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1 The e�cacy of the free radical trapping agent NXY-059 in reducing the infarct volume following
both transient and permanent focal ischaemia has been examined in rats.

2 In the transient ischaemia model, rats were subjected to a 2 h occlusion of the middle cerebral
artery (MCA). Intravenous infusion of NXY-059 (1, 10 and 30 mg kg71 h) for 21.75 h starting
2.25 h after the occlusion, produced a dose-dependent decrease in both neurological impairment and
the histologically measured infarct volume (a mean 59% decrease at 10 mg kg71 h).

3 In the permanent ischaemia model, animals were injected (s.c.) with a loading dose of NXY-059
of 32.5, 53.8 or 75.4 mg kg71 and osmotic minipumps were implanted which had been primed to
deliver respectively 30, 50 or 70 mg kg71 h. When treatment was initiated 5 min after MCA
occlusion there was a dose dependent protection of both cortical and sub-cortical tissue (cortex: 63%
at the mid-range dose). Protection was related linearly to plasma concentration (plasma unbound
NXY-059 concentration at 1 h: 37+16 mmol l71 at the mid-range dose).

4 When the mid range dose was administered between 5 min ± 4 h after MCA occlusion, a marked
and statistically signi®cant protection was seen at all time points (44% protection in cortex at 4 h).

5 These data demonstrate the substantial neuroprotective e�cacy of NXY-059 at plasma
concentrations that can be achieved clinically and indicate that NXY-059 also has a therapeutic
window of opportunity that is clinically relevant.
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Introduction

There is substantial evidence that one of the major

mechanisms involved in neuronal cell death following an
ischaemic insult is free radical mediated neurotoxicity (Schulz
et al., 1995a; Facchinetti et al., 1998). This suggests that

compounds that trap free radicals should be a valid
therapeutic approach to the treatment of acute ischaemic
stroke and there is good experimental evidence to support

this contention. The free radical trapping nitrone compound
a-phenyl-N-tert-butylnitrone (PBN) attenuates the neuronal
damage produced in rodents by a period of cerebral

ischaemia. This was ®rst demonstrated in the gerbil model
of global ischaemia (Oliver et al., 1990; Phillis & Clough-
Helfman, 1990). Subsequent studies demonstrated the e�cacy
of this compound in focal models of ischaemia involving

occlusion of the middle cerebral artery (MCA). PBN
markedly reduced infarct volume in the rat model of transient
focal ischaemia (Kuroda et al., 1996; Zhao et al., 1994) and

Cao & Phillis (1994) also demonstrated e�cacy following

permanent MCA occlusion.
The structurally related nitrone NXY-059 (disodium 4-

[(tert-butylimino) methyl] benzene-1, 3-disulphonate N-oxide)

is more water soluble than PBN and has recently been
examined in a rat transient MCA occlusion model (Kuroda et
al., 1999). This study examined the e�ect of NXY-059 on

infarct size in rats, measured by use of 2,3,5-triphenylte-
trazolium chloride (TTC) staining and the e�ect of treatment
on the functional consequences of the ischaemic insult by use

of a neurological assessment score (Bederson et al., 1986).
Kuroda et al. (1999) showed that NXY-059 had greater
e�cacy than PBN in the transient MCA occlusion model
using both infarct size and neurological de®cits as outcome

measures. This study also demonstrated that NXY-059 had a
large window of therapeutic opportunity, being e�ective even
when given 5 ± 8 h after the onset of ischaemia, which is 3 ±

6 h after the start of recirculation (Kuroda et al., 1999).
The Kuroda et al. (1999) study did not measure the plasma

drug concentration required for neuroprotection. We have,
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therefore, now undertaken a study to examine the dose-
response characteristics of NXY-059 in a transient MCA
occlusion model and also to examine the plasma concentra-

tion of NXY-059 required to produce e�ective neuroprotec-
tion. This part of the study was performed by administering
the drug by continuous intravenous infusion as had been
performed by Kuroda et al. (1999).

In addition we have now examined the e�ect of NXY-059
on cerebral infarct volume following permanent MCA
occlusion in the rat. In this study the method of drug

administration was simpli®ed by giving the drug by
subcutaneously implanted Alzet minipumps, thereby remov-
ing the problem of indwelling intravenous giving sets and

keeping the lines patent. Both the dose dependence of its
neuroprotective e�ect and the therapeutic window of
opportunity were examined.

Methods

Chemicals and animals

NXY-059 (disodium 4-[(tert-butylimino) methyl] benzene-1,3-

disulphonate N-oxide) was obtained from AstraZeneca R&D
SoÈ dertaÈ lje, SoÈ dertaÈ lje, Sweden.
Adult male Wistar Kyoto rats (Harlan, Indianapolis,

U.S.A) weighing 290 ± 335 g (approximate age 3 ± 4 months)
were used. They were housed in groups of three in plastic
cages under the following environmental conditions: tem-

perature 20 ± 228C, humidity 40 ± 60%, ventilation 15 ± 20
changes per hour and arti®cial lighting 12 h light/dark cycle
(lights on: 0600 h) and given free access to food (vitamin E
reduced) and tap water. The vitamin E reduced diet was used

as we have previously found that animals fed this diet have a
much more consistent ischaemia-induced lesion in the brain
than those fed with the normal diet (Sydser�, unpublished

observations). The study was performed in compliance with
ARP 179 issued by the AstraZeneca U.S.A. Institutional
Animal Care and Use Committee.

Animal preparation and middle cerebral artery occlusion

Animals were anaesthetized using a mixture of halothane,

oxygen and nitrous oxide. Induction of anaesthesia was
achieved by placing the rats into a sealed plastic chamber and
introducing halothane (6%), O2 (1.0 l min71) and N2O

(1.5 1 min71). Anaesthetized animals were placed supine on
a heated operating mat and anaesthesia maintained with
halothane (2%), O2 (1.0 l min71) and N2O (1.5 l min71). A

rectal thermometer was inserted and the temperature was
monitored.
Transient MCA occlusion was performed using a published

method (Sydser� et al., 1995), with minor modi®cation. The
primary carotid arteries (common carotid [CCA], external
carotid [ECA] and internal carotid [ICA]) were exposed. The
CCA was dissected free from the vagus nerve and controlled

with a loosely held silk suture. The carotid bifurcation was
exposed allowing access to the carotid angle (origin of ICA,
ECA and occipital artery). An atraumatic aneurysm clip was

placed across the proximal portion of the ECA to maintain
haemostasis and the remaining branches of the ECA
(superior thyroid, ascending pharyngeal and distal segments

of the ECA) divided using diathermy leaving a free arterial
stump of around 3 ± 4 mm in length. A second aneurysm clip
was placed on the most distal portion of the arterial stump

and the proximal clip removed.
The pterygopalatine branch of the ICA was exposed and

ligated with 6/0 silk. Aneurysm clips were then placed across
the lumens of the CCA and ICA (2 ± 3 mm each side of the

bifurcation) and a 26 G needle held in self-retaining forceps
were used to make an arteriotomy in the stump of the ECA
allowing a length of poly-L-lysine coated 3/0 blue mono®la-

ment `DERMILON' suture with a ¯ared rounded tip to be
introduced into the ECA and then into the proximal ICA. A
silk suture was tied around the ECA stump to maintain

haemostasis and the microvascular clips removed from the
CCA and ICA. The endovascular suture was then passed up
the lumen of the ICA, into the intracranial circulation where

it lodged after travelling about 20 ± 22 mm depending on rat
size. This is consistent with the passage of the tip of the
suture into the narrow portion of the proximal anterior
cerebral artery occluding the middle cerebral artery (MCA) at

its origin. Two hours after the onset of MCA occlusion, the
cervical wound was reopened and a clip placed across the
CCA. The mono®lament was withdrawn from the ICA /

ECA and the arteriotomy closed. Following removal of the
CCA clip the cervical wound was closed with autoclips and
the animal allowed to recover from anaesthesia.

In the case of permanent MCA occlusion the procedures
detailed above were followed but the ®lament was left in
place and the arteriotomy in the ECA was closed with

diathermy, and if necessary the vessel was wrapped in
haemostatic gauze (Surgical Johnson & Johnson Medical).
The wound was closed with autoclips and the animal allowed
to recover from anaesthesia. All operated rats were

administered saline (4 ml kg71 s.c.) 15 min following wound
closure to assist in rehydration during recovery.

During both techniques, a rectal thermometer was inserted

immediately following anaesthesia. Body temperature was
monitored and adjusted with heating lamps and a heated
operating mat if the temperature ¯uctuated beyond pre-

determined limits of 37+18C. Body temperature was
monitored throughout the intra-operative period and the
values in one representative experiment are shown in Table 1
to illustrate the high degree of temperature control achieved.

Following this the animals were allowed to recover in a warm
(27 ± 308C), quiet environment and allowed free access to
mashed food, whole pellet food and water.

Table 1 The rectal temperature (8C) of vehicle and NXY-
059 (50 mg71 kg71 h) treated rats (drug administered 5 min
post-occlusion) in the 120 min following permanent MCA
occlusion

Time (min) Vehicle NXY-059

0 37.58+0.12 37.71+0.06
30 37.60+0.04 37.58+0.10
60 37.63+0.06 37.59+0.10
90 37.51+0.09 37.61+0 11
120 37.72+0.09 37.56+0.12

Results show mean+s.e.mean of eight rats per group. There
were no statistically signi®cant di�erences within or between
the groups at any time point.
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Mortality following either the transient or permanent
MCA occlusion procedure was very low being 54% of
operated animals.

Administration of NXY-059 following transient
MCA occlusion

Ninety minutes following MCA occlusion, the animals were
anaesthetized with halothane and an incision made in the
abdomen running from the left groin to the knee. The left

femoral vein was cannulated with PE50 renthane tubing and
the cannula passed subcutaneously around to the nape of the
neck where it emerged and was secured to a tether button.

The cannula was connected via a secure tethering system to a
60 ml syringe coupled to a syringe pump. Three separate
experiments were performed each comparing the e�ect of

infusion with NXY-059 to that of controls (vehicle infusion).
All experiments followed an identical format. The drug was
dissolved in water and the volume infused was identical in
both control and NXY-059-treated rats. Increased dosing was

achieved by increasing the concentration of the drug, not the
volume infused. Twenty-four hours following the start of
reperfusion the neurological impairment was assessed using

the scoring method detailed below and histological assess-
ment was made following sacri®ce of the animals at 48 h
after reperfusion.

Administration of NXY-059 following permanent
MCA occlusion

In the study on the neuroprotective response of rats to
increasing doses of NXY-059 following a permanent MCA
occlusion, NXY-059 was dissolved in saline at 460 mg ml71,

bu�ered to a neutral pH with sodium bicarbonate and loaded
into Alzet model 2001D minipumps (220 ml volume at
7.6 ml h71). Each pump delivered approximately 3.5 ml h71

(or approximately 10.5 ml kg71 h for a standard 330 g rat).
Three, ®ve and seven pumps were implanted respectively for
doses of 30, 50 and 70 mg kg71 h. Bu�ered saline (vehicle) or

NXY-059 was administered subcutaneously for 23 h 55 min
via implanted osmotic minipumps. A bolus dose of 32.5, 53.8
or 75.4 mg kg71 h was given immediately prior to pump
implantation.

In the study on the therapeutic window of opportunity,
animals were administered the mid-range dose used in the
dose response experiment (50 mg kg71 h), with both the

loading dose and pump implantation being performed at
various times (5 ± 240 min) after the start of the MCA
occlusion.

Histological measurement of neuronal damage

Twenty-four hours after the commencement of permanent
ischaemia or 48 h after transient ischaemia the rats were re-
anaesthetized with halothane. When the animal had been
terminally anaesthetized the brain was rapidly removed and

coronally cut into 2 mm thick blocks using the Harvard adult
rat brain matrix. These blocks were placed into dishes
containing a 1.5% solution of triphenyl tetrazolium chloride

(TTC) at 378C for 10 ± 15 min until normal tissue stained a
plum red colour. When the stain had developed, the tissue
blocks were removed into 10% formalin for analysis. The area

of unstained tissue was demarcated onto a matching stereotaxic
map taken from the rat brain atlas of Paxinos &Watson (1986)
and the areas of damage digitized and matched against position

from interaural line to give a volumetric assessment of damage.
TTC stains both neuronal and glial cells with a deep red
pigment. In areas where neuronal loss occurs TTC does not
stain and tissue remains white. If there is massive microglial

in®ltration in the lesion site then TTC staining can provide an
erroneous description of the lesion size. However it is our
experience, con®rmed histologically, that at 24 h microglial

proliferation is not a signi®cant factor.

Assessment of neurological deficit

Neurological impairment in the stroked animals was
examined by a modi®cation of the method published by

Bederson et al. (1986). Brie¯y, forelimb ¯exion, spontaneous
rotation and absence of response to contralateral whisker
stimulation were scored on a 0 ± 2 scale (0=normal
behaviour, 2=severely impaired). In addition, torsion of the

body towards the contralateral side was assessed on a 0 ± 2
scale. Thus the maximum impairment score was 8.

Analysis of unchanged NXY-059 in plasma

NXY-059 was assayed by coupled column liquid chromato-

graphy and detected by u.v. detection at 299 nm. A blood
sample (0.2 ± 0.3 ml) was taken from the tail vein immediately
before cessation of the intravenous infusion of vehicle or

saline, and centrifuged to separate the plasma. Plasma
samples were stored in screw cap glass vials at 7208C prior
to analysis. The plasma samples were treated with methanol
followed by centrifugation, evaporation of the supernatant

and reconstitution in bu�er before injection into the liquid
chromatographic system. The limit of quantitation was
0.5 mmol l71, accuracy 93 ± 103% and intra-assay coe�cient

of variation 3.8%.
Free (unbound) drug concentration in the plasma was

estimated from the total drug concentration based on a ®gure

of 70% protein binding obtained in other studies.
Previous studies on the protein binding characteristics of

the drug in rat plasma have demonstrated that NXY-059 is
70% protein bound (J. Lundstrom, Department of Drug

Metabolism and Pharmacokinetics, AstraZeneca R&D SoÈ -
dertaÈ lje, Sweden, personal communication). This value was,
therefore, used for calculation in the present investigation.

Statistical analysis

Data was analysed for statistical signi®cance using analysis of
variance and group di�erences were further analysed using
the Newman-Keuls test. All data are shown grouped as

mean+standard error of mean (mean+s.e.mean) with P
values and test used as appropriate.

Results

Effect of NXY-059 in transient focal ischaemia

The transient occlusion of the MCA for 2 h resulted in a
neurological de®cit 24 h after the start of the occlusion period
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(Figure 1a). This de®cit was attenuated by administration of
all three doses of NXY-059 (3, 10 and 30 mg kg71 h for
21.75 h) examined (Figure 1a). The ischaemic episode also

produced a large volume of damage in the brain, encom-
passing both the cortex and striatum. In the study using the
lowest dose of NXY-059 (3 mg kg71 h) the damage in the
vehicle treated group was less than that seen in the control

groups associated with the studies using higher doses of
NXY-059 (Figure 1b). Administration of NXY-059
(3 mg kg71 h) failed to produce a signi®cant decrease in

infarct volume (Figure 1b) but infusion doses of NXY-059 of
10 mg kg71 h and 30 mg kg71 h both produced a substantial
decrease in the infarct volume (Figure 1b).

The plasma concentration of NXY-059 in blood taken
from the tail vein at the end of the 24 h infusion period in
rats dosed with 10 mg kg71 h was 28.5+3.0 mmol l71 (n=8).

Assuming a linear relationship between plasma concentration
and dose as seen in another part of the study then the
relationship between plasma concentration and degree of
neuroprotection at all three doses used in this experiment can

be calculated and is shown in Figure 2. The concentration of
the estimated plasma `free' (unbound) drug is also shown
(Figure 2, insert).

Effect of NXY-059 in permanent focal ischaemia:
dose dependence study

Twenty-four hours after permanent occlusion of the left
middle cerebral artery ischaemic damage was evident in the
neocortex, ranging from the piriform cortex into the primary

motor and sensory areas. The caudate putamen was
extensively involved and damage extended into the ventral
pallidum and lateral preoptic areas. In several instances the

lateral hypothalamus was within the infarct boundary
however damage to this region did not result in a change
to rectal temperature. Rats treated with the loading dose of

NXY-059 followed by a s.c. dose of 30, 50 and 70 mg kg71 h
had signi®cantly reduced total ischaemic damage (Figure 3).
The neuroprotection was linearly dose-dependent (Figure 3d).
Protective e�ects with NXY-059 were observed in both cortex

and sub-cortex, except in the 30 mg kg71 h group where
protection was statistically signi®cant only in the sub-cortical
region which resulted in a signi®cant decrease in the total

damage volume assessment (Figure 3a ± c).
Animals treated with the infusion dose of NXY-059 of 30,

50 and 70 mg kg71 h NXY-059 had plasma concentrations of

NXY-059 at 24 h of respectively: 196+35, 387+52 and
450+68 mmol l71. The plasma concentration of NXY-059
thus appears to be linearly related to dose (Figure 4).

Plasma concentration of NXY-059 at various times after
pump implantation in permanent MCA occlusion
experiments

The plasma concentration at 24 h was close to that predicted
from kinetic calculations. However, these calculations were

based on earlier intravenous data, whereas the pumps deliver

Figure 1 The neurological de®cit (a) and infarct volume (b) of
groups of rats (n=9±10) administered various infusion doses of
NXY-059 (3, 10 and 30 mg kg71 h for 21.75 h) starting 2.25 h post-
occlusion, together with the respective control groups. *Shows a
signi®cant di�erence from vehicle treatment at P50.05 (ANOVA
with Newman-Keuls post-hoc analysis).

Figure 2 The relationship between the per cent decrease in infarct
volume and the estimated plasma concentration of NXY-059,
calculated from actual values obtained using the mid-range dose
(10 mg kg71 h). This assumed a linear relationship between dose and
plasma concentration (as was con®rmed in the study reported in
Figure 4.). The insert shows the same data but reports plasma
concentrations in terms of the protein unbound (`free') concentration.
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drug subcutaneously. Furthermore, no data were available as

to how rapidly the peak concentration was achieved. A study
was therefore undertaken where plasma was taken from
groups of four animals (two control and two permanent

MCA occluded) at various times after pump implantation.

Since no signi®cant di�erence was seen in the plasma
concentration at the di�erent times between the control and
MCA occluded rats, data have been pooled for calculation of

mean+s.e.mean values.
The total concentrations of NXY-059 following a loading

dose of 53.8 mg kg71 followed by a subcutaneous dose of
50 mg kg71 h did not rise above 200 mmol l71 in the ®rst 4 h

(Figure 5a). The concentration at 24 h was 321 mmol 171.
Data from the ®rst 4 h of this study were then applied to

doses of 30 and 70 mg kg71 h, and the corresponding plasma

drug concentration values estimated, since there was a linear
relationship between dose and plasma concentration (Figure
4). Values for the estimated total and free (unbound) drug

concentration at 1 h and the measured total and estimated
`free' drug concentrations 24 h after the start of infusion
versus the degree of neuroprotection observed previously

(Figure 3) are shown in Figure 5b,c.

Window of therapeutic opportunity following permanent
MCA occlusion

In the next study animals were administered the mid-range
dose (50 mg kg71) used in the ®rst experiment, with both the

loading dose and pump implantation being performed at
various times (5 ± 240 min) after the start of the MCA
occlusion. Twenty-four hours after commencing vehicle

treatment similar damage was observed to that seen in the

Figure 3 The e�ect of increasing doses of NXY-059 on the volume of ischaemic damage in (a) the cortex and (b) the sub-cortex
following permanent MCA occlusion in rats. (c) Shows the e�ect of the drug on the total volume of damage and (d) the per cent
protection against damage (using the total volume data) versus the dose of NXY-059 administered. The number of animals in each
group=8. *Shows a signi®cant di�erence from vehicle treatment at P50.05 (ANOVA with Newman-Keuls post-hoc analysis).

Figure 4 The relationship between the total drug plasma concentra-
tion of NXY-059 at the end of the 24 h infusion period and the
infusion dose. The dashed line shows the regression line (r2=0.98;
n=8 at each point).
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®rst study (Figure 6). Treatment with NXY-059
(50 mg kg71 h) produced a signi®cant reduction in ischaemic
damage when the pump was implanted at 5, 30, 60, 120 and

240 min delay after MCA occlusion, with neuroprotection
apparent in both the cortex and the sub-cortex (Figure 6). In
a further experiment a group of animals were treated with
saline or NXY-059 at the same dose but starting 360 min

post-occlusion. While the mean volume of total damage in
the NXY-059 treated group was 22% smaller than the
control group, this decrease was not statistically signi®cant

(P=0.23).

Discussion

At the onset it is worth stating that we are aware that a

limitation of our study is that measurement of physiological
perameters (other than rectal temperature) was not under-
taken. Temperature is a vital measure because of the body of
evidence indicating that even modest hypothermia can be

neuroprotective (Busto et al., 1987; Corbett et al., 1990;
Nurse & Corbett, 1996). The body temperature was therefore
checked and adjusted if necessary both during and

immediately following the operative period.
Previous studies on the e�ect of NXY-059 during transient

ischaemia in rats (Kuroda et al., 1999) and permanent

ischaemia in both rats (Zhao et al., 2001) and marmosets
(Marshall et al., 2001) have failed to detect any e�ect of
NXY-059 on body temperature. Similarly none of these three

groups (Kuroda et al., 1999; Marshall et al., 2001; Zhao et
al., 2001) observed any e�ect of the drug on pCO2, pO2,
blood glucose, blood pressure, blood pH or heart rate
rendering it unlikely that changes in these perameters were

occurring and producing the neuroprotective e�cacy of
NXY-059 seen in the current study. However evidence that
brain temperature can also in¯uence protection (Dowden et

al., 1999) does indicate that this perameter should be
measured in any future study on mechanistic aspects of
NXY-059.

These results show NXY-059 to be a very e�ective
compound in attenuating damage caused by permanent
occlusion of the MCA. It is generally acknowledged that
occlusion of the MCA is a model for producing ischaemic

damage that has relevance to stroke in humans, because an
infarct in the region of the MCA is the most common cause
of stroke in man (Mohr et al., 1986). While many infarcts do

reperfuse over time, recanalization may be slow to occur
(Ringelstein et al., 1992). Therefore, it is vital that potential
therapeutic compounds are able to ameliorate the conse-

quences of permanent occlusion in animal models. The
evidence for e�cacy of NXY-059 in a permanent MCA
occlusion model in rats are complimentary to a recent study

by Zhao et al. (2001) who demonstrated e�cacy in a
spontaneously hypertensive rat permanent MCA occlusion
model. The compound has also been shown to be powerfully
neuroprotective in a primate permanent MCA occlusion

model (Marshall et al., 2001). In this marmoset model the
drug produced not only a greater than 50% decrease in
infarct volume, but also markedly attenuated the ischaemia-

induced motor de®cits and spatial hemineglect.
The current study also con®rms and extends the report of

Kuroda et al. (1999) who demonstrated that NXY-059 was

Figure 5 (a) The total drug plasma concentration of NXY-059 in
groups of four rats (two vehicle-treated and two permanent MCA
occlusion treated) at various times following administration of a s.c.
bolus injection of NXY-059 (53.8 mg kg71) and implantation of
osmotic minipumps delivering 50 mg kg71 h). The per cent reduction
of infarct volume of NXY-059 treatment following three doses of
NXY-059 in rats with a permanent MCA occlusion and the
calculated plasma free concentration shown at (b) 1 h and (c) 24 h
of the infusion period. This was estimated from the measured total
concentration for the mid-range dose at 1 h and 24 h (shown in
Figure 5a) and the other values calculated from that value based on
the linear relationship between dose and plasma concentration
(Figure 2). The dashed line shows the regression line for both graphs
(r2=0.97).
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an e�ective neuroprotective agent against cerebral damage
following transient focal ischaemia in the rat. While Kuroda

et al. (1999) showed histological evidence of e�cacy of NXY-

059 at infused doses of 0.3, 3.0 and 30 mg kg71 h, our study
was only able to demonstrate e�cacy at doses of 10 and
30 mg kg71 h. The failure to demonstrate signi®cant protec-

tion at 3 mg kg71 h may have been due to comparison with a
control group which showed a low degree of damage
compared to that seen in the other control groups (see
Figure 1b). Neuroprotection was however demonstrable at

this low dose when e�cacy was measured by a neurological
de®cit score (Figure 1a) which suggests that there is not a
strict correlation between neurological improvement and

histological measures. A further reason for the Kuroda et
al. (1999) study observing e�cacy at lower dose than the
current investigation may be the fact that this group gave a

loading dose of drug at the start of infusion. At the higher
doses the histological protection observed in the present
study was similar to that reported by Kuroda et al. (1999). In

their study, neuroprotection was 57% following 3 mg kg71 h
and 76% following 30 mg kg71 h of NXY-059 while in our
current study it was 59% following 10 mg kg71 h and 61%
following 30 mg kg71 h.

It is clear that the doses of compound required for e�ective
neuroprotection in permanent focal ischaemia are higher than
those required for attenuation of damage in transient

ischaemia. In the transient model, a dose of 30 mg kg71 h
provided substantial neuroprotection. However, this dose
produced a modest e�ect in the permanent occlusion model.

The protection by NXY-059 following permanent MCA
occlusion was linearly dose-dependent and the highest dose
given produced a reduction in the volume of damage of

around 80%.
The permanent MCA occlusion experiments were planned

using a dosing schedule designed to produce a rapid steady
state concentration that would be sustained over 24 h.

Measurement of the plasma levels at 24 h suggested that
the projected value was achieved at that time. However, this
result did not indicate how soon this value was reached after

the start of the infusion. A further study was therefore
undertaken with measurement of plasma concentration in
groups of animals at several time points after the start of the

infusion. These results demonstrated that plasma drug
concentrations in the ®rst few hours following administration
were considerably lower than the 24 h value. It is reasonable
to conclude that the ®rst few hours following administration

and MCA occlusion are the time when the plasma drug levels
are most relevant to the therapeutic e�ect. These data have
been re-plotted in terms of the plasma `free' drug concentra-

tion at 1 and 24 h and the degree of neuroprotection (Figure
5). This ®gure shows that substantial neuroprotection was
achieved in rats at initial plasma free drug concentrations

that were safely tolerated in stroke patients (45 mmol l71) in a
Phase II clinical study (Lees et al., 2001). The current animal
data however suggest that further increasing the clinical

plasma concentration might be therapeutically valuable.
Since the transient and permanent occlusion studies were

performed in the same laboratory and under similar
conditions our results obtained allow comparison of the

volume of damage following permanent occlusion with that
seen after a period of 2 h occlusion followed by reperfusion
(Figure 7). This comparison suggests that reperfusion, if it

occurs after 2 h of hypoxic-ischaemia, ameliorates the
damage by a ®gure of around 27%. This is in close
agreement with the study of Brinker et al. (1999) who

Figure 6 The e�ect of delayed administration of NXY-059 ( a bolus
injection of 53.8 mg kg71, followed immediately by pump implanta-
tion delivering 50 mg kg71 h) on the total volume of ischaemic
damage and the volume of ischaemic damage in the cortex and sub-
cortex of rats with a permanent MCA occlusion. The time is that at
which the drug administration began following the MCA occlusion.
The time of damage analysis was the same in all cases. The number
of animals at every time point is eight, except 4 h (n=7). *Shows a
signi®cant di�erence from vehicle treatment at P50.05 (ANOVA
with Newman-Keuls post-hoc analysis).
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observed that administration of recombinant tissue plasmino-
gen activator (rt-PA) at 1.5 h reduced damage produced by
MCA clot embolism by 35%. It can be also seen that

administration of NXY-059 (50 mg kg71 h) at 4 h produced
a greater mean percentage neuroprotection value (Figure 7).
These data are encouraging for the further clinical evaluation
of NXY-059 in acute ischaemic stroke, since t-PA has

demonstrable clinical e�cacy (The NINDS t-PA Stroke
Study Group, 1995; 1997; 1999).
Another major observation made in the current investiga-

tion was the time window of therapeutic opportunity that is
available with NXY-059 administration. Kuroda et al. (1999),
using a transient MCA occlusion model, showed that NXY-

059 produced a substantial decrease in infarct volume when
given 5 h after the occlusion (3 h after the start of
reperfusion). We have now found signi®cant bene®t when

the compound is given 4 h after the start of a permanent
MCA occlusion (and a non-signi®cant bene®t when given 6 h
later). This means that it is e�ective in rodents in a time
window that is relevant to clinical practice, a feature that

contrasts strongly with NMDA antagonists which have a
window in rodents of around 1 h in permanent models of
ischaemia (Foster et al., 1988; Bakker & Foster, 1991;

Massieu et al., 1993). We recently con®rmed this short time
window using the stroke model utilized in the current
experiments in a study on the non-competitive NMDA

antagonist AR-R15896 (Sydser� & Cross, unpublished
observations). This di�erence in the window of opportunity
between glutamate antagonists and nitrone trapping agents

was also observed in the malonate model of striatal
neurodegeneration by Schulz et al. (1995b), who reported
that dizocilpine only protected when given up to 1 h post
malonate administration, while 2-sulphophenyl-N-tert-butyl-

nitrone (S-PBN) was e�cacious 6 h post administration.
One question arising from these ®ndings of robust

neuroprotective e�ects in transient and permanent models

of ischaemia is the site of action of NXY 059. Kuroda et al.

(1999) provided evidence suggesting that, in contrast to PBN,
NXY-059 had poor brain penetration after transient (2 h)
focal ischaemia. While it might, initially, appear surprising

that a drug with poor brain penetration can be neuroprotec-
tive there is other evidence to support the notion that
nitrones with poor brain penetration are nevertheless
neuroprotective. In the malonate injection model, Schulz et

al. (1995b) used S-PBN, another nitrone that has been
suggested to have poor brain penetration, based on its
physico-chemical properties (see Yang et al., 2000), and

found it to be an e�ective neuroprotective agent. Yang et al.
(2000) also examined S-PBN in their focal embolic cerebral
ischaemia model in rats and reported it to have similar

neuroprotective e�cacy to the brain penetrating nitrone
PBN.

There is compelling evidence for an interaction between

endothelial cells and in¯ammatory cells such as polymor-
phonuclear leucocytes and macrophages and that these are
major sources of free radicals during reperfusion following
focal ischaemia (Betz, 1996; Hallenbeck, 1996). Kuroda et

al. (1999) speculated that this mechanism may, through the
up-regulation of adhesion molecules on the endothelial
surface, be involved in reperfusion injury. Furthermore,

they suggested that NXY-059 might reduce reactive oxygen
species produced during reperfusion damage by interfering
with the interaction between endothelial cells and in¯am-

matory cells or by directly reacting with reactive oxygen
species produced by circulating in¯ammatory cells or the
endothelium.

There is little evidence at present for a prominent role of
endothelial/in¯ammatory cell interactions in producing
neuronal death following permanent ischaemia (Clark et al.,
1991; Zhang et al., 1995; Carcia et al., 1995; Kato et al.,

1996; Relton & Rothwell, 1996). This purported site of action
may therefore be less relevant for the neuroprotective e�ect
of NXY-059 during permanent ischaemia. The extent to

which NXY-059 penetrates the brain in models of permanent
ischaemia is not known at present.

If there is also limited penetration of NXY-059 in

permanent ischaemia an alternative explanation for the
neuroprotective e�ects of NXY-059 is that high concentra-
tions in circulating blood might protect the blood brain
barrier from damage. Recently Leinonen et al. (2000)

reported that low plasma antioxidant activity was associated
with high lesion volume and neurological impairment in a
group of 22 cerebral ischaemic stroke patients, which suggests

that the antioxidant activity of plasma might be an important
factor in neuroprotection. There is also evidence that early
disruption of the blood brain barrier to large molecules is

mediated by free oxygen radicals (Tasdemiroglu et al., 1994)
and protecting the blood brain barrier from ischaemia-
induced damage by use of a Type IV phophodiesterase

inhibitor has been shown to signi®cantly improve the
neurological score of rats subjected to transient MCA
occlusion (Belayev et al., 1998). Therefore, the evidence of
poor brain penetration of NXY-059 following an ischaemic

insult might be re¯ective of part of its therapeutic mechanism
of action. Further mechanistic studies are clearly necessary,
together with studies on the integrity of the blood brain

barrier during an ischaemic episode.
There is now substantial evidence for the neuroprotective

action of NXY-059 in both transient and permanent

Figure 7 The volume of ischaemic damage (+s.e.mean) in a group
of rats subjected to a permanent occlusion of the MCA for 24 h
(n=16), a group subjected to an MCA occlusion for 2 h followed by
reperfusion for 22 h (n=28) and a group subjected to a permanent
MCA occlusion but administered NXY-059 (50 mg kg71 h for 24 h)
starting 4 h post-occlusion (n=8). Data demonstrate that both
reperfusion and administration of NXY-059 have similar e�cacy in
decreasing the size of infarct damage and that both treatments
signi®cantly (* P50.001) decrease the volume of damage.
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ischaemia models of stroke. It decreases the volume of
ischaemic damage following transient MCA occlusion in rats
(Kuroda et al., 1999; this paper) and permanent MCA

occlusion in rats (Zhao et al., 2001; this paper) and
marmosets (Marshall et al., 2001). It also attenuates
neurological de®cits in rats following a haemorrhagic stroke
(Peeling et al., 2001). The therapeutic window appears longer

than for most other agents in both transient MCA and
permanent MCA occlusion in rats (Kuroda et al., 1999; this
paper). All these data demonstrate e�cacy of the drug when

administered at doses that produce plasma NXY-059

concentrations which are known to be well tolerated by
stroke patients (Lees et al., 2001). NXY-059 therefore
appears to be worthy of clinical development as a treatment

for acute ischaemic stroke.

We would like to thank Kerstin Lanbeck ValleÂ n, BSc, for
undertaking the bioanalysis in this study. AstraZeneca is develop-
ing NXY-059 under a Licence agreement with Centaur Pharma-
ceuticals, Inc. (Santa Clara, CA, U.S.A).
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