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ABSTRACT: Under physiologic conditions, brain intracellular pH
(pHi) is maintained at 7.03. Rebound brain intracellular alkalosis has
been observed in experimental models and adult stroke after hypoxia/
ischemia (HI). In term infants with neonatal encephalopathy (NE), an
association exists between the magnitude of brain alkalosis and
neurodevelopmental outcome, and there is increasing evidence to
suggest that alkalosis may be deleterious to cell survival. Activation
of the Na�/H� exchanger (NHE) is thought to be responsible for the
rapid normalization of pHi and rebound alkalosis after reperfusion.
We hypothesized that N-methyl-isobutyl-amiloride (MIA), an inhib-
itor of the NHE, would reduce brain injury in a model of neonatal HI.
Seven-day-old mice underwent left carotid artery occlusion followed
by exposure to 8% oxygen for 30 min (moderate insult) or 1 h (severe
insult). Animals received MIA or saline 8 hourly starting 30 min
before HI. Outcome was determined at 48 h by measuring viable
tissue in the injured hemisphere (severe insult) or injury score and
TUNEL staining (moderate insult). After the severe insult, MIA had
a significant neuroprotective effect increasing forebrain tissue sur-
vival from 44% to 67%. After the moderate insult, damage was
localized to the hippocampus where treatment resulted in a signifi-
cant reduction in injury score and in TUNEL-positive cells. MIA was
also shown to have a significant overall neuroprotective effect based
on injury score after the moderate insult. Amiloride analogues are
neuroprotective when commenced before HI in a mouse model.
(Pediatr Res 59: 227–231, 2006)

Perinatal HI affects approximately one to two per 1000 term
infants per year in the United Kingdom and leads to death

or severe impairment in more than 750 infants annually (1)
Over the past 20 y, studies using phosphorus (31P) and (1H)
proton magnetic resonance spectroscopy (MRS) in both in-
fants with NE (2–4) and experimental models (5,6) have
characterized the biphasic disruption of cerebral energetics
that occurs in the hours after HI. These observations have led
to the concept of a “therapeutic window” after HI, during
which intervention may ameliorate the severity of brain injury.
Recent results from the first randomized trials of mild hypo-
thermia in term infants with NE are promising (7–9); however,
considerable work is still required to optimize cooling strate-

gies in the newborn. Furthermore, there is a growing impres-
sion that optimum neuroprotection may involve the use of
more than one therapy, targeting different parts of the neuro-
toxic cascade.
Under physiologic conditions, brain pHi is maintained at

approximately 7.03; the NHE tightly regulates both pHi and
cell volume by extruding protons from and taking sodium up
into cells (10). A remarkable observation from the studies
employing 31P MRS in infants with NE was that during the
secondary phase of energy decline occurring from 8 to 24 h
after birth, brain pHi was not acidic but alkaline (pHi 7.1–7.4)
(11). Some evidence suggests that excessive activation of the
NHE after HI is responsible for the observed brain intracel-
lular alkalosis (12). Brain intracellular alkalosis has also been
observed in experimental models of adult stroke (13) in which
longer periods of ischemia were associated with earlier and
more prolonged periods of alkalosis (14).
Adult clinical studies have demonstrated brain intracel-

lular alkalosis in areas of chronic infarction after stroke
(15,16) with a significant correlation between brain alkalosis
and subsequent poor clinical outcome (17). We have recently
observed a similar relationship between brain intracellular
alkalosis and the severity of brain injury in term infants
with NE (18). Infants with the most alkaline brain pHi had
more severe changes on magnetic resonance imaging within
the first 2 wk after birth and the worst neurodevelopmental
outcome at 1 y. Interestingly, this brain intracellular alkalosis
was seen to persist for some months in those with the worst
outcome (19).
These observations led to the hypothesis that blockade of

the NHE reduces the severity of brain injury observed after
perinatal HI. To establish a proof of concept, we studied
whether pretreatment with amiloride, a drug known to block
the action of the NHE, is neuroprotective if administered
before an HI insult. We chose MIA because this amiloride
analogue crosses the blood-brain barrier (20), and we stud-
ied the effect of this drug on both moderate and severe HI
insults.
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MATERIALS AND METHODS

Surgery. The animal experiments and care protocols were approved by the
Home Office and were carried out according to the UK Animals (Scientific
Procedures) Act of 1986. Experiments were performed at postnatal day 7 (P7)
on the offspring of adult C57/Bl6 female (Charles River, UK) and males
(Harlan UK) bred inhouse. P7 mice were anesthetized with isoflurane (5%
induction, 1.5% maintenance). The left carotid artery was ligated using an 8-0
polypropylene suture. After a 2-h recovery with their dam, animals were
placed in a warmed chamber (36°C) and exposed to warmed, humidified 8%
oxygen in 92% nitrogen for 30 min (moderate insult) or 1 h (severe insult).

Ten milligrams MIA (Sigma Chemical Co.) was dissolved in 150 �L 350
mmol/L acetic acid and then diluted to 40 mL in 0.9% saline to give a final
concentration of 250 �g/mL. Aliquots were stored at �80°C until required.
Animals were sequentially allocated to receive intraperitoneal injections of
MIA 2.5 mg/kg (10 �L/g) or an equivalent volume of 0.9% saline every 8 h,
starting 30 min before hypoxia.

Tissue preparation. Animals were killed 48 h after HI by intraperitoneal
injection of pentobarbitone and perfused with 30 mL of PBS. The brains were
then removed, postfixed for 1 h by rotating (8 rpm) immersion in 4%
formaldehyde in PBS at 4°C as described previously (21) and then cryopro-
tected for 24 h in a phosphate-buffered 30% sucrose solution. Fixed cryopro-
tected brains were frozen on dry ice, cut on a cryostat into sequential 40-�m
sections, and stored at �80°C until required. Fifteen sections from each
forebrain (200 �m apart) were stained with cresyl violet. In the mild insult
group, five coronal sections per brain (600 �m apart) were stained using
immunohistochemistry for the microglial and macrophage activation marker
using the rat monoclonal 5C6 �M�2 antibody (Serotec) as described previ-
ously (21). Five further coronal sections per brain, with the same spacing,
were stained using Terminal transferase mediated d-UTP nick end labeling
(TUNEL) (Roche). After 15 min of pretreatment with 3% hydrogen peroxide
in methanol to block endogenous peroxidase, sections were stained as de-
scribed previously (22).

Brain volumes. The cresyl-stained sections were scanned and imported
into Optimas image analysis software. The areas of intact staining in the
cortex, hippocampus, striatum, and thalamus were outlined and measured
bilaterally. Surviving brain tissue was calculated by converting the measured
left (injured) and right (uninjured) areas into square millimeters and then
converting to a volume by multiplying by 200 �m. The sum of these volumes
was then used to calculate the percentage of surviving brain tissue as left/right
volume � 100.

Injury score. To analyze the brain injury in tissue without a measurable
infarct, an injury score was devised using the cresyl-stained sections and
immunohistochemistry for 5C6 �M�2 expression, which can be used to
assess microglial activation in areas of tissue damage (23). Scores (Table 1)
were then allocated for each brain region (cortex, hippocampus, thalamus,
striatum) by an observer blinded to the treatment of the individual animal. The
two scores were then added together to give a total 0–7 point injury score.

Cell death. To quantify cell death involving DNA fragmentation the
number of TUNEL-positive nuclei were counted in each brain region. The
sections were also scanned into a computer and the area in which the cells
were counted was measured. The results were expressed as number of
TUNEL positive cells per square millimeter.

Statistics. Statistical significance was assessed using the Student t test
unless otherwise stated.

RESULTS

Severe insult. Twenty animals underwent the severe insult
protocol. Four animals died during the hypoxia (two MIA, two

saline). Four animals died in the subsequent 48 h (one MIA,
three saline). Animals were weighed every 8 h until they were
killed. There was no significant difference in weight between
the two groups at the onset of treatment with 4.43 � 0.30 g
saline (n � 10) versus 4.49 � 0.34 g MIA (n � 10). Both
groups of animals lost weight in the first 24 h after HI:
�0.39 � 0.24 g versus �0.34 � 0.21 g; after this, the weight
then plateaued. There was no significant difference in weight
loss between the two groups during the 48-h period (analysis
of variance [ANOVA]).
The separate regions of the forebrain (cortex, hippocampus,

striatum, and thalamus) showed different sensitivity in their
response to the carotid occlusion and 1 h hypoxia (F3,21 �
47.7, p � 0.05, ANOVA). The effects were particularly severe
in the hippocampus and much milder in the cortex, striatum,
and thalamus. No change was observed in the hypothalamus
or brainstem. There was no significant difference between
litters in their response to the HI.
Pretreatment with MIA resulted in an increase in surviving

brain tissue, from 44% to 67% (p � 0.05) in the affected
forebrain regions, compared with the contralateral side
(Fig. 1). Pretreatment with MIA resulted in an increase in
surviving brain tissue in the cortex from 50% to 76% (p �
0.05) and an increase in the hippocampus from 10% to 19%
(p � 0.05). Treatment also resulted in an increase in tissue
survival in the thalamus from 56% to 64% and an increase in
the striatum from 34% to 47%, but these did not reach
statistical significance (Fig. 2). However, ANOVA common
factor analysis revealed MIA to have a highly significant
overall protective effect against carotid occlusion and 1 h of
8% hypoxia across the different brain regions (F 1,21 � 11.2,
p � 0.05).
Moderate insult. Twenty animals underwent the moderate

insult protocol. Three animals died during the hypoxia (two
MIA, one saline). There was no significant difference in
weight between the two groups at the onset of treatment with

Table 1. Brain injury scoring

Score Nissl (cresyl violet) staining
0 No damage
1 Minimal evidence of damage without evidence of infarct
2 Small infarct, �50% of the affected region
3 Large infarct, �50% of the affected region
4 Total neuronal loss

Score 5C6 (�M�2 integrin) expression
0 No activation
1 Focal activation
2 Mild diffuse activation, occasional phagocytic macrophages
3 Widespread activation, predominant phagocytic macrophages

Figure 1. Effects of MIA after severe HI. (A) Cresyl coronal sections 48 h
after carotid occlusion and 1 h of hypoxia. Note the substantial loss of cortical
tissue and the maintenance of the hippocampal dentate gyrus. The ventral
cortex, amygdala, and hypothalamus appear unaffected. (B) Pretreatment with
MIA resulted in a significant increase in surviving total forebrain hemispheric
tissue expressed as the percentage of the unaffected hemisphere: MIA (n � 7),
saline (n � 5); (n � 7/5). *p � 0.05 (Student t test).
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3.62 � 0.71 g saline (n � 10) versus 3.77 � 0.74 g MIA
(n � 10). Both groups of animals continued to gain weight
over the 48 h after HI, and there was no significant difference
in weight gain between the two groups at 48 h (0.35 � 0.54 g
versus 0.27 � 0.46 g).
Histologic damage was only observed in the hippocampus

with loss of neurons predominantly within CA1 and CA2.
There was a relative preservation of neurons within the den-
tate gyrus. Immunohistochemistry for �M�2 integrin demon-
strated both macrophage activation and the presence of de-
ramified phagocytes in the same regions as histologic damage
(Fig. 3).
Pretreatment with MIA resulted in a reduction in the mean

injury score in the hippocampus, from 3.1 � 1.8 to 0.7 � 1.1
(p � 0.05) and a reduction in the average injury score across
all affected forebrain regions from 1.0 � 0.6 to 0.2 � 0.3
(p � 0.05). Treatment also resulted in reduced injury scores in
the cortex, thalamus, and striatum, but these did not reach
statistical significance (Fig. 4).
After the moderate insult, TUNEL staining only showed

significant DNA fragmentation in CA1 and CA2 of the hip-
pocampus in the injured hemisphere. Occasional TUNEL-
positive cells were seen in other regions such as the dentate
gyrus and cerebral cortex; however, no difference was ob-

served between the injured and contralateral hemisphere or
between treatment groups in other brain regions. Pretreatment
with MIA resulted in a reduction in the average number of
TUNEL-positive within the hippocampus, from 241 � 262
cells/mm2 to 21 � 55 cells/mm2 (p � 0.05) (Fig. 5).

DISCUSSION

Treatment with MIA started before HI ameliorated histo-
logic brain injury at 48 h after HI in a neonatal mouse model.
Importantly in this model, neuroprotection was seen after HI
of varying severity. The results from this study are consistent
with the increasing evidence that NHE blockade may be
beneficial to cell survival after HI. Blockade of the NHE has
previously been shown to confer neuroprotection in adult rats
when administered immediately after focal cerebral ischemia
(24). In a tissue culture model of cerebral ischemia, the
prevention of rebound alkalosis using amiloride after in vitro
HI delayed the onset of injury for as long as the cells remained
acidotic (25). Recent studies in an ex vivo model of neonatal
rat brain slices demonstrated a preservation of brain slice
energetics over several hours in those brain slices exposed to
amiloride; this preservation of brain slice energetics with
amiloride was similar to that observed in brain slices main-

Figure 2. Effects of MIA after severe HI on different forebrain regions.
Treatment with MIA resulted in a significant increase in cortical (p � 0.05)
and hippocampal (p � 0.05) tissue expressed as a percentage of unaffected
hemisphere but not in the thalamus and striatum (n � 7/5).

Figure 3. Sequential coronal sections stained with Nissl (A) and immuno-
histochemistry for �M�2 integrin (B) in the hippocampus after carotid
occlusion and 30 min of hypoxia. Mild neuronal loss is seen in CA1 (arrow),
immunohistochemistry reveals macrophage activation and presence of de-
ramified phagocytes (dashed arrows). Note the activation in CA1 and CA4
with maintenance of CA2 and dentate gyrus (DG).

Figure 4. Effects of MIA after moderate HI on different forebrain regions.
Treatment with MIA (2.5 mg/kg) resulted in a significant decrease in average
injury score (p � 0.05) and in the hippocampus (p � 0.05). A neuroprotective
trend was seen in the cortex thalamus and striatum n � 9/7 (Student t test).

Figure 5. Effects of MIA on TUNEL-positive cells within the hippocampus.
(A) TUNEL-stained cells in the CA1 of the hippocampus (arrows); note
occasional TUNEL-positive cells within the dentate gyrus (DG). (B) Pretreat-
ment with MIA results in a significant reduction in TUNEL-positive cells, n
� 9/7, *p � 0.05 (Student t test).
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tained under hypothermic conditions (26). Further in vivo
studies in neonatal models are required to demonstrate
whether amiloride retains its neuroprotective effect when
treatment is commenced after HI and whether its neuropro-
tective effect is enhanced in combination with other strategies
such as hypothermia.
In this study, the dose of 2.5 mg/kg MIA was selected as a

similar dose in adult rats has been shown to cross the blood-
brain barrier and to be a potent inhibitor of the NHE (20). The
absence of enhanced weight loss in MIA-treated animals
suggests that, at this dose, the drug is nontoxic and well
tolerated. As amiloride is currently used on occasion in the
clinical setting as a potassium-sparing diuretic and is not
teratogenic or toxic, it may be possible in the future to use
amiloride analogues clinically, especially if they retain their
neuroprotective effects when given after HI. However, as
amiloride crosses the placenta, it also may be possible to
administer it to high-risk mothers before delivery to provide
protection from brain injury during reperfusion.
One of the mechanisms by which amiloride is neuroprotec-

tive may be by preventing rebound brain intracellular alkalosis
through blockade of the NHE. Mild acidosis (both extra- and
intracellular) during reperfusion after transient HI has previ-
ously been shown to protect the brain (27,28). An alkaline
brain pHi may exacerbate injury during secondary energy
failure by various mechanisms: alkaline pHi exacerbates ex-
citotoxic neuronal injury due to increased N-methyl-D-
aspartate activation (29,30) and activation of phospholipases
and proteases, which have an alkaline pKa (31). Inhibition of
the NHE has been shown to block phospholipase activation in
the ischemic/reperfused rat cerebral cortex as a consequence
of its stabilizing effect on acidotic pHi and preventing alkalo-
sis (32). Changes in pHi result in alterations of the delicate
balance of pro- and antiapoptotic triggers in mitochondria.
Alkalinization has been shown to (i) activate Bax (a proapop-
totic protein), inducing its mitochondrial translocation (33);
(ii) inhibit the import of adenosine diphosphate into mitochon-
dria, which impairs the synthesis of adenosine triphosphate
(34), and (iii) transform the mitochondrial permeability tran-
sition pore into a high conductance state, a critical step leading
to cell commitment to death (35).
Further mechanisms of neuroprotection by amiloride may

relate to a reduction in energy consumption and calcium influx
into the cell. As well as influencing pHi, the excessive action
of the NHE after HI leads to an increase in intracellular Na�

concentration and subsequent activation of the Na�/K�

ATPase, consuming cellular energy. The high intracellular
Na� level also activates the sarcolemmal Na�/Ca2� antiporter
leading to an increase in intracellular Ca2� (10,36). This
calcium overload leads to a variety of deleterious effects
including mitochondrial accumulation of calcium, activation
of proteolytic enzymes, free radical production, and lipolysis.
In addition to these direct effects on neuronal pHi and ion

transport, it is also possible that the neuroprotective effects of
amiloride may be mediated through interaction with other cell
types, including blood vessel endothelia, astrocytes, and neu-
trophil granulocytes. An amelioration of endothelial cell dys-
function after transient ischemia has been observed with NHE

inhibition (37). NHE inhibition was also associated with
reduced blood-brain barrier disruption, improved postisch-
emic perfusion, and neuroprotection (37). In astrocyte cul-
tures, oxygen and glucose deprivation resulted in a large
increase in intracellular sodium and an increase in cell volume
(10). NHE inhibition or genetic ablation of NHE1 reduced the
increase in intracellular sodium and astrocyte swelling (38).
Finally, NHE inhibition influences neutrophil granulocytes,
which are known to invade central nervous system tissue after
direct trauma or ischemia (39). Neutrophil chemotaxis is
associated with cytoplasmic alkalinization; such chemotactic
behavior is inhibited by NHE disruption or amiloride (40,41).
Following phagocytosis, neutrophils undergo an NHE-
mediated rebound alkalosis that is associated with an increase
in the generation of superoxide radicals (41,42). The precise
neutrophil pHi after phagocytosis is believed to play a pivotal
role in the regulation of neutrophil apoptosis (43). The role of
neutrophils in the generation of brain injury is further empha-
sized by a study of neonatal rats that were rendered neutro-
penic with an antineutrophil serum and that displayed a 70%
reduction in brain swelling after HI injury (39). Interestingly,
our preliminary data show an 80% reduction in the neutrophil
count in the amiloride-treated animals (Kendall and Raivich,
unpublished). It is still unclear, however, whether this is the
direct effect of amiloride or secondary to brain injury amelio-
ration. Nevertheless, all three cell types, endothelia, astro-
cytes, and the newly recruited blood-borne neutrophil granu-
locytes, may provide additional nonneuronal targets for a
neuroprotective action of NHE inhibitor drugs such as amilo-
ride.
Our findings support the increasing in vitro, ex vivo, and in

vivo evidence that NHE blockade with resultant delay in the
rapid return of pHi and prevention of rebound alkalosis may be
beneficial to cell survival after HI and may therefore represent
a potential useful therapeutic intervention in the future. Fur-
ther in vivo studies in neonatal models are required to dem-
onstrate whether amiloride retains its neuroprotective effect
when treatment is commenced after HI and whether its neu-
roprotective effect is enhanced in combination with other
strategies such as hypothermia.
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