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Abstract
: Following ischemic stroke, recanalisation and restoration ofBackground

blood flow to the affected area of the brain is critical and directly correlates
with patient recovery.   models of ischemic stroke show highIn vivo 
variability in outcomes, which may be due to variability in reperfusion.  We
previously reported that a surgical refinement in the middle cerebral artery
occlusion (MCAO) model of stroke, via repair of the common carotid artery
(CCA), removes the reliance on the Circle of Willis for reperfusion and
reduced infarct variability.  Here we further assess this refined surgical
approach on reperfusion characteristics following transient MCAO in mice.

: Mice underwent 60 min of MCAO, followed by either CCA repairMethods
or ligation at reperfusion.  All mice underwent laser speckle contrast
imaging at baseline, 24 h and 48 h post-MCAO.

: CCA ligation reduced cerebral perfusion in the ipsilateralResults
hemisphere compared to baseline (102.3 ± 4.57%) at 24 h (85.13 ±
16.09%; P < 0.01) and 48 h (75.04 ± 12.954%; P < 0.001) post-MCAO.
Repair of the CCA returned perfusion to baseline (94.152 ± 2.44%) levels
and perfusion was significantly improved compared to CCA ligation at both
24 h (102.83 ± 8.41%; P < 0.05) and 48 h (102.13 ± 9.34%; P < 0.001)
post-MCAO.

: Our findings show CCA repair, an alternative surgicalConclusions
approach for MCAO, results in improved ischemic hemisphere perfusion
during the acute phase.
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Introduction
Cerebral ischemic stroke is one of the leading causes of death 
worldwide, carrying a significant disease burden as the second- 
leading cause of disability-adjusted life years1,2. Current approved 
treatment options are limited for acute ischemic stroke patients, 
involving either thrombolytic clot breakdown or physical clot 
removal. Recombinant tissue plasminogen activator (rtPA) 
is the only pharmacological treatment available with proven  
efficacy3,4, eligibility for this treatment is low and, due to a  
narrow therapeutic time window (<4.5 h), only ~15% of stroke 
patients are able to receive iv-rtPA treatment, with recanalisa-
tion success at less than 50%5,6. In addition to this, endovascu-
lar thrombectomy is increasingly being used in the treatment 
of large vessel occlusions, where the clot is removed from 
within the vessel allowing recanalisation, especially in patients 
who respond poorly to rtPA treatment5. Prompt restoration of 
blood flow to the ischemic zone is the primary clinical goal, 
potentially salvaging tissue and preventing the spread of ischemic 
damage7. Recanalization of occluded vessels is positively  
correlated with improved survival rates and recovery outcomes for 
ischemic stroke patients8.

To allow development of new clinical therapeutics for stroke, 
the pathophysiology and mechanisms of disease/recovery need 
to be elucidated. Preclinical stroke models that closely mimic 
mechanisms of injury (and recovery) allow investigation of 
potential clinically viable treatments. Although experimental 
stroke models have shown the positive benefits of various poten-
tial therapeutics, these have repeatedly failed during clinical  
trials, preventing their progression into the clinic. This continued 
lack of translation requires us to further refine preclinical studies 
and to allow the evolution of more representative models9,10.

The most commonly used experimental model of ischemic stroke 
is the intraluminal filament model of middle cerebral artery  
occlusion (MCAO). First developed by Koizumi et al.11 and 
later modified by Longa et al.12, with numerous minor variations 
to the model since then. These two models are widely used in  
preclinical experimental stroke research largely due to their mini-
mally invasive technique and ability to induce post-occlusion  
reperfusion13. However, although surgical procedures follow  
a defined protocol, lesion volumes have large standard  
deviations14–16. With the Koizumi method, permanent ligation of 
the common carotid artery (CCA) is required, preventing return 
of flow through the internal carotid artery (ICA), thus reper-
fusion is dependent on collateral flow via the Circle of Willis 
(CoW). However, the CoW in C57BL/6J mice, commonly used in  
preclinical stroke models, is anatomically variable which affects 
collateral flow ability17,18. In addition to this, there are adverse  
consequences to animal wellbeing when impacting the external 

carotid artery (ECA), either for vessel entry as in the Longa 
modified model or for surgical ease as seen in the original  
Koizumi model, such as lick impairment affecting ability to  
drink alongside increased weight loss19.

Stroke in the territory of the middle cerebral artery is the most 
common presentation seen in patients20, thus targeting this  
vessel in preclinical models is valid. However, clot lysis induced 
by rtPA treatment results in gradual reperfusion to the ischemic 
territory, whereas in the MCAO model, filament removal is  
sudden giving an immediate blood flow surge to the ischemic 
area21. In the clinic, endovascular thrombectomy allows physical 
removal of large vessel clots21,22, permitting rapid reflow through 
the previously occluded vessel, which is the primary clinical 
goal and parallels that which occurs in transient MCAO upon  
filament withdrawal. However, MCAO models where intralumi-
nal access is obtained via the CCA, such as the Koizumi method23, 
rely on collateral perfusion after filament removal due to the  
CCA being permanently tied off to prevent blood loss. Previously, 
we reported a modification to the Koizumi model of intraluminal 
filament MCAO, which allows bilateral CCA reperfusion, negat-
ing the reliance on the CoW10. In commonly used mice strains 
such as the C57BL/6J, the variability seen in lesion volume may 
be largely due to anatomical variations in the CoW17. Remov-
ing reperfusion reliance on the CoW reduces the variability seen 
in lesion volume but the impact on reperfusion is not known. 
Our aim here therefore is to determine if the adapted MCAO 
model can improve reperfusion following removal of the filament.

Methods
Animals
This study was conducted in accordance with the UK Ani-
mals (Scientific Procedures) Act, 1986, under Project license 
P28AA2253 following ethical approval from the University 
of Manchester. Animals were group housed (n=4) on arrival 
in temperature- and humidity-controlled individually venti-
lated mouse cages (IVCs) with a 12-h light/dark cycle, situated 
within a specific pathogen free (SPF) facility. Cages contained: 
woodchip bedding, paper sizzle nesting and cardboard tube. 
Animals were given adlib access to dry pellet food and water. 
Experimental sample size was determined using a power calcula-
tion from preliminary data (one tailed, α=0.001, β=0.9), taking 
into account a mortality rate of 10% established from historical 
MCAO data within our group. A total of 18 adult male C57BL/6J 
mice (10 weeks old on arrival; Charles River, UK), weighing 
22–33 g at the time of MCAO, were used during this study: two 
animals were excluded due to surgical complications, two due to 
reaching humane endpoints and one due to repeated wound com-
plications. All remaining animals (n=13) were humanely killed 
by cervical dislocation under anaesthesia following the 48-h 
post-MCAO scanning procedure. All experiments are reported 
in accordance with the Animal Research: Reporting of In Vivo 
Experiments (ARRIVE) guidelines 201824.

Study design
Individual animals were randomly assigned using an auto-
mated list randomiser (random.org) to one of two experimental 
groups: CCA ligation or CCA repair. The CCA ligation group 
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underwent 60 minutes transient MCAO with permanent CCA 
ligation following reperfusion25. The CCA repair group under-
went 60 minutes transient MCAO followed by repair of the CCA 
using a tissue pad and sealant combination, resulting in a patent 
CCA10. Both groups underwent laser speckle contrast imaging 
(LSCI). The order of coded LSCI raw data files was randomised 
prior to analysis using an automated list randomiser. The  
experimenter was blind to groups during LSCI scanning and  
image analysis for raw data, data was decoded for statistical  
analysis only.

Laser speckle contrast imaging
All animals underwent LSCI. Imaging was undertaken 12 
days prior to MCAO (baseline imaging), then at 24 h and 48 h  

post-MCAO (Figure 1A). Anaesthesia was induced and main-
tained with isoflurane (induction 5% in 100% O

2
; maintenance 

1.5% in N
2
O/O

2
, 70/30%), following which mice were placed 

in a stereotaxic frame on a heat mat set to 37°C. The animals 
were positioned underneath a moorFLPI

2
 Full-Field Perfusion 

Imager (Moor Instruments, UK). Prior to incision Bupivacaine  
hydrochloride (2 mg/kg, Marcain 0.25%, AstraZeneca, UK) 
local anaesthesia was injected subcutaneous around the intended 
incision site. A midline incision was made and skin retracted to 
expose the intact skull. Ultrasound gel was applied to the skull, 
followed by a 10-mm2 glass coverslip pressed down slightly 
to allow complete coverage of the intended scan area. LSCI was  
conducted for 3 min at 19 frames (20 ms per frame, 10-s intervals). 
The incision was cleaned free of ultrasound gel using sterile 

Figure 1. Cerebral blood flow measurements. Common carotid artery (CCA) vessel repair promotes cerebral blood flow (CBF) recovery 
following transient middle cerebral artery occlusion (MCAO). Regions of interest (ROIs) surrounding the ipsilateral and contralateral 
hemisphere were used to quantify CBF. (A) Representative LSCI images at baseline, 24 h and 48 h post-MCAO in CCA Ligated and CCA 
repair mice. Contra, contralateral hemisphere; Ipsi, ipsilateral hemisphere. (B) CBF obtained by LSCI, measured separately at baseline,  
24 h and 48 h post-MCAO, expressed as ipsilateral flux as a percentage of contralateral flux. Statistical analysis performed  
using two-way ANOVA followed by Sidak post-hoc (ns P ≥ 0.05, */X P ≤ 0.05, **/XX P ≤ 0.01, ***/XXX P ≤ 0.001). *Represents significance 
within experimental group versus Baseline. XRepresents significance between experimental groups. All data presented as mean ± SD (CCA  
Ligated n=7, CCA Repair n=6).
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swabs and flushed with sterile saline, the incision was sutured 
using subcutaneous 6-0 dissolvable sutures followed by tissue 
adhesive application (Vetbond, US). The animal was returned to 
a pre-warmed clean cage for recovery. Following baseline LSCI 
only, animals were given access to paracetamol (200 mg/kg/24 h; 
Calpol®, Johnson & Johnson Ltd UK) in jelly for 24 h for  
self-administration analgesia. LSCI images were analysed using 
moorFLPI2 Full-Field Laser Perfusion Imager Review v5.0 
software. For each animal, ipsilateral and contralateral hemi-
sphere ROIs were drawn, ROI flux data was obtained from each 
hemisphere for each of the 19 images per scan, the mean of 
these values was used in later analyses. Ipsilateral hemisphere 
cerebral blood flow (CBF) is expressed as a percentage of the 
contralateral hemisphere CBF, within each imaging session.  
All analysis was conducted blinded to experimental conditions.

Surgical procedure
All mice underwent transient MCAO as previously detailed, 
and surgical methods used were identical to those published 
previously by the author10,26, modified only to exclude Laser 
Doppler Flowmetry recording at MCAO reperfusion. MCAO 
was confirmed using laser doppler flowmetry (LDF), distin-
guished as a significant sustained drop in LDF flux once the 
microfilament filament was advanced into the internal carotid 
artery.

Statistical analysis
All data are expressed as mean ± standard deviation of the 
mean (SD). All statistical analysis was performed using Prism 
v8 for windows (GraphPad Software, CA). The criterion for 
statistical significance was P ≤ 0.05. Distribution of data was 
assessed using Shapiro-Wilk normality test, prior to statistical 
analysis. Repeated measure two-way analysis of variance 
(ANOVA) test was used to determine effect of time and inter-
vention, repair and ligation. Post-hoc Sidak corrected multiple  
comparison testing was then used to compare within groups 
against baseline/pre-MCAO, and within time point between  
groups.

Results
There was a significant interaction between the two factors, 
time and CCA incision closure method/intervention, suggest-
ing the effect of CCA intervention on CBF differs between the 
timepoints (F

(2,22)
 = 17, P < 0.001; Figure 1B)). CCA interven-

tion post-MCAO, either ligation or repair, significantly affected 
ipsilateral CBF perfusion overall (F

(1,11)
 = 7.4, P = 0.02). Mice 

that underwent CCA ligation showed significantly reduced ipsi-
lateral CBF compared to baseline (102.3 ± 4.57%) at 24 h (85.13 
± 16.09%; P = 0.001) and 48 h (75.04 ± 12.954%; P < 0.001) 
post-MCAO. Contrastingly, mice that underwent CCA repair 
showed no difference versus baseline (94.152 ± 2.44%) at 
24 h (102.83 ± 8.41%; P = 0.191) or 48 h (102.13 ± 9.34%; 
P = 0.251) post-MCAO. There was no difference in ipsilat-
eral CBF perfusion between groups at baseline (P = 0.417). 
At both 24 h and 48 h post-MCAO ipsilateral CBF was  
significantly increased in CCA repair mice compared to CCA  
ligated mice (P = 0.0122, P = 0.0001 respectively).

Discussion
Here we report CCA vessel repair following MCAO in mice 
results in improved reperfusion of the ischemic hemisphere, 
assessed using LSCI. Ligation of the CCA following MCAO fila-
ment removal significantly reduced perfusion to the ischemic 
hemisphere for a prolonged period post-surgery and the CBF did 
not return to baseline up to 48 h post-MCAO. Repair of the CCA 
incision, using a homologous tissue pad and TISSEEL sealant as 
previously reported10, returned hemispheric perfusion to pre-
MCAO baseline levels within 24 h post-MCAO. The use of CCA 
repair in mice has been shown to improve immediate MCA ter-
ritory blood flow within 5 minutes following repair and reduce 
lesion volume variability at 48 h post-MCAO10. Data here show 
the initial post-MCAO return to baseline CBF, as shown previ-
ously, is sustained during the acute phase (i.e. 48 h) with no evi-
dence of hypo or hyperperfusion in the ipsilateral hemisphere at 
24 and 48 h post-MCAO.

The data indicate CCA repair improves ischemic area perfusion 
post-MCAO, we assume this is due to the return to patency of 
the CCA removing the reliance on collateral flow through the 
CoW. The CoW has been shown in C57BL/6J mice to be ana-
tomically variable across individual animals17, adding variability 
to collateral supply to the ischemic area. Similarly, Smith et al. 
reported, using MCA territory laser doppler flowmetry to meas-
ure perfusion, significantly increased post-MCAO perfusion 
using the Longa ECA entry method with perfusion returning to 
comparable baseline levels, whereas use of the Koizumi CCA 
entry method showed only a return to 50% of baseline levels23. 
The key difference between the two methods is that the Longa 
method allows reperfusion through the bilateral CCAs whereas 
the Koizumi method relies on collateral supply to perfuse the 
ischemic area due to only the CCA being patent. These results 
mimic those reported here with CCA repair resulting in bilat-
erally patent CCAs leading to a return to baseline in perfusion 
post-MCAO. The use of a muscle pad combined with a fibrin 
sealant was previously shown in rat MCAO to allow forward 
blood flow through the CCA with complete occlusion of the 
vessel not present following the procedure27. Additionally, the 
CCA repair method ensures that the ECA remains in situ and 
patent, reducing the impact on animal welfare and recovery19.

Allowing reperfusion to occur through all available ves-
sels transforms the MCAO model to be more representative 
of clinical endovascular thrombectomy. Endovascular thrombec-
tomy is employed in an increasing number of clinical cases 
of large vessel occlusion (LVO), allowing mechanical, within 
vessel, removal of the occluding clot leading to a surge 
reperfusion of the ischemic zone, such as is seen following 
MCAO filament removal21. There is discussion in the literature 
as to the relevance of MCAO for modelling clinical stroke, 
due to the slow gradual clot dispersion that occurs following 
rtPA treatment, a mechanism unlike the sudden increase in flow 
seen at MCAO filament removal28, with suggestion that this 
slower clinical rtPA treatment reperfusion profile is closer to 
other embolic stroke models21,29. However, due to the positive 
effects of using endovascular thrombectomy for ischemic stroke 

Page 5 of 14

F1000Research 2020, 9:188 Last updated: 14 MAY 2020



treatment, on blood flow and patient outcome, the intervention 
is likely to become the primary treatment for LVO21. With this 
in mind, there is renewed interest in the intraluminal filament 
model of MCAO as an established model of endovascular 
thrombectomy.

The data presented here suggest a beneficial effect on post- 
MCAO reperfusion in the ischemic hemisphere however, the 
limitations of our approach must be considered. LSCI has very 
good spatial and temporal resolution and is used to monitor CBF 
changes under both physiological and pathophysiological con-
ditions but it may be that the low penetration depth of the 
laser does not permit measurements of deep brain CBF but only 
allows imaging of surface and pial vessels30. This limits the 
interpretation of the data presented here, in terms of deep level 
reperfusion and further investigation would be required to 
assess the ability of CCA repair to improve deep level per-
fusion. In addition to this limitation, cerebral perfusion data is 
typically reported as raw arbitrary units or normalised to a 
baseline recording31,32, whereas the data reported here is 
presented as a % of the contralateral or non-ischemic hemi-
sphere. Often, MCAO experiments undertaking LSCI utilise 
continuous imaging pre and post-MCAO, preventing vari-
ability in animal/camera placement, focus level and instrument 
settings, improving the validity of obtained data and allow-
ing within experiment data normalisation/analysis. Due to 
the experimental design of this study, data was normalised 
within experiment to the non-stroke hemisphere, as reported 
previously33–36, to reduce the impact of between experiment 
variability from, for example equipment setup. However, it is 
important to note that this approach does not take into account 
the dynamic transhemispheric effect on CBF shown during 
focal ischemia reperfusion37. In addition to the expected CBF 
variations during and following MCAO, CBF in the contralateral 
hemisphere has also been reported to be affected during this 
pathology. The contralateral hemisphere is an important 
reserve to balance blood flow along the ischemic gradient to the 
ipsilateral hemisphere via collateral flow, particularly where 
reperfusion is reliant on flow from the basilar artery and con-
tralateral CCA18. It is also worthy to note that a sustained 
reduction in CBF measurements within the CCA ligated group 
is clear. This hypoperfusion could lead to exacerbation of post- 
stroke outcomes, with reduced oxygen levels resulting in path-
ological changes such as inflammation, demyelination and 
apoptosis38. Chronic sub-ischemic hypoperfusion is a key char-
acteristic of conditions such as vascular dementia and there is 
a strong clinical association between hypoperfusion and devel-
opment of vascular dementia39. In a further study it would be 
interesting to assess the impact of improved reperfusion on 
brain injury/recovery and functional outcome associated with 
ischemia.

In summary, this brief report shows that CCA repair following 
MCAO, in the mouse, using a homologous tissue pad combined 
with sealant improves blood flow to the ischemic hemisphere. 
The results validate the use of CCA repair in MCAO studies 
to remove reliance on the CoW avoiding the variation associ-
ated with this structure, in a commonly used mouse strain, on  
post-stroke measures. The outcome reported here may be 
of particular interest for use in endovascular thrombectomy  
research, mimicking the clinical situation of clot removal without 
ligation of arteries.

Data availability
Underlying data
Zenodo: Dataset corresponding to scientific paper “Improved 
reperfusion following alternative surgical approach for experimen-
tal stroke in mice”. https://doi.org/10.5281/zenodo.370123140.

This project contains the following underlying data: 
•   �BASE_Repair (baseline raw LCSI export files for ani-

mals that underwent repair of the CCA; the three-symbol 
code at the start of each file represents a different 
mouse).

•   �24h_Repair (24-hour raw LCSI export files for animals 
that underwent repair of the CCA; the three-symbol 
code at the start of each file represents a different mouse).

•   �48h_Repair (48-hour raw LCSI export files for animals 
that underwent repair of the CCA; the three-symbol 
code at the start of each file represents a different mouse).

•   �BASE_Ligated (baseline raw LCSI export files for 
animals that underwent ligation of the CCA; the three-
symbol code at the start of each file represents a 
different mouse).

•   �24h_Ligated (24-hour raw LCSI export files for 
animals that underwent ligation of the CCA; the three-
symbol code at the start of each file represents a 
different mouse).

•   �48h_Ligated (48-hour raw LCSI export files for 
animals that underwent ligation of the CCA; the three-
symbol code at the start of each file represents a 
different mouse).

•   �20200206_F1000_LS_Manuscript Raw Data (LCSI 
Flux values obtained by drawing ROIs in the LSCI 
software and exporting the values).

Data are available under the terms of the Creative Commons 
Attribution 4.0 International license (CC-BY 4.0).

References

1.	 World Health Organisation: Global Health Estimates 2016: Disease burden by 
Cause, Age, Sex, by Country and by Region, 2000–2016. 2018.

2.	 World Health Organisation: Global Health Estimates 2016: Deaths by Cause, 
Age, Sex, by Country and by Region, 2000–2016. 2018.

3.	 National Institute for Health and Care Excellence: Stroke and transient ischaemic 
attack in over 16s: diagnosis and initial management. National Institute for 
Health and Care Excellence Guideline NG128. 2019. 
Reference Source

Page 6 of 14

F1000Research 2020, 9:188 Last updated: 14 MAY 2020

https://doi.org/10.5281/zenodo.3701231
https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/legalcode
https://www.nice.org.uk/guidance/ng128/resources/stroke-and-transient-ischaemic-attack-in-over-16s-diagnosis-and-initial-management-pdf-66141665603269


4.	 O'Collins VE, Macleod MR, Donnan GA, et al.: 1,026 experimental treatments in 
acute stroke. Ann Neurol. 2006; 59(3): 467–477. 
PubMed Abstract | Publisher Full Text 

5.	 Bhaskar S, Stanwell P, Cordato D, et al.: Reperfusion therapy in acute ischemic 
stroke: dawn of a new era? BMC Neurol. 2018; 18(1): 8. 
PubMed Abstract | Publisher Full Text | Free Full Text 

6.	 Grech R, Mizzi A, Pullicino R, et al.: Functional outcomes and recanalization 
rates of stent retrievers in acute ischaemic stroke: A systematic review and 
meta-analysis. Neuroradiol J. 2015; 28(2): 152–171. 
PubMed Abstract | Publisher Full Text | Free Full Text 

7.	 Balami JS, Hadley G, Sutherland BA, et al.: The exact science of stroke 
thrombolysis and the quiet art of patient selection. Brain. 2013; 136(Pt 12): 
3528–3553. 
PubMed Abstract | Publisher Full Text 

8.	 Rha JH, Saver JL: The impact of recanalization on ischemic stroke outcome: a 
meta-analysis. Stroke. 2007; 38(3): 967–973. 
PubMed Abstract | Publisher Full Text 

9.	 Percie du Sert N, Alfieri A, Allan SM, et al.: The IMPROVE Guidelines (Ischaemia 
Models: Procedural Refinements Of in Vivo Experiments). J Cereb Blood Flow 
Metab. 2017; 37(11): 3488–3517. 
PubMed Abstract | Publisher Full Text | Free Full Text 

10.	 Trotman-Lucas M, Kelly ME, Janus J, et al.: An alternative surgical approach 
reduces variability following filament induction of experimental stroke in mice. 
Dis Model Mech. 2017; 10(7): 931–938. 
PubMed Abstract | Publisher Full Text | Free Full Text 

11.	 Koizumi J, Yoshida Y, Nakazawa T, et al.: Experimental studies of ischemic 
brain edema. I: A new experimental model of cerebral embolism in rats in 
which recirculation can be introduced in the ischemic area. Japanese Journal 
of Stroke. 1986; 8(1): 1–8. 
Publisher Full Text 

12.	 Longa EZ, Weinstein PR, Carlson S, et al.: Reversible middle cerebral artery 
occlusion without craniectomy in rats. Stroke. 1989; 20(1): 84–91. 
PubMed Abstract | Publisher Full Text 

13.	 Macrae IM: Preclinical stroke research--advantages and disadvantages of the 
most common rodent models of focal ischaemia. Br J Pharmacol. 2011; 164(4): 
1062–1078. 
PubMed Abstract | Publisher Full Text | Free Full Text 

14.	 Ingberg E, Dock H, Theodorsson E, et al.: Method parameters’ impact on 
mortality and variability in mouse stroke experiments: a meta-analysis.  
Sci Rep. 2016; 6: 21086. 
PubMed Abstract | Publisher Full Text | Free Full Text 

15.	 Dirnagl U: Bench to bedside: the quest for quality in experimental stroke 
research. J Cereb Blood Flow Metab. 2006; 26(12): 1465–1478. 
PubMed Abstract | Publisher Full Text 

16.	 Carmichael ST: Rodent models of focal stroke: size, mechanism, and purpose. 
NeuroRx. 2005; 2(3): 396–409. 
PubMed Abstract | Publisher Full Text | Free Full Text 

17.	 McColl BW, Carswell HV, McCulloch J, et al.: Extension of cerebral 
hypoperfusion and ischaemic pathology beyond MCA territory after 
intraluminal filament occlusion in C57Bl/6J mice. Brain Res. 2004; 997(1): 
15–23. 
PubMed Abstract | Publisher Full Text 

18.	 Foddis M, Winek K, Bentele K, et al.: An exploratory investigation of brain 
collateral circulation plasticity after cerebral ischemia in two experimental 
C57BL/6 mouse models. J Cereb Blood Flow Metab. 2020; 40(2): 276–287. 
PubMed Abstract | Publisher Full Text 

19.	 Trueman RC, Harrison DJ, Dwyer DM, et al.: A Critical Re-Examination of 
the Intraluminal Filament MCAO Model: Impact of External Carotid Artery 
Transection. Transl Stroke Res. 2011; 2(4): 651–661. 
PubMed Abstract | Publisher Full Text 

20.	 Ng YS, Stein J, Ning M, et al.: Comparison of clinical characteristics and 
functional outcomes of ischemic stroke in different vascular territories. Stroke. 
2007; 38(8): 2309–2314. 
PubMed Abstract | Publisher Full Text 

21.	 Sutherland BA, Neuhaus AA, Couch Y, et al.: The transient intraluminal 
filament middle cerebral artery occlusion model as a model of endovascular 
thrombectomy in stroke. J Cereb Blood Flow Metab. 2016; 36(2): 363–369. 
PubMed Abstract | Publisher Full Text | Free Full Text 

22.	 Goyal M, Menon BK, van Zwam WH, et al.: Endovascular thrombectomy after 
large-vessel ischaemic stroke: a meta-analysis of individual patient data from 
five randomised trials. Lancet. 2016; 387(10029): 1723–1731. 
PubMed Abstract | Publisher Full Text 

23.	 Smith HK, Russell JM, Granger DN, et al.: Critical differences between two 
classical surgical approaches for middle cerebral artery occlusion-induced 
stroke in mice. J Neurosci Methods. 2015; 249: 99–105. 
PubMed Abstract | Publisher Full Text 

24.	 Kilkenny C, Browne WJ, Cuthill IC, et al.: Improving bioscience research 
reporting: the ARRIVE guidelines for reporting animal research. PLoS Biol. 
2010; 8(6): e1000412. 
PubMed Abstract | Publisher Full Text | Free Full Text 

25.	 Gibson CL, Murphy SP: Progesterone enhances functional recovery after 
middle cerebral artery occlusion in male mice. J Cereb Blood Flow Metab. 2004; 
24(7): 805–813. 
PubMed Abstract | Publisher Full Text 

26.	 Trotman-Lucas M, Kelly ME, Janus J, et al.: Middle Cerebral Artery Occlusion 
Allowing Reperfusion via Common Carotid Artery Repair in Mice. J Vis Exp. 
2019; (143): e58191. 
PubMed Abstract | Publisher Full Text 

27.	 Fehm NP, Vatankhah B, Dittmar MS, et al.: Closing microvascular lesions 
with fibrin sealant-attached muscle pads. Microsurgery. 2005; 25(7): 570–574. 
PubMed Abstract | Publisher Full Text 

28.	 Kilic E, Hermann DM, Hossmann KA: Recombinant tissue plasminogen activator 
reduces infarct size after reversible thread occlusion of middle cerebral artery 
in mice. Neuroreport. 1999; 10(1): 107–111. 
PubMed Abstract | Publisher Full Text 

29.	 Sena ES, Briscoe CL, Howells DW, et al.: Factors affecting the apparent efficacy 
and safety of tissue plasminogen activator in thrombotic occlusion models of 
stroke: systematic review and meta-analysis. J Cereb Blood Flow Metab. 2010; 
30(12): 1905–1913. 
PubMed Abstract | Publisher Full Text | Free Full Text 

30.	 Dunn AK, Bolay H, Moskowitz MA, et al.: Dynamic imaging of cerebral blood flow 
using laser speckle. J Cereb Blood Flow Metab. 2001; 21(3): 195–201.  
PubMed Abstract | Publisher Full Text 

31.	 Yuan L, Li Y, Li H, et al.: Intraoperative laser speckle contrast imaging improves 
the stability of rodent middle cerebral artery occlusion model. J Biomed Opt. 
2015; 20(9): 096012.  
PubMed Abstract | Publisher Full Text 

32.	 Wang R, Wang H, Liu Y, et al.: Optimized mouse model of embolic MCAO: From 
cerebral blood flow to neurological outcomes. J Cereb Blood Flow Metab. 2020; 
271678X20917625.  
PubMed Abstract | Publisher Full Text 

33.	 Tsuji M, Ohshima M, Taguchi A, et al.: A novel reproducible model of neonatal 
stroke in mice: comparison with a hypoxia-ischemia model. Exp Neurol. 2013; 
247: 218–225.  
PubMed Abstract | Publisher Full Text 

34.	 Qiu Z, Deng G, Yang J, et al.: A new method for evaluating regional cerebral 
blood flow changes: Laser speckle contrast imaging in a C57BL/6J mouse 
model of photothrombotic ischemia. J Huazhong Univ Sci Technolog Med Sci. 
2016; 36(2): 174–180.  
PubMed Abstract | Publisher Full Text 

35.	 Wong R, Lénárt N, Hill L, et al.: Interleukin-1 mediates ischaemic brain injury 
via distinct actions on endothelial cells and cholinergic neurons. Brain Behav 
Immun. 2019; 76: 126–138.  
PubMed Abstract | Publisher Full Text | Free Full Text 

36.	 Biose IJ, Dewar D, Macrae IM, et al.: Impact of stroke co-morbidities on cortical 
collateral flow following ischaemic stroke. J Cereb Blood Flow Metab. 2020: 
40(5): 978–990.  
PubMed Abstract | Publisher Full Text 

37.	 Taheri S, Yu J, Zhu H, et al.: Transhemispheric Diaschisis after Unilateral Focal 
Cerebral Ischemia Reperfusion: A Longitudinal Voxel-Based Study by MRI. 
Trans Neuro Res Rev. 2019; 2(1): 27–37.  
Publisher Full Text 

38.	 Horsburgh K, Wardlaw JM, van Agtmael T, et al.: Small vessels, dementia and 
chronic diseases – molecular mechanisms and pathophysiology. Clin Sci 
(Lond). 2018; 132(8): 851–868.  
PubMed Abstract | Publisher Full Text | Free Full Text 

39.	 Back DB, Kwon KJ, Choi D, et al.: Chronic cerebral hypoperfusion induces post-
stroke dementia following acute ischemic stroke in rats. J Neuroinflammation. 
2017; 14(1): 216.  
PubMed Abstract | Publisher Full Text | Free Full Text

40.	 Trotman-Lucas M, Wong R, Allan SM, et al.: Dataset corresponding to scientific 
paper “Improved reperfusion following alternative surgical approach for 
experimental stroke in mice”. [Dataset v1]. Zenodo. 2020. 
http://www.doi.org/10.5281/zenodo.3685595

Page 7 of 14

F1000Research 2020, 9:188 Last updated: 14 MAY 2020

http://www.ncbi.nlm.nih.gov/pubmed/16453316
http://dx.doi.org/10.1002/ana.20741
http://www.ncbi.nlm.nih.gov/pubmed/29338750
http://dx.doi.org/10.1186/s12883-017-1007-y
http://www.ncbi.nlm.nih.gov/pmc/articles/5771207
http://www.ncbi.nlm.nih.gov/pubmed/26156097
http://dx.doi.org/10.1177/1971400915576678
http://www.ncbi.nlm.nih.gov/pmc/articles/4757146
http://www.ncbi.nlm.nih.gov/pubmed/24038074
http://dx.doi.org/10.1093/brain/awt201
http://www.ncbi.nlm.nih.gov/pubmed/17272772
http://dx.doi.org/10.1161/01.STR.0000258112.14918.24
http://www.ncbi.nlm.nih.gov/pubmed/28797196
http://dx.doi.org/10.1177/0271678X17709185
http://www.ncbi.nlm.nih.gov/pmc/articles/5669349
http://www.ncbi.nlm.nih.gov/pubmed/28550100
http://dx.doi.org/10.1242/dmm.029108
http://www.ncbi.nlm.nih.gov/pmc/articles/5536906
http://dx.doi.org/10.3995/jstroke.8.1
http://www.ncbi.nlm.nih.gov/pubmed/2643202
http://dx.doi.org/10.1161/01.str.20.1.84
http://www.ncbi.nlm.nih.gov/pubmed/21457227
http://dx.doi.org/10.1111/j.1476-5381.2011.01398.x
http://www.ncbi.nlm.nih.gov/pmc/articles/3229752
http://www.ncbi.nlm.nih.gov/pubmed/26876353
http://dx.doi.org/10.1038/srep21086
http://www.ncbi.nlm.nih.gov/pmc/articles/4753409
http://www.ncbi.nlm.nih.gov/pubmed/16525413
http://dx.doi.org/10.1038/sj.jcbfm.9600298
http://www.ncbi.nlm.nih.gov/pubmed/16389304
http://dx.doi.org/10.1602/neurorx.2.3.396
http://www.ncbi.nlm.nih.gov/pmc/articles/1144484
http://www.ncbi.nlm.nih.gov/pubmed/14715145
http://dx.doi.org/10.1016/j.brainres.2003.10.028
http://www.ncbi.nlm.nih.gov/pubmed/31549895
http://dx.doi.org/10.1177/0271678X19827251
http://www.ncbi.nlm.nih.gov/pubmed/24323685
http://dx.doi.org/10.1007/s12975-011-0102-4
http://www.ncbi.nlm.nih.gov/pubmed/17615368
http://dx.doi.org/10.1161/STROKEAHA.106.475483
http://www.ncbi.nlm.nih.gov/pubmed/26661175
http://dx.doi.org/10.1177/0271678X15606722
http://www.ncbi.nlm.nih.gov/pmc/articles/4759672
http://www.ncbi.nlm.nih.gov/pubmed/26898852
http://dx.doi.org/10.1016/S0140-6736(16)00163-X
http://www.ncbi.nlm.nih.gov/pubmed/25936850
http://dx.doi.org/10.1016/j.jneumeth.2015.04.008
http://www.ncbi.nlm.nih.gov/pubmed/20613859
http://dx.doi.org/10.1371/journal.pbio.1000412
http://www.ncbi.nlm.nih.gov/pmc/articles/2893951
http://www.ncbi.nlm.nih.gov/pubmed/15241189
http://dx.doi.org/10.1097/01.WCB.0000125365.83980.00
http://www.ncbi.nlm.nih.gov/pubmed/30735149
http://dx.doi.org/10.3791/58191
http://www.ncbi.nlm.nih.gov/pubmed/16184526
http://dx.doi.org/10.1002/micr.20165
http://www.ncbi.nlm.nih.gov/pubmed/10094143
http://dx.doi.org/10.1097/00001756-199901180-00021
http://www.ncbi.nlm.nih.gov/pubmed/20648038
http://dx.doi.org/10.1038/jcbfm.2010.116
http://www.ncbi.nlm.nih.gov/pmc/articles/3002882
http://www.ncbi.nlm.nih.gov/pubmed/11295873
http://dx.doi.org/10.1097/00004647-200103000-00002
http://www.ncbi.nlm.nih.gov/pubmed/26359813
http://dx.doi.org/10.1117/1.JBO.20.9.096012
http://www.ncbi.nlm.nih.gov/pubmed/32312170
http://dx.doi.org/10.1177/0271678X20917625
http://www.ncbi.nlm.nih.gov/pubmed/23651512
http://dx.doi.org/10.1016/j.expneurol.2013.04.015
http://www.ncbi.nlm.nih.gov/pubmed/27072958
http://dx.doi.org/10.1007/s11596-016-1562-2
http://www.ncbi.nlm.nih.gov/pubmed/30453020
http://dx.doi.org/10.1016/j.bbi.2018.11.012
http://www.ncbi.nlm.nih.gov/pmc/articles/6363965
http://www.ncbi.nlm.nih.gov/pubmed/31234703
http://dx.doi.org/10.1177/0271678X19858532
http://dx.doi.org/10.36959/817/523
http://www.ncbi.nlm.nih.gov/pubmed/29712883
http://dx.doi.org/10.1042/CS20171620
http://www.ncbi.nlm.nih.gov/pmc/articles/6700732
http://www.ncbi.nlm.nih.gov/pubmed/29121965
http://dx.doi.org/10.1186/s12974-017-0992-5
http://www.ncbi.nlm.nih.gov/pmc/articles/5679180
http://www.doi.org/10.5281/zenodo.3685595


 

Open Peer Review

  Current Peer Review Status:

Version 3

 14 May 2020Reviewer Report

https://doi.org/10.5256/f1000research.26544.r63375

© 2020 Sutherland B. This is an open access peer review report distributed under the terms of the Creative Commons
, which permits unrestricted use, distribution, and reproduction in any medium, provided the originalAttribution License

work is properly cited.

   Brad Sutherland
School of Medicine, College of Health and Medicine, University of Tasmania, Hobart, Tas, Australia

Thanks for the change. The concluding paragraph reads more clearly now.

 I co-authored a paper in 2017 with both Stuart Allan and Claire Gibson who areCompeting Interests:
authors on the submitted manuscript. The paper is here
https://journals.sagepub.com/doi/10.1177/0271678X17709185 and was part of large consortium of
researchers in the pre-clinical stroke field putting together best practice guidelines. However, this did not
influence my ability to provide an unbiased review.

Reviewer Expertise: Stroke and cerebral blood flow

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.

Version 2

 11 May 2020Reviewer Report

https://doi.org/10.5256/f1000research.26258.r63085

© 2020 Sutherland B. This is an open access peer review report distributed under the terms of the Creative Commons
, which permits unrestricted use, distribution, and reproduction in any medium, provided the originalAttribution License

work is properly cited.

   Brad Sutherland
School of Medicine, College of Health and Medicine, University of Tasmania, Hobart, Tas, Australia

Thank you to the authors for their detailed response. The manuscript has improved and my comments

Page 8 of 14

F1000Research 2020, 9:188 Last updated: 14 MAY 2020

https://doi.org/10.5256/f1000research.26544.r63375
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-0791-0950
https://doi.org/10.5256/f1000research.26258.r63085
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-0791-0950


 

Thank you to the authors for their detailed response. The manuscript has improved and my comments
have all been adequately addressed. The only minor point is the request to change the second last
sentence of the discussion "Validating the use of CCA repair..." does not seem to have changed, and this
sentence still reads as an incomplete sentence. However, this is very minor and should not prevent
acceptance.

 I co-authored a paper in 2017 with both Stuart Allan and Claire Gibson who areCompeting Interests:
authors on the submitted manuscript. The paper is here
https://journals.sagepub.com/doi/10.1177/0271678X17709185 and was part of large consortium of
researchers in the pre-clinical stroke field putting together best practice guidelines. However, this did not
influence my ability to provide an unbiased review.

Reviewer Expertise: Stroke and cerebral blood flow

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.

Author Response 11 May 2020
, University of Nottingham, Nottingham, UKclaire gibson

1. The only minor point is the request to change the second last sentence of the discussion
"Validating the use of CCA repair..." does not seem to have changed, and this sentence still reads
as an incomplete sentence. 

Response: This edit had been missed from the final edit of version 2. The concluding paragraph
has been rewritten to improve clarity and address the sentence structure. 

 No competing interests were disclosed.Competing Interests:

Version 1

 07 April 2020Reviewer Report

https://doi.org/10.5256/f1000research.24941.r61345

© 2020 Sutherland B. This is an open access peer review report distributed under the terms of the Creative Commons
, which permits unrestricted use, distribution, and reproduction in any medium, provided the originalAttribution License

work is properly cited.

   Brad Sutherland
School of Medicine, College of Health and Medicine, University of Tasmania, Hobart, Tas, Australia

This manuscript by Trotman-Lucas is a brief report outlining a technical refinement of the intraluminal
filament middle cerebral artery occlusion model that leads to improved reperfusion. The authors have
previously shown that CCA repair can increase acute CBF during reperfusion and consequently have

reduced infarct volume size and variability. This manuscript provides a nice addition with Laser Speckle

Page 9 of 14

F1000Research 2020, 9:188 Last updated: 14 MAY 2020

https://doi.org/10.5256/f1000research.24941.r61345
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-0791-0950


 

1.  

2.  

3.  

4.  

5.  

6.  

reduced infarct volume size and variability. This manuscript provides a nice addition with Laser Speckle
Contrast Imaging showing reperfusion changes lasting 48 hours between the traditional Koizumi method
and the CCA repair method. This simple repair method could improve our ability to conduct stroke
modelling. I have some comments below.

Specific comments:
The Laser Speckle Contrast Imaging method has great spatial and temporal resolution but does
not provide any depth assessment of CBF changes in the brain. It only provides a measurement of
CBF on the surface of the brain. Therefore, all that can be stated from this study is that pial CBF
can be improved post-MCA during CCA repair compared to the CCA ligated method, as we do not
know from this imaging technique whether the underlying brain is fully reperfused. Some
discussion around this would be useful.
 
The Laser Speckle Contrast Imaging was conducted at baseline (prior to MCAO), 24h post-MCAO
and 48h post-MCAO. However, there was no apparent assessment during MCAO to show that a
stroke had actually occurred. How can you confirm that these animals actually had a stroke with no
CBF assessment during MCAO?
 
The sustained (48h) changes shown in Figure 1 are interesting. It would have been excellent to
have shown how these CBF values are associated with changes in neurological deficit (could be
done by a neuroscore) or infarct volume at 48 hours. Were the brains assessed for this?
 
The CCA ligated results show sustained hypoperfusion on the surface of the brain for 48 hours.
Some extended discussion on how this could impact the development of the lesion and chronic
injury would be useful, particularly since chronic occlusion of the CCA is used in vascular dementia
studies with chronic neurodegeneration and impaired cognition present.
 
There are many studies showing that CBF in the contralateral hemisphere can be altered during
MCAO and during reperfusion (e.g. Lavy et al 1975 Stroke 6:160-3 ; Taheri et al 2019 Transl
Neurosci Res Rev 2:27-37 ; Premilovac et al 2020 JCBFM 271678X20905493  and others). Given
that the quantification of the ipsilateral CBF is a % of the contralateral, any changes in CBF in the
contralateral hemisphere in response to MCAO or reperfusion could alter the reference point for
this analysis. Some discussion should be added about this as a limitation.
 
The second last sentence of the discussion “Validating the use of CCA repair…” is an incomplete
sentence and will need rewritten.
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measurement of CBF on the surface of the brain. Therefore, all that can be stated from this
study is that pial CBF can be improved post-MCA during CCA repair compared to the CCA
ligated method, as we do not know from this imaging technique whether the underlying brain
is fully reperfused. Some discussion around this would be useful.

Response: Please see added section into discussion.
 

The Laser Speckle Contrast Imaging was conducted at baseline (prior to MCAO), 24h
post-MCAO and 48h post-MCAO. However, there was no apparent assessment during
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The sustained (48h) changes shown in Figure 1 are interesting. It would have been
excellent to have shown how these CBF values are associated with changes in neurological
deficit (could be done by a neuroscore) or infarct volume at 48 hours. Were the brains
assessed for this?

Response: We would agree that any further analysis under these experimental conditions would
be useful.  However, that was beyond the remit of this current study which was powered to answer
the specific research question.  We have previously reported the effect of this modified surgical
approach on lesion volume (see Trotman et al., 2017, Disease Models & Mechanisms).
 

The CCA ligated results show sustained hypoperfusion on the surface of the brain for 48
hours. Some extended discussion on how this could impact the development of the lesion
and chronic injury would be useful, particularly since chronic occlusion of the CCA is used in
vascular dementia studies with chronic neurodegeneration and impaired cognition present.

Response: Please see amended section in discussion.
 

There are many studies showing that CBF in the contralateral hemisphere can be altered
during MCAO and during reperfusion (e.g. Lavy et al 1975 Stroke 6:160-3 ; Taheri et al
2019 Transl Neurosci Res Rev 2:27-37 ; Premilovac et al 2020 JCBFM 271678X20905493
 and others). Given that the quantification of the ipsilateral CBF is a % of the contralateral,
any changes in CBF in the contralateral hemisphere in response to MCAO or reperfusion
could alter the reference point for this analysis. Some discussion should be added about
this as a limitation.

Response: Please see amended section in discussion.
 

The second last sentence of the discussion “Validating the use of CCA repair…” is an
incomplete sentence and will need rewritten.

Response: This sentence has been amended. 

 No competing interests were disclosed.Competing Interests:
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 Arshad Majid
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This is a well written concise study on refinement of the MCAO model in mice. The investigators show that
repair of the CCA achieves better reperfusion of the hemisphere than ligation of the CCA This article is a
useful addition to the literature. 

It would be useful to know how stable the underlying infarction is using this model. These data are not
shown.
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Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and is the work technically sound?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Yes

 No competing interests were disclosed.Competing Interests:

Reviewer Expertise: Preclinical models of stroke

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.

Author Response 30 Mar 2020
, University of Nottingham, Nottingham, UKclaire gibson

Thank you for this review.  In response to the specific point about lesion volume - we did not
investigate that within this study as we have previously (Trotman-Lucas M, Kelly ME, Janus J, et al.
: An alternative surgical approach reduces variability following filament induction of experimental
stroke in mice.   2017; 10(7): 931–938) demonstrated the impact of this refinedDis Model Mech.
surgical approach on lesion volume. 

 No competing interests were disclosed.Competing Interests:

Reviewer Response 05 May 2020
, University of Sheffield, Sheffield, UKArshad Majid

Thank you for your response. 

 NoneCompeting Interests:
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