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There is some evidence that in animal models of acute ischaemic stroke, combinations of
neuroprotective agents might be more efficacious than the same agents administered alone.
Hence, we developed pragmatic, empirical criteria based on therapeutic target, cost, availability,
efficacy, administration, and safety to select drugs for testing in combination in animal models
of acute stroke. Magnesium sulphate, melatonin, and minocycline were chosen from a library of
neuroprotective agents, and were tested in a more ‘realistic’ model favoured by the STAIR (Stroke
Therapy Academic Industry Roundtable). Outcome was assessed with infarct volume, neurologic
score, and two newly developed scales measuring general health and physiologic homeostasis.
Owing to the failure to achieve neuroprotection in aged, hypertensive animals with drug delivery
at 3 hours, the bar was lowered in successive experiments to determine whether neuroprotection
could be achieved under conditions more conducive to recovery. Testing in younger animals
showed more favourable homeostasis and general health scores than did testing in older animals,
but infarct volume and neurologic scores did not differ with age, and treatment efficacy was again
not shown. Testing with shorter occlusions resulted in smaller infarct volumes; nevertheless,
treatment efficacy was still not observed. It was concluded that this combination, in these stroke
models, was not effective.
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Introduction

No individual neuroprotective agent has yet pro-
gressed beyond the experimental phase to become a
fully fledged, acute stroke treatment. Combination
therapy may circumvent some limitations of single-
agent therapy by boosting efficacy, by limiting side
effects, or by extending the time window for
treatment (Cheng et al, 2004; Danton, 2004; Adams
et al, 2003; Rogalewski et al, 2006; Fisher, 2003).
Nevertheless, combining therapies increases the
complexity of experimental design (Saver and

Kalafut, 2001); hence, a framework is required for
drug selection and prioritising experiments.

In this study, a pragmatic approach was adopted;
we sought to eliminate combinations with limited
clinical prospects by selecting only those with
reasonable evidence of efficacy from animal experi-
ments. The selected combination was then subjected
to a preclinical testing process comparable with
clinical trials in terms of comorbidities, time
windows, and bias avoidance. As the validity
of extrapolating experimental results from young,
healthy animals to aged humans with comorbidities
has been questioned (STAIR, 1999; Wiebers et al,
1990), we used aged, hypertensive rats. We also
sought to initiate treatment at delays consistent with
clinical time frames, and to control bias through
blinding and randomisation (STAIR, 1999).

The first aim was to develop and apply a process
for selecting treatments from a library of candidate
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therapies. The second aim was to undertake indivi-
dual meta-analyses of past performance of selected
therapies in animal stroke. The third aim was to test
the selected therapies in combination under experi-
mental conditions commensurate with clinical trials
in terms of comorbidities, time windows, and bias
avoidance, with regard to what could realistically be
achieved in a laboratory setting.

Materials and methods

Part 1: Drug Selection Process

The process involved: (1) determination of selection
criteria; (2) identification of candidate drugs; (3) collection
of drug data; and (4) drug ranking. The final selection of
drugs was made by a panel of clinical staff and scientists
(see the ‘Acknowledgements’ section).

Selection Criteria: Drugs selection was based on: (1) target
mechanism; (2) efficacy in stroke models; (3) cost and
availability; (4) stability; (5) delivery method; and (6)
safety.

Targets chosen were excitotoxicity, oxidative stress, and
inflammation because these were well-recognised patho-
physiolgical processes in the cascade of ischaemic damage
(Hass, 1983; Heiss and Graf, 1994; Peruche and Krieglstein,
1993). Furthermore, they were among the best studied and
the most effective targets (O’Collins et al, 2006). By
targeting three mechanisms, we anticipated that overall
efficacy could be increased. With more than three targets,
we believed that any benefit could be outweighed by
negative interactions and complexities in trial design.

As there is currently little incentive for the industry to
develop drugs that are out of patent but nevertheless may
benefit patients, the criteria also included cost and
availability. Lower costs may increase access to therapies;
lower-income countries bear the brunt of cardiovascular
disease (WHO, 2009); yet there is no parity in access to
medical capital.

We hoped to develop a therapy that could be adminis-
tered in the field (ambulance), prehospital. Consequently,
it was imperative that the agents be safe, stable, and easily
administered. Drugs available as intravenous preparations
were preferred because dysphagia (difficulty swallowing)
is a frequent sequela of ischaemic stroke.

Drug Identification: Candidates were identified by: (1) a
PubMed search of ‘neuroprotection’ (all years) or of
‘cerebral ischaemia/ischemia’ (1960 to 1980) and (2) drugs
cross-referenced from other articles. In this manner, 1,026
therapies were identified and have been reported in a
previously published systematic review (O’Collins et al,
2006).

Data Collection: Information on drug efficacy was
obtained through PubMed, using the search criteria ‘ < drug
name > ‘ and ‘cerebral isch(a)emia’ or ‘stroke’ or ‘neuropro-
tection’. This search identified 8,516 experimental results
published from 1965 to 2004. The scope of this search
covered controlled tests of drug efficacy in both animal and

tissue culture models of neuroprotection (O’Collins et al,
2006). Information pertaining to safety, Food and Drug
Administration (FDA) approval, administration, and puta-
tive primary mechanism of action was obtained from
MIMS (2004), the Merck Manual (Beers, 2003), PubMed,
and the FDA.

Drug Ranking: Candidates were scored for their perfor-
mance in experimental models (O’Collins et al, 2006)
Target mechanism, FDA approval status, and the avail-
ability of an intravenous preparation were noted. Evalua-
tion of safety, stability, availability, and cost and target
mechanism were qualitative, rather than quantitative.

Part 2: Meta-Analyses of Selected Therapies

Random-effects meta-analyses were undertaken for the
three selected agents (DerSimonian and Laird, 1986;
Macleod et al, 2004). Data were extracted from published
results from controlled focal ischaemia experiments using
infarct size as an outcome. Forest plots were used to
display the mean overall effect sizes, together with effect
sizes for subgroups relating to characteristics of the stroke
model and treatment. Study quality was measured on a 10-
point scale, with higher scores representing superior
quality (Macleod et al, 2004). The range of testing was
scored on a scale of 0 to 10 points, with 10 representing
broader testing (O’Collins et al, 2006).

Part 3: Experimental Testing of the Drug Combination

Animals: Spontaneous hypertensive rats (Animal
Research Centre, Perth, WA, Australia) were used because
of their similarity to human hypertension and their smaller
infarct variability (Okamoto and Aoki, 1963). Experiments
1 to 2 used aged rats (M±s.d. = 100±2 weeks), whereas
young rats were used in experiments 3 (M±s.d. = 12.8±0.2
weeks) and 4 (M±s.d. = 13.4±0.7 weeks). Animals were
housed in pairs under standard laboratory conditions
(12 hours light–dark) with unlimited access to food and
water. The Austin Health Animal Ethics Committee
approved the project, and care was taken to minimise
animal suffering.

Stroke Model: Rats were anaesthetised with isoflurane
(5% induction, 1.5% to 2.0% maintenance) in 50:50 air/
oxygen. Atropine (120 mg per rat intraperitoneal) was
administered to inhibit mucus secretions. Rectal tempera-
ture was monitored and maintained at 371C using a
controlled heat-mat system. Heart rate and blood oxygen
saturation were monitored using pulse oximeter probes at
the right hind limb. Ipsilateral cortical cerebral blood flow
(CBF) velocity (4 mm lateral and 1 mm caudal to the
bregma) was monitored over the thinned skull using laser
Doppler flowmetry (Moor Instruments, Axminster, UK).
The femoral vein was cannulated before stroke induction.

Stroke was induced by inserting a thread into the
external carotid artery and guiding it through the internal
carotid artery to the middle cerebral artery origin (Koizumi
et al, 1986; Takano et al, 1997; Spratt et al, 2006). Threads
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were tipped with silicon cylinders (diameter: 0.35 mm;
length: 5 mm (experiments 1 to 3), 2 mm (experiment 4)).
To permit reperfusion, threads were withdrawn at 2 hours
(experiments 2 to 3) or at 90 minutes (experiment 4) after
occlusion. At 24 hours, animals were killed (Lethobarb:
15 mg/100 g rat intraperitoneal) and perfused with saline
and then 4% paraformaldehyde (Sigma-Aldrich, Castle
Hill, NSW, Australia) in 0.1 mol/L phosphate-buffered
saline over 15 minutes at 18 mL/min. Originally, the killing
was planned for 1 week; owing to high mortality in aged
rats, this was discontinued.

Outcome Measures: The primary outcome measure was
infarct volume at 24 hours, and the secondary outcomes
were 24 hours neurologic score, general health, and home-
ostasis (Figure 1). The infarct was visualised with
haematoxylin and eosin, and automatically segmented
using a threshold derived from relative optical density of
the images using MCID (Imaging Research, St. Catherines,
Ontario, Canada). Neurologic score was measured on a
scale adapted from Petullo measuring lateral push, torso
twisting, forelimb flexion (1 point each), and mobility (2
points) (Petullo et al, 1999), with 0 indicating no deficit, 5
maximal deficits, and 6 denoting death.

In response to ethical concerns about the well-being of
aged animals, a scale was devised to measure general
health (Table 1). Animals were scored against criterion
indicative of disease or distress (0 = no symptom, 1 = mod-
erate/unilateral deficit, 2 = severe/bilateral deficit) and a
total was obtained. A maximum of 30 was given if all
symptoms were present or if the animal died before
assessment.

A scale was devised to measure the extent to which
stroke disrupts homeostasis (Table 2). The rationale for the
scale was that perturbations from the physiologic norm
were related to stroke outcome (Sena et al, 2007b).
Furthermore, in the discontinued pilot study in which
aged animals were kept out to 1 week, a higher mortality
was observed together with greater difficulties in main-
taining physiology within normal limits. The score was
calculated for rats at 24 hours after occlusion using
physiologic parameters routinely monitored in animals
under anaesthesia: the scale ranged from 0 (healthy) to 4
(disrupted homeostasis). The test was exploratory and
further validation is required.

Animals were randomised using a dynamic, permuted
block system to balance treatment allocation. Outcomes
were undertaken blind to treatment allocation.

Drug Delivery: Drugs were prepared according to estab-
lished protocols and tested at the maximally effective dose
reported in the literature, which also fell within the safe
limits for humans assuming an identical dose–weight

Figure 1 Experimental timeline. MCA, middle cerebral artery.

Table 1 General health assessment

General health Not
present

Mild
deficit a

Severe
deficit b

Restless or lethargic 0 1 2
Posture hunched 0 1 2
Shaking (e.g., postanaesthetic) 0 1 2
Breathing: laboured, rasping, shallow 0 — 2
Rough hair coat (piloerection) 0 1 2
Subcutaneous tumours 0 1 2
Pressure sores 0 1 2
Cataracts 0 1 2
Discharge from the Harderian gland 0 1 2
Discharge from nose 0 1 2
Bleeding (e.g., wound sites) 0 1 2
Noises of distress when in cage 0 1 2
Distressed when touched 0 1 2
Self-mutilation, alopecia 0 1 2
Diarrhoea 0 1 2
Total 30

aModerate or unilateral deficit.
bSevere or bilateral deficit.

Table 2 Homeostasis scale

Criteria Description Score

Blood oxygen saturation < 90% 1
Breathing < 20 or > 60 breaths per minute 1
Heart rate < 200 or > 450 beats per minute 1
Temperature < 36.01C or > 38.51C 1
Total 4

The homeostasis scale measured at 24 hours after occlusion was used as a
secondary end point. Steps were taken to control temperature during surgery,
but at 24 hours, the temperature may not have stabilised as it was measured
just after induction of anaesthesia for killing. Respiration was not regulated by
mechanical ventilation.
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relationship. Magnesium sulphate heptahydrate (BDH
Chemicals, Kilsyth, VIC, Australia) was delivered in
0.9% saline at 0.75 mmol/kg (Westermaier et al, 2003).
Melatonin (99.5%, Sigma-Aldrich) was delivered in etha-
nol ( < 5%) and saline at 8 mg/kg (Kilic et al, 1999; Kilic,
2004). Minocycline was delivered in saline at 9 mg/kg (Xu
et al, 2004). The combination was prepared from the same
stock solutions as the single drug preparations. All
preparations were diluted to identical volumes with saline
and then filtered. Saline was used as the control condition.
Light exposure was minimised during preparation, storage,
and delivery. Drugs were prepared before each experiment
and then stored at �201C until required (up to several
weeks later). No loss in activity was expected (Barry and
Badal, 1978; Cavallo and Hassan, 1995).

Therapy was administered through an intravenous
femoral line starting immediately after occlusion (experi-
ments 1 and 4) or 3 hours after occlusion (experiments 2
and 3). Each rat received 0.5 mL/100 g, with 1/3 delivered
over 30 minutes, and 2/3 delivered over the remaining time
to 24 hours. As minocycline is bright yellow, femoral lines
were primed with saline and the infusion equipment was
concealed to ensure blinded induction of surgery. Conse-
quently, a delay of 10 minutes ensued before drugs entered
circulation.

Statistics: Sample sizes were calculated (Stata, version 10,
Statacorp, College Station, TX, USA) using an independent
group design (P = 0.05, power = 80%). For a 25% effect and
s.d. of 19%, 10 animals are required per group. Analyses of
variance were undertaken to determine group differences
in continuous variables (two tailed, P = 0.05, Stata version
10). Regression (SPSS, version 15, St Leonards, NSW,
Australia) was used to determine whether the combination
influenced infarct volume after accounting for CBF
changes. Secondary end points were analysed using the
Hodges–Lehmann estimates of shift parameters in Stata
version 10 (Wang, 1999). This method yields a point
estimate (y) and 95% confidence intervals (95% CIs) for
the shift parameter.

Inclusion Criteria: Animals were included if: (1) the
presurgery neurologic score was < 1; (2) experiments
followed protocol; and (3) they showed signs of occlusion,
e.g., neurologic symptoms at reperfusion (where applic-
able) and reduction in CBF velocity. Animals were killed
where evidence indicated subarachnoid haemorrhage or
pain after surgery. Exclusions were made before analysis
of results.

Results

Part 1: Drug Selection Process

Of 1,026 candidates (O’Collins et al, 2006), 250
treatments approved by the FDA for use in humans
(not necessarily for stroke) were selected for further
consideration. The panel further reduced this to
45 interventions after considering the potential
adverse effects on blood pressure and sedation.

After eliminating drugs lacking intravenous prepara-
tions, consideration was given to efficacy, safety, and
complementary mechanisms.

Magnesium sulphate was chosen to target excito-
toxicity, melatonin was included on the strength of
its antioxidative properties, and minocycline was
selected on the basis of its antiinflammatory effects.
No drug was deemed a perfect fit, with concerns
regarding the efficacy of magnesium, potential seda-
tion from melatonin, and mixed results from non-
stroke neuroprotection models with minocycline.

Part 2: Meta-Analyses of Selected Therapies

Trial Characteristics, Quality, and Range of Testing:
Meta-analyses of previously published experiments
were undertaken for magnesium, melatonin, and mino-
cycline. Study characteristics are given in Table 3.

The study quality ranged from 0 to 8 points, with
medians of 4.1 to 4.7 (Table 3). The use of animals
with comorbidities was low, and no study undertook
sample-size calculations. Randomisation was com-
mon place only in the magnesium experiments, and
reported levels of blinding during surgery and out-
come assessment were low.

Drugs scored 8 to 9 on the range of testing checklist
(Table 4). Only melatonin was also tested in female
animals. Only magnesium was tested in aged rats
(Davis et al, 1997). Only minocycline was tested in
hypertensive animals (Murata et al, 2008).

Overall Reported Efficacy
Magnesium: The effect of magnesium on infarct size
ranged from 61% reduction in infarct size to 44%
expansion compared with the control condition (6 of
26 treated groups had larger infarcts than did their
controls). Overall, magnesium had a treatment effect
of 25.9% (M = 25.9%, s.d. = 2.2%, 95% CI = 23.6% to
28.1%, N = 26). The effect was lower for chloride salt
(M = 8.9%, s.e. = 4.8%, 95% CI =�0.6% to 18.2%,
N = 5) than for sulphate salt (M = 30.7%, s.e. = 2.6%,
95% CI =�25.7% to 35.7%, N = 5), consistent with
the hypothesis that magnesium chloride may give
rise to hyperglycaemia (Muir and Lees, 1998).

Melatonin: Individual outcomes for melatonin ex-
periments ranged from a 10% to 76% reduction in
infarct size in the treated group compared with
control. When combined in the meta-analysis, this
yielded an overall effect of 40% (M = 40.0%,
s.d. = 2.0%, 95% CI = 38.0% to 42.1%).

Minocycline: The experimental efficacy of minocy-
cline ranged from �35% to 69% (2 studies in 33
yielded negative effects), with an overall effect size
of 30.6% (M = 30.6%, s.d. = 1.7%, 95% CI = 28.9% to
32.3%).

No evidence of publication bias was detected for
the three drugs.
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Influence of Experimental Characteristics: Subgroup
analyses were undertaken to investigate efficacy
under different experimental conditions. Findings
displayed in forest plots (Figure 2A) reveal that drugs

were tested under a narrow range of conditions. A
limited range of strains and species were used, with
experiments conducted only in rats, gerbils, or mice.
For all drugs, efficacy was higher in Sprague Dawley

Table 3 Characteristics of the experiments included in the meta-analysis

Factor Magnesium Melatonin Minocycline

Sample size
Total number of experimental comparisons 26 Experiments 42 Experiments 34 Experiments
Total number of animals in the treatment group 245 Animals 366 Animals 425 Animals
Total number of animals in the control group 270 Animals 392 Animals 412 Animals
Mean sample size in the treatment group 9 Animals 9 Animals 13 Animals
Mean sample size in the control group 10 Animals 9 Animals 12 Animals
Mean sample size in the control group adjusted for the
number of treatment groups

5 Animals 5 Animals 7 Animals

Species: strain (number of experiments)
Mice 1 6 15
Gerbil 2 0 0
Rat: Sprague Dawley 14 27 14
Rat: Wistar 8 9 4
Rat: Fisher 344 1 0 0
Rat: SHR 0 0 1

Sex (number of experiments)
Male 24 35 32
Female 0 2 0
Both 0 0 0
Not stated/not known 2 5 2

Risk factors (number of experiments)
Diabetes 0 0 0
Hypertension 0 0 1
Agea 2 0 0

Median time of drug delivery (after stroke) �15 minutes �1 minute 60 minutes

Experimental quality (number of experiments)
Randomisation 21 11 8
Blinded surgery 7 8 2
Blinded assessment of outcome 12 8 8
Peer-reviewed publication 25 42 34
Temperature controlled 24 39 28
Animals: aged or comorbidities 1 0 1
Conflict of interest statement 0 0 3
Funding statement 11 32 26
Ethics approval 22 33 28
Sample-size calculation 0 0 0

Average quality (s.d., range) 4.7 points (1.5, 0–7) 4.1 points (1.0, 2–6) 4.1 points (1.4, 2–8)

SHR, spontaneous hypertensive rat.
aWeight, not age was generally reported for animals studies. If age was not reported, it was assumed that young adult animals were used in the experiment.
‘Young’ is defined as < 6 months of age.

Table 4 Range of testing across focal ischaemia experiments

Factors Description Magnesium Melatonin Minocycline

Laboratory Tested in 2+ independent laboratories | | |
Species Tested in 2+ species | | |
Comorbidities Tested in old or diseased animals | � |
Sex Tested in males and females � | �
Reperfusion Tested in temporary and permanent occlusions | | |
Time window Administered at least 1 hour after occlusion | | |
Dose response Administered at 2+ doses | | |
Delivery Feasible mode of delivery | | |
End point Both behavioural and histologic outcomes | | |
Long term Outcome measured at 4+ weeks � � |
Total 8 8 9
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than in Wistar rats and outcomes were better in rats
than in mice. When tested in mice, magnesium was
detrimental but that single study used magnesium
chloride. All drugs performed better in models in
which reperfusion was possible (e.g., filament mod-
els, endothelin models, embolic models) compared
with permanent occlusion models (e.g., cauterisa-
tion, models, clip, or ligation models).

Influence of Treatment Characteristics: Subgroup
analyses probed the effect of dose, delivery, and time
of administration on drug efficacy (Figure 2B). Magne-
sium was effective at 25 to 30 mg/kg and at 90mg/kg,
with reduced efficacy at 240 mg/kg and a negative effect

at 45mg/kg. This suggested a complex dose–response
relationship (Meloni et al, 2006) or confounding by
other factors. However, there was some discrepancy
with how the dose was reported, and most studies did
not specify whether the anhydrous form was used.

Melatonin was effective at all doses tested, with
the 95% CIs above 0 for a dose of 3 to 4 mg/kg or
higher, with the maximum effect at 16 to 30 mg/kg.
For minocycline, doses up to 10 mg/kg were admi-
nistered intravenously and above this level intraper-
itoneally. Therefore, these findings were consistent
with two separate dose–response curves—one for
each mode of delivery—with 10 mg/kg intravenous
and 90 mg/kg intraperitoneal being the most effective.
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Figure 2 Results from meta-analyses of historical data from animal stroke experiments testing magnesium, melatonin or
minocycline. (A) Meta-analysis of stroke model characteristics on treatment efficacy. (B) Meta-analysis of drug delivery
characteristics on treatment efficacy. Results from the meta-analyses of previously published experiments testing the efficacy of
the drugs individually are displayed graphically in forest plots. On the vertical axes of the plots are given the characteristics for which
subgroup analyses were performed. The horizontal axes depict the level of efficacy in the animal models of stroke, from �100%
(detrimental) through 0 (no effect) to 100% (complete protection of the infarct). The grey bars depict the 95% confidence intervals
bounding the mean effect size for each treatment. Where no experimental data were identified for a particular experimental condition,
no point estimate of efficacy is shown. For the purpose of comparison with standard drug testing methods (O’Collins et al, 2006),
categories are included even where no testing has been undertaken. ICV, intracerebroventricular; MCA, middle cerebral artery; SHR,
spontaneous hypertensive rat.
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The maximum efficacy for magnesium was ob-
served when delivered at 2 to 3 hours after occlusion.
Melatonin showed a decline in efficacy when
administered beyond 1 hour. The greatest response
for minocycline was at 4 to 5 hours, with 2 to 3 hours
showing the least response.

Magnesium was typically administered with saline,
but in four cases, had been delivered with either water
(N = 1) or dextrose in saline or water (N = 3). For
melatonin, Tween vehicle resulted in the greatest
efficacy (M = 59.5%, 95% CI = 37.0% to 82.0%, N = 7)
and ethanol or polyethylene glycol the lowest
(M = 35.2%, 95% CI = 29.5% to 41.0%, N = 16), with
saline and dimethyl sulfoxide having intermediate
results. Tween has been shown to increase the absorp-
tion of lipid soluble drugs (Anello and Levy, 1969);
hence, it may have increased the bioavailability of
melatonin. Minocycline was sometimes administered
with water and sometimes with saline as a vehicle,
with results supporting saline as the preferred option
(saline: M = 31.5%, 95% CI = 1.8% to 28.0%, N = 28;
water: M = 17.4%, 95% CI = 2.8% to 32.1%, N = 4).

Magnesium had little effect on infarct size in adult
rats, and increased infarct size in aged rats; however,
these experiments were undertaken with magnesium
chloride not with magnesium sulphate (Davis et al,
1997). One minocycline study was conducted in
hypertensive animals with outcome 5% worse than
overall estimates of efficacy (Murata et al, 2008);
however, drug delivery was at 4 hours after stroke.

Summary of Meta-Analysis Data: Overall, the drugs
met the efficacy criteria but not unreservedly: each
drug reduced the infarct size in stroke models, but
the findings are limited by the narrow time windows
and by scant testing in animals with comorbidities,
such as hypertension. This is a common limitation
across the field of preclinical testing.

Part 3: Experimental Testing of the Drug Combination

The first experiment was designed to test for a
pharmacokinetic interaction between magnesium and
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minocycline in aged, hypertensive animals subjected
to cerebral ischaemia. Three experiments then tested
the efficacy of the combination (magnesium, melato-
nin, and minocycline) in successively less damaging
models. It was hypothesised that animals receiving the
combination therapy would have reduced infarct
volumes and superior secondary outcomes than would
those in the control condition. Post hoc comparisons
were also made between different experiments to
explore effects of age (experiments 2 versus 3) and
stroke severity (experiments 3 versus 4).

Experiment 1: Test for Drug Interaction in Aged Rats:
Owing to a potential effect of the uptake of magne-
sium on minocycline, an experiment was undertaken
to test for the effect of magnesium on the bioavail-
ability of minocycline. Plasma levels of magnesium
and minocycline (Colovic and Caccia, 2003) were
determined from blood collected through a cardiac
puncture at the time of killing, i.e., 24 hours after
ischaemia onset and drug delivery. There was no
significant difference (t =�0.97, P > 0.05, N = 14) be-
tween plasma levels of minocycline (microgram/
millilitre plasma) in the group receiving only mino-
cycline (M = 1.39, s.d. = 0.8, N = 7), compared with
animals receiving a combination of magnesium,
melatonin, and minocycline (M = 1.02, s.d. = 0.6,
N = 7). Brain concentrations were not measured, but
these were expected to be linearly related to plasma
levels for minocycline (Colovic and Caccia, 2003).

Experiment 2: Efficacy in Aged Rats With Large
Strokes: The efficacy of the combination (magnesium,
melatonin, and minocycline) was tested against a
melatonin group and a saline control, with delivery
starting 3 hours after occlusion. Owing to cost, only
melatonin was tested individually: melatonin was
chosen as the single-drug control because we had
undertaken a meta-analysis of melatonin (Macleod et
al, 2005), and at the time, its efficacy was superior to
magnesium and minocycline.

Combination treatment failed to reduce infarct
volume in aged rats subjected to a 2-hour occlusion
(F(2, 36) = 0.425, P > 0.05, partial eta square = 0.051).
No shift in the distribution of scores was observed
between control and combination groups for either
the neurologic score (y= 0, 95% CI =�1.5 to 1.5) or for
the homeostasis score (y= 0, 95% CI =�1 to 0). The
infarct results are presented graphically in Figure 3.
Summary statistics for primary and secondary end
points for experiments 2 to 4 are given in Table 5.

Experiment 3: Efficacy in Young Rats With Large
Strokes: The third experiment sought to replicate the
second experiment, but using younger rats. Each
animal received the control condition (saline), the
single drug (melatonin), or the drug combination at
3 hours after occlusion, with animals killed at
24 hours after occlusion. Treatment failed to elicit a
difference in infarct volume between groups
(F(2, 38) = 0.435, PX0.05, partial eta square = 0.024).

Combination treatment increased (worsened) the
point estimate of the neurologic score by 0.5
compared with control (y= 0.5, 95% CI =�1 to 2)
and to melatonin (y= 0.5, 95% CI =�1 to 1.5), but the
CIs were wide. General health declined by 1 point
in the combination group compared with control
(y=�1, 95% CI =�3 to 2), but the CIs were wide.
There was no shift in the homeostasis score between
control and combination groups (y= 0, 95% CI =�1
to 1) nor between single drug and combination
groups (y= 0, 95% CI =�1 to 0).

Experiment 4: Test for Efficacy in Young Rats With
Small Strokes: Owing to concerns that the bar was
still too high, efficacy was tested again in young
rats, but this time using a 90-minute occlusion with
a shorter filament (2 mm length) and with treat-
ment starting immediately after occlusion. It was
anticipated that by reducing stroke severity and by
delivering the drugs early that neuroprotection might
be shown. Melatonin was not tested alone because
the combination had not shown any effect in earlier
experiments, let alone an additive effect over the
single treatment.

Average infarct volumes were substantially lower
under these conditions. However, again no difference
in volume was found between the saline control and
combination groups (F(1, 17) = 1.94, P = 0.184, partial
eta square = 0.115). Combination treatment was linked
to a small nonsignificant increase in neurologic score
(y= 0.5, 95% CI =�0.5 to 1). There was a shift towards
the combination group having a better general health
outcome, but the CIs were wide (y=�1, 95% CI =�3
to 1). There was no difference in homeostasis between
treatment groups (y= 0, 95% CI =�1 to 0).

Regression analysis was used to determine
whether the drug combination significantly affected
infarct volume after CBF velocity changes after
occlusion were taken into account. Both within
individual experiments and across all experiments,
the combination was not found to be a significant
predictor of outcome, nor was CBF velocity decrease
itself related to infarct volume.

Effect of Age on Outcome: Before stroke, there was no
difference in the neurologic score in aged versus
young rats (y= 0, 95% CI = 0 to 0) nor homeostasis
(y= 0, 95% CI = 0 to 1), but the general health was 1
point worse in aged animals (y=�1, 95% CI =�4 to
�1). At reperfusion, the neurologic score did not differ
between old and young rats (y= 0, 95% CI =�0.5 to
0.5). At 24 hours, the neurologic score was worse by
half a point in aged rats (y=�0.5, 95% CI =�1 to 0.5),
and homeostasis had declined in aged animals
compared with young animals (y=�1, 95% CI =�1
to 0), but the CIs were also consistent with no change.
The general health in aged animals deteriorated by a
large 3-point shift after stroke compared with young
animals (y=�3, 95% CI =�5 to �1), but the numbers
analysed in the aged group were small. There was no
difference in infarct volume between aged animals
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(194 mm3) and young animals (188 mm3) at 24 hours
(F(1, 73) = 0.2, P = 0.6). Mortality was higher in aged
rats (7/44) versus young rats (1/39) (Table 5).

Effect of Stroke Severity on Outcome: There was a
significant difference in infarct volume between
young animals with a 2-hour occlusion (188 mm3)
and a 90-minute occlusion (130 mm3) (F(1, 54) = 21.7,
P < 0.001, partial eta square = 0.29). Mortality did not
differ between longer (1/39) and shorter (0/17)
occlusions, nor did homeostasis at 24 hours (y= 0,
95% CI = 0 to 1). However, at 24 hours, the neurologic
score was worse in animals with long occlusions

(y=�1.0, 95% CI =�2 to �0.5), and general health
was also poorer in this group, although the CIs were
wide (y=�1, 95% CI =�2 to 1).

Discussion

A pragmatic approach was adopted in this study. To
improve prospects at the clinical trial, we sought to test
a combination of drugs in a clinically relevant animal
model so that poor candidates could be eliminated
early. We mined the existing literature for inexpen-
sive, safe, and readily available agents which—when
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Figure 3 Effect of drug combination on primary end points. (A) Infarct volume: box plots depict infarct volumes for each treatment
group in experiment 2 old rats with 2-hours occlusion, in experiment 3 young rats with 2-hour occlusions, and in experiment 4 young
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animals who had that score. Better outcomes (lower scores) are represented by lighter greys. Worse outcomes (higher scores) are
represented by darker greys. Death is represented by white bars.
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combined—might increase efficacy. We chose inter-
ventions from the pool of 1,026 candidates tested in
previous animal studies. Three drugs were selected
because they targeted complementary mechanisms
in the ischaemic cascade, and because they were
inexpensive, purportedly effective in animal models,
safe, stable, easily administered, and readily available.

Testing was initiated under conditions that sought
to meet the gold standard at the time experimenta-
tion was started—the STAIR (1999) recommenda-
tions. When this failed, the drugs were tried in a less
severe stroke model to see whether neuroprotection
might be ‘reinstated’ to levels typically found in the
literature. However, even with smaller lesions and
prompt drug delivery, neuroprotection was still not
shown. Three reasons for the failure are considered,
one relating to the drugs, the second to the animal
model, and the third to the experimental method.

Explanation 1: Failure Attributable to Lack of Drug
Efficacy

A parsimonious explanation for the results is simply
that the combination of magnesium, melatonin, and
minocycline does not work. Drugs were selected after

a broad review of neuroprotective agents: The drugs
looked good on paper, but with hindsight, there were
several indications that they might fail to deliver:

1. Relative Frame of Reference: In an earlier
review, it was found that the average neuroprotective
efficacy across hundreds of interventions was B25%
(O’Collins et al, 2006). However, the dearth of
clinically effective neuroprotectants suggests that
some of this overall effect may be attributed to
experimental ‘noise’ or publication bias. To remove
contamination of noise from the literature, a relative
frame of reference may be preferable. The drugs here
were only marginally superior to the average neuro-
protective efficacy of 25%: magnesium ( + 1%);
melatonin ( + 15%), and minocycline ( + 6%).
Furthermore, when ranked against other interven-
tions on the basis of performance in combination,
these three agents were average performers (manu-
script in preparation).

2. Inconsistent Results: Not all published results
consistently supported the use of magnesium and
minocycline. Almost one-quarter of magnesium
studies (6 of 26) showed a worsening of infarct size.
Furthermore, magnesium was not effective when
combined with mexiletine (Lee et al, 1999). The use

Table 5 Primary and secondary end points

Outcome Experiment 2 Experiment 3 Experiment 4
Old rats Young rats Young rats

2-hour occlusion 2-hour occlusion 1.5-hour occlusion

Treatment group C Mel Com All C Mel Com All C Com All

Infarct volume (mm3)
Mean 181 187 215 194 194 178 192 188 118 142 130
s.e. 18 22 20 11 9 12 17 7 14 13 9
N 13 11 12 36 13 13 12 38 9 8 17

Neurologic score (0–6, 0 = normal)
Mean 3.1a 3.6a 3.2 3.3 2.6a 2.9a 3.2a 2.9 1.4a 1.7a 1.5
s.e. .5 0.5 0.5 0.4 0.3 0.4 0.4 0.2 0.2 0.3 0.2
N 15 15 14 44 13 19 13 45 9 8 17

General health (0–30, 0 = normal)
Mean 8.3 5.0 6.0 6.6b 5.8a 5.1 4.1a 5.0b 6.0a 2.3a 4.3
s.e. 3.5 0 1.0 1.0 2.1 2.2 0.1 1.0 3.0 0.7 1.6
N 3 2 3 8 13 13 13 39 9 8 17

Physiologic homeostasis (0–4, 0 = normal)
Mean 1.0 1.1 0.8 1.0b 0.2 0.6 0.3 0.4b 0.7 0.5 0.6
s.e. 0.2 0.2 0.2 0.1 0.2 0.2 0.3 0.1 0.3 0.3 0.2
N 13 10 9 32 9 10 6 25 6 6 12

Mortality
N (Died) 1 3 3 7 0 0 1 1 0 0 0
N (Total) 15 15 14 44 13 13 13 39 9 8 17

All, all treatment groups in the experiment; C, control group; Com, combination treatment group (magnesium, melatonin, and minocycline); M, mean; Mel,
melatonin group; N, number of animals.
aShifts were seen between the different treatment groups within experiments, but the confidence intervals were wide and also consistent with no effect. The
general health scale was only developed during experiment 2; consequently, there are only a few animals scored along this scale. It was designed in response to
the problems associated with the use of aged animals. Complete physiologic records were not available for all animals at 24 hours; consequently, homeostasis
scores are not available for all animals.
bEvidence of shift in distribution using shift analysis in combined groups in experiments 2 and 3 (aged versus young animals).
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of minocycline also has its detractors, in part owing
to instances of failure in nonstroke animal models.
The issue of inconsistency is not an easy one;
however, as drugs with narrow therapeutic windows
may elicit toxic responses at high doses but still be
effective at their optimal dose or in different
diseases.

3. Dose Response: Hackam and Redelmeier (2006)
reported that animal studies incorporating dose–
response gradients were more likely to translate
successfully to humans. In this study, both melato-
nin and minocycline show signs of an increased
response to higher doses when the method of
administration is taken into account, but they were
only tested over a narrow range of doses for each
mode of delivery. No clear dose–response relation-
ship was observed in the magnesium meta-analysis,
compatible either with a lack of effect or with a
complex dose–response relationship (Meloni et al,
2006)). Meta-regression would be preferable to
stratified meta-analysis when assessing dose–
response relationships (e.g., Minnerup et al, 2008),
and comprehensive individual dose–response stu-
dies would be better still. In vivo neuroprotection
dose–response studies rarely test more than three
doses, and perhaps this is an area deserving greater
focus. However, for combination trials, dose–
response studies may prove difficult logistically.

4. Time Response: It is believed that treatments are
generally more effective if administered early after
ischaemic injury, and that the relevant targets may
change as time after stroke progresses. Findings from
the meta-analysis were not entirely consistent with
the idea that each drug targets a consecutive point in
the ischaemic cascade. Magnesium was least effec-
tive immediately after stroke, contrary to what would
be expected if its main target is acute excitotoxicity.
Minocycline is believed to counter the inflammatory
processes that evolve over longer periods than the
initial excitotoxic surge; however, the minocycline
meta-analysis did not show a clear change in
therapeutic response with time. In reality, the
ischaemic cascade may not easily be subdivided into
discrete temporal blocks relating to the damage
caused by excitotoxicity, oxidation, or inflammation,
and each of the drugs may have broader actions on
the ischaemic cascade than generally emphasised.
Nevertheless, a temporal response curve consistent
with the pathophysiology of stroke and with known
time courses for the drug target may help drug
selection. Testing of the temporal response should
occur at relevant time frames; only minocycline had
a median time to delivery that occurred after the
onset of ischaemia in the previously published data
(Table 3).

5. Synergistic Interactions: The potential of these
drugs to interact synergistically and increase the
effectiveness of other agents was only average when
rated against other drugs (O’Collins, 2010 personal
communication—it must be noted that this informa-
tion was not available at the time of drug selection).

Lower synergism might result from these agents
being tested with other highly effective agents
already operating near the ceiling for neuroprotec-
tion; nevertheless, synergism may be a useful
indicator of therapeutic potential.

6. Experimental Quality: Bias can influence ex-
perimental results, and this may have a negative
impact on translation into positive clinical trial
outcomes (Macleod et al, 2008; Sena et al, 2007a;
Philip et al, 2009). No previous studies using
magnesium, melatonin, or minocycline reported
having undertaken the full gamut of randomisation,
blinded surgery, blinded outcome, and sample-size
calculations. Randomisation and blinding of surgery
and of outcome assessment was undertaken in 27%
of magnesium experiments, in 17% of melatonin
experiments, and in 6% of minocycline experiments.

7. Range of Testing: The range of testing was high
across the published experiments, but the test
criteria may have been too readily satisfied and
some criteria may be more important than others
(e.g., comorbidities). Only magnesium sulphate has
previously been tested in aged animals, and only
minocycline has been tested in a hypertensive
model.

In summary, the results of this study suggest that
this combination does not work, and a more detailed
reading of the results of the meta-analyses might
have anticipated a negative outcome. However, this
does not preclude the possibility that other combina-
tions containing these agents might not be effective.

Explanation 2: Failure Attributable to the Stroke Model

The second broad explanation for the results is that
when the stroke is large or attempts are made to
model comorbidities such as hypertension, then
neuroprotective potential is lost. At first, it was
believed that age might have a large bearing on
outcome and that by shifting to younger animals,
neuroprotection would be observed. However, even
in younger animals, neuroprotection was not shown.
Next, testing was undertaken in a model with smaller
infarcts as the ‘malignant’ infarct induced in the
2-hour occlusion model may be too severe to permit a
therapeutic effect (animals experienced damage to
most of their middle cerebral artery territory, with
the damage sometimes extending into the lateral
hypothalamus). Consequently, a thread with a smal-
ler tip was used to induce inclusion for a shorter
duration with the idea that it would be less likely to
block the superior hypophyseal artery where it
branches off the internal carotid artery (proximal to
the middle cerebral artery). However, even when a
smaller stroke was obtained, no protection was
observed. Rectal temperature was similar across all
groups and experiments, suggesting that damage to
the lateral hypothalamus did not aggravate injury
through disruptions to temperature regulation (or if it
did, it was obscured by other factors). All animals
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used were of the spontaneous hypertensive rat strain;
hence, it may be that hypertension was an important
moderator of outcome.

Explanation 3: Bias and Imprecision in the Experiment

The drug combination may have the potential to
work, but not as used in this study owing to the
preparation, dose, or delivery of the drugs, or owing
to a pharmacokinetic interaction affecting the con-
centration of drugs. We adopted a pragmatic
approach by using the maximally effective doses
also considered to be safe in humans, and this may
have swamped any potential efficacy. The alternate
of using minimally effective doses may better reveal
potential synergism.

The true effect size may have been smaller than
this study was powered to detect. All surgery and
infarct analyses were undertaken without knowledge
of treatment allocation; however, the behavioural
analysis of several animals in experiment 4 was not
blinded by staff availability.

An argument exists that neuroprotection could
never be established by us in this model because no
reduction in infarct volume was seen in single-drug
(melatonin) conditions in aged and young rats with
large stroke at 3 hours delay. Against this argument is
the consideration that the experimental conditions of
this study did not precisely replicate those of other
publications in which neuroprotection was achieved
(in particular, by blinding, randomising, using
hypertensive animals, and by delivering at 3-hour
time windows). In addition, a marked reduction was
seen in infarct volume in the 2-hour occlusion model
(experiments 2 and 3) versus the 90-minute occlu-
sion model (experiment 4), suggesting that reduction
in infarct damage is possible in this model, if only by
reperfusion.

Age, Stroke, and Neuroprotection

No differences in infarct volume and overall neuro-
logic score were noted between aged and young rats,
although this may be owing to the focus on acute
effects. Evolution of histochemical changes have
been found to differ with age (Badan et al, 2003b)
and after several weeks, young rats may make total
recovery whereas, in aged rats, recovery may only be
partial (Badan et al, 2003a) (long-term changes were
not monitored in this study because of the high
mortality at days 2 to 3 in aged rats). Furthermore,
the use of an aggregate score may mask age-related
differences because aged rats were much more likely
to have a high score owing to inactivity, whereas
young rats tended to have a higher score owing to
reflexive activity (forelimb flexion, torso twisting).
Measurements of mortality, homeostasis, and general
health as used in this study might better reflect
disability than infarct volume and a scale based
heavily dependent on forelimb function.

Validity of the Combination Neuroprotection
Approach

Neuroprotection rests on the assumption that there
exists some region of the salvageable tissue or
penumbra (Marchal et al, 1996). Heiss et al (1999)
observed that most tissue damage occurs rapidly
after the reduction in blood supply, with only a
relatively small amount being attributable to second-
ary and delayed mechanisms. In this study, we
targeted excitotoxicity, inflammation, and oxidative
stress, but unlike the role of blood flow in clinical
stroke, neuroprotective targets are still in need of
solid clinical data. However, the fact that we failed to
achieve protection by targeting excitotoxicity, oxida-
tive stress, and inflammation does not invalidate
these targets, just the particular combination of
agents. Visualisation of molecular targets through
advances in imaging, and better characterisation
of the multimodal nature of drugs will improve
the selection and implementation of therapeutic
strategies.

Methods for Drug Selection

The method for selecting drugs applied in this study
may need some refinement, with a greater emphasis
on proof of efficacy. As noted by the European Ad
Hoc Consensus (1998), ‘A treatment that achieves a
good functional outcome is the most cost-effective
approach’ (p. 59). The decision to fulfil other criteria
(such as price, safety, availability, stability, etc.)
might have been made at the expense of efficacy.
Of the 1,026 candidate interventions, many were
eliminated because of the absence of regulatory
approval (FDA). Only six drugs survived the filtra-
tion process—magnesium, melatonin, minocycline,
albumin, erythropoietin, and tacrolimus—suggesting
that screening was too tight. Of the 1,026 candidates,
many might work well together.

As noted above, if meta-analysis is to be a useful
tool in drug selection, then the results need to be
read in the context of the following factors: (1)
efficacy relative to all previously tested drugs; (2)
inconsistent results for the particular drug; (3) dose–
response relationships; (4) time–response relation-
ships; (5) synergistic interactions; (6) experimental
quality; and (7) range of testing.

It is not clear to what extent meta-analysis can
guide drug selection when the conditions under
which one intends to test differ from those under
which meta-analysis studies were conducted. Pre-
clinical data for magnesium, melatonin, and mino-
cycline contained only one study using hypertensive
animals; indeed, comorbidities are generally under-
represented in animal experiments compared with
their clinical prevalence. A further limitation of
meta-analysis as a guide to drug selection is the
manner by which it deals with systematic difficul-
ties, such as smaller variance in the spontaneous
hypertensive rat strain. New techniques are evolving
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which may be better equipped to deal with variance
and uncertainty (Sutton and Higgins, 2008). In
addition, meta-analyses are only as good as the
results and the tests purporting to measure the
treatment effect.

STAIR Guidelines

This study attempted to follow the STAIR (Stroke
Therapy Academic Industry Roundtable) guidelines;
however, it may be useful to operationalise the
guidelines more strictly than was done here. For
example, the range of testing for magnesium, mela-
tonin, and minocycline was 8 to 9/10, suggesting that
a simple checklist approach (testing in two species,
two laboratories, etc.) is too readily satisfied (O’Col-
lins et al, 2009). Additional considerations might
also be useful, e.g., interpretation of experimental
findings in a relative frame of reference taking into
account the overall body of neuroprotective work,
spotlighting inconsistent results, and looking for
synergistic interactions with other agents. One of
the most important criteria—described by Feuerstein
and Chavez (2009) and Feuerstein et al (2008) as a
‘missing step’ in STAIR—is to characterise the target.

Conclusions

The experiments failed to support the use of
magnesium, melatonin, and minocycline in combi-
nation at these doses, at these delays, and using this
method of delivery in this model of cerebral
ischaemia. These findings do not preclude the
possibility that any one of the drugs may still be
useful in combination with some other intervention,
or in patients, but is on balance unlikely. Caution
needs to be exercised when assessing published data
for selecting drugs. The challenge remains to raise
the bar sufficiently high, so that only useful drugs are
taken forward to further testing, but not so high that
many potentially useful agents are excluded.
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