid into the subendo-

thelial and intermyocyte space with a concomitant
separation of adjacent cardiac myocytes (Fig. 4). This
was seen as early as 5 minutes of reperfusion with pig
blood or after 1 minute, 50 seconds of reperfusion with
whole human blood (Tables 2, 3).

Cerium Deposition and Endothelial Changes
Cerium perhydroxide precipitation on vascular endo-

thelium reached a plateau 5 minutes after the onset of
reperfusion with pig blood (Table 2). Similar levels of
cerium deposition were seen in under 2 minutes after
reperfusion with human blood and further increases
were seen throughout the period of reperfusion. At
these time points after the onset of reperfusion with
whole blood, some 50% of the left ventricular vascular

Fig. 9. Leukocyte fully attached to the endothelial surface of a pig heart reperfused with human blood
for 4 minutes. Punctate sites of strong staining with cerium are seen between the leukocyte and
endothelial plasmalemmas (arrows). Scale bar 5 1 µm.
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endothelial surface was stained (Tables 2, 3). Myocytes
exhibiting features of necrosis were present and many
capillary profiles were extensively stained with cerium
and showed signs of collapse (Fig. 5). Cerium staining
was often concentrated over intercellular clefts (Fig. 6).
Preabsorption of antibodies from human blood signifi-
cantly reduced cerium deposition (Table 3) and oedema.

Leukocytes were seen attached to endothelial cells in
hearts examined as early as 5 minutes after the onset of
reperfusion with pig blood (Table 2, Fig. 7) and after
less than 1.5 minutes of reperfusion with human blood
(Table 3, Fig. 8). Leukocytes with the ultrastructural
characteristics of both monocytes and neutrophils were
seen attaching to vascular endothelium. Cerium stain-
ing was present on the plasmalemma of the attaching
leukocyte and on the endothelial plasmalemma (Figs. 7,
8). In the earliest stages of attachment, processes from
the leukocytes were seen to make contact with the
endothelial surface (Fig. 8). Frequently, punctate sites
of intense deposition of cerium perhydroxide were seen
at these sites (Fig. 8), otherwise the endothelial cells
appeared normal. Where the leukocytes were fully
attached to endothelial cells, many punctate sites of
cerium reaction product could be seen in the space
between the plasmalemma of the leukocyte and the

endothelial surface (Fig. 9). The underlying endothe-
lium at these sites appeared electron lucent, as if the
contents of the cytoplasm had been leached away (Fig.
10). Leukocytes in hearts reperfused with human blood
attached sooner and at greater densities at all time
points than those from hearts reperfused with pig blood
(Tables 2, 3).

Many endothelial cells appeared to be in the early
stages of cell death as soon as 5 minutes after the onset
of reperfusion with pig blood or 4 minutes after the
onset of reperfusion with human blood. Many of the
dying cells showed a massive loss of cytoplasmic compo-
nents suggestive of necrosis (Fig. 11); cerium deposition
was also evident but was often light. At later time
points, after 90 minutes of reperfusion with pig blood
and after 15 minutes of reperfusion with human blood,
more than 30% of the vascular bed showed signs of poor
or no perfusion (Tables 2, 3). Capillary profiles con-
tained erythrocytes and plasma proteins that had not
been cleared by perfusion for electron microscopy. How-
ever, some capillaries that appeared collapsed and
vacuolated still retained some degree of perfusion, as
evidenced by the presence of intense staining with
cerium (Fig. 12). At these time points cardiac myocytes

Fig. 10. Higher magnification of Figure 9. The cytoplasm of the endothelial cell is electron lucent and
the cerium reaction product is seen to span the space between the two cells (arrows). Scale bar 5 0.5 µm.
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were also showing early signs of necrosis (Fig. 12) in the
form of increased electron lucency of the cytoplasm and
vacuolation of mitochondrial christae (Fig. 12). Plate-
lets were also frequently seen attached to the endothe-
lial surfaces in the hearts that were reperfused for the
longest periods. They showed intense staining with
cerium, as did the underlying endothelium (Fig. 13).

The extracellular oedema was attenuated in the pig
hearts reperfused with human blood after antibody
absorption, as was leukocyte adhesion (Tables 2, 3). The
proportion of unperfused blood vessels was also attenu-
ated in these hearts, although some staining of capillar-
ies with cerium was still found (Fig. 14).

Double Labeling with Cerium and Horseradish
Peroxidase

Horseradish peroxidase injected into an intact piglet
4 minutes before perfusion for electron microscopy did
not pass through the endothelium into the intermyo-
cyte space. The reaction product for horseradish peroxi-
dase was only found within the lumen of blood vessels
(Fig. 3) or on the luminal surface of endothelial cells.
This indicated in the intact piglet that horseradish
peroxidase should take more than 4 minutes to traverse
the endothelium to the subendothelial space. This
provides an index of increased vascular permeability, as
horseradish peroxidase administered at significantly

shorter periods before fixation would not normally be
expected to pass the endothelium. However, when
horseradish peroxidase was introduced to the blood in
the reperfusion circuit 30 seconds before beginning
perfusion fixation it consistently crossed to the subendo-
thelial space in all of the reperfused hearts.

The horseradish peroxidase reaction product could be
readily distinguished from the cerium perhydroxide
reaction product. The former appeared as rectangular
crystals and the latter as a fine granular precipitate.
The route from the capillary lumen to the subendothe-
lial spaces was via the intercellular clefts. Horseradish
peroxidase reaction product was seldom found in the
cytoplasm of intact endothelial cells, particularly in the
briefer periods of reperfusion. Small crystals of the
reaction product were seen between overlapping endo-
thelial cells (Fig. 15) and in the underlying subendothe-
lial space. These were frequently found at sites where
leukocytes were attached to the overlying endothelium,
with the plasmalemma of both stained with cerium
(Fig. 15). In the hearts reperfused for the longer
periods, tetramethylbenzidine crystals were found both
in the intercellular clefts and in the cytoplasm of
collapsed capillaries (Fig. 16). These capillaries were
invariable intensely stained with cerium.

Cerium perhydroxide deposition was frequently seen
on the lumenal surface of the endothelial lining of small

Fig. 11. Thin section of a myocardial capillary from a pig heart
reperfused for 5 minutes with pig blood. The cytoplasmic contents of
the endothelial cell (e) are missing and it appears to be in the late
stages of necrosis. The surface of this cell and its neighbour are stained
with cerium. Scale bar 5 1 µm.

Fig. 12. Left ventricular myocardium from a pig heart reperfused
for 15 minutes with human blood. The central capillary is partly
collapsed and intensely stained with cerium. Its mitochondria are
vacuolated, as are the christae of mitochondria in the underlying
cardiac myocytes. Scale bar 5 1 µm.
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transmural arterioles (Fig. 17). There was evidence that
their permeability was also increased, as demonstrated
by the presence of horseradish peroxidase reaction product
in the subendothelial space and between smooth muscle
cells in the medial regions of the arterioles (Fig. 17).

In the hearts reperfused for the longest periods there
were numbers of left ventricular myocytes exhibiting
typical features of necrosis. These were most frequently
encountered in the subepicardial regions. In these areas
the myocytes were swollen, myofibrillae were dispersed,
and mitochondria were swollen and had vacuolated cris-
tae (Fig. 18). Horseradish peroxidase reaction product
was distributed in the intermyocyte space and within
the cytoplasm of these apparently necrotic cells (Fig.
18). These ultrastructural changes were attenuated in
the hearts reperfused with human blood after antibody
absorption, as was the cerium deposition. However,
horseradish peroxidase reaction product was still seen
between the intercellular clefts of the endothelial cells
and extensively throughout the intermyocyte space,
but not within the myoplasm (Fig. 19) in these hearts.

X-Ray Microanalysis and Electron
Spectroscopic Imaging

The reaction products for endogenous hydrogen per-
oxide production and horseradish peroxidase were rea-

sonably distinguishable by structure alone. There was,
however, a tendency for a fine electron dense precipi-
tate to appear particularly in the double-label experi-
ments (Fig. 16). It could have been cerium perhydroxide
or merely low levels of horseradish peroxidase reaction
product, or even some other electron dense precipitate.
Point analysis (100 nm probe) by energy dispersive
x-ray microanalysis was used on thicker sections (250–
300 nm) not counterstained with lead or uranium salts
to unequivocally identify the presence of cerium (Fig.
20) on the endothelial surface. The fine precipitate in
the cytoplasm, however, was too sparse to identify by
point analysis and did not appear to give a signal for
cerium in x-ray maps (Fig. 21). X-ray maps demon-
strated that the distribution of cerium was restricted to
the surface of the endothelial cells and attached leuko-
cytes and platelets. X-ray maps for osmium (Fig. 22)
showed an even distribution in the cytoplasm and did
not show any greater signal over the cytoplasmic
precipitate or over horseradish peroxidase reaction
product.

Electron spectroscopic imaging was used to give
additional information about the nature of the fine
cytoplasmic precipitate seen in some of the double-
labeled samples. Zero-loss imaging with a 15 eV slit
width was used to identify a suitable region containing

Fig. 13. As Figure 12. A platelet strongly stained with cerium is
seen on the surface of a badly damaged capillary that is also stained
with cerium. The endothelium is condensed and highly electron dense
and the underlying myocytes appear necrotic. Scale bar 5 1 µm.

Fig. 14. Left ventricular myocardium from a pig heart reperfused
for 15 minutes with human blood after antibody absorption. The
central capillary is fully distended and its endothelial surface has
punctate deposits of cerium. The underlying myocytes appear normal
and there is no sign of oedema. Scale bar 5 1 µm.
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purported cerium labeling on the endothelial surface
and cytoplasmic precipitation (Fig. 23). The cerium
pre-edge image was captured from this area (Fig. 24),
as was the cerium post-edge image (Fig. 25). The
pre-edge image was subtracted from the post-edge
image to produce a map of cerium distribution (Fig. 26).
It is clear from this map that cerium deposition is
confined to the endothelial surface and that the electron
dense precipitate in the cytoplasm is not cerium. A
similar area containing cerium, nonspecific precipitate,
and tetramethylbenzidine crystals was identified using
zero-loss imaging (Fig. 27) and cerium and osmium
maps were produced as before. The cerium was clearly
confined to the endothelial surface (Fig. 28). It was not
possible to produce a similar map for osmium. It is
concluded that the intracellular staining is not related
to cerium and is most likely due to erosion and subse-
quent redistribution of some of the tetramethylbenzi-
dine and diaminobenzidine final reaction products dur-
ing dehydration and embedding.

DISCUSSION
Reperfusion

These results suggest that both exposure of blood to
an artificial circuit and myocardial reperfusion contrib-
ute to oxidative stress in this experimental model.
Exposure of human blood to extracorporeal circuits has
previously given indirect evidence of oxidant stress as
assessed by measurement of lipid peroxidation prod-
ucts (Davies et al., 1987), leukocyte chemiluminescence
(Prasad et al., 1992), and antioxidant consumption

(Barsacchi et al., 1992). The source of these oxidants
has been suggested as complement activation (Kilgore
et al., 1994), haemolytic release of free iron from red
blood cells (Das et al., 1992), and neutrophil activation
(Roccatello et al., 1990). Several investigators have
explored the therapeutic implications of these studies,
finding that oxidant antagonism during extracorporeal
circulation can reduce indirect indices of oxidant produc-
tion. Nifedipine (Xiao et al., 1993), desferioxamine
(Menasche et al., 1990), and neutrophil depletion (Bando
et al., 1990) have all been shown to reduce oxidant
stress during extracorporeal circulation. Their effect on
outcome, however, has proven more difficult to demon-
strate. That the majority of oxidant stress in this model
seemed to occur before myocardial reperfusion is per-
haps surprising. It may be that the high blood PaO2
(45–90) and the large, potentially traumatic air/blood
interface were significant contributors in this animal
model. Further experiments would be warranted to
examine the effects of different PaO2. There may also
be a species difference related to the antioxidant ability
of pig versus human blood (Janssen et al., 1993).

Complement activation has been implicated in the
pathogenesis of ischaemia/reperfusion injury (Weis-
man et al., 1990; Pruitt et al., 1991) and is believed to be
the primary mechanism driving hyperacute rejection.
In the latter instance, impaired regulation of the comple-
ment pathway is now known to play a crucial role
(Cozzi et al., 1997). As the pig blood was from an
allogenic (unrelated member of the same species) pig,
and because pigs have many different blood groups, we

Fig. 15. Thin section of a capillary from a pig heart reperfused for 1
minute, 25 seconds with human blood. Horseradish peroxidase was
added for the last 30 seconds of reperfusion. The luminal endothelial
surface is lightly stained with cerium, as is that of an attached leukocyte.
Crystals of reaction product for horseradish peroxidase are present
between overlapping endothelial cells and in the subendothelial space
(arrows). Horseradish peroxidase reaction product is absent from all
cytoplasmic compartments of the endothelial cells. Scale bar 5 1 µm.

Fig. 16. Thin section of a capillary from a pig heart reperfused for
30 minutes with human blood, horseradish peroxidase added for the
last 30 seconds of reperfusion. This capillary is partly collapsed but
clear of erythrocytes. Its endothelial surface is stained with cerium.
Horseradish peroxidase reaction product is present in the endothelial
cytoplasm and between overlapping cell processes (arrow). Particulate
precipitate is seen in the mitochondria and cytoplasm of underlying
myocytes. Scale bar 5 1 µm.
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may presume that there are antibodies in the pig blood
perfusate which interact with the pig heart/endothe-
lium. This may explain, in part, the damage observed
with pig blood, reperfusion, and its morphological simi-
larity to hyperacute rejection. We can also infer from
the kinetics of the injury that the ‘‘allo’’ injury is less
intense morphologically, perhaps because the comple-
ment regulators are homologous (pig complement regu-
lators inactivating pig complement).

That cerium deposition plateaus in pig-blood per-
fused hearts (50%) but not in human blood perfused
hearts (rising to 70%) suggests that an ongoing insult
unique to the human blood is responsible for this
difference. Clearly, human antibody binding to pig
endothelium is central, as demonstrated by dramati-
cally decreased cerium deposition (,20%) with anti-
body absorption. This difference is probably related to
two major factors: 1) decreased endothelial cell activa-
tion by binding of antibody, and 2) decreased activation
of the classical pathway of complement (which by
definition requires bound antibody of complement-
fixing types).

The cytochemical study indicating high levels of
hydrogen peroxide production during reperfusion sup-
port this possibility but must be interpreted with some

caution. It must be remembered that the intensity of
cerium staining represents the amount of hydrogen
peroxide captured during the period of perfusion with
buffer containing cerium. It does not represent the
accumulated production of hydrogen peroxide through-
out the period of ischaemia and reperfusion.

The endothelial damage and its potential as a source
of oxidant production is consistent with previous re-
ports. Schlafer et al. (1990) demonstrated cerium perhy-
droxide deposition on the capillary lumenal endothelial
surface of ischaemic rat hearts perfused with cerium
chloride. However, to our knowledge this is the first
study to correlate sites of oxidant stress with direct
visualisation of sites of increased vascular permeabil-
ity. Other investigators have suggested endothelial
damage occurs during percutaneous coronary angio-
plasty, using Von Willebrand factor release as a marker
(Blann et al., 1993). The increased vascular permeabil-
ity demonstrated by the rapid efflux of horseradish
peroxidase correlates well with the increase in the
volume fraction of intermyocyte space following reperfu-
sion. The observation of horseradish peroxidase reac-
tion product in the intercellular clefts implicates them
as the most probable route of fluid flux from the blood
vessels to the intermyocyte space. There is also a

Fig. 17. Thin section through the wall of a small arteriole of a pig
heart reperfused for 5 minutes with pig blood. The endothelial surface
is stained with cerium and reaction product for horseradish peroxi-
dase is present in the spaces between medial smooth muscle cells (S).
Scale bar 5 1 µm.

Fig. 18. Thin section of left ventricular myocardium from a pig
heart reperfused with pig blood for 90 minutes. Capillary endothelial
cells (C) are extensively stained with cerium at their luminal surfaces.
Horseradish peroxidase reaction product is present in the subendothe-
lial space and in the cytoplasm of an adjacent myocyte (M). The
cytoplasm of the myocyte is vacuolated and the mitochondria have
swollen cristae. Scale bar 5 2 µm.
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correlation between regions of myocyte damage and
increased vascular permeability. Regions containing
debris from dead myocytes invariably demonstrated
penetration by horseradish peroxidase. In the hearts
perfused for the longest periods, the increase in the
volume of the intermyocyte space was accompanied by
extensive separation of adjoining myocytes at the re-
gion of the intercalated discs. This suggests the follow-
ing sequence of events.

1. Oxidative damage to the vascular endothelium.
a) Direct: ischaemia, local complement activation.
b) Indirect: leukocyte and platelet activation, dis-

tant complement activation.

2. Endothelial activation, with leukocyte and platelet
attachment and disruption of intercellular clefts.

3. Fluid/plasma and cellular extravasation into the
intermyocyte space.

4. Increase in the volume of the intermyocyte space.
5. Separation of some cardiac myocytes at the site of

cell junctions.
6. Death of endothelial cells and cardiac myocytes.

a) Direct: oxidative stress via complement and ex-
travasated leukocytes.

b) Indirect: hypoperfusion with substrate depletion
and toxic metabolite accumulation.

7. Loss of organ function.

We conclude that in this model of ischaemia/reperfu-
sion oxidant stress increased following exposure of
blood to the artificial perfusion circuit and again after
reperfusion.

Cytochemistry
Cerium was initially used in 1975 by Briggs et al. as a

capturing agent for the cytochemical demonstration of
NADPH oxidase activity. The basis of the technique
was to precipitate hydrogen peroxide released at the
site of enzyme activity as insoluble cerium perhydrox-
ide. The same principle was applied by Shlafer et al.
(1990) to demonstrate de novo sites of hydrogen perox-
ide formation in reperfused ischaemic rat hearts, (the
use of cerium in histochemistry is reviewed by Van
Noorden and Fredericks, 1993). This was one of the first

Fig. 19. Thin section of left ventricular myocardium from a pig heart reperfused with human blood for
60 minutes after antibody absorption. Capillary endothelial cells (C) are lightly stained with cerium at
their luminal surfaces. Horseradish peroxidase reaction product is profuse in the subendothelial space
and in the intermyocyte spaces, which show little sign of oedema. The cytoplasm of the myocytes have
some electron lucent spaces but the mitochondria appear normal. Scale bar 5 1 µm.
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direct visualisations of sites of oxidant stress in live
tissue.

Horseradish peroxidase has been used for many
years as a tracer to study pathways of vascular perme-
ability (Karnovsky, 1967). In this study, we combined
the two techniques for use in vivo to sequentially
demonstrate sites of oxidant stress and areas of in-
creased vascular permeability.

The technique used by Karnovsky (1967) was to
inject the enzyme intravenously, fix the tissue, and to
use diaminobenzidine as a chromagen prior to osmica-
tion and embedding. The final reaction product of this
technique is a polymer of diaminobenzidine that is
rendered electron dense by exposure to osmium tetrox-
ide. It is a fine granular precipitate that is morphologi-
cally indistinguishable from cerium perhydroxide. Vari-

Fig. 20. X-ray spectra collected from the electron dense precipitate on the lumenal surface of a
capillary stained with cerium. Characteristic peaks are seen for cerium uranium and osmium.

Fig. 21. X-ray map from a thick section (300 nm) adjacent to the
field shown in Figure 13. The platelet and capillary endothelial
surfaces show a strong signal from the cerium L line. No signal is seen
from the underlying structures. Scale bar 5 2 µm.

Fig. 22. X-ray map generated from the osmium M lines shows a
homogeneous distribution throughout the tissue. Scale bar 5 2 µm.
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ous methods have been used to increase the sensitivity
of peroxidase tracer techniques and the method de-
scribed by Weinberg and Van Eyck (1991) has been
modified for use in conjunction with the precipitation of
endogenous hydrogen peroxide with cerium ions. In
this technique, tetramethylbenzidine stabilised with
ammonium paratungstate produces a characteristic
crystalline reaction product at the site of enzyme

activity. This is further stabilised by a consecutive
reaction with diaminobenzidine stabilised by the pres-
ence of cobalt ions. This method can be carried out at
the relatively high pH of 6.0, whereas most previous
methods using tetramethylbenzidine required the use
of buffers at much lower pH values (Morrell et al., 1981;
Joosten et al., 1987) or tend to produce very friable final
reaction products (Olucha et al., 1985). In our hands,

Fig. 23. Zero-loss image showing fine granular precipitate on the
endothelial surface and in the cytoplasm of an underlying myocyte.
Scale bar 5 0.5 µm.

Fig. 24. Cerium pre-edge image as in Figure 22. Scale bar 5
0.5 µm.

Fig. 25. Cerium post-edge image as in Figure 22. Scale bar 5
0.5 µm.

Fig. 26. Cerium map produced by subtracting the pre-edge image
from the post-edge image. Cerium deposition is clearly confined to the
endothelial surface. Scale bar 5 0.5 µm.
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the use of phosphate buffer caused frequent artefacts in
the form of fine background precipitation, and the use
of alternative buffers was examined. Several of the
buffers developed by Good (1966) have pKa’s in the
appropriate pH range (Table 1) and they, imidazole
buffer and cacodylate buffer, were tested. The most
satisfactory retention of cerium in solution was found in

ADA, PIPES, or imidazole buffer. Imidazole buffer,
although used in blood-free reperfusion studies (Shlafer
et al., 1990), was rejected as its amino group will react
with glutaraldehyde, destroying its buffering capacity
(Griffiths, 1993). This would necessitate the use of
different buffers for cytochemistry and fixation. PIPES
buffer has the appropriate pH range and is commonly
used to buffer fixatives; therefore, it was selected as the
buffer for use throughout the procedure. The initial
exsanguination step and the exposure to cerium buffer
was carried out at pH 7.2. Briggs et al. (1975) suggested
that spurious precipitates of cerium hydroxide can be
removed by a wash in buffer at pH 6.0, which is the
optimal pH for the subsequent horseradish peroxidase
cytochemistry. After an initial pilot experiment to deter-
mine if fixation at pH 6.0 had any adverse effects on
ultrastructure, all steps after the cytochemical demon-
stration of hydrogen peroxide were carried out at pH
6.0.

X-ray microanalysis was used to confirm the identity
of the reaction products. However, it was not sensitive
to low concentrations of cerium and the best results
were obtained from point analyses and for x-ray maps
when 250–300 nm sections were examined. This has
the obvious disadvantage of reduced spatial resolution
but was necessary to generate a strong x-ray signal.
Electron spectroscopic imaging was much quicker—
elemental maps were obtained in minutes compared
with hours required to generate x-ray maps. The tech-
nique was very sensitive for cerium but less so for
osmium.

In conclusion, the combination of these two tech-
niques allow the simultaneous demonstration of sites of
oxidant stress and vascular permeability. The use of
x-ray microanalysis and electron spectroscopic imaging
complement one another and provide unequivocal iden-
tification of reaction products. The development of fully
quantitative methods of ESI would significantly
strengthen future studies combining these cytochemi-
cal techniques. They should be of particular value to
test the efficacy of exogenously administered antioxi-
dants to the isolated reperfused pig heart model.
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