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Abstract
This study investigated whether both mild and severe
hypoxia-ischaemia (HI) caused significant numbers of cells
to die by apoptosis in the developing brain in vivo. Newborn
piglets were subjected to transient global HI and the fraction of
all cells in the cingulate gyrus that were apoptotic or necrotic
counted48 hafter resuscitation.Themean(S.D.)proportion of
apoptotic cells was 11.9% (6.7%) (sham operated controls
4.1% (2.7%)), while 11.4% (8.4%) were necrotic (controls 0.7%
(1.3%)) (P50.05). Apoptoticand necroticcell counts were both
linearly related to the severity of impaired cerebral energy
metabolism measured by magnetic resonance spectroscopy
(P50.05), as shown by: (1) the decline in the ratio of nucleotide
triphosphates to the exchangeable phosphate pool during HI;
(2) the fall in the ratio of phosphocreatine to inorganic
phosphate 8 ± 48 h after HI; and (3) an increased ratio of lactate
to total creatine at both these times. Thus both apoptosis and
necrosis occurred in the cingulate gyrus after both severe and
mild HI in vivo in proportion to the severity of the insult.

Keywords: brain; newborn; apoptosis; MRS; cerebral energy
metabolism

Abbreviations: HI, Hypoxia-ischaemia; MRS, Magnetic
resonance spectroscopy; Lac, Lactate; Cr, Total creatine-
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Nucleotide triphosphates; pHi, Intracellular pH; ISEL, in situ
end-labelling of fragmented DNA

Introduction

The changes in cerebral energy metabolism associated with
hypoxia-ischaemia (HI) to the developing brain are complex.
During HI there is a decline in the cerebral concentration of
high energy phosphates and an increase in cerebral lactate

(Lac) concentration that recovers soon after resuscitation.
However, despite restored substrate delivery, some 8 ± 12 h
later a delayed phase of reduced phosphorylation potential
and increased Lac concentration begins (Vannucci et al,
1994; Lorek et al, 1994; Penrice et al, 1997; Azzopardi et al,
1989; Martin et al, 1996; Hanrahan et al, 1996). The degree of
delayed impairment of cerebral energy metabolism predicts
the severity of later neurodevelopmental impairment in
newborn human infants (Roth et al, 1992), and also the
severity of histological injury in newborn piglets (Mehmet et al,
1994; Yue et al, 1996) and rat pups (Blumberg et al, 1996).

Apoptosis has been detected in the brains of several
mammalian species, including human infants, after HI
(Linnik et al, 1993; MacManus et al, 1993, 1995; Mehmet
et al, 1994; Li et al, 1995; Beilharz et al, 1995; Chariaut-
Marlangue et al, 1995; Edwards et al, 1997; Yue et al,
1996). Recent in vitro data have stressed the role of energy
metabolism and the mitochondria in controlling apoptosis
(Liu et al, 1996; Yang et al, 1997), but suggested that
apoptosis results from a mild cellular insult, while severe
stress induces necrosis (Ankarcrona et al, 1995; Bonfoco et
al, 1995). If these results also applied to intact brain in vivo,
they would have important implications for the development
of neural rescue therapies. However a preliminary
quantitative study of the brains of newborn piglets in vivo
found that the more severe the HI, the greater the increase
in apoptosis (Mehmet et al, 1994).

This led us to investigate quantitatively the relations
between apoptosis, necrosis and the severity of HI to the
intact developing brain in vivo. The aim of the study was to
determine whether both mild and severe HI caused
significant numbers of cells in the developing brain to die
by apoptosis.

The study used a porcine model of neonatal hypoxic-
ischaemic cerebral injury in which cerebral energy
metabolism was observed by 31P and 1H magnetic
resonance spectroscopy (MRS) both during HI and during
the delayed period of energy depletion. Measurements
were made of 4 MRS variables:
(1) The ratio of phosphocreatine to inorganic phosphate

([PCr]/[Pi]) was measured by 31P MRS as the most
sensitive indicator of cerebral phosphorylation potential
during the delayed phase of injury.

(2) 31P MRS was also used to measure relative concentra-
tions of nucleotide triphosphates (NTP), which consist
mainly of ATP, expressed as a fraction of the total
exchangeable phosphate pool [EPP], which was de®ned
as the sum of the phosphorylated metabolites most
directly involved in energy metabolism and derived from
the equation [EPP]=[Pi]+[PCr]+[(a+b+g)-NTP]. This
provided the best available index of falling [ATP]. The
time integral of the decline in [NTP]/[EPP] was used as
a measure of the severity of the acute insult during HI
and in the ®rst hour after resuscitation.

(3) In four sham-operated control piglets and ®ve of the HI
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group glycolytic metabolism was observed by 1H MRS
measurements of the peak-area ratio of Lac to total
creatine (Cr), which comprised of Cr and PCr (Cady,
1994).

(4) Intracellular pH (pHi) was measured to con®rm the
expected difference between acute HI when pHi is low,
and delayed dephosphorylation when it is almost normal
or increased. The Henderson-Hasselbach relationship
was applied to determine pHi from the chemical shift of
Pi relative to PCr (Petroff et al, 1985).

Apoptosis and necrosis were quantitated 48 h following
HI by classifying and counting dead cells on the basis of
morphology. The quantitative relations between modes of
cell death and impaired cerebral energy metabolism were
then examined.

Results

MRS measurements of hypoxia-ischaemia

Carotid artery occlusion and hypoxia was continued for mean
60.6 (S.D. 11.0) min. MRS data obtained from experimental
subjects and controls are given in the Table. During HI [PCr]/
[Pi], [NTP]/[EPP] and pHi became significantly lower, and Lac/
Cr significantly higher, than baseline or in control subjects. As
in previous reports (Lorek et al, 1994), these variables all
returned close to baseline and control values upon
resuscitation (data not shown). During the following 48 h

[PCr]/[Pi] and [NTP]/[EPP] declined to levels significantly
lower than baseline or control values, and Lac/Cr became
significantly greater than baseline or controls. As expected,
these MRS variables were significantly correlated to each
other. pHi did not decline during the secondary phase of
injury, remaining similar to baseline and control values.

Cellular morphology

Forty-eight hours after transient HI light microscopy demon-
strated both apoptotic and necrotic cells in the crest and sulcus
of the cingulate gyrus. The distribution of dead cells was non-
uniform, and apoptotic and necrotic cells were characteristi-
cally seen next to each other in the same field (Figure 1A).

Electron microscopy showed that apoptotic cells typically
contained electron dense nuclei (Figure 1B). Occasionally
chromatin `caps' could be detected, with the nuclear
envelope becoming somewhat dilated. The cytoplasmic
volume of apoptotic cells was generally reduced and
organelles, although intact, were tightly packed together
in a distinctive fashion. In contrast, necrotic cells often
displayed a significant increase in cytoplasmic volume
accompanied by a loss in the integrity of all cellular
membranes. The nuclear envelope of a necrotic cell was
typically ruptured, resulting in the leakage of chromatin into
the cytoplasm, where swelling of mitochondria and
endoplasmic reticulum and the appearance of numerous
large vacuoles were also clearly visible (Figure 1C).

A B C

Figure 1 Histological appearance of cells in the cingulate gyrus of a newborn piglet 48 h following hypoxic-ischaemic injury. (A) Paraffin sections (5 mM) stained
with haematoxylin and eosin, containing cells with the typical morphological characteristics of apoptosis (arrow) or necrosis (arrowhead). Magnification: 6230. (B)
Electron micrograph of a cortical neuron undergoing apoptosis, showing characteristic cytoplasmic shrinkage and condensation of chromatin within the nucleus.
Magnification: 65280. (C) Electron micrograph of a cortical neurone undergoing necrosis, showing an enlarged nucleus containing dispersed chromatin and the
widespread disruption of organelles within the cytoplasm. Magnification: 62650

Table 1

pHi pHi pHi 0$
tD[NTP]/ [PCr]/[Pi]min [Lac]/[Cr] max [Lac]/[Cr] max [Lac]/[Cr] max

(before HI) (during HI) (48 h after HI) [EPP]dt (after HI) (before HI) (during HI) (48 h after HI)

HI
Control
HI v Controls

7.05 (0.03)
7.032 (0.22)

NS

6.176 (0.57)
±

p<0.05*

7.07 (0.07)
7.06 (0.02)

NS

0.091 (0.04)
0

p<0.05

0.62 (0.51)
1.14 (0.45)

p<0.05

0.22 (0.18)
0.27 (0.21)

NS

1.96 (0.95)
±

p<0.05*

1.733 (0.94)
0.142 (0.09)

p<0.05

Indices of cerebral energy metabolism before, during and after hypoxia-ischaemia measured by magnetic resonance spectroscopy, given as mean (standard deviation).
HI=hypoxia-ischaemia; pHi=intracellular pH; 0$

tD[NTP]/[EPP]dt=time integral of the fall in the ratio of nucleotide triphosphate to exchangeable phosphate pool; [PCr]/
[Pi]min=minimum ratio of phosphocreatine to inorganic phosphate recorded during delayed phase of impaired energy metabolism; Lac/Cr max=maximum value of the
ratio lactate to total creatine. *=signi®cant difference between HI value, and both control and HI group baseline values (P<0.05)
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Quantitation of cell death

In animals subjected to HI the mean proportion of apoptotic
cells was 11.9% (S.D. 6.7%), and a similar proportion, 11.4%
(8.4%), was necrotic. Significantly fewer dead cells were seen

in sham operated controls, where 4.1% (2.7%) of cells were
apoptotic, and 0.7% (1.3%) necrotic (P50.05). A small
number of cells, always fewer than 10% of the total cell
count, were of indeterminate morphology and these were
excluded from counting.
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Figure 2 Relations between the proportions of cell death in the cingulate gyrus and energy depletion during hypoxia-ischaemia (HI). Column 1: the relation
between the time integral of the fall in the ratio of nucleotide triphosphate: exchangeable phosphate pool (0$

tD[NTP]/[EPP]dt) and apoptosis (A), necrosis (C), and
total cell death (E). Column 2: the relation between the ratio of lactate to creatine ([Lac]/[Cr]) and apoptosis (B), necrosis (D), and total cell death (F). Symbols: open
circles, sham-operated controls; filled circles, hypoxic-ischaemic group. Some data points are superimposed. Least-square linear regression lines are shown
(P50.025)
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Relations of cell death and impaired cerebral
energy metabolism

The proportions of apoptosis, necrosis and total cell death
were all significantly related to the severity of HI, measured as

the time integral of the fall in [NTP]/[EPP] (Figure 2A, C, E)
and the maximum value of Lac/Cr observed during HI (Figure
2B, D, F) (P50.05).

Total cell death, apoptosis and necrosis were also
significantly related to the severity of delayed energy
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Figure 3 Relations between the proportions of cell death in the cingulate gyrus and energy depletion during the delayed phase of injury. Column 1: the relation
between the concentration ratio of phosphocreatine to inorganic phosphate ([PCr]/[Pi]) and apoptosis (A), necrosis (C), and total cell death (E). Column 2: the
relation between the ratio of lactate to creatine ([Lac]/[Cr]) and apoptosis (B), necrosis (D), and total cell death (F). Symbols: open circles, sham-operated controls;
filled circles, hypoxic-ischaemic group. Some data points are superimposed. Least-square linear regression lines are shown (P50.025)
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failure, measured by the nadir of the ratio [PCr]/[Pi] (Figure
3A, C, E) and the ratio Lac/Cr 48 h after the resuscitation
(Figure 3B, D, F (P50.025).

There was also a significant inverse linear relation
between the proportion of all cell death that was due to
apoptosis, and the severity of HI (P50.025). In subjects
with very mild insults apoptosis accounted for almost all cell
death, while the proportion fell progressively with more
severe HI so that in subjects enduring the most severe
dephosphorylation necrosis accounted for approximately
half of all cell death (Figure 4).

In six of the subjects the number of apoptotic cells was
also estimated by counting the number of cells that
demonstrated in situ end labelling of fragmented DNA
(ISEL). Although the proportion of ISEL positive cells was
always less than the number of morphologically apoptotic
cells, there were significant relations between both the
severity of HI and delayed energy impairment measured by

MRS, and the fraction of apoptotic cells estimated by ISEL
(P<0.025). This is shown in Figure 5.

Discussion

This study showed linear relations between the severity of
impaired cerebral energy metabolism both during and after HI,
and the number of both apoptotic and necrotic cells in the
cingulate gyrus. HI severe enough to reduce cerebral high
energy phosphate concentrations to approximately zero was
associated with the highest numbers of apoptotic cells. Very
little necrosis was seen in controls or after mild HI, but
approximately 50% of cells were necrotic after severe
dephosphorylation. Apoptosis was more prominent in
controls and after mild insults; the relative increase in
controls is most likely due to the effects of prolonged periods
of anaesthesia and ventilation while lying in the bore of the
spectrometer, where perfect maintenance of physiological
care is difficult and mild cerebral hypoxia-ischaemia is not
unlikely.

Morphological analysis

Apoptosis and necrosis occur together in many brain regions
following HI in the newborn piglet (Yue et al, 1996). The
cingulate gyrus was selected for study because it forms a
large proportion of the volume of interest within the volume of
interest of the MR coil and thus contains the tissue from which
the MR spectra are derived, but also because this region is
susceptible to hypoxic-ischaemic injury (Yue et al, 1996).

Apoptosis and necrosis were distinguished by light
microscopic analysis with H&E staining using standard
morphological criteria. Electron microscopy confirmed
apoptosis and necrosis at the sub-cellular level. Nuclear
changes in apoptotic cells contrasted with those seen in
necrosis. Cytoplasmic changes were less easy to interpret
since the cytoplasm of healthy cells was comparatively
electron dense, but characteristic cytoplasmic vacuoles
without organelle degradation were observed in apoptotic
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cells, while necrotic cells showed marked subcellular
disintegration.

The present study did not type the dead cells, although
some apoptotic cells could be provisionally characterised
by simple morphology, and on this basis apoptosis
appeared to occur in neurons, glia and endothelial cells.
Further studies to characterise the susceptible cell lineages
using immunocytochemical techniques are in progress.

In previous studies we have used in situ end-labelling
(ISEL) of fragmented DNA to detect apoptotic cells. We
demonstrated by this technique that pyknotic cells with
reduced cytoplasm contained fragmented DNA, thus
showing that the dense nuclear basophilia seen in these
cells was due to apoptosis and was not artefactual.
However, although a similar relation between ISEL-positive
cells and impaired energy metabolism was found, the total
numbers of cells detected by ISEL was less than using
H&E and morphological criteria (Mehmet et al, 1994).
Neither the single-strand or double-strand DNA polymerase
method was able to detect all apoptotic cells without
additional consideration of cell morphology. In particular,
many karyorrhectic cells which were clearly apoptotic were
not labelled, probably due to DNA degradation or
packaging. A few necrotic cells were also labelled using
this method. Other studies have found similar inconsisten-
cies with end-labelling methods (Ravirajan et al, 1996). The
results of the present study confirmed that ISEL detected
fewer cells as apoptotic than morphological analysis, but
also showed that there was a significant relation between
the fraction of ISEL positive cells and the severity of
cerebral injury measured by MRS.

Cerebral energy metabolism

The porcine model of hypoxic-ischaemic injury reproduced
the metabolic derangements seen after human perinatal HI
(Azzopardi et al, 1989; Martin et al, 1996; Hanrahan et al,
1996): reduced concentrations of high energy phosphates
and increased Lac were observed during HI and again during
a delayed phase of injury; pHi fell during HI but not during
delayed energy depletion (Lorek et al, 1994; Penrice et al,
1997). The metabolic consequences of HI were variable,
providing a dynamic range of injury from moderate to very
severe which was precisely quantitated by MRS. The decline
in [PCr]/[Pi] seen in the more severely affected subjects was
similar to that seen in infants who develop major neurodeve-
lopmental impairment or die following birth asphyxia,
confirming that HI was severe in these animals (Azzopardi
et al, 1989).

Both [PCr]/[Pi] and [NTP]/[EEP] gave measures of the
severity of impairment of oxidative phosphorylation. As the
creatine kinase reaction preserves [NTP] at the expense of
[PCr], [NTP]/[EPP] gave a more sensitive index of the
severity of the acute insult because [PCr] fell to zero.
Although use of [NTP]/[EPP] has a potential complexity in
that a short severe insult could theoretically give a similar
numerical value to less severe but prolonged depho-
sphoryation, the similarity of insult duration between
subjects shows that this is not a confounding variable in
this study. During delayed injury [NTP]/[EPP] was relatively

preserved and thus [PCr]/[Pi] was the better index of
impaired energy metabolism.

[Lac]/[Cr] increased during both phases of injury. The Cr
peak includes both creatine and PCr and although the
relative concentration of the components may change in a
complimentary fashion following HI according to the
creatine kinase reaction, total Cr should remain constant
and is the best reference metabolite (Cady, 1994). The
increase in [Lac]/[Cr] was thus due to an increase in Lac
produced by glycolysis during ATP production. During HI
this can be accounted for by deprivation of oxygen and was
accompanied by intracellular acidosis. However in the
secondary phase of injury high [Lac]/[Cr] together with
normal or slightly alkaline pHi is consistent with a relatively
reduced intracellular redox state and a high NADH/NAD+

ratio. Together with decreased [PCr]/[Pi] this demonstrates
a significant impairment of mitochondrial function.

Relations between energy metabolism and the
mode of cell death

Mitochondria play a complex role in the control of apoptosis.
They participate directly in the apoptotic pathway as the site of
action of CED-9/Bcl-2, CED-4 and CED-3/caspase activity
and interaction (Chinnaiyan et al, 1997; Wu et al, 1997; Yang
et al, 1997). Intracellular signals that induce mitochondrial
membrane permeability transition may lead to release of
cytochrome-c or apoptosis inducing factor which allows
apoptosis to complete (Liu et al, 1996; Marchetti et al,
1996). High levels of Pi may promote membrane permeability
transition (Kowaltowski et al, 1996).

However, mitochondrial ATP generation seems to be
required for apoptosis to proceed (Wallen Ohman et al,
1993; Richter et al, 1996; Liu et al, 1996). Glutamate
treatment of cerebellar granule neurons leading to
persistent energy depletion causes rapid necrosis, but
cells that recover mitochondrial function undergo apoptosis
some hours later (Ankarcrona et al, 1995). These and other
results obtained in vitro have suggested that a severe
mitochondrial injury or ATP depletion in neural cells leads
to necrosis, while a less intense stress induces apoptosis
(Bonfoco et al, 1995).

Nevertheless, in vivo although necrosis became frequent
after severe HI, the amount of apoptosis also increased
and still accounted for approximately 50% of total cell death
even after the most profound [NTP] depletion. This may be
related to several factors. First, MRS data gave an
integrated measure of energy metabolism, and did not
detect heterogeneity in cell responses. Regional differences
in physiological variables, such as: the matching of blood
flow to energy requirements; the development of neuro-
transmitter systems and metabolic pathways; or cellular
antioxidant capacity probably led to variability in the
severity of injury within the brain. Our results are thus not
incompatible with studies in vitro. Second, cell death
sufficient to cause tissue destruction might impede
substrate delivery to cells in the process of apoptosis,
causing secondary necrotic death before the apoptotic
programme could complete. The numbers of apoptotic cells
observed may thus have represented a minimum number,
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and the true number of cells triggered to undergo apoptosis
might have been considerably higher. Third, HI triggers
multiple complex mechanisms within intact tissue that may
be difficult to replicate in cell culture. For example,
extracellular glutamate concentrations increase not only
during HI, but again during the delayed phase of injury, and
the pathological effects may be different during these
different periods of injury (Tan et al, 1996; Szatkowski
and Attwell, 1994). Fourth, the loss of cells by necrosis
might remove trophic support for other cells and precipitate
them to apoptosis. For all these reasons it is not surprising
that apoptosis and necrosis were frequently observed
together.

These results show that apoptosis can be a quantita-
tively important consequence of severe as well as
moderate HI in the developing brain. Since apoptosis is
an active process that may be prevented by intervention
before the commitment point, therapeutic intervention
following perinatal HI might profitably be directed towards
interrupting the apoptotic cascade.

Materials and Methods

Surgical preparation

Thirteen healthy term Large White piglets were studied on the first day
of life. The experimental details for this model of transient global HI
have been described elsewhere (Lorek et al, 1994). Briefly, after
anaesthesia with midazolam, isoflurane and nitrous oxide a
tracheostomy was formed amd mechanical ventilation established.
Both common carotid arteries were isolated by remotely controlled
vascular occluders (OC2A, In Vivo Metric, California, USA). Full
circulatory and ventilatory support was provided for 48 h, with rectal
temperature maintained between 38 and 398C, which is normal for
piglets. Eight animals were subjected to HI, and the remaining five
were studied as sham-operated controls.

31P and 1H magnetic resonance spectroscopy

Animals were positioned within the 21 cm bore of a 7T Bruker Biospec
(Bruker Medizintechnik, Karlsruhe, Germany) operating at 121.6 MHz
for 31P and 300.4 MHz for 1H. Spectra were acquired continuously
using a 25 mm-diameter double-tuneable surface coil centred on the
intact scalp over the parietal lobes. Details of the MRS techniques
used have been described in detail elsewhere (Lorek et al, 1994;
Penrice et al, 1997).

Cerebral hypoxia-ischaemia

Once baseline measurements were completed cerebral HI was
induced by occluding the carotid arteries and simultaneously reducing
the FiO2 to 12%. When [PCr]/[Pi] was either zero or very close to zero
and [NTP]/[EPP] had fallen below 30% of baseline piglets were
resuscitated by releasing the carotid occluders and providing an
inspired oxygen concentration appropriate to normalise the arterial
oxygen tension. The extent of acute cerebral energy depletion was
quantified by the time integral of the decline in [NTP]/[EPP] during HI
and in the first hour after resuscitation. Full intensive care and general
anaesthesia were continued for a further 48 h from cerebral
resuscitation, during which time interleaved 31P and 1H MRS
observations were made repeatedly.

Harvesting and storage of tissue

At the end of the experiment animals were sacrificed by an overdose
of anaesthetic and the carotid arteries cannulated immediately.
Brains were perfused through these vessels with 100 ml phosphate
buffered saline (PBS) followed by 100 ml 1% paraformaldehyde in
PBS, surgically removed and fixed in 1% paraformaldehyde for 16 h
at 48C, then washed and transferred to a 15% (w/v) sucrose solution
(in PBS) for storage at 48C prior to mounting in paraffin blocks. In two
animals tissue was taken from the cingulate prior to perfusion and
placed in 2% gluteraldehyde (in PBS) for electron microscopic
analysis.

Histological examination and cell counting

Coronal paraffin sections (5 mm) were cut and mounted on glass
slides which had been coated with 2% 3-aminopropyltriethoxysilane
(Sigma, Poole, Dorset, UK). Sections of the cerebral cortex
containing the cingulate gyrus were dewaxed, rehydrated and
stained by Cole's Haematoxylin and Eosin (H&E). The proportions
of cells dying by apoptosis or necrosis were quantitated
independently by an observer unaware of the experimental data.
Counting was done usine a 640 objective and an eyepiece graticule
with 100 grid squares (Olympus, Tokyo, Japan). Twenty fields were
evaluated: ten to include the superficial cortex (layers II and III) and
ten to include deeper layers (IV, V and VI) and a minimum of 1000
nuclei were counted. Apoptotic cells were identified using the
following morphological criteria (Wyllie and Duvall, 1992): (1)
intense, uniform nuclear basophilia; (2) chromatin condensation with
nuclear shrinkage and pyknosis or (3) fragmentation of the nucleus
into several rounded and uniformly densely basophilic masses
(karyorrhexis). Necrotic cells were identified by the following
morphological criteria: (1) intense cytoplasmic eosinophilia with; (2)
reduced plasma and nuclear membrane integrity; or (3) dispersion of
chromatin as a fine web into the cytoplasm, usually associated with
increased cell volume. Cells showing irregular chromatin condensa-
tion at the nuclear periphery were excluded as indeterminate. The
number of apoptotic or necrotic cells were expressed as the
percentage of the total nuclei counted.

In situ end labelling (ISEL) was carried out essentially following the
protocol of Ansari et al (1993) with the following modifications. Paraffin
sections adjacent to HE stained sections were dewaxed, rehydrated
and digested with 10 mg ml71 proteinase K (Sigma, Poole, UK) at
room temperature (RT) for 15 min. The end labelling mix (500 ml per
section) contained 10 mM each of d-GTP, d-TTP and d-ATP and 4 mM
biotin-14-dATP (Gibco BRL, Paisley, Scotland) in 50 mM Tris-HCl
buffer (pH 7.5) supplemented with 5 mM MgCl2, 10 mM 2-mercap-
toethanol, 0.005% bovine serum albumin (fraction V, Sigma) and the
Klenow fragment of DNA polymerase I (Pharmacia Biotech, Milton
Keynes, UK) at 5 units/ml. Sections were incubated for 2 h at 378C in
humid chamber and the reaction was terminated by sequential washes
in deionised water (three times) and 10 mM PBS (once). To block
endogenous peroxidase, sections were immersed in 0.3% H2O2/PBS
for 15 min at RT followed by four washes in PBS. Incorporated
biotinylated nucleotides were detected with horseradish peroxidase
(HRP) using a commercial kit (Vectastain, from Vector Laboratories,
Peterborough, UK). Sections were then counterstained with Mayer's
haematoxylin and mounted in DPX. For negative controls, Klenow
Fragment of DNA polymerase I was omitted from the nucleotide
mixture. For ISEL counts, apoptotic cells were defined as those with
both the morphological characteristics described above and where the
nucleus was HRP-positive.
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Electron microscopy

Fresh tissue samples not exceeding 1 mm3 in volume were fixed in 2%
gluteraldehyde in PBS for 2 h at 48C. After washing in PBS, tissues
were osmicated and dehydrated in acidified DMP before routine
embedding in Taab resin. One mm sections were cut and stained with
toluidine blue for observation by light microscopy. Following selection
of relevant blocks, ultra thin sections of approximately 100 nm were
collected on nickel grids and stained with uranyl acetate and lead
citrate for electron microscopic examination (Philips, CM-10,
Eindhoven, Netherlands).

Statistical considerations

Data distributions were investigated for normality, and parametric or
non-parametric tests used as appropriate. Differences between group
means were tested by analysis of variance with Student-Newman-
Keul's or Dunn's multiple comparison test. Relations between
continuous variables was tested by linear regression analysis when
appropriate. It was predicted a priori that there would be significant
multicollinearity between MRS measures of energy metabolism which
interrogated the same biological process. Consequently multivariate
linear regression analysis was not performed, instead the informative
univariate analyses are presented, and because of this significance
testing was only regarded as significant if the value of p was less than
0.025.
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