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Abstract

Key disparities between the timing and methods of assessment in animal stroke studies and

clinical trial may be part of the reason for the failure to translate promising findings. This

study investigates the development of ischemic damage after thread occlusion MCAo in the

rat, using histological and behavioural outcomes. Using the adhesive removal test we inves-

tigate the longevity of behavioural deficit after ischemic stroke in rats, and examine the prac-

ticality of using such measures as the primary outcome for future studies. Ischemic stroke

was induced in 132 Spontaneously Hypertensive Rats which were assessed for behavioural

and histological deficits at 1, 3, 7, 14, 21, 28 days, 12 and 24 weeks (n>11 per timepoint).

The basic behavioural score confirmed induction of stroke, with deficits specific to stroke

animals. Within 7 days, these deficits resolved in 50% of animals. The adhesive removal

test revealed contralateral neglect for up to 6 months following stroke. Sample size calcula-

tions to facilitate the use of this test as the primary experimental outcome resulted in cohort

sizes much larger than are the norm for experimental studies. Histological damage pro-

gressed from a necrotic infarct to a hypercellular area that cleared to leave a fluid filled cav-

ity. Whilst absolute volume of damage changed over time, when corrected for changes in

hemispheric volume, an equivalent area of damage was lost at all timepoints. Using beha-

vioural measures at chronic timepoints presents significant challenges to the basic science

community in terms of the large number of animals required and the practicalities associated

with this. Multicentre preclinical randomised controlled trials as advocated by the MultiPART

consortium may be the only practical way to deal with this issue.

Introduction

Animal models have been widely used to aid our understanding of stroke pathophysiology and

the potential effectiveness of putative therapies. However, their utility has been questioned
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because of the failure to translate positive animal model data to a successful clinical treatment.

At the core of this translational failure lie key differences in the endpoint and outcome mea-

sures between experimental and clinical studies. Assessment of neurological deficit and dis-

ability in patients months after stroke is in stark contrast to many experimental animal studies

where infarct volume assessed at acute timepoints after stroke is the main outcome reported

[1–6]. This disparity in what and when we measure prompted the STAIR recommendations

that pre-clinical studies extend monitoring to at least 30 days, and include multiple outcome

measures including both behavioural testing and infarct volume assessment [7, 8]. However,

despite being introduced over 15 years ago, these recommendations have yet to make a great

impact on translation of an acute stroke therapy [6, 9–11]. Indeed, of over 3000 experiments

collected by the CAMARADES group for systematic review, only 5% assessed outcome at

times beyond one month, with 85% assessing outcome within one week of stroke (CAMAR-

ADES, data on file).

Meeting these challenges and facilitating rigorous evaluation of candidate therapies requires a

clear understanding of methodological variability and how experiments need to be powered to reli-

ably quantify outcome. Chronic endpoints in animal models are also made challenging by survival,

paucity of detectable and long lasting behavioural deficits, and consistency in infarct size [12].

To this end, improvements to each animal model of stroke have been made to result in more

consistent infarct sizes and improved survival. For example through different thread properties

and occlusion durations in the thread occlusion model; manipulation of photosensitive dye

concentration, illumination period or laser settings in the photothrombotic model; and location

and length of artery occluded in direct occlusion models [13–16], infarcts of different size and

location can be induced with relative consistency. While reducing variability makes modelling

cheaper, it does so at the expense of generalizability. Human stroke is also highly variable.

This study aims to profile neurological deficit and histological damage in cohorts of rats

collected at varying times up to 24 weeks following transient thread occlusion stroke. In addi-

tion, we aim to examine variability in outcomes measured and the impact on sample size cal-

culations for future studies. By using a multi-cohort design allowing us to combine

behavioural measures with assessment of histology at late timepoints after stroke, we hope to

better align experimental stroke models with the clinical situation.

Materials and methods

Animals & ethics

All procedures involving animals were approved by the Animal Ethics Committee of Austin

Health (Heidelberg, Victoria, Australia, approval number 2007/2796) and performed in accor-

dance with institutional, national and the Animal Research: Reporting In Vivo Experiments

(ARRIVE) guidelines (Australian code of practice for the care and use of animals for scientific

purposes, 7th edition, 2004)[17]. Male Spontaneously Hypertensive Rats (SHR) were used

throughout this experiment (Animal Resource Centre, Canning Vale, Western Australia). All

animals were aged 15 weeks at surgery (286-362g). Blood pressure was not monitored.

Sample size calculation

Based on previous infarct volume data using an identical surgical design (90 minute thread

occlusion MCAo in 15 week old male SHR), a sample size calculation (power = 0.8; alpha = 0.05,

see below) estimated 11 animals per group would be required to detect an infarct equivalent to

25% of the uninjured hemisphere. Additional animals were allocated to longer recovery time-

points to allow for deaths and to ensure enough animals survived to each time point. A total of

132 animals underwent surgery for this experiment.

Ischemic damage and behavioural deficit over 6 months after stroke in the rat
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Randomisation and blinding regime

To reduce selection, performance, detection and attrition biases, care was taken to ensure ani-

mals were randomised to experimental group, investigators remained blinded to experimental

group for induction and assessment of ischemia, and outcomes for all animals used in the

experiment were reported. Specifically, animals were numbered upon arrival at the animal

facility. An investigator independent of the surgical procedure randomised the list of animals

to experimental group (using Excel random number generator), with surgical type (stroke or

sham) being revealed to the surgeon immediately prior to thread insertion. Animals undergo-

ing ischemia were further randomised to one of nine experimental groups that determined

when they were to be collected for histology analysis: 1, 3, 7, 14, 21, 28, 84, and 168 days follow-

ing MCAo. Sham animals (complete surgery without thread insertion) were sacrificed for his-

tology at 168 days following surgery. In the case where an animal died prior to its designated

endpoint, the animal was replaced from a pool of additional animals. Data from animals

which did not reach their designated endpoint was not included in the analysis except for a

summary of mortality. Allocation to group remained blinded throughout the behavioural

assessment, with animals carrying no identifier of experimental group. Once animals reached

their designated endpoint, tissue was collected and re-coded to ensure blinded histology. All

surgery, behavioural testing and histological analysis were performed by a single investigator.

Induction of focal ischemia

Anaesthesia was induced by inhalation of 5% isoflurane (mixed with 50:50 air and oxygen) in

an enclosed box and then maintained using a nose cone where 2% isoflurane (mixed with

50:50 air and oxygen) was delivered to the spontaneously breathing animal for the duration of

surgery. Throughout surgery, body temperature was monitored and controlled to 37.4˚C

using a rectal temperature probe controlling a heat mat (manufactured in house).

Focal cerebral ischemia was induced using the thread occlusion model of MCAo following

the methods of Longa with modifications by Spratt [16, 18]. Cerebral blood flow was moni-

tored in the area 5mm lateral, 1mm posterior to bregma by Laser Doppler flowmetry (Moor-

Lab, Devon, UK, coupled to iWORX, Dover, NH, USA). Prior to affixing the Laser Doppler

probe, the skull was thinned using a hand held drill. The right MCA was occluded for 90 min-

utes before withdrawal of the thread to allow reperfusion for the remainder of the experiment

(24 hours to 24 weeks). Briefly, a silicone coated 4–0 nylon suture of dimensions 0.35mm diam-

eter; 2mm coating length (manufactured according to Spratt et al[16]) was inserted approxi-

mately 18mm through a stump created from the External Carotid Artery to occlude the MCA

until mild resistance was felt. This coincided with a drop in blood flow. Animals were recovered

from anaesthesia following occlusion. Just prior to 90 minutes post MCAo, animals were rea-

naesthetised to permit withdrawal of the thread and reperfusion. Animals allocated to the sham

group underwent the same surgical procedure as stroke groups, without insertion of the occlud-

ing thread. This included clips being briefly placed on the ICA and CCA.

All animals were housed individually following surgery to ensure a consistent post-surgical

environment. Postoperative analgesia was provided in the form of a single rectal suppository of

paracetamol (5mg of a 20mg/kg solution). A post-operative care plan was employed to help pre-

vent weight loss and dehydration over the first week after surgery. This included the supply of

paracetamol in drinking water (120mg/kg), sub-cutaneous injections of saline (days 1–3) and pro-

vision of soft food. For the first week after surgery, animals were housed in a recovery room

where they could be closely monitored. After the seventh day post-surgery, animals were returned

to live in general holding rooms, still in individual cages. Weight, basic behaviour and general

health were monitored daily for the first two weeks following surgery, and regularly thereafter.

Ischemic damage and behavioural deficit over 6 months after stroke in the rat
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Behavioural tests

Three measures were used to assess behavioural deficit after stroke: basic behavioural scale,

adhesive removal test, and sunflower seed challenge. All three behavioural assessments were

performed at the following times: Pre, 1, 3, 7, 14, 21, 28 days, 8, 12, 16, 20, 24 weeks.

Basic behavioural scale. Neurobehavioural deficit was assessed using a modified version

of the methods described by Petullo et al to score forelimb flexion, torso twisting, lateral push

resistance, and general mobility (Table 1, Fig 1A)[19]. This test was chosen as a quick and sim-

ple assessment of neurological deficit after stroke.

Adhesive removal test. The adhesive removal test (also referred to as the sticky tape test)

has been used as a measure of motor co-ordination and sensory neglect after stroke in experi-

mental studies using rats and mice [20–27]. After a period of familiarisation in the glass test

box (30x28x45cm), the rat was lightly restrained to allow attachment of 9mm circular office

stickers (Checkpoint Systems, Kuala Lumpur, Malaysia) to the palm of each forepaw (Fig 1D).

The order of attachment (left or right applied first) was alternated at each test. Additionally,

each forepaw was touched firmly and in quick succession after attachment of the tape. The

time taken to remove each sticker was recorded. Three trials were undertaken in each test ses-

sion, with a rest period of at least 1 minute between trials. A maximum time of 150 seconds

was allocated for each trial. If the stickers could not be removed within this period, a maximum

time was recorded. Animals were acclimatized to the test procedure in the week prior to sur-

gery via 3 training sessions of 3 tests. A baseline test was recorded on the day prior to surgery.

Sunflower seed challenge. The fine motor co-ordination required to manipulate, open

and consume a sunflower seed from its husk may provide an opportunity to explore long term

deficit following stroke [28, 29]. To simplify the test, we examined the number of pieces of sun-

flower seed remaining after a set time. Rats were given sunflower seeds in their home cage to

familiarise them with shelling and consuming seeds throughout the week prior to surgery. At

each test session, rats were placed in a paper lined box with 10 sunflower seeds. After 30 min-

utes the number of whole (uneaten) seeds and pieces of shell were recorded (Fig 1G). Animals

were not fasted prior to testing.

Table 1. Scoring criteria for Basic Behavioural Test after stroke (Modified from Petullo et al)[19].

Test Score Description

Forelimb

Flexion

0 No flexion. Forelimbs extend equally outstretched toward the bench

0.5 Mild. Left forelimb at approximately 45˚ angle consistently; or angle is closer to 90˚

but is not consistent.

1 Moderate to severe. Left forelimb is at 90˚ or greater. Forelimb flexion is

consistent.

Torso

Twisting

0 No signs of body rotation. Body elongated and extended toward the bench.

0.5 Mild. Half twist of the body.

1 Moderate to severe. Consistently strong twisting to contralateral side. Head and

forelimbs brought toward hind limbs.

Lateral Push 0 Equal resistance. Animal resists being pushed.

0.5 Weakened resistance. Animal shows weakened resistance whilst trying to

correct.

1 No resistance. Animal has severely weakened resistance. Tends to “roll” with left

legs collapsing after being pushed to the left.

Mobility 0 Normal mobility. Animal is able to freely walk, move about cage, rear on

hindlimbs.

0.5 Spontaneous movement reduced.

1 Needs stimulus to move.

2 Unable to walk.

doi:10.1371/journal.pone.0171688.t001
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Tissue collection and processing

At their designated endpoint, animals were deeply anaesthetised with isoflurane and transcar-

dially perfused with 90mL normal saline followed by 270mL 4% paraformaldehyde. The brain

was removed and postfixed in paraformaldehyde for 24 hours before being cut into 2mm thick

coronal slices which were then processed and embedded in paraffin wax. Seven micron sec-

tions were collected on to silane coated microscope slides, followed by staining with hematoxy-

lin and eosin for infarct delineation.

Infarct analysis

Image acquisition. Slides were digitised using an Aperio ScanScope XT microscope (Leica

Biosystems, Wetzlar, Germany) at 20x magnification. The pen tool within ImageScope (Aperio

Technologies, Vista, CA, USA) was used to manually define hemispheres and ventricles, and to

delineate areas of ischemic injury (described below).

Definitions of damage. Progression of ischemic related damage involves many stages

which influence the structure and appearance of tissue. Normal healthy tissue was characterised

by round neuronal nuclei and cell bodies, with uniform neuropil staining. The absence of normal

cells was used to define the boundary for outlining ischemic related damage. As the infarct aged

and progressed, differentiation between striatal and cortical damage became more difficult and

so we report the total area damaged. Qualitative notes were made of the location of damage.

Areas of damaged tissue were delineated based on descriptions provided in the literature

[30–33]. Vacuolation and sponginess of the neuropil, pallor of the eosiniphilic background

and the shape and staining of neuronal cell bodies were used to identify acutely damaged tissue

Fig 1. Assessment of behavioural deficit for 6 months after stroke. Basic Behavioural Test: A) Forelimb

flexion and torso twisting. B) Total score over the timecourse of the experiment. C) Presence of a deficit (shaded)

over the course of the experiment. Adhesive Removal Test: D) Placement and removal of tape on the forepaws.

E) Time to remove contralateral (left) tape relative to baseline ability. F) Time to remove ipsilateral tape relative to

baseline ability. Sunflower Seed Challenge: G) Intact and broken seeds. H) Number of whole seeds remaining. I)

Number of pieces of seed.

doi:10.1371/journal.pone.0171688.g001
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[31]. Early ischemic damage included pyknosis where cells appeared shrunken and intensely

stained, and cells with eosinophilic cytoplasm (red neurons), together with disruption of the

neuropil. Neuronal damage progressed to ghost neurons where affinity for hematoxylin was

lost, before fading into the neuropil [34]. Inflammatory cells invaded the area of damage and

could be identified by their small dark round nucleus. These cells are likely to be neutrophils

[35–37]. Macrophages also entered the ischemic area, characterised as large round cells with

an offset nucleus. As the ischemic area was cleared by phagocytosis, a dense band of glial cells

(with small nuclei and mesh like morphology) formed a border between healthy tissue and

cavity. This band was included in measurements of damaged tissue.

Calculation of infarct volume. Volume of damage was calculated based on six slices

approximately 2mm apart, ranging from 3.7 to -6.3mm relative to bregma. Area measurements

were converted to volumes by finding the average area at two adjacent planes and multiplying

by the distance between the planes. Volumes were calculated for each hemisphere, total brain

size, ventricles, damaged tissue, and healthy tissue (remaining ipsilateral tissue). To account

for differences in hemisphere size due to the effects of oedema and atrophy, total ischemic

damage was calculated as a proportion of the contralateral hemisphere using the formula
ðcontralateral area� remaining ipsilateral areaÞ

contralateral area [24].

Statistics and analysis

Statistical analyses designed by our statistician (LC) were conducted using IBM SPSS Statistics v20

and Stata 13IC (StataCorp). Groups were compared using ANOVA with Bonferroni post hoc

analysis for between group comparisons; and Dunnetts test for comparison to sham. When there

was significant variation between experimental groups (failure of Levene’s test of homogeneity of

variances), Game-Howell and Dunnett T3 post hoc tests were applied. To test for differences in

body weight over time (comparing stroke and sham animals), random-effect generalised least

squares regression was used. Linear regression was used to compare individual timepoints. Cox

regression with shared frailty, adjusting for time and baseline ability was used to examine the adhe-

sive removal test. Data for the basic behavioural test was recoded in a binary fashion (deficit / no

deficit) and examined using random effects logistic regression. Cross tabs, Fisher’s exact test and

Agresti’s generalised odds were used to examine deficit at individual timepoints [38]. Sample size

and power calculations were performed using an online calculator (http://www.statisticalsolutions.

net/pssTtest_calc.php), power = 0.8, α = 0.05. All infarct data are presented as average ± standard

deviation, with individual animal data points displayed on graphs. The degree of association

between deficit in the adhesive removal test assessed at day 1 and ischemic damage was estimated

with Pearson correlation coefficient.

Results

Summary of animal numbers

A total of 132 animals underwent surgery. Twenty-eight animals died prematurely or were

excluded from the study. Most deaths (n = 26) occurred within 21 days of stroke. Of these, 7

animals died within a day of surgery due to sub-arachnoid haemorrhage or technical error

during stroke induction. Potential infection was suspected in 7 animals, characterised by

blood clots lining the chest cavity [39, 40].

Importantly, all animals who reached their designated endpoint showed both behavioural and

histological evidence of successful stroke. Of 104 animals who reached their endpoint, 98 were

available for histological analysis; 6 brains were damaged during tissue processing (Table 2). For

Ischemic damage and behavioural deficit over 6 months after stroke in the rat
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behavioural tests, data from stroke animals was grouped and compared to sham for each assess-

ment timepoint. The number of animals tested at each time is summarised in Table 2.

Confirmation of successful stroke induction

Induction of MCAo was confirmed by a drop in blood flow at insertion of the occluding thread

and acute behavioural deficits. The average CBF decrement at MCAo relative to pre-occlusion

was 70.6±14.6%. The degree of occlusion was equivalent across all stroke groups, and signifi-

cantly different to sham (F(8,91) = 40.43, p<0.001) (Table 2).

At 90 minutes (immediately prior to reperfusion) all stroke groups had a median beha-

vioural score of 3, with scores ranging from 1.5–4, suggesting MCAo induced a similar degree

of deficit in all stroke animals. Sham animals showed no deficit 90 minutes after surgery, sug-

gesting the deficits seen in stroke animals are due to ischemia and are not caused by the surgi-

cal procedure or anaesthesia.

All animals exhibited reduction in Laser Doppler signal, behavioural deficit after with-

drawal of anaesthesia and infarction at their designated endpoint. Therefore all procedures

were considered successful.

Behavioural deficit

Basic behavioural test. Deficit in the basic behavioural test was most pronounced at 90

minutes (immediately prior to reperfusion) (Fig 1B). Deficit was still evident but less severe at

day 1 and continued to diminish over the first week. At timepoints beyond 14 days there

appears to be very little behavioural deficit detected using the basic behavioural test.

Scores were re-coded to group animals with no deficit (total score = 0), or any deficit (total

score >0.5) to allow testing of repeated assessments. Random effects logistic regression found

a significant difference between stroke and sham groups across the entire experiment (Odds

Ratio = 940.04; 95% CI: 61.64, 1436.5; p<0.001), with a significant treatment-by-time interac-

tion. When individual timepoints were considered, stroke animals were more likely to have a

deficit (any score) in the basic behavioural test than sham animals up to 7 days post-surgery

(Odds Ratio = 3.24, 95% C.I 2.34, 4.49, p<0.001) (Fig 1C). At timepoints beyond 7 days, the

basic behavioural test was not able to discriminate between stroke and sham animals as both

groups had little or no deficit (14 day Odds Ratio = 1.88, 95% C.I. 1.46, 2.43, p = 0.063). Of the

test components, forelimb flexion had the most longstanding (and strongest) deficit, but at

later timepoints only a small proportion of animals (12.5%, n = 2) still had evidence of fore-

limb flexion.

Table 2. Summary of cohort sizes, CBF drop at MCAo and Tissue Damage (Mean±Standard Deviation).

24 hours 3 days 7 days 14 days 21 days 28 days 12 weeks 24 weeks Sham

n Behavioural

Assessment

93 83 73 62 51 40 29 15 9

Reached Endpoint 11 11 11 11 11 11 13 16 9

Infarct Analysis 11 11 11 10 11 11 12 15 6

CBF decrement at

occlusion (% of baseline)

73.3±9.9 65.5±14.0 66.3±17.6 73.5±8.0 70.4±15.6 74.4±11.0 66.7±19.1 73.0±17.0 -24.3±24.3

Reperfusion Recovery (%

of pre MCAo)

74.5±77.4 113.6

±81.7

127.6

±150.7

109.3

±144.1

312.4

±382.7

160.7

±269.9

120.6

±121.7

285.0

±692.3

125.2

±103.0

Volume of Damage (mm3) 134.4

±50.1

142.2

±43.4

93.7±33.5 88.9±29.1 93.7±27.8 80.9±20.6 50.1±23.5 60.7±24.7 4.5±9.9

Total Ischemic Damage (%) 28.5±9.8 29.5±9.0 26.0±6.9 34.4±12.0 33.0±9.8 32.8±7.8 26.3±9.0 29.1±12.6 5.1±5.2

doi:10.1371/journal.pone.0171688.t002
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Adhesive removal test. Prior to surgery, all animals were able to remove the tape rapidly

(13±8 sec; 14±9 sec contralateral (left) and ipsilateral (right) forepaw respectively) and did not

show preference in the order in which tapes were removed. Following induction of MCAo,

pronounced deficit in their ability to remove the contralateral tape was observed (Fig 1E). This

continued as an asymmetric bias to remove the ipsilateral tape before attempting to remove

the contralateral tape for the entire observation period. Across all timepoints assessed, median

time to remove the contralateral tape was 44±5 seconds (95% CI: 33.0, 51.67) for stroke ani-

mals, and 6±0 seconds (95% CI: 4.67, 6.33) for sham. Stroke animals were 94% less likely to

remove the contralateral tape at any time over the 6 month experimental period compared to

sham (Cox regression with shared fragility and adjustments for time and baseline ability. Haz-

ard ratio = 0.063 (95% CI: 0.034, 0.115; p<0.001)). When individual timepoints were com-

pared, stroke animals consistently removed the contralateral tape significantly slower than

sham animals for all timepoints except 112 days (Fig 1E).

Impairments were also evident in the time to remove the ipsilateral tape (HR = 0.557; 95%

CI: 0.339, 0.913; p = 0.020) (Fig 1F). When individual timepoints were examined, there were

significant differences between stroke and sham animals in the time to remove the ipsilateral

tape for the first week after stroke (Fig 1F). Beyond 7 days, there was no significant difference

between stroke and sham animals, with each as likely to remove the ipsilateral tape.

Sunflower seed challenge. Prior to surgery, all animals could readily break all 10 sun-

flower seeds open, resulting in 34±8 pieces. Over the acute 3 days following surgery, many

stroke and some sham animals did not open some (or all) sunflower seeds (Fig 1H). During

the first 14 days, stroke animals broke sunflower seeds into fewer pieces than sham, leaving

more seeds untouched (Fig 1I). After 14 days, stroke and sham animals broke sunflower seeds

into an equivalent number of pieces. In its current form, this test does not appear useful for

discriminating between stroke and sham animals, nor for assessing deficits after stroke.

Evolution of ischemic related damage

Damage resulting from tMCAo developed rapidly, with an infarct encompassing the cortex

and striatum evident by 24 hours. The volume of damage was largest at 3 days post stroke

(142.2±43.4mm3) (Table 1, Fig 2A). From day 7 to 28 the volume of damage was smaller but

stable, however the composition of this area of damage included larger volumes of cavity over

time (Fig 2A). Cavity was first evident as small patches at 7 days, and became prominent in

most animals by 14 days. The volume of cavity was largest at 24 weeks, representing 26.2% of

the total damage (15.9±9.2mm3 cavity; 60.7±24.7mm3 total volume of damage). Infarct volume

differed significantly over time (F(8,89) = 15.649, p<0.001), with all stroke groups significantly

Fig 2. Ischemic damage over time after stroke. A) Total volume of damage including cavity (shaded). B)

Changes in hemispheric size C) Ischemic damage corrected for the effect of oedema and atrophy. All values

Mean±Standard Deviation. Animals are represented by individual data points. * p<0.05

doi:10.1371/journal.pone.0171688.g002

Ischemic damage and behavioural deficit over 6 months after stroke in the rat
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different to sham. Animals collected at 24 hours and 3 days had infarct volumes significantly

larger than animals collected at 12 and 24 weeks (and 28 days for 3 day comparison) (p<0.05).

Changes in hemispheric size were evident early after stroke as an enlargement of the ipsilat-

eral hemisphere relative to its contralateral counterpart (Fig 2B). Swelling of the ipsilateral

hemisphere peaked at 3 days. By 7 days the effect of oedema had resolved, with ipsilateral and

contralateral hemispheres being of a similar size, and comparable to sham. Beyond 14 days,

the ipsilateral hemisphere was consistently smaller than the contralateral hemisphere, suggest-

ing atrophy. The difference between ipsilateral and contralateral hemispheres differed signifi-

cantly over time F(8,95) = 17.662, p<0.001. Only the 7 and 14 day groups did not differ from

sham.

When the amount of tissue damaged was adjusted for differences in hemisphere size (due

to the degree of atrophy or oedema), the proportion of ischemic damage was equivalent across

all stroke groups (26.0±6.9%–34.4±12.0%) (Table 1, Fig 2C). One way ANOVA showed a sig-

nificant difference in tissue loss between experimental groups (F(8, 89) = 5.592, p<0.001). All

stroke groups had significantly greater tissue loss compared to sham (p<0.05). There was no

difference in tissue loss between stroke groups collected at different timepoints, suggesting an

equivalent volume of brain is damaged across all stroke animals after 90 minutes tMCAo in

the SHR.

When the degree of deficit was compared with final ischemic damage, the best correlation

was seen when comparing time to remove the contralateral tape in the adhesive removal test at

day 1, when the deficit was most severe, with infarct volume measured at 24 weeks after stroke

(r = 0.739, p = 0.003, n = 14).

Qualitative description of damage. Ninety minute transient MCAo in the SHR resulted

in damage to the right striatum and cortex of all animals. Over time, more animals showed

damage to the hypothalamus, hippocampus and thalamus (54% at 3 days, 54% at 21 days, 75%

at 12 weeks respectively). Across all timepoints, scattered necrosis was noted in the contralat-

eral hemisphere.

As time progressed after stroke onset, tissue structure and the type and extent of damage

differed. Sham animals generally showed normal histology on H&E stained sections, charac-

terised by large neuronal nuclei and uniform neuropil. Early ischemic damage was typified by

red neurons with shrunken pyknotic nuclei, eosinophilic cytoplasm and a “halo” where they

had retracted from the surrounding neuropil (Fig 3A ii and 3B ii). The area of infarct showed

vacuolation, sponginess, and a general sparseness of the neuropil. At 3 days, many neurons

had taken on the ghost profile, fading into the background. Both striatum and cortex showed

hemorrhagic transformation (Fig 3A iii and 3B iii). By 7 days the area of ischemic damage

became hypercellular, packed with macrophages and other infiltrating cells. Within the dam-

aged striatum, infiltrating cells were generally localised within the white matter bundles (Fig

3A iv). Clearance of ischemic tissue progressed through 14 and 21 days, with all animals show-

ing growing areas of cavity amid a diffuse matrix of fine connective tissue at 21 days (Fig 3A vi

and 3B v, vi). By 28 days a dense band of cells provided a border between damaged and intact

tissue (Fig 3B vii). At 12 and 24 weeks, large portions of the ischemic area were a fluid filled

cavity. Three animals showed mineral deposition within the thalamus.

Sample size calculations

As the adhesive removal test showed persistent deficit in stroke animals for the entire experi-

mental period, we calculated the sample size required to detect different degrees of recovery

across the range of timepoints examined here (Table 3). When comparing to a sham group to

detect the presence of a stroke, manageable cohort sizes of 9–36 (1 day and 24 weeks

Ischemic damage and behavioural deficit over 6 months after stroke in the rat
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respectively) make the adhesive removal test a practical outcome measure. However, calcula-

tions to support differing degrees of recovery between stroke groups indicate that much larger

numbers of animals would be required. For example, to detect a 25% improvement in beha-

vioural deficit at 28 days, 842 animals per cohort would be required.

When ischemic damage was considered the primary outcome, the required number of ani-

mals per cohort was smaller due to decreased variability (compared to the adhesive removal

test) (Table 3). For the same example of 25% difference in ischemic damage assessed at 28

days, 15 animals per cohort would be required.

Discussion

There are many challenges associated with bringing animal models of stroke in line with clini-

cal studies, meeting the STAIR criteria and achieving this using a rigorous experimental

design. These challenges include survival, long lasting and detectable behavioural deficits, and

Fig 3. Evolution of ischemic related damage resulting from MCAo. Representative images taken through the centre of

the area of damage at approximately 1.7mm relative to bregma. A) Striatum. B) Cortex. Scale bar represents 50μm. Filled

arrow head = red neuron; Open arrow head = hemorrhagic transformation; Arrow = Ghost neuron; Dotted line = striatal bundle;

Star = Glial scar.

doi:10.1371/journal.pone.0171688.g003

Table 3. Sample size calculations for behavioural and histological based outcome measures.

Behaviour–Adhesive Removal Test Ischemic Damage

Time of assessment

post stroke

Sham 10%

recovery

25%

recovery

50%

recovery

75%

recovery

10%

difference

25%

difference

50%

difference

75%

difference

1 day 9 809 130 33 15 186 30 8 4

3 days 9 810 130 33 15 147 24 6 3

7 days 18 1,847 296 74 33 111 18 5 2

14 days 25 3,417 547 137 61 192 31 8 4

21 days 24 3,952 633 159 71 139 23 6 3

28 days 13 5,262 842 211 94 89 15 4 2

12 weeks 23 4,284 686 172 77 184 30 8 4

24 weeks 36 12,581 2,013 504 224 295 48 12 6

doi:10.1371/journal.pone.0171688.t003
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consistency in successful stroke induction and infarct size [12]. In this study, we aimed to

explore long term outcomes in groups of rats after stroke, focussing on behavioural and histo-

logical endpoints.

Survival

A key difference in outcome measures between clinical and experimental studies is the report-

ing of mortality. Outcome from a clinical treatment is often assessed by improvements in mor-

tality [41], whereas mortality is rarely reported in the experimental literature, or included as

part of outcome assessments [42–44]. Our animal models have been tailored to reduce mortal-

ity associated with the stroke and maximise survival, both for ethical and financial reasons.

When it is reported, mortality following stroke in laboratory animals is in the order of 25%

within 24 hours of stroke onset [45–50]. During the following days where oedema is maximal,

mortality can increase to 33% [26, 51]. Nonetheless, honest reporting of animal numbers,

including those that died and the reasons for it are important in taking animal models of

stroke forward [44].

We have shown that moderately large infarct involving the MCA supplied cortex and stria-

tum can be consistently induced in SHR rats with mortality (21%) broadly limited to two key

periods–sub-arachnoid haemorrhage at thread insertion and development of suspected infec-

tion within 21 days. The ability to maintain animals for up to 6 months after stroke with lim-

ited mortality beyond the acute period is encouraging. This is entirely consistent with human

data where mortality within 28 days is in the order of 28% [52, 53].

Whilst models that induce smaller infarcts such as photothrombosis can result in reduced

mortality, they do not permit the study of reperfusion, and recovery of behavioural deficit is

often rapid [54–56]. Long term studies involving mouse models of stroke have proven espe-

cially challenging, with mice being particularly susceptible to post-stroke infection [57] and

inadequate food/water intake [58]. In this regard it is interesting that sham animals here exhib-

ited difficulty consuming sunflower seeds during the acute post-surgical period, presumably

because of ischemia to the muscles of the jaw [59]. These factors contribute to mortality in

mouse stroke models being much higher than rats, up to 90% [60, 61].

Detectable and long lasting behavioural deficits

The ability to detect and assess stroke related deficits for long period of time after stroke is a

priority for the future use of animal models. For many of the tests in routine preclinical use,

spontaneous recovery occurs rapidly after stroke, making long term studies challenging [11,

62–65]. However, understanding the profile of behavioural deficit and its recovery in different

tests is important, as it will influence the interpretation of the effect of treatments on stroke

outcome [65]. Whilst this study did not aim to recommend any specific test/s, we did want to

determine the longevity of impairments and our ability to detect them after stroke.

Regular assessment of behavioural deficit in 104 animals for up to 24 weeks post stroke found

rapid development of impairments specific to stroke animals. Whilst some deficits were acute

and resolved rapidly, the basic behavioural test allowed discrimination between stroke and sham

animals for the first week following stroke. Behavioural scales such as this have become popular

tools for assessing stroke related deficits because they are simple to perform and require no spe-

cialised equipment, making them ideal for early assessment of stroke animals. Assessment scales

such as the basic behavioural test used here may be akin to the NIHSS as they are most frequently

used (and useful) during the early period after stroke. Being able to assess ischemia induced defi-

cits quickly and easily early after the onset of MCAo is important. It allows screening of animals

Ischemic damage and behavioural deficit over 6 months after stroke in the rat
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to assess the success of stroke induction, and offers the opportunity to randomise animals with

equivalent neurological deficit into experimental treatment groups in equal proportions [26, 66].

Similar to other studies, we found the adhesive removal test effective in detecting long last-

ing deficits after stroke, with stroke animals significantly slower than shams to remove the con-

tralateral tape for the entire experimental period [24, 25, 67–73]. However the ability of a test

to detect behavioural deficit may in part depend on the location and size of the ischemic dam-

age. For example, Trueman et al recently found no deficit in the adhesive removal test at 1 and

2 months post stroke [65]. The shorter occlusion duration of 30 minutes in Trueman’s study

may have resulted in milder deficits and/or smaller infarct that did not involve the somatosen-

sory cortex, or only mild damage that was amenable to recovery within 1 month.

The adhesive removal test is very relevant in linking experimental and clinical stroke, as it

was originally based on the double simultaneous stimulation examination of contralateral

neglect [74, 75]. Furthermore, it has been used across multiple species, namely mice, rats, ger-

bils and marmosets [20, 23, 24, 76, 77].

Consistency in ischemic damage

Histological assessment of infarct volume remains the most frequently reported outcome in

experimental stroke studies. This has followed the belief that reduction in infarct size is an

indication that a therapy is neuroprotective, and will improve outcome for patients.

Evolution of ischemic damage after tMCAo occurs rapidly and as a function of time, involv-

ing four key stages: necrosis, inflammation, organisation, and resolution [78, 79]. Each stage

follows in sequence: The infiltration of inflammatory cells is triggered by the initial necrosis.

In turn, infiltrating macrophages facilitate clearance of necrotic tissue and formation of a fluid

filled cavity. The rate of progression from neuronal necrosis to cavity formation was similar to

that described by others [31, 37, 80]. However, this study adds to our understanding of the his-

tological damage after stroke as it encompasses a greater number and range of timepoints

(together with larger animal numbers) than previous studies (which have generally used only

3–4 animals per timepoint) [30, 31, 37, 79–81]. The randomised and blinded induction of

ischemia and assessment of damage further enhance the value of the data presented here.

As the cellular and connective tissue makeup of the damaged area changes with progres-

sion of the infarct, this study highlights how the way in which damage is expressed becomes

an important factor in order to allow comparisons across groups collected at different times

post stroke. When the effects of oedema and atrophy were removed to allow expression of

damage as one of total ischemic damage (as a proportion of contralateral hemisphere), all

groups showed a similar proportion of damage. Together with similar CBF drop at MCAo

and acute behavioural deficits, this suggests that there was good consistency in the area to

experience ischemia, with this area going on to infarction, resolution and cavity formation.

This highlights that our model has consistently induced ischemia to the MCA supplied cor-

tex and striatum. Moreover, it suggests that this measure may allow better comparison of

damage across experiments by different groups and could be introduced as a core assess-

ment technique.

Volumetric measurements of damage alone do not reflect the structural and cellular

changes occurring within the ischemic brain. Therefore, both qualitative and quantitative

assessments must be made in order to appreciate the type and extent of ischemic damage,

especially where multiple timepoints are being considered [11].

Ischemic damage and behavioural deficit over 6 months after stroke in the rat
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Selecting appropriate endpoints and outcome measures

Selection of an appropriate outcome method and the time at which to assess stroke animal

models are important considerations in experimental design. Understanding the variability in

different outcome measures over time post stroke ensures an appropriate number of animals

are assigned to each cohort to provide robust results. Similarly, we need to power our experi-

ments for the most relevant outcome measure, and be mindful that other secondary outcome

measures may not be powered for appropriately.

Using the most common outcome, histological damage, sample size calculations for differ-

ent endpoints (and degrees of effect) found group sizes up to 12 animals could detect large

effects (50 and 75% reduction in ischemic damage) across all timepoints. However, when

smaller and probably more realistic effect sizes were considered (10 and 25% reduction in

ischemic damage), much larger cohort sizes were required. When behavioural outcomes

(adhesive removal test) were considered the primary measure, cohort sizes were greater again,

given the larger degree of variability in performance.

The question of what and when to assess animal models of stroke will depend on each

experiment and the hypothesised effect of the treatment. Whilst changes in infarct volume

have been the most commonly reported outcome, it may not be the most useful in finding a

treatment that will translate for acute stroke patients. Considering behavioural outcomes as

the primary assessment would require a larger number of animals, akin to a clinical trial. This

exploratory exercise presents challenges in aligning animal models with clinical stroke. The

number of animals estimated here far outnumber the cohort sizes of 6–12 animals generally

used in experimental studies and would present a practical and logistical challenge for any

individual laboratory to undertake for a single study [82–85]. However collaborative efforts

between laboratories may make such approaches more feasible [3, 86–88]. The methodologies

required for such an approach have been developed by the EU funded Multi-PART consor-

tium (http://www.dcn.ed.ac.uk/multipart/about.html).

It is also likely that different models, species and strains will produce different results, and

require different numbers of animals per group. For example, Rosell showed that across differ-

ent strains of mouse, the number of animals required per group ranged from <10 to>100

depending on the test and time examined [89]. Similarly, models that induce smaller, more

consistent infarcts such as Endothelin-1 would lead to a smaller number of animals in each

cohort [83].

Limitations

In this study we aimed to reduce variability in infarct size by inducing stroke of 90 minutes

duration in 15 week old male SHR rats. In order to understand stroke biology better and

improve translation, replication and extension of this study to include females, aged animals,

and animals with co-morbidities are required as these factors will all impact the development

of ischemic damage and the resulting behavioural deficit [64]. Understanding the impact of

each of these factors (and in combination) are important goals for researchers.

We limited our study to three behavioural tests of which the adhesive removal test proved

most useful consistent with its links with neglect in patients. However there are a vast range of

tests worth exploring for long term deficits after stroke [63]. Ultimately a battery of behavioural

tests seems likely to be required but will need to be validated at extended times post-stroke.

Time and costs prevented such validation in this study. A recent detailed study by Trueman

et al assessed a range of tests and their ability to detect deficits at 2 months after stroke in rats

[65]. Differences between species, strains, models, and within model conditions all need to be

considered carefully when deciding whether a behavioural test is appropriate for the study.
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PLOS ONE | DOI:10.1371/journal.pone.0171688 February 9, 2017 13 / 19

http://www.dcn.ed.ac.uk/multipart/about.html


Assessment of histological damage was limited to H&E staining in this study. Further

exploration of the histological damage induced by stroke and the long term consequences of it

are warranted. In addition, histology only provides a snapshot of the ischemic brain at that

given time. Imaging would be advantageous if available, as it would allow a profile of ischemic

damage over time within individual animals.

To ensure a consistent post-stroke environment, all animals were housed individually.

However this may have had a detrimental effect on both behaviour and histology, as social iso-

lation has been associated with increased histological damage and mortality, together with

delayed recovery, an enhanced neuroinflammatory response, oxidative stress and oedema

[90–95].

While the results presented here are based on the thread occlusion model, the lessons can

be extrapolated to any stroke model. Researchers need to be aware of the variability of different

tests and assessment outcomes, and their ability to detect differences both between stroke and

sham animals, and within groups of stroke animals using their model of choice.

Conclusions

What, when and how we assess stroke in animal models need careful consideration in moving

stroke research forward. Traditional outcome measures of histological ischemic damage

showed the progression of damage from an ischemic infarct to fluid filled cavity. When the

degree of oedema or atrophy was accounted for, all timepoints experienced a similar degree of

ischemic damage. Using the adhesive removal test as an example, here we have shown that def-

icits can be detected in stroke animals for up to 6 months after stroke. However sample size

calculations powering an experiment to detect differences between groups of stroke animals

resulted in large cohort sizes that would in most cases, necessitate multi-centre studies. Whilst

long-term studies require an investment of time, finances, and patience, chronic endpoints are

important for examining the long-term effects of a treatment and the inherent plasticity of the

brain and will ultimately draw tighter links between experimental and clinical stroke.

Acknowledgments

We thank Carmel Murone and Lewis Lee of the Victorian Cancer Biobank (Austin Health Tis-

sue Bank) for assistance with scanning slides and use of the Aperio Scanscope.

Author contributions

Conceptualization: DWH SSJR.

Data curation: SFC SSJR.

Formal analysis: LC SSJR DWH MRM.

Funding acquisition: DWH.

Investigation: SSJR TKS EA.

Project administration: SSJR.

Supervision: DWH.

Validation: SFC SSJR DWH.

Visualization: SSJR DWH.

Writing – original draft: SSJR DWH.

Ischemic damage and behavioural deficit over 6 months after stroke in the rat

PLOS ONE | DOI:10.1371/journal.pone.0171688 February 9, 2017 14 / 19



Writing – review & editing: SSJR LC TKS EA SFC MRM DWH.

References

1. European Stroke Organisation Outcomes Working Group. Assessment of additional endpoints for trials

in acute stroke–what, when, where, in who? International Journal of Stroke. 2012; 7(3):227–30. doi: 10.

1111/j.1747-4949.2012.00773.x PMID: 22405278

2. Lees KR, Bath PM, Schellinger PD, Kerr DM, Fulton R, Hacke W, et al. Contemporary Outcome Mea-

sures in Acute Stroke Research: Choice of Primary Outcome Measure. Stroke. 2012; 43(4):1163–70.

Epub 2012/03/20. doi: 10.1161/STROKEAHA.111.641423 PMID: 22426313

3. Mergenthaler P, Meisel A. Do stroke models model stroke? Dis Model Mech. 2012; 5(6):718–25. Epub

2012/11/02. PubMed Central PMCID: PMC3484854. doi: 10.1242/dmm.010033 PMID: 23115201

4. Schellinger PD, Bath PM, Lees KR, Bornstein NM, Uriel E, Eisert W, et al. Assessment of additional

endpoints for trials in acute stroke—what, when, where, in who? Int J Stroke. 2012; 7(3):227–30. Epub

2012/03/13. doi: 10.1111/j.1747-4949.2012.00773.x PMID: 22405278

5. Gladstone DJ, Black SE, Hakim AM. Toward wisdom from failure: lessons from neuroprotective stroke

trials and new therapeutic directions. Stroke. 2002; 33(8):2123–36. PMID: 12154275

6. Lapchak PA, Zhang JH, Noble-Haeusslein LJ. RIGOR guidelines: escalating STAIR and STEPS for

effective translational research. Transl Stroke Res. 2013; 4(3):279–85. Epub 2013/05/10. PubMed Cen-

tral PMCID: PMC3644408. doi: 10.1007/s12975-012-0209-2 PMID: 23658596

7. Finklestein SP, Fisher M, Furland AJ, Goldstein LB, Gorelick PB, Kaste M, et al. Recommendations for

Standards Regarding Preclinical Neuroprotective and Restorative Drug Development. Stroke. 1999; 30

(12):2752–8. PMID: 10583007

8. Fisher M, Feuerstein G, Howells DW, Hurn PD, Kent TA, Savitz SI, et al. Update of the stroke therapy

academic industry roundtable preclinical recommendations. Stroke. 2009; 40(6):2244–50. doi: 10.

1161/STROKEAHA.108.541128 PMID: 19246690

9. Wang MM, Xi G, Keep RF. Should the STAIR criteria be modified for preconditioning studies? Transl

Stroke Res. 2013; 4(1):3–14. Epub 2013/03/06. PubMed Central PMCID: PMC3580874. doi: 10.1007/

s12975-012-0219-0 PMID: 23458885

10. Philip M, Benatar M, Fisher M, Savitz SI. Methodological Quality of Animal Studies of Neuroprotective

Agents Currently in Phase II/III Acute Ischemic Stroke Trials. Stroke. 2009; 40(2):577–81. doi: 10.1161/

STROKEAHA.108.524330 PMID: 19074479

11. Modo M. Long-term survival and serial assessment of stroke damage and recovery—practical and

methodological considerations. J Exp Stroke Transl Med. 2009; 2(2):52–68. Epub 2009/01/01. PubMed

Central PMCID: PMC3292406. doi: 10.6030/1939-067X-2.2.52 PMID: 22389748

12. Graham SM, McCullough LD, Murphy SJ. Animal models of ischemic stroke: balancing experimental

aims and animal care. Comp Med. 2004; 54(5):486–96. Epub 2004/12/04. PMID: 15575362

13. Alaverdashvili M, Paterson PG, Bradley MP. Laser system refinements to reduce variability in infarct

size in the rat photothrombotic stroke model. J Neurosci Methods. 2015; 247:58–66. Epub 2015/04/04.

PubMed Central PMCID: PMC4490890. doi: 10.1016/j.jneumeth.2015.03.029 PMID: 25840363

14. Bederson JB, Pitts LH, Tsuji M, Nishimura MC, Davis RL, Bartkowski H. Rat middle cerebral artery

occlusion: evaluation of the model and development of a neurologic examination. Stroke. 1986; 17

(3):472–6. PMID: 3715945

15. Brint S, Jacewicz M, Kiessling M, Tanabe J, Pulsinelli W. Focal brain ischemia in the rat: methods for

reproducible neocortical infarction using tandem occlusion of the distal middle cerebral and ipsilateral

common carotid arteries. J Cereb Blood Flow Metab. 1988; 8(4):474–85. doi: 10.1038/jcbfm.1988.88

PMID: 3392112

16. Spratt NJ, Fernandez J, Chen M, Rewell S, Cox S, van Raay L, et al. Modification of the method of

thread manufacture improves stroke induction rate and reduces mortality after thread-occlusion of the

middle cerebral artery in young or aged rats. Journal of Neuroscience Methods. 2006; 155(2):285–90.

doi: 10.1016/j.jneumeth.2006.01.020 PMID: 16513179

17. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improving bioscience research reporting:

the ARRIVE guidelines for reporting animal research. PLoS Biol. 2010; 8(6):e1000412. Epub 2010/07/

09. PubMed Central PMCID: PMC2893951. doi: 10.1371/journal.pbio.1000412 PMID: 20613859

18. Longa EZ, Weinstein PR, Carlson S, Cummins R. Reversible middle cerebral artery occlusion without

craniectomy in rats. Stroke. 1989; 20:84–91. PMID: 2643202

19. Petullo D, Masonic K, Lincoln C, Wibberley L, Teliska M, Yao D-L. Model development and behavioural

assessment of focal cerebral ischemia in rats. Life Sci. 1999; 64(13):1099–108. PMID: 10210272

Ischemic damage and behavioural deficit over 6 months after stroke in the rat

PLOS ONE | DOI:10.1371/journal.pone.0171688 February 9, 2017 15 / 19

http://dx.doi.org/10.1111/j.1747-4949.2012.00773.x
http://dx.doi.org/10.1111/j.1747-4949.2012.00773.x
http://www.ncbi.nlm.nih.gov/pubmed/22405278
http://dx.doi.org/10.1161/STROKEAHA.111.641423
http://www.ncbi.nlm.nih.gov/pubmed/22426313
http://dx.doi.org/10.1242/dmm.010033
http://www.ncbi.nlm.nih.gov/pubmed/23115201
http://dx.doi.org/10.1111/j.1747-4949.2012.00773.x
http://www.ncbi.nlm.nih.gov/pubmed/22405278
http://www.ncbi.nlm.nih.gov/pubmed/12154275
http://dx.doi.org/10.1007/s12975-012-0209-2
http://www.ncbi.nlm.nih.gov/pubmed/23658596
http://www.ncbi.nlm.nih.gov/pubmed/10583007
http://dx.doi.org/10.1161/STROKEAHA.108.541128
http://dx.doi.org/10.1161/STROKEAHA.108.541128
http://www.ncbi.nlm.nih.gov/pubmed/19246690
http://dx.doi.org/10.1007/s12975-012-0219-0
http://dx.doi.org/10.1007/s12975-012-0219-0
http://www.ncbi.nlm.nih.gov/pubmed/23458885
http://dx.doi.org/10.1161/STROKEAHA.108.524330
http://dx.doi.org/10.1161/STROKEAHA.108.524330
http://www.ncbi.nlm.nih.gov/pubmed/19074479
http://dx.doi.org/10.6030/1939-067X-2.2.52
http://www.ncbi.nlm.nih.gov/pubmed/22389748
http://www.ncbi.nlm.nih.gov/pubmed/15575362
http://dx.doi.org/10.1016/j.jneumeth.2015.03.029
http://www.ncbi.nlm.nih.gov/pubmed/25840363
http://www.ncbi.nlm.nih.gov/pubmed/3715945
http://dx.doi.org/10.1038/jcbfm.1988.88
http://www.ncbi.nlm.nih.gov/pubmed/3392112
http://dx.doi.org/10.1016/j.jneumeth.2006.01.020
http://www.ncbi.nlm.nih.gov/pubmed/16513179
http://dx.doi.org/10.1371/journal.pbio.1000412
http://www.ncbi.nlm.nih.gov/pubmed/20613859
http://www.ncbi.nlm.nih.gov/pubmed/2643202
http://www.ncbi.nlm.nih.gov/pubmed/10210272


20. Freret T, Bouet V, Leconte C, Roussel S, Chazalviel L, Divoux D, et al. Behavioral deficits after distal

focal cerebral ischemia in mice: Usefulness of adhesive removal test. Behav Neurosci. 2009; 123

(1):224–30. doi: 10.1037/a0014157 PMID: 19170448

21. Aronowski J, Samways E, Strong R, Rhoades HM, Grotta JC. An alternative method for the quantitation

of neuronal damage after experimental middle cerebral artery occlusion in rats: analysis of behavioral

deficit. J Cereb Blood Flow Metab. 1996; 16(4):705–13. doi: 10.1097/00004647-199607000-00022

PMID: 8964811

22. Bouet V, Boulouard M, Toutain J, Divoux D, Bernaudin M, Schumann-Bard P, et al. The adhesive

removal test: a sensitive method to assess sensorimotor deficits in mice. Nat Protoc. 2009; 4(10):1560–

4. doi: 10.1038/nprot.2009.125 PMID: 19798088

23. Bouet V, Freret T, Toutain J, Divoux D, Boulouard M, Schumann-Bard P. Sensorimotor and cognitive

deficits after transient middle cerebral artery occlusion in the mouse. Exp Neurol. 2007; 203(2):555–67.

Epub 2006/10/28. doi: 10.1016/j.expneurol.2006.09.006 PMID: 17067578

24. Freret T, Chazalviel L, Roussel S, Bernaudin M, Schumann-Bard P, Boulouard M. Long-term functional

outcome following transient middle cerebral artery occlusion in the rat: correlation between brain dam-

age and behavioral impairment. Behav Neurosci. 2006; 120(6):1285–98. doi: 10.1037/0735-7044.120.

6.1285 PMID: 17201474

25. Freret T, Valable S, Chazalviel L, Saulnier R, Mackenzie ET, Petit E, et al. Delayed administration of

deferoxamine reduces brain damage and promotes functional recovery after transient focal cerebral

ischemia in the rat. Eur J Neurosci. 2006; 23(7):1757–65. Epub 2006/04/21. doi: 10.1111/j.1460-9568.

2006.04699.x PMID: 16623832

26. Modo M, Stroemer RP, Tang E, Veizovic T, Sowniski P, Hodges H. Neurological sequelae and long-

term behavioural assessment of rats with transient middle cerebral artery occlusion. Journal of Neuro-

science Methods. 2000; 104(1):99–109. PMID: 11163416

27. Zhang L, Chen J, Li Y, Zhang ZG, Chopp M. Quantitative measurement of motor and somatosensory

impairments after mild (30 min) and severe (2 h) transient middle cerebral artery occlusion in rats. J

Neurol Sci. 2000; 174(2):141–6. PMID: 10727700

28. Whishaw IQ, Sarna JR, Pellis SM. Evidence for rodent-common and species-typical limb and digit use

in eating, derived from a comparative analysis of ten rodent species. Behav Brain Res. 1998; 96(1–

2):79–91. Epub 1998/11/20. PMID: 9821545

29. Gonzalez CL, Kolb B. A comparison of different models of stroke on behaviour and brain morphology.

Eur J Neurosci. 2003; 18(7):1950–62. PMID: 14622227

30. Dereski MO, Chopp M, Knight RA, Rodolosi LC, Garcia JH. The heterogeneous temporal evolution of

focal ischemic neuronal damage in the rat. Acta Neuropathol. 1993; 85(3):327–33. Epub 1993/01/01.

PMID: 8460534

31. Garcia JH, Yoshida Y, Chen H, Li Y, Zhang ZG, Lian J, et al. Progression from ischemic injury to infarct

following middle cerebral artery occlusion in the rat. Am J Pathol. 1993; 142(2):623–35. PMID: 8434652

32. Li Y, Powers C, Jiang N, Chopp M. Intact, injured, necrotic and apoptotic cells after focal cerebral ische-

mia in the rat. J Neurol Sci. 1998; 156(2):119–32. Epub 1998/05/20. PMID: 9588846

33. Sun L, Kuroiwa T, Ishibashi S, Miki K, Li S, Xu H, et al. Two region-dependent pathways of eosinophilic

neuronal death after transient cerebral ischemia. Neuropathology. 2009; 29(1):45–54. doi: 10.1111/j.

1440-1789.2008.00939.x PMID: 18627483

34. Farber JL, Chien KR, Mittnacht S, Jr. Myocardial ischemia: the pathogenesis of irreversible cell injury in

ischemia. Am J Pathol. 1981; 102(2):271–81. Epub 1981/02/01. PubMed Central PMCID:

PMC1903688. PMID: 7008623

35. Garcia JH, Liu KF, Yoshida Y, Lian J, Chen S, del Zoppo GJ. Influx of leukocytes and platelets in an

evolving brain infarct (Wistar rat). Am J Pathol. 1994; 144(1):188–99. PMID: 8291608

36. Gelderblom M, Leypoldt F, Steinbach K, Behrens D, Choe CU, Siler DA, et al. Temporal and spatial

dynamics of cerebral immune cell accumulation in stroke. Stroke. 2009; 40(5):1849–57. Epub 2009/03/

07. doi: 10.1161/STROKEAHA.108.534503 PMID: 19265055

37. Lehrmann E, Christensen T, Zimmer J, Diemer NH, Finsen B. Microglial and macrophage reactions

mark progressive changes and define the penumbra in the rat neocortex and striatum after transient

middle cerebral artery occlusion. J Comp Neurol. 1997; 386(3):461–76. PMID: 9303429

38. Churilov L, Arnup S, Johns H, Leung T, Roberts S, Campbell BC, et al. An improved method for simple,

assumption-free ordinal analysis of the modified Rankin Scale using generalized odds ratios. Int J

Stroke. 2014; 9(8):999–1005. Epub 2014/09/10. doi: 10.1111/ijs.12364 PMID: 25196780

39. Levi M, Ten Cate H. Disseminated intravascular coagulation. N Engl J Med. 1999; 341(8):586–92.

Epub 1999/08/19. doi: 10.1056/NEJM199908193410807 PMID: 10451465

Ischemic damage and behavioural deficit over 6 months after stroke in the rat

PLOS ONE | DOI:10.1371/journal.pone.0171688 February 9, 2017 16 / 19

http://dx.doi.org/10.1037/a0014157
http://www.ncbi.nlm.nih.gov/pubmed/19170448
http://dx.doi.org/10.1097/00004647-199607000-00022
http://www.ncbi.nlm.nih.gov/pubmed/8964811
http://dx.doi.org/10.1038/nprot.2009.125
http://www.ncbi.nlm.nih.gov/pubmed/19798088
http://dx.doi.org/10.1016/j.expneurol.2006.09.006
http://www.ncbi.nlm.nih.gov/pubmed/17067578
http://dx.doi.org/10.1037/0735-7044.120.6.1285
http://dx.doi.org/10.1037/0735-7044.120.6.1285
http://www.ncbi.nlm.nih.gov/pubmed/17201474
http://dx.doi.org/10.1111/j.1460-9568.2006.04699.x
http://dx.doi.org/10.1111/j.1460-9568.2006.04699.x
http://www.ncbi.nlm.nih.gov/pubmed/16623832
http://www.ncbi.nlm.nih.gov/pubmed/11163416
http://www.ncbi.nlm.nih.gov/pubmed/10727700
http://www.ncbi.nlm.nih.gov/pubmed/9821545
http://www.ncbi.nlm.nih.gov/pubmed/14622227
http://www.ncbi.nlm.nih.gov/pubmed/8460534
http://www.ncbi.nlm.nih.gov/pubmed/8434652
http://www.ncbi.nlm.nih.gov/pubmed/9588846
http://dx.doi.org/10.1111/j.1440-1789.2008.00939.x
http://dx.doi.org/10.1111/j.1440-1789.2008.00939.x
http://www.ncbi.nlm.nih.gov/pubmed/18627483
http://www.ncbi.nlm.nih.gov/pubmed/7008623
http://www.ncbi.nlm.nih.gov/pubmed/8291608
http://dx.doi.org/10.1161/STROKEAHA.108.534503
http://www.ncbi.nlm.nih.gov/pubmed/19265055
http://www.ncbi.nlm.nih.gov/pubmed/9303429
http://dx.doi.org/10.1111/ijs.12364
http://www.ncbi.nlm.nih.gov/pubmed/25196780
http://dx.doi.org/10.1056/NEJM199908193410807
http://www.ncbi.nlm.nih.gov/pubmed/10451465


40. Mammen EF. Disseminated intravascular coagulation (DIC). Clin Lab Sci. 2000; 13(4):239–45. Epub

2001/10/06. PMID: 11586511

41. Banks JL, Marotta CA. Outcomes validity and reliability of the modified Rankin scale: implications for

stroke clinical trials: a literature review and synthesis. Stroke. 2007; 38(3):1091–6. Epub 2007/02/03.

doi: 10.1161/01.STR.0000258355.23810.c6 PMID: 17272767

42. Sicard KM, Fisher M. Animal models of focal brain ischemia. Experimental & translational stroke medi-

cine. 2009; 1:7.

43. Turner R, Jickling G, Sharp F. Are Underlying Assumptions of Current Animal Models of Human Stroke

Correct: from STAIRs to High Hurdles? Translational Stroke Research. 2011; 2(2):138–43. doi: 10.

1007/s12975-011-0067-3 PMID: 21654913

44. Macleod M. How to avoid bumping into the translational roadblock. In: Dirnagl U, editor. Rodent Models

of Stroke. Neuromethods: Springer; 2010. p. 7–15.

45. Dogan A, Baskaya MK, Rao VL, Rao AM, Dempsey RJ. Intraluminal suture occlusion of the middle

cerebral artery in Spontaneously Hypertensive rats. Neurol Res. 1998; 20(3):265–70. PMID: 9583590

46. Harada H, Wang Y, Mishima Y, Uehara N, Makaya T, Kano T. A novel method of detecting rCBF with

laser-Doppler flowmetry without cranial window through the skull for a MCAO rat model. Brain Research

Protocols. 2005; 14(3):165–70. doi: 10.1016/j.brainresprot.2004.12.007 PMID: 15795170

47. Henninger N, Sicard KM, Schmidt KF, Bardutzky J, Fisher M. Comparison of Ischemic Lesion Evolution

in Embolic Versus Mechanical Middle Cerebral Artery Occlusion in Sprague Dawley Rats Using Diffu-

sion and Perfusion Imaging. Stroke. 2006; 37(5):1283–7. doi: 10.1161/01.STR.0000217223.72193.98

PMID: 16556883

48. Kuge Y, Minematsu K, Yamaguchi T, Miyake Y. Nylon Monofilament for Intraluminal Middle Cerebral

Artery Occlusion in Rats. Stroke. 1995; 26(9):1655–8. PMID: 7660413

49. Lindner MD, Gribkoff VK, Donlan NA, Jones TA. Long-Lasting Functional Disabilities in Middle-Aged

Rats with Small Cerebral Infarcts. J Neurosci. 2003; 23(34):10913–22. PMID: 14645487

50. Neumann-Haefelin T, Kastrup A, de Crespigny A, Yenari MA, Ringer T, Sun GH, et al. Serial MRI after

transient focal cerebral ischemia in rats: dynamics of tissue injury, blood-brain barrier damage, and

edema formation. Stroke. 2000; 31(8):1965–72; discussion 72–3. PMID: 10926965

51. Aspey Cohen, Patel Terruli, Harrison. Middle cerebral artery occlusion in the rat: consistent protocol for

a model of stroke. Neuropathology and Applied Neurobiology. 1998; 24(6):487–97. PMID: 9888159

52. Bronnum-Hansen H, Davidsen M, Thorvaldsen P. Long-term survival and causes of death after stroke.

Stroke. 2001; 32(9):2131–6. Epub 2001/09/08. PMID: 11546907

53. Matsumoto N, Whisnant JP, Kurland LT, Okazaki H. Natural history of stroke in Rochester, Minnesota,

1955 through 1969: an extension of a previous study, 1945 through 1954. Stroke. 1973; 4(1):20–9.

Epub 1973/01/01. PMID: 4685804

54. Tennant KA, Jones TA. Sensorimotor behavioral effects of endothelin-1 induced small cortical infarcts

in C57BL/6 mice. J Neurosci Methods. 2009; 181(1):18–26. Epub 2009/04/23. doi: 10.1016/j.jneumeth.

2009.04.009 PMID: 19383512

55. Li H, Zhang N, Lin HY, Yu Y, Cai QY, Ma L, et al. Histological, cellular and behavioral assessments of

stroke outcomes after photothrombosis-induced ischemia in adult mice. BMC Neurosci. 2014; 15:58.

Epub 2014/06/03. PubMed Central PMCID: PMC4039545. doi: 10.1186/1471-2202-15-58 PMID:

24886391

56. Porritt MJ, Andersson HC, Hou L, Nilsson A, Pekna M, Pekny M, et al. Photothrombosis-induced infarc-

tion of the mouse cerebral cortex is not affected by the Nrf2-activator sulforaphane. PLoS One. 2012; 7

(7):e41090. Epub 2012/08/23. PubMed Central PMCID: PMC3402431. doi: 10.1371/journal.pone.

0041090 PMID: 22911746

57. Meisel C, Prass K, Braun J, Victorov I, Wolf T, Megow D, et al. Preventive Antibacterial Treatment

Improves the General Medical and Neurological Outcome in a Mouse Model of Stroke. Stroke. 2004; 35

(1):2–6. doi: 10.1161/01.STR.0000109041.89959.4C PMID: 14684767

58. Lourbopoulos A, Mamrak U, Roth S, Balbi M, Shrouder J, Liesz A, et al. Inadequate food and water

intake determine mortality following stroke in mice. J Cereb Blood Flow Metab. 2016. Epub 2016/07/28.

59. Dittmar M, Spruss T, Schuierer G, Horn M. External carotid artery territory ischemia impairs outcome in

the endovascular filament model of middle cerebral artery occlusion in rats. Stroke. 2003; 34(9):2252–

7. doi: 10.1161/01.STR.0000083625.54851.9A PMID: 12893948

60. Groger M, Lebesgue D, Pruneau D, Relton J, Kim SW, Nussberger J, et al. Release of bradykinin and

expression of kinin B2 receptors in the brain: role for cell death and brain edema formation after focal

cerebral ischemia in mice. J Cereb Blood Flow Metab. 2005; 25(8):978–89. Epub 2005/04/09. doi: 10.

1038/sj.jcbfm.9600096 PMID: 15815587

Ischemic damage and behavioural deficit over 6 months after stroke in the rat

PLOS ONE | DOI:10.1371/journal.pone.0171688 February 9, 2017 17 / 19

http://www.ncbi.nlm.nih.gov/pubmed/11586511
http://dx.doi.org/10.1161/01.STR.0000258355.23810.c6
http://www.ncbi.nlm.nih.gov/pubmed/17272767
http://dx.doi.org/10.1007/s12975-011-0067-3
http://dx.doi.org/10.1007/s12975-011-0067-3
http://www.ncbi.nlm.nih.gov/pubmed/21654913
http://www.ncbi.nlm.nih.gov/pubmed/9583590
http://dx.doi.org/10.1016/j.brainresprot.2004.12.007
http://www.ncbi.nlm.nih.gov/pubmed/15795170
http://dx.doi.org/10.1161/01.STR.0000217223.72193.98
http://www.ncbi.nlm.nih.gov/pubmed/16556883
http://www.ncbi.nlm.nih.gov/pubmed/7660413
http://www.ncbi.nlm.nih.gov/pubmed/14645487
http://www.ncbi.nlm.nih.gov/pubmed/10926965
http://www.ncbi.nlm.nih.gov/pubmed/9888159
http://www.ncbi.nlm.nih.gov/pubmed/11546907
http://www.ncbi.nlm.nih.gov/pubmed/4685804
http://dx.doi.org/10.1016/j.jneumeth.2009.04.009
http://dx.doi.org/10.1016/j.jneumeth.2009.04.009
http://www.ncbi.nlm.nih.gov/pubmed/19383512
http://dx.doi.org/10.1186/1471-2202-15-58
http://www.ncbi.nlm.nih.gov/pubmed/24886391
http://dx.doi.org/10.1371/journal.pone.0041090
http://dx.doi.org/10.1371/journal.pone.0041090
http://www.ncbi.nlm.nih.gov/pubmed/22911746
http://dx.doi.org/10.1161/01.STR.0000109041.89959.4C
http://www.ncbi.nlm.nih.gov/pubmed/14684767
http://dx.doi.org/10.1161/01.STR.0000083625.54851.9A
http://www.ncbi.nlm.nih.gov/pubmed/12893948
http://dx.doi.org/10.1038/sj.jcbfm.9600096
http://dx.doi.org/10.1038/sj.jcbfm.9600096
http://www.ncbi.nlm.nih.gov/pubmed/15815587


61. Mracsko E, Liesz A, Karcher S, Zorn M, Bari F, Veltkamp R. Differential effects of sympathetic nervous

system and hypothalamic-pituitary-adrenal axis on systemic immune cells after severe experimental

stroke. Brain Behav Immun. 2014; 41:200–9. Epub 2014/06/03. doi: 10.1016/j.bbi.2014.05.015 PMID:

24886966

62. Corbett D, Nurse S. The problem of assessing effective neuroprotection in experimental cerebral ische-

mia. Progress in Neurobiology. 1998; 54(5):531–48. PMID: 9550190

63. Schaar KL, Brenneman MM, Savitz SI. Functional assessments in the rodent stroke model. Experimen-

tal & translational stroke medicine. 2010; 2(1):13. Epub 2010/07/21. PubMed Central PMCID:

PMC2915950.

64. Balkaya M, Krober JM, Rex A, Endres M. Assessing post-stroke behavior in mouse models of focal

ischemia. J Cereb Blood Flow Metab. 2013; 33(3):330–8. Epub 2012/12/13. PubMed Central PMCID:

PMC3587814. doi: 10.1038/jcbfm.2012.185 PMID: 23232947

65. Trueman RC, Diaz C, Farr TD, Harrison DJ, Fuller A, Tokarczuk PF, et al. Systematic and detailed anal-

ysis of behavioural tests in the rat middle cerebral artery occlusion model of stroke: Tests for long-term

assessment. J Cereb Blood Flow Metab. 2016. Epub 2016/06/19.

66. Virley D, Beech JS, Smart SC, Williams SCR, Hodges H, Hunter AJ. A Temporal MRI Assessment of

Neuropathology After Transient Middle Cerebral Artery Occlusion in the Rat: Correlations With Behav-

ior. J Cereb Blood Flow Metab. 2000; 20(3):536–82.

67. Doeppner TR, Kaltwasser B, Bahr M, Hermann DM. Effects of neural progenitor cells on post-stroke

neurological impairment-a detailed and comprehensive analysis of behavioral tests. Frontiers in cellular

neuroscience. 2014; 8:338. Epub 2014/11/07. PubMed Central PMCID: PMC4205824. doi: 10.3389/

fncel.2014.00338 PMID: 25374509

68. Justicia C, Ramos-Cabrer P, Hoehn M. MRI detection of secondary damage after stroke: chronic iron

accumulation in the thalamus of the rat brain. Stroke. 2008; 39(5):1541–7. Epub 2008/03/08. doi: 10.

1161/STROKEAHA.107.503565 PMID: 18323485

69. Li Y, Chen J, Zhang CL, Wang L, Lu D, Katakowski M, et al. Gliosis and brain remodeling after treatment

of stroke in rats with marrow stromal cells. Glia. 2005; 49(3):407–17. Epub 2004/11/13. doi: 10.1002/

glia.20126 PMID: 15540231

70. Modo M, Stroemer RP, Tang E, Patel S, Hodges H. Effects of implantation site of dead stem cells in

rats with stroke damage. Neuroreport. 2003; 14(1):39–42. Epub 2003/01/25. doi: 10.1097/01.wnr.

0000053066.88427.c2 PMID: 12544827

71. Shen LH, Li Y, Chen J, Cui Y, Zhang C, Kapke A, et al. One-Year Follow-Up After Bone Marrow Stromal

Cell Treatment in Middle-Aged Female Rats With Stroke. Stroke. 2007; 38(7):2150–6. doi: 10.1161/

STROKEAHA.106.481218 PMID: 17525391

72. Veizovic T, Beech JS, Stroemer RP, Watson WP, Hodges H. Resolution of stroke deficits following con-

tralateral grafts of conditionally immortal neuroepithelial stem cells. Stroke. 2001; 32(4):1012–9. Epub

2001/04/03. PMID: 11283405

73. Zhang L, Li Y, Zhang C, Chopp M, Gosiewska A, Hong K. Delayed administration of human umbilical

tissue-derived cells improved neurological functional recovery in a rodent model of focal ischemia.

Stroke. 2011; 42(5):1437–44. Epub 2011/04/16. doi: 10.1161/STROKEAHA.110.593129 PMID:

21493915

74. Bouet V, Freret T. A master key to assess stroke consequences across species: The adhesive removal

test: InTech; 2012. Available from: http://cdn.intechopen.com/pdfs/32442/InTech-A_master_key_to_

assess_stroke_consequences_across_species_the_adhesive_removal_test_.pdf.

75. Schallert T, Upchurch M, Lobaugh N, Farrar SB, Spirduso WW, Gilliam P, et al. Tactile extinction: distin-

guishing between sensorimotor and motor asymmetries in rats with unilateral nigrostriatal damage.

Pharmacology, biochemistry, and behavior. 1982; 16(3):455–62. PMID: 7079281

76. Freret T, Bouet V, Toutain J, Saulnier R, Pro-Sistiaga P, Bihel E, et al. Intraluminal thread model of focal

stroke in the non-human primate. J Cereb Blood Flow Metab. 2008; 28(4):786–96. doi: 10.1038/sj.

jcbfm.9600575 PMID: 18000514

77. Ishibashi S, Kuroiwa T, Endo S, Okeda R, Mizusawa H. Neurological dysfunctions versus regional

infarction volume after focal ischemia in Mongolian gerbils. Stroke. 2003; 34(6):1501–6. Epub 2003/05/

17. doi: 10.1161/01.STR.0000074034.32371.13 PMID: 12750539

78. Clark RK, Lee EV, Fish CJ, White RF, Price WJ, Jonak ZL, et al. Development of tissue damage, inflam-

mation and resolution following stroke: An immunohistochemical and quantitative planimetric study.

Brain Research Bulletin. 1993; 31(5):565–72. PMID: 8495380

79. Clark RK, Lee EV, White RF, Jonak ZL, Feuerstein GZ, Barone FC. Reperfusion following focal stroke

hastens inflammation and resolution of ischemic injured tissue. Brain Research Bulletin. 1994; 35

(4):387–92. PMID: 7850491

Ischemic damage and behavioural deficit over 6 months after stroke in the rat

PLOS ONE | DOI:10.1371/journal.pone.0171688 February 9, 2017 18 / 19

http://dx.doi.org/10.1016/j.bbi.2014.05.015
http://www.ncbi.nlm.nih.gov/pubmed/24886966
http://www.ncbi.nlm.nih.gov/pubmed/9550190
http://dx.doi.org/10.1038/jcbfm.2012.185
http://www.ncbi.nlm.nih.gov/pubmed/23232947
http://dx.doi.org/10.3389/fncel.2014.00338
http://dx.doi.org/10.3389/fncel.2014.00338
http://www.ncbi.nlm.nih.gov/pubmed/25374509
http://dx.doi.org/10.1161/STROKEAHA.107.503565
http://dx.doi.org/10.1161/STROKEAHA.107.503565
http://www.ncbi.nlm.nih.gov/pubmed/18323485
http://dx.doi.org/10.1002/glia.20126
http://dx.doi.org/10.1002/glia.20126
http://www.ncbi.nlm.nih.gov/pubmed/15540231
http://dx.doi.org/10.1097/01.wnr.0000053066.88427.c2
http://dx.doi.org/10.1097/01.wnr.0000053066.88427.c2
http://www.ncbi.nlm.nih.gov/pubmed/12544827
http://dx.doi.org/10.1161/STROKEAHA.106.481218
http://dx.doi.org/10.1161/STROKEAHA.106.481218
http://www.ncbi.nlm.nih.gov/pubmed/17525391
http://www.ncbi.nlm.nih.gov/pubmed/11283405
http://dx.doi.org/10.1161/STROKEAHA.110.593129
http://www.ncbi.nlm.nih.gov/pubmed/21493915
http://cdn.intechopen.com/pdfs/32442/InTech-A_master_key_to_assess_stroke_consequences_across_species_the_adhesive_removal_test_.pdf
http://cdn.intechopen.com/pdfs/32442/InTech-A_master_key_to_assess_stroke_consequences_across_species_the_adhesive_removal_test_.pdf
http://www.ncbi.nlm.nih.gov/pubmed/7079281
http://dx.doi.org/10.1038/sj.jcbfm.9600575
http://dx.doi.org/10.1038/sj.jcbfm.9600575
http://www.ncbi.nlm.nih.gov/pubmed/18000514
http://dx.doi.org/10.1161/01.STR.0000074034.32371.13
http://www.ncbi.nlm.nih.gov/pubmed/12750539
http://www.ncbi.nlm.nih.gov/pubmed/8495380
http://www.ncbi.nlm.nih.gov/pubmed/7850491


80. Chen H, Chopp M, Schultz L, Bodzin G, Garcia JH. Sequential neuronal and astrocytic changes after

transient middle cerebral artery occlusion in the rat. J Neurol Sci. 1993; 118(2):109–6. Epub 1993/09/

01. PMID: 8229058

81. Nedergaard M. Neuronal injury in the infarct border: a neuropathological study in the rat. Acta Neuro-

pathol. 1987; 73(3):267–74. PMID: 3618118

82. Dirnagl U. Bench to bedside: the quest for quality in experimental stroke research. J Cereb Blood Flow

Metab. 2006; 26:1465–78. doi: 10.1038/sj.jcbfm.9600298 PMID: 16525413

83. Soleman S, Yip P, Leasure JL, Moon L. Sustained sensorimotor impairments after endothelin-1 induced

focal cerebral ischemia (stroke) in aged rats. Exp Neurol. 2010; 222(1):13–24. Epub 2009/11/17.

PubMed Central PMCID: PMC2864515. doi: 10.1016/j.expneurol.2009.11.007 PMID: 19913535

84. Howells DW, Sena ES, Macleod MR. Bringing rigour to translational medicine. Nature reviews. 2014;

10(1):37–43. Epub 2013/11/20.

85. O’Collins VE, Donnan GA, Macleod MR, Howells DW. Animal Models of Stroke Versus Clinical Stroke:

Comparison of Infarct Size, Cause, Location, Study Design, and Efficacy of Experimental Therapies.

Animal Models for the Study of Human Disease. 2013:531–68.

86. Dirnagl U, Fisher M. International, multicenter randomized preclinical trials in translational stroke

research: It’s time to act. J Cereb Blood Flow Metab. 2012; 32(6):933–5. Epub 2012/04/19. PubMed

Central PMCID: PMC3367233. doi: 10.1038/jcbfm.2012.51 PMID: 22510602

87. Dirnagl U, Hakim A, Macleod M, Fisher M, Howells D, Alan SM, et al. A concerted appeal for interna-

tional cooperation in preclinical stroke research. Stroke. 2013; 44(6):1754–60. Epub 2013/04/20. doi:

10.1161/STROKEAHA.113.000734 PMID: 23598526

88. Kleikers PW, Hooijmans C, Gob E, Langhauser F, Rewell SS, Radermacher K, et al. A combined pre-

clinical meta-analysis and randomized confirmatory trial approach to improve data validity for therapeu-

tic target validation. Scientific reports. 2015; 5:13428. Epub 2015/08/28. PubMed Central PMCID:

PMC4550831. doi: 10.1038/srep13428 PMID: 26310318

89. Rosell A, Agin V, Rahman M, Morancho A, Ali C, Koistinaho J, et al. Distal occlusion of the middle cere-

bral artery in mice: are we ready to assess long-term functional outcome? Transl Stroke Res. 2013; 4

(3):297–307. Epub 2013/12/11. doi: 10.1007/s12975-012-0234-1 PMID: 24323300

90. Craft TK, Glasper ER, McCullough L, Zhang N, Sugo N, Otsuka T, et al. Social interaction improves

experimental stroke outcome. Stroke. 2005; 36(9):2006–11. Epub 2005/08/16. doi: 10.1161/01.STR.

0000177538.17687.54 PMID: 16100018

91. Karelina K, Norman GJ, Zhang N, DeVries AC. Social contact influences histological and behavioral

outcomes following cerebral ischemia. Exp Neurol. 2009; 220(2):276–82. Epub 2009/09/08. doi: 10.

1016/j.expneurol.2009.08.022 PMID: 19733169

92. Karelina K, Stuller KA, Jarrett B, Zhang N, Wells J, Norman GJ, et al. Oxytocin mediates social neuro-

protection after cerebral ischemia. Stroke. 2011; 42(12):3606–11. Epub 2011/10/01. PubMed Central

PMCID: PMC3226880. doi: 10.1161/STROKEAHA.111.628008 PMID: 21960564

93. Stuller KA, Jarrett B, DeVries AC. Stress and social isolation increase vulnerability to stroke. Exp Neu-

rol. 2012; 233(1):33–9. Epub 2011/02/02. doi: 10.1016/j.expneurol.2011.01.016 PMID: 21281636

94. Venna VR, McCullough LD. "Won’t you be my neighbor?": deciphering the mechanisms of neuroprotec-

tion induced by social interaction. Stroke. 2011; 42(12):3329–30. Epub 2011/10/01. PubMed Central

PMCID: PMC3226850. doi: 10.1161/STROKEAHA.111.632570 PMID: 21960565

95. Venna VR, Weston G, Benashski SE, Tarabishy S, Liu F, Li J, et al. NF-kappaB contributes to the detri-

mental effects of social isolation after experimental stroke. Acta Neuropathol. 2012; 124(3):425–38.

Epub 2012/05/09. doi: 10.1007/s00401-012-0990-8 PMID: 22562356

Ischemic damage and behavioural deficit over 6 months after stroke in the rat

PLOS ONE | DOI:10.1371/journal.pone.0171688 February 9, 2017 19 / 19

http://www.ncbi.nlm.nih.gov/pubmed/8229058
http://www.ncbi.nlm.nih.gov/pubmed/3618118
http://dx.doi.org/10.1038/sj.jcbfm.9600298
http://www.ncbi.nlm.nih.gov/pubmed/16525413
http://dx.doi.org/10.1016/j.expneurol.2009.11.007
http://www.ncbi.nlm.nih.gov/pubmed/19913535
http://dx.doi.org/10.1038/jcbfm.2012.51
http://www.ncbi.nlm.nih.gov/pubmed/22510602
http://dx.doi.org/10.1161/STROKEAHA.113.000734
http://www.ncbi.nlm.nih.gov/pubmed/23598526
http://dx.doi.org/10.1038/srep13428
http://www.ncbi.nlm.nih.gov/pubmed/26310318
http://dx.doi.org/10.1007/s12975-012-0234-1
http://www.ncbi.nlm.nih.gov/pubmed/24323300
http://dx.doi.org/10.1161/01.STR.0000177538.17687.54
http://dx.doi.org/10.1161/01.STR.0000177538.17687.54
http://www.ncbi.nlm.nih.gov/pubmed/16100018
http://dx.doi.org/10.1016/j.expneurol.2009.08.022
http://dx.doi.org/10.1016/j.expneurol.2009.08.022
http://www.ncbi.nlm.nih.gov/pubmed/19733169
http://dx.doi.org/10.1161/STROKEAHA.111.628008
http://www.ncbi.nlm.nih.gov/pubmed/21960564
http://dx.doi.org/10.1016/j.expneurol.2011.01.016
http://www.ncbi.nlm.nih.gov/pubmed/21281636
http://dx.doi.org/10.1161/STROKEAHA.111.632570
http://www.ncbi.nlm.nih.gov/pubmed/21960565
http://dx.doi.org/10.1007/s00401-012-0990-8
http://www.ncbi.nlm.nih.gov/pubmed/22562356

