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Abstract

Ferric chloride-induced distal middle cerebral artery occlusion (MCAO) model of stroke was 

described in mice several years ago, however it lacked in-depth evaluation of the post-stroke 

functional outcomes in the animals. In this study, we reproduced the recently developed model and 

expanded its characterization by thorough evaluation of blood supply, cerebral infarction, and 

motor function in adult male and female mice up to 14 days after stroke. Our observations indicate 

near complete interruption of blood flow in the distal MCA shortly after application of 20% ferric 

chloride over the artery through a cranial window, which remained occluded for at least 4 hours. 

As expected, infarction of the brain tissue, documented by TTC and hematoxylin stains, was 

restricted to the cerebral cortex. We also systematically evaluated motor impairment of the animals 

in this model. For this, a series of studies were carried out in male and female mice up to 14 days 

after stroke, and motor function was assessed in cylinder and grid-walking tests in blinded manner. 

Corresponding author: Vardan T. Karamyan, Pharm.D., Ph.D., Department of Pharmaceutical Sciences and Center for Blood Brain 
Barrier Research, School of Pharmacy, TTUHSC, 1300 Coulter Street, Amarillo, TX 79106, Phone: 806-414-9239, Fax: 
806-356-4034, E-mail: vardan.karamyan@ttuhsc.edu
Author contributions
Nausheen Syeara – brain sectioning, staining and infarct measurements; evaluation of behavioral video recordings; data analysis and 
interpretation; drafting of the manuscript.
Faisal F. Alamri – evaluation of behavioral video recordings; participation in drafting of the manuscript.
Srinidhi Jayaraman – brain sectioning, staining and infarct measurements; behavioral tests; participation in drafting of the manuscript.
Peia Lee – brain staining and infarct measurements; participation in drafting of the manuscript.
Serob T. Karamyan – establishment of the ferric chloride-induced distal MCAO model in mice; selection of motor behavioral tests; 
participation in drafting of the manuscript.
Thiruma V. Arumugam – establishment of the ferric chloride-induced distal MCAO model in mice; selection of motor behavioral tests; 
participation in drafting of the manuscript.
Vardan T. Karamyan – stroke surgeries; behavioral tests; data analysis and interpretation; drafting and completion of the manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Behav Brain Res. Author manuscript; available in PMC 2021 February 17.

Published in final edited form as:
Behav Brain Res. 2020 February 17; 380: 112418. doi:10.1016/j.bbr.2019.112418.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Contrary to our expectations, the results of both motor tests indicated minor, transient motor 

deficit in mice after stroke. Based on these observations, we conclude that the mouse ferric 

chloride-induced distal MCAO model is likely not suitable for proof-of-concept and preclinical 

studies where motor function is an important outcome measure.
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1. Introduction

Stroke continues to be a leading cause of death and long-term disability worldwide with an 

unmet need for new treatments [1]. To aid identification and understanding of pathological 

mechanisms and development of new therapies, variety of animal stroke models have been 

established in the last several decades. Among them, the rodent models are most accessible 

and used by investigators in the stroke research field [2]. Ischemic stroke models in rodents 

have been developed to induce transient or permanent occlusion of an artery supplying blood 

to the brain through various techniques spanning from low/no invasive to very invasive 

procedures [3, 4]. In majority of cases rodent ischemic stroke models focus on occlusion of 

the middle cerebral artery (MCA), because in humans obstruction of blood flow in the MCA 

is more common than in other brain arteries. In these models, occlusion of the MCA is done 

distally or proximally, where the distal occlusion has advantages of low mortality and 

ischemic lesions occurring primarily in the cerebral cortex (i.e. smaller, more restricted 

infarction), whereas proximal occlusion being more invasive and leading to larger strokes 

[4].

It is widely accepted that improvement of impaired neurological function(s) should be a 

primary endpoint in experimental and proof-of-concept therapeutic preclinical stroke 

studies, because it is a greatly important but currently unmet therapeutic modality for 

disabled stroke survivors [5]. Numerous tests have been developed to evaluate the 

neurobehavioral functional deficit and outcome in rodent stroke models by assessing motor, 

somatosensory, cognitive or other functions [6–10]. Notably, not all tests are suitable for 

every rodent stroke model, because different models mimic various clinical forms of stroke 

and hence result in different neurologic dysfunction(s) [11–14]. In addition, while mice are 

the primary experimental species in stroke research field and many functional tests have 

been adapted from the rat, testing methods and principles continue to vary between these 

two species and make comparison of the test results challenging [8, 13].

Several years ago, Karatas and colleagues introduced a new model of distal MCAO in mice, 

where ferric chloride was used to permanently occlude the distal MCA [15]. Similar to other 

distal MCAO models, in this approach opening of a small cranial window was required, 

followed by brief application of ferric chloride-soaked, small piece of filter paper over dura 

matter on the artery. The latter offered to be the least invasive approach to achieve occlusion 

of the artery, because other techniques did so while piercing (ligation method [16]) or 

compressing the dura matter (compression method [17]), or injuring the brain tissue 
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surrounding the artery (electrocoagulation, [18]). Because of these potential advantages, the 

purpose of this study was to reproduce the mouse ferric chloride-induced model of stroke 

and further characterize it in regard to permanency of the distal MCA occlusion, cerebral 

infarction, and motor functional deficit in adult male and female mice for up to 14 days after 

stroke. Our observations confirm near complete interruption of blood flow in the distal MCA 

with application of 20% ferric chloride, which lasts for at least four hours and results in 

reproducible cerebral cortical infarction. However, contrary to our expectations, systematic 

evaluation of motor function in cylinder and grid-walking tests indicates minor, transient 

motor deficit in mice after stroke in this model. Based on these observations, we conclude 

that the mouse ferric chloride-induced distal MCAO model is likely not suitable for 

experimental studies where motor function is an important outcome measure.

2. Methods

2.1. Animals and study design

Ten to sixteen-week-old male CD-1 (received from Charles River Laboratories) and male 

and female B6;129 (received from the Mutant Mouse Regional Resource Center and bred in-

house) mice were used in this study which was approved by Texas Tech University Health 

Sciences Center Institutional Animal Care and Use Committee. Mice were maintained in 12-

h light/dark cycle and fed ad libitum in groups of 2 – 4 per cage. CD-1 male mice were used 

to establish the ferric chloride-induced distal MCAO model, monitor continuity of the artery 

occlusion for up to 4 hours, and verify cerebral cortical infarction by 2,3,5-

triphenyltetrazolium chloride (TTC) staining on days 1 and 3 after stroke. B6;129 mice were 

used to confirm cerebral cortical infarction by hematoxylin staining at 4 hours and 1, 3, 7 

and 14 days post-stroke, and for monitoring of motor function for up to 14 days after stroke. 

For the latter studies, both male and female mice were used and their assignment to 

experimental groups was done randomly (https://www.random.org/lists/) before stroke 

surgeries. The animals were identified by tail-marks and their affiliation with a specific 

experimental group was blinded from the involved experimenters. Monitoring of motor 

function was carried out in three independent experimental sets: #1, male mice monitored 

for up to 7 days post-stroke (n = 8/stroke group and n = 6/sham group); #2, female mice 

monitored for up to 7 days post-stroke (n = 8/both stroke and sham groups); #3, male mice 

monitored for up to 14 days post-stroke (n = 8/stroke group and n = 5/sham group).

2.2. Occlusion of the distal middle cerebral artery by ferric chloride

For this we followed the protocol detailed in the original article by Karatas and colleagues 

[15]. Briefly, under isoflurane anesthesia an incision was made between the left eye and ear 

of the mouse, the temporalis muscle was cut, and a small cranial window was opened on 

parietal bone to access the MCA downstream of the lenticulostriate branches, while keeping 

the overlying dura mater intact. A rectangular piece of Whatman filter paper (~0.3 × 1 mm) 

was soaked in freshly prepared 20% solution of ferric chloride and placed over the accessed 

portion of the MCA on dry dura mater. After 4 minutes, the filter paper was removed, the 

area was gently dried by aspiration and the cranial window was closed by bone wax. Control 

animals underwent sham operation, which included opening and closure of the cranial 

window without application of ferric chloride. Note that during pilot experiments, 10% 
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solution of ferric chloride was used as originally described by Karatas and colleagues [15], 

however, incomplete and reversible occlusion of the artery was observed (data not shown). 

Because of this, we adopted use of 20% ferric chloride solution, similar to Le Behot and 

colleagues [19], which resulted in consistent, permanent occlusion of the distal MCA. 

Throughout the manuscript, the right (contralateral) forelimb of both sham and stroke mice 

is referred to as ‘affected forelimb’, whereas the left (ipsilateral) forelimb as ‘unaffected 

forelimb’.

2.3. Cerebral blood flow monitoring

In each mouse undergoing stroke surgery, blood flow in the MCA was monitored through 

the skull immediately distally from the cranial window by using a laser Doppler monitor 

attached to a non-flexible probe (moorLAB, Moor Instruments). The blood flow was 

continuously recorded 5 minutes before placing of the filter paper, during the period when 

the filter paper was placed (4 min) and ~15 min after removal of the filter paper. In a cohort 

of five mice, the blood flow was continuously monitored for 4 hours, under anesthesia, after 

removal of the filter paper to confirm permanent occlusion of the MCA.

2.4. 2,3,5-Triphenyltetrazolium chloride (TTC) staining

TTC staining was used to document brain infarction in 1 mm coronal forebrain sections 

(using slicing matrix; Zivic Instruments) obtained from sham and stroke-operated mice 1 

and 3 days after stroke. For this we followed a protocol detailed in our earlier publications 

[20, 21].

2.5. Cryosection and hematoxylin staining

In one set of experiments at 4 hours and 1, 3, 7 and 14 days after stroke, mice were deeply 

anesthetized with isoflurane and cardially perfused with 4% paraformaldehyde (PFA), 

followed by overnight incubation of the brain in 4% PFA, cryopreservation in 20 and 30% 

sucrose solutions and cryosectioning (coronal plane at 50 μm thickness). Hematoxylin 

staining (Hematoxylin Stain+; Fisher HealthCare) was carried out according the 

manufacturer’s recommended protocol.

2.6. Measurement of infarct volume

The stained brain sections were digitized using a flat-bed scanner and used to measure the 

infarct volume using NIH ImageJ software as described earlier [22].

2.7. Behavioral studies

To minimize handling stress during behavioral tests, mice were individually handled for ~2 

min once or twice daily for several days before the tests were performed. Grid-walking and 

cylinder tests were used to assess the motor function by blinded investigators 2 – 3 days 

before and 1, 3, 7 and 14 days after stroke. The tests were performed during the light cycle 

(8 to 11 am). Blinded analysis of video recordings for experimental sets #1 and #2 were 

carried out by one investigator (NS), whereas for experimental set #3 it was done 

independently by two investigators (NS and FA). The data obtained by two investigators 

were very similar and the average values from both investigators are presented in Fig. 6.
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2.8. Grid-walking test

In this test, the mice were allowed to freely walk on an elevated wire grid (12 mm square 

wire mesh with total area of 33 cm x 20 cm) for 5 minutes and their movements were video 

recorded. The recording was later analyzed for foot faults and total number of steps in slow 

motion as described in our earlier publication [23].

2.9. Cylinder test

In this test, the mice were placed in a transparent, acrylic cylinder (17 cm height, 10 cm 

diameter) and their behavior was video recorded for 5 minutes. The recording was later 

analyzed to evaluate the symmetry of forelimb use upon rearing and exploration of the 

cylinder wall as described in detail in our earlier publication [23].

2.10. Statistical analysis

Behavioral data were analyzed using two-way repeated measures ANOVA and followed by 

Dunnett’s or Sidak’s post-hoc tests, as appropriate, for multiple comparisons (Prism 7.02, 

GraphPad). The statistical significance level was p< 0.05, values shown are mean ± standard 

error.

3. Results

3.1. Blood flow monitoring after occlusion of the distal MCA by ferric chloride

To confirm permanent occlusion of the MCA after application of ferric chloride, in one set 

of experiments blood flow in the MCA was continuously monitored in anesthetized mice for 

4 hours after removal of the filter paper soaked in 20% ferric chloride solution. The average 

reduction of the blood flow in the distal MCA reached ~85% of its baseline within ~10 

minutes after removal of the filter paper and remained at that level for at least 4 hours (Fig. 

1).

3.2. TTC and hematoxylin staining, and infarct volume measurement

To obtain more complete information about progression of the injury in this stroke model, in 

a separate set of experiments the brains were collected after stroke followed by staining and 

measurement of infarction. As expected, both TTC (Fig. 2) and hematoxylin (Fig. 3) 

staining of the coronal brain sections indicated infarction of the tissue restricted to cerebral 

cortex without appreciable edema formation. Hematoxylin staining allowed detection of 

infarction starting from 4 hours after occlusion of the distal MCA which could be observed 

for at least 14 days after stroke (Fig. 3). The calculated mean infarct volume was 3.52±0.24 

mm3 at 4 hours after stroke, 18.78±2.56 mm3 at 1 day after stroke, 18.93±4.37 mm3 at 3 day 

after stroke, 16.56±1.59 mm3 at 7 days after stroke, and 5.34±0.30 mm3 at 14 days after 

stroke.

3.3. Grid-walking test (experimental sets 1 and 2)

Contrary to our expectation, the focal cerebral stroke in this model did not cause a 

significant deficit in the function of the contralateral, i.e. stroke-affected, forelimb in the 

grid-walking test in female (Fig. 4; n =8 sham and 8 stroke; group x day interaction F (3, 42) 

Syeara et al. Page 5

Behav Brain Res. Author manuscript; available in PMC 2021 February 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



= 2.158, p = 0.11) and male (Fig. 4; n = 6 sham and 8 stroke; group x day interaction F 

(3,36) = 0.9028, p = 0.45) mice. Within the stroke group, post-hoc analyses with Dunnett’s 

correction revealed statistically significant difference in contralateral forelimb function 

between baseline and post-stroke day 1 for both females and males (p = 0.001 and 0.026, 

respectively), but not post-stroke days 3 and 7 (p > 0.05). As expected, within the sham 

group no statistically significant difference was observed in the function of either forelimb 

between baseline and any of the post-stroke days (p > 0.05; both females and males). Within 

day comparisons of female sham and stroke animals (post hoc analyses with Sidak’s 

correction) showed statistically significant difference of the contralateral forelimb function 

between the two groups only on post-stroke day 1 (p < 0.01). Within day comparisons of 

male sham and stroke animals did not reveal statistically significant difference between the 

two groups on any of the evaluation days (p > 0.05). Similar comparisons carried out for the 

ipsilateral, i.e. unaffected, forelimb did not reveal statistically significant difference between 

any of the groups on any of the evaluation days (p > 0.05; both females and males).

3.4. Cylinder test (experimental sets 1 and 2)

Similarly, the cylinder test did not reveal a significant deficit in the function of the 

contralateral, i.e. stroke-affected, forelimb in female (Fig. 5; n = 8 sham and 8 stroke; group 

x day interaction F (3, 42) = 0.04544, p = 0.98) and male (Fig. 5; n = 6 sham and 8 stroke; 

group x day interaction F (3, 36) = 0.2311, p = 0.87) mice. Post-hoc analyses with Dunnett’s 

correction confirmed lack of significant differences between forelimb function at baseline 

and any of the post-stroke evaluation days within each stroke group (p > 0.05; both females 

and males). Likewise, within day comparisons of male sham and stroke, or female sham and 

stroke groups (post-hoc analyses with Sidak’s correction) did not reveal statistically 

significant difference for any of the evaluation days (p > 0.05).

Because of this unexpected outcome, we carried out a new set of experiments in male mice 

(n = 12 for stroke group and n = 5 for the sham group) and evaluated the motor function in 

both tests for up to 14 days after stroke.

3.5. Grid-walking and cylinder tests (experimental set 3)

In this new group of male mice, the grid walking test did not reveal a significant deficit in 

the function of the stroke-affected forelimb (Fig. 6; n = 5 sham and 12 stroke; group x day 

interaction F (3, 45) = 0.4714, p = 0.70). Within the stroke group, post-hoc analysis with 

Dunnett’s correction revealed statistically significant difference in affected forelimb function 

between baseline and post-stroke day 3 (p = 0.018) but not post-stroke days 7 and 14 (p > 

0.05). Within day comparisons of sham and stroke animals (post hoc analyses with Sidak’s 

correction) did not show statistically significant difference of the affected forelimb function 

on any of the evaluation days (p > 0.05). Similarly, these mice did not show significant 

functional deficit in cylinder test (Fig. 6; n = 5 sham and 12 stroke; group x day interaction F 

(3, 45) = 0.4728, p = 0.70). Both within group (baseline vs post-stroke days) and within day 

(sham vs stroke on any of the evaluation days) comparisons did not reveal statistically 

significant differences (p > 0.05 for all comparisons).
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4. Discussion

In this study we successfully reproduced ferric chloride-induced distal MCAO model of 

stroke in mice. Similar to the original report by Karatas and colleagues [15] application of a 

filter paper soaked in 10% ferric chloride solution did not result in complete occlusion of the 

distal MCA in our hands. Because of this, we adopted the use of 20% ferric chloride 

solution as reported by Le Behot and colleagues [19], which consistently resulted in near 

complete occlusion of the distal MCA lasting for at least 4 hours (Fig. 1). As expected, brain 

infarction in this model was restricted to cerebral cortex (Figs. 2 and 3). It is important to 

note that application of ferric chloride over the cerebral cortex away from the MCA, did not 

result in injury of the brain tissue as determined by TTC staining 24 hours later. This 

observation does not exclude the possibility that ferric chloride could be harmful to brain 

cells at microscopic/molecular level, however, it confirms that the documented infarction of 

the brain by a brief exposure of ferric chloride (4 min in our experiments) is primarily due to 

occlusion of the distal MCA. Arguably, among various techniques that are utilized to 

achieve occlusion of the distal MCA in mice (such as electrocoagulation [18], ligation [16], 

microinjection of thrombin [24], compression with needle [11]), the use of ferric chloride is 

methodologically the easiest and least invasive. In addition, formation of platelet-rich 

thrombus and subsequent average size cortical lesion closely mimics the human condition. 

Therefore, it is not surprising that a number of laboratories have adopted the ferric chloride-

induced distal MCAO model of stroke to address important questions related to 

pathophysiology of ischemic stroke as well as its pharmacological therapy [25–30]. 

However, it is noteworthy that neither the original study [15], nor most of the experimental 

studies using this stroke model included robust functional tests to thoroughly evaluate the 

functional deficit in mice after stroke. In our opinion, this is an important gap, because the 

improvement of impaired neurological function(s) is considered to be a primary endpoint in 

experimental and proof-of-concept therapeutic preclinical stroke studies [5, 13]. To address 

this, we designed a series of experiments to systematically evaluate motor function of adult 

male and female mice in acute and post-acute phases of stroke (for up to 14 days after 

stroke) in this model. For this we chose two motor tests (grid-walking, also referred to as 

foot-fault test, and cylinder test, also referred to as spontaneous forelimb use task), which 

have been used by multiple laboratories for over a decade and are very sensitive in tracking 

functional impairment weeks to months following the stroke injury [22, 23, 31–35]. To our 

surprise, only a marginal impairment of the motor function (in both male and female mice) 

was observed in grid walking test on day 1 after stroke, which returned to near basal levels 

on days 3 and 7 (Figs. 4 and 5). However, the transient motor deficit was not observed in the 

cylinder test in either of the sexes (Figs. 4 and 5). In order to confirm this observation, we 

carried out a new set of surgeries in a separate cohort of male mice and extended the study 

up to 14 days after stroke. Similar to the first two cohorts, in this new experiment also we 

failed to observe substantial motor deficit in mice after stroke (Fig. 6).

Although it is a limitation that we used only two motor behavioral tests, these unexpected 

findings made us take a closer look at published studies which utilized the ferric chloride-

induced distal MCAO model of stroke in mice. In their original study Karatas and colleagues 

used neurological scoring (0 to 5 scale, 0 corresponding to no observable deficit, and 5 to 
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lack of spontaneous motion) to evaluate the neurological status of mice for up to 3 days after 

stroke and documented mild deficit (score of 2 ± 0.3). Interestingly, another group reported 

use of the ferric chloride-induced distal MCAO model of stroke in mice nearly at the same 

time as Karatas and colleagues [36]. The authors of this study did not observe 

neurobehavioral deficit using the modified neurological severity score (mNSS) test for up to 

4 days after stroke. It is noteworthy, that among all published studies which referred to 

Karatas et al. 2011 paper and used the ferric chloride-induced distal MCAO model of stroke 

in mice, only four studies included behavioral/functional evaluation of animals after stroke. 

The most extensive study is by Cisbani and colleagues [37], who reported functional 

assessment of mice using cylinder and pole tests, and neurological scoring for up to 7 days 

after stroke. The authors did not observe any appreciable deficit in mice using these tests, 

however they documented statistically significant differences in nesting behaviors of mice 

before and after stroke. In a later study, Karatas and colleagues reproduced their earlier 

observation documenting mild neurological deficit in mice 1 day after stroke [38]. In this 

study, they used neurological severity scoring (NSS, 0 to 10 sale, 0 corresponding to no 

observable deficit, and 10 to most severe deficit) and documented NSS of 3 – 4 in control 

mice subjected to ferric chloride-induced distal MCAO on day 1 after stroke. Two more 

studies, one by Martinez de Lizarrondo et al. [27] and another by Sanchez-Rojas et al [39], 

used the ferric chloride-induced distal MCAO model in mice, but were unable to document 

substantial neurological deficit, using neurological scoring, in the animals.

It is well-documented that in humans suffering stroke obstruction of blood flow in the MCA 

occurs more often than in other brain arteries [4], and therefore it is not surprising that 

majority of rodent ischemic stroke models focus on occlusion of the MCA to cause focal 

brain ischemia. However, an important distinction exists in the functional-anatomical regions 

of human and rodent brains that receive blood through the MCA. In humans, the cortical 

branches of the MCA supply blood to the primary motor and somatosensory cortical areas of 

the upper limbs, face and trunk [40]. Because of this, nearly 85% of stroke survivors 

experience some degree of paresis in the upper limb acutely after stroke, which persists 

chronically in about 50% of patients [41]. On the contrary, the MCA and its branches 

irrigate most of the lateral surface of cerebral cortex in mice [42, 43] which minimally 

involve the primary motor cortex but rather cover the barrel sensory, auditory and visual 

sensory areas [44]. Thus, because the MCA minimally supplies blood to the primary motor 

cortex in mice, it is not surprising that we and others observed only a negligible and/or 

transient motor deficit in the ferric chloride-induced distal MCAO model of stroke.

If the latter explanation is correct, then it is reasonable to speculate that marginal motor 

deficit would be observed not just in ferric chloride-induced distal MCAO but in other 

mouse models which achieve occlusion of the distal MCAO by different techniques. Among 

such techniques, occlusion of the distal MCA is achieved by a) ligation method, which is 

done by tying a nylon loop around the distal MCA to block blood flow [16], b) compression 

method, where a blunted metal tip or needle is used to press the distal MCA and block the 

blood flow [17], c) thromboembolism by micro-injection of alpha-thrombin [24], and d) 

electrocoagulation [18], which arguably is the most invasive approach, because the 

generated heat usually damages the brain tissue surrounding the artery. To verify our 

assumption related to motor deficit, we reviewed the recent literature reporting use of the 

Syeara et al. Page 8

Behav Brain Res. Author manuscript; available in PMC 2021 February 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



distal MCAO model in mice. In a preclinical, randomized, multicenter trial 

electrocoagulation-induced distal MCAO model was used to study the effect of anti-CD49d 

treatment in male C57BL/6J mice [45]. Rotarod and adhesive removal tests (performed 1, 3, 

and 7 days after stroke) were used to evaluate functional deficit, however, no significant 

functional impairment was documented after stroke in this study. In another multi-laboratory 

study, Rosell and colleagues evaluated suitability of several behavioral tests (beam walk, 

rotarod, corner, grip strength, and latency to move) to evaluate functional deficit in male 

C57BL/6, Balb/C, Swiss, and FVB mice for up to 21 days after distal MCAO induced by 

electrocoagulation, transient compression or alpha-thrombin-triggered thromboembolism 

[11]. Contrary to what was expected, none of the tests in this study detected statistically 

significant differences between sham and stroke-operated mice throughout all evaluation 

days in all mouse strains. However, a few of the tests (e.g., forelimb force and time to move) 

detected impairment during the acute phase of stroke in some strains. Notably, forelimb 

force test detected statistically significant differences between baseline and chronic post-

stoke time points (7 and 14 days), however this was true only for Balb/C mice and the deficit 

was no more than 20% of the baseline value (indicative of marginal impairment). Two more 

studies had similar findings, in one of which Lubjhun and colleagues used a battery of tests 

(gait analysis using Catwalk and the DigiGait systems, latency to move, corner and 

handedness tests) to evaluate functional deficit in male C57BL/6 mice after 

electrocoagulation-induced distal MCAO for up to 22 days after stroke [46]. When 

comparing stroke and sham operated cohorts, the authors documented some degree of deficit 

in all four tests, which however was observed only on days 1 and 2 after stroke but not on 

day 7 and later time points [46]. In the second study, Freret and colleagues used a large set 

of sensorimotor and cognitive tests (corner, cylinder, pole, accelerated rotarod, chimney, 

staircase, adhesive removal, Morris water maze and passive avoidance tests) to monitor 

functional impairment of male Swiss mice after electrocoagulation-induced distal MCAO 

for up to 3 weeks after stroke. None of the tests detected functional deficit when comparing 

sham and stroke-operated groups, with exception of the adhesive removal test which showed 

sustained deficit starting from week 1 to 3 after stroke. Notably, in their interpretation of the 

data, the authors recognized that the observed deficit in the adhesive removal test is most 

likely a result of alterations in face-related somatosensory perception, not motor dysfunction 

per se. This is because performance of mice in adhesive removal test depends on sensing of 

the adhesive with whiskers and tongue in order to facilitate the removal [47], and 

experimental evidence indicating that innervation of these functions involves the barrel 

sensory and adjacent sensory regions of the cerebral cortex – regions which are primarily 

affected by occlusion of the distal MCA in mice [42–44]

It is important to note that there are some studies which documented functional deficit in 

mice after distal MCAO. For example, Caballero-Garrido and colleagues used CatWalk gait 

analysis system to characterize long-lasting gait and locomotion deficits in male C57BL/6 

mice after electrocoagulation-induced distal MCAO for up to 4 weeks after stroke [48]. The 

authors documented statistically significant changes in some spatial, temporal and kinetic 

parameters when comparing sham and stroke-operated groups, and concluded that the 

CatWalk system is sensitive for monitoring of long-term functional recovery in the mouse 

distal MCAO model. This study is valuable because it is among few where a comprehensive 
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analysis of most parameters that are tracked by the CatWalk system was carried out. 

However, it is noteworthy that for most of the parameters that were deemed affected by 

stroke, changes were documented in all limbs/paws rather than in paws contralateral to the 

stroke side (lack of expected unilateral alterations). In majority of cases the documented 

changes were observed transiently on day 7 after stroke, however, the pre-stroke 

performance of animals (i.e. baseline) was not included in data analyses, making it difficult 

to evaluate the extent of deficit within the same experimental group [48]. In a similar study, 

Barios and colleagues used cylinder and grid-walking tests to evaluate motor function of 

male C57BL/6 mice after distal MCAO, induced by ligation, for up to 8 weeks after stroke 

[49]. In addition to behavioral tests, somatosensory evoked potentials (SSEPs) were 

evaluated in the same animals to monitor responses in both hemispheres after contralateral 

and ipsilateral forepaw stimulation. The authors took great care in the design and execution 

of their study and observed substantial and sustained deficit in motor function of animals in 

both tests throughout the study period. Notably, the regions of infarcted cerebral cortex that 

were documented in this stud were similar to observations made by us and others and 

included the barrel sensory and adjacent lateral cortical regions but not the primary motor 

cortex. Therefore, findings of substantial and sustained motor deficit by Barios and 

colleagues is somewhat surprising and is in contrast with the above discussed studies which 

documented negligible or small but transient motor deficit in mice after distal MCAO. While 

Barios and colleagues did not discuss the published studies documenting negligible or small 

motor deficit in mice after distal MCAO, they acknowledged a possibility that repetitive 

katamine administration (for measurement of SSEPs under anesthesia) could have 

contributed to their observations of the motor deficit [49].

It is important to note that size of the infarction produced by occlusion of the distal MCA 

was shown to be strain dependent in mice. In a recent study comparing C57BL/6J and 

BALB/cJ mice, Doyle and Buckwalter documented smaller cerebral infarction restricted to 

the barrel region of the somatosensory cortex in C57BL/6J mice, which had negligible 

sensorimotor deficit after distal MCAO induced by ligation [16]. On the contrary, the 

authors observed a larger lesion, incorporating more of the somatosensory cortex and part of 

the primary motor cortex, in BALB/cJ mice after distal MCAO, which was also 

accompanied by a clear sensorimotor deficit [50]. To overcome the lack of robust 

sensorimotor deficit in C57BL/6J mice after distal MCAO, the authors suggested 

combination of the established distal MCAO model with hypoxia to generate a larger lesion, 

which is comparable to that of BALB/cJ mice and is accompanied by functional deficit [16]. 

Notably, the latter modification is similar to other established approaches in which occlusion 

of the distal MCA is combined with ligation of one or both carotid arteries to produce larger 

infarctions involving motor areas and clearer sensorimotor deficit in mice [16, 51].

Thus, based on majority of the published studies which were specifically designed to 

evaluate neurobehavioral function in the mouse distal MCAO model of stroke, it is 

reasonable to suggest that occlusion of the distal MCA, irrespective of the technique, leads 

to minimal and/or transient motor deficit in mice. On the contrary, some of these studies 

appear to indicate more pronounced and lasting sensory deficit in mice after distal MCAO. It 

is important to note, that strain differences and variability in vascular network branching 

from the MCA likely contribute to some of the inconsistencies in published literature.
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In summary, our observations confirm that topical application of ferric chloride is a 

methodologically convenient and robust technique leading to reproducible cortical infarcts in 

mice. This model is likely well-suited for studies focusing on pathophysiology of stroke in 

regard to cell-death mechanisms and the response of brain tissue to injury. However, our 

functional behavioral experiments indicate that only marginal and transient motor deficit is 

observed in mice in this model of stroke. Because of the latter, in our opinion, the ferric 

chloride-induced model of distal MCAO is not suitable for studies focusing on motor 

functional recovery as a stroke outcome. However, it is important to recognize that the brain 

regions that are affected in this model (barrel sensory, auditory and visual sensory [44]) are 

responsible for other important functions, and hence it is reasonable to expect that 

behavioral tests focusing on such functions could very well detect significant and sustained 

deficit in animals after ferric chloride-induced distal MCAO. This assumption warrants 

future studies which would require validation of robust somatosensory, auditory and/or 

visual tests to evaluate the anticipated functional impairment of mice in this model of stroke.
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Highlights

• FeCl3 induces complete occlusion of the distal MCA and cortical infarction in 

mice

• Grid-walking and cylinder tests were used to study motor function in this 

model

• Negligible motor deficit was observed in (fe)male mice up to 14 days after 

stroke

• This model is not suitable for studies where motor function is an outcome 

measure
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Figure 1. Blood flow monitoring in the distal MCA by laser Doppler flowmetry.
Panel a, representative tracing of the blood flow in a mouse distal MCA during occlusion by 

ferric chloride. Note, ~5 min of tracing is not presented for the period immediately after 

removal of the filter paper (due to distortion of the recording during removal of the filter 

paper and drying of the surface by gentle aspiration). Panel b, average tracing of blood flow 

in the distal MCA for up to 4 hours after stroke (n = 5).
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Figure 2. Representative TTC-stained coronal brain sections of sham and distal MCAO-operated 
CD-1 mice on days 1 and 3 after stroke.
Calculated infarct volume is 23.2 ± 1.68 mm3 on day 1 post-stroke (1d PS) and 23.5 ± 5.3 

mm3 on day 3 post-stroke (3d PS).
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Figure 3. Hematoxylin-stained coronal brain sections of sham and distal MCAO-operated 
B6;129 mice.
Top panel, representative brains 4 hours and 1, 3, 7 and 14 days after stroke. Bottom panel, 

calculated infarct volumes (n = 3 per post-stroke time-point): 3.52 ± 0.24 mm2 (4 h), 18.78 

± 2.56 mm2 (1 d), 18.93 ± 4.37 mm2 (3 d), 16.56 ± 1.59 mm2 (7 d), 5.34 ± 0.30 mm2 (14 d).
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Figure 4. Grid-walking test.
Following ferric chloride-induced distal MCAO mice exhibited mild to moderate but 

transient functional deficit in the affected forepaw (i.e., increased number of footfaults; 

panels a and c) on day 1 after stroke (n =8 for sham and stroke female mice, n = 6 for sham 

and n = 8 for stroke male mice; *, p < 0.05 in comparison to the stroke group baseline; #, p < 

0.05 in comparison to the same day of the sham group). As expected, no functional deficit 

was observed in the un-affected (i.e., ipsilateral, panels b and d) forepaw of stroke and either 

forepaw of sham-operated animals.
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Figure 5. Cylinder test.
Mice did not show functional deficit in the affected forelimb (i.e., decreased use of the 

affected forelimb upon rears) after ferric chloride-induced distal MCAO. As expected, sham-

operated animals also lacked functional deficit (n =8 for sham and stroke female mice, n = 6 

for sham and n = 8 for stroke male mice; p > 0.05 for all within group and within day 

comparisons).
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Figure 6. Grid-walking and cylinder tests (14 day-long study; experimental set #3).
Panel a, grid-walking test, mice showed mild, transient functional deficit in the affected 

forepaw on day 3 after stroke when compared to its baseline performance (p < 0.05). 

However, no statistically significant difference was observed in performance of the affected 

forepaw between sham and stroke-operated mice on day 3 after stroke (p > 0.05). Panel b, 

grid-walking test, no functional deficit was observed in the un-affected forepaw of sham and 

stroke-operated animals. Panel c, cylinder test, neither sham nor stroke-operated mice 

showed functional deficit after ferric chloride-induced distal MCAO on any of the evaluation 

days (n =5 for sham and n = 12 for stroke groups; *, p < 0.05 in comparison to the stroke 

group baseline).
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