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SUMMARY

Aims: To identify long-term sensorimotor and cognitive deficits and to evaluate structural

alterations in brain ischemic mice. Methods: C57Bl/6J male mice were subjected to

30 min transient middle cerebral artery occlusion (tMCAo) or sham surgery. Sensorimotor

deficits, exploratory behavior, and cognitive functions were evaluated up to 6 months. Cor-

tical and subcortical damage were analyzed by MRI multiparameter analysis and histopa-

thology. Results: tMCAo mice showed significant sensorimotor deficits in the rotarod,

negative geotaxis, neuroscore, and beam walk tests. They also showed impairment in

exploratory behavior in the open field test and in spatial learning in the Morris water maze.

T2-weighted MRI revealed a volume reduction in injured brain areas at 12 and 24 weeks

postinjury. Brain atrophy was shown by MRI and conventional postmortem analysis. Diffu-

sion tensor imaging on the external capsule showed increased values of axial and radial dif-

fusivity. Fiber tracking revealed a reduction in the number and length of ipsilateral fibers.

Conclusions: tMCAo in mice induces sensorimotor and cognitive impairments detectable

at least up to 6 months postinjury, associated with brain atrophy, and axonal and myelin

damage of the external capsule. These behavioral tests and anatomical investigations may

represent important tools in translational studies in cerebral ischemia.

Introduction

The availability of reliable animal models of focal cerebral ische-

mia has allowed significant advances in the understanding of the

pathophysiology of stroke at cellular and molecular levels and has

led to the identification of therapeutical targets [1]. However,

although several pharmacological strategies have been successful

in experimental models, they have all failed in clinical trials,

underlying the need for a better translation from experimental to

clinical studies [2]. Major limitations in many available studies

include evaluation of effectiveness mainly or exclusively based on

infarct size and lack of functional outcome at clinically relevant

time points, that is, weeks or months instead of hours or days after

stroke [3–5]. Actually, in patients, cerebral vascular accidents

induce brain lesions associated with sensory, motor, and cognitive

deficits that progress over time. In addition, functional recovery is

a major endpoint in clinical trials [6]. Thus besides, acute patho-

physiological derangements of clinical stroke, animal models must

carefully consider behavioral correlates and long-term outcome to

more closely approximate the human disease condition.

While available data demonstrate behavioral impairment in rats

up to 3 months postinjury [7,8], little is known about the long-

term functional consequences of focal ischemia in mice, which are

now the preferred rodent model due to the availability of trans-

genic and knockout strains. Available studies in ischemic mice

explore functional deficits within the first 2 months [9,10].

Including longer time points of functional assessment in experi-

mental stroke, studies becomes even more relevant with the

recent interest in neurorestorative strategies, which require a

longer window of observation than neuroprotective approaches.

An additional key point is the need to gain insight on the neuro-

anatomical substrates associated with dysfunction and recovery.
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Our current understanding of the determinants of functional out-

come indicates that next to focal pathology (infarct size), axonal

damage and reorganization are primary contributors to behavioral

deficits and recovery. Recent neuroanatomical studies in patients

with stroke show that the amount of corticospinal tract injury is

related to chronic motor dysfunctions [11]. MRI now offers excel-

lent anatomical resolution in mice, furthermore diffusion tensor

imaging (DTI) allows to assess the integrity and organization of

white matter tracts and axonal and myelin damages. Unfortu-

nately, in the experimental stroke setting, studies exploiting the

potentiality of this approach are still scarce [12–14].

This study provides previously unavailable information on the

consequences of the ischemic injury on neurological functions

and on structural brain damage up to 6 months postinjury. No

gold standard exists for behavioral test selection in mice. Tests

should complement each other for assessment of global neurologi-

cal status, sensorimotor coordination/balance, and cognitive

impairment [15,16]. We explored an array of complementary tests

to reveal both short- and long-term sensorimotor and cognitive

deficits induced by 30-min transient right middle cerebral artery

occlusion (tMCAo) in C57Bl/6J male mice and provide a tool to

improve long-term assessment of therapeutic interventions. In

addition, we used long-term MRI multiparameter analysis (3–

6 months after injury) along with classical histopathology to

assess the degree and progression of cortical and subcortical struc-

tural damage and white matter disorganization and relate them to

behavioral impairment.

Materials and Methods

Animals

Male C57BL/6J mice (26–28 g, 11 weeks of age, Harlan Laborato-

ries, Italy) were used. Additional information can be found in

Supporting Information.

Experimental Design

Stress/anxiety related to manipulation and test exposure can

affect behavioral performance in mice. Thus, we minimized the

number of tests per mouse defining two study groups as shown in

Figure 1. The first included 36 and the second 32 mice (Figure 1,

black and white squares, respectively) equally distributed to

tMCAo or sham surgery. Ischemia related mortality was 14.7% (2

mice in the first and 3 in the second group). Two additional

parameters were obtained in all mice, namely: body weight (a

measure of the general well-being of the mice, Figure 1B) and

neuroscore (a sensorimotor test well characterized in our labora-

tory [17,18], Figure 2A) also indicated that the two study groups

were similar (see results section). Thus, the first group was tested

for neuroscore, rotarod, locomotor activity, Morris water maze

(all sham = 18, tMCAo = 16), open field (sham = 8, tMCAo = 8)

and sacrificed at 12 weeks postsurgery for histological analysis

(tMCAo = 16). The second group was tested for neuroscore, nega-

tive geotaxis, beam walk, Morris water maze (all sham = 16,

tMCAo = 13), open field (sham = 8, tMCAo = 8) and was sub-

jected to multiparameter MRI (sham = 6, tMCAo = 6) and sacri-

ficed at 24 weeks postsurgery for histological analysis

(tMCAo = 13) (Figure 1). Details on mice allocation and behav-

ioral protocols are provided in supporting information and supple-

ment table 1. All behavioral tests and MRI analysis were

performed by investigators blinded to the experimental condi-

tions.

Surgery

Transient ischemia was achieved by tMCAo by means of a silicon-

ized filament (7–0, Doccol Corp.) introduced into the right inter-

nal carotid artery and advanced to block the MCA for 30 min

[19]. At the end of the ischemic period, the filament was with-

drawn and reperfusion allowed. Sham-operated animals received

identical anesthesia (isoflurane 3% followed by 1–1.5% for induc-

tion and maintenance, respectively, in a 70%N2O–30%O2 mix-

ture) and isolation of right carotid artery without artery occlusion.

(A)

(B)

Figure 1 Experimental design. Mice were subjected to two separate

study groups (A, black and white squares). Day 0 refers to surgery day.

Mice were trained on the accelerated rotarod daily from day �5 to day 0

to generate stable baseline values. Baseline values before surgery were

obtained also for neuroscore, negative geotaxis, and beam walk on day

�1. All the other tests were performed after surgery. tMCAo mice

showed a significant loss of body weight (B) compared with sham-

operated mice at all time points considered. Body weight in the two

independent groups of mice (represented with white and black boxes)

was never different confirming a comparable degree of injury. Two-way

ANOVA with RM followed by post hoc Tukey’s test: **P < 0.01,

***P < 0.001 tMCAo compared with sham-operated mice.
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Assessment of Sensorimotor Deficits

Neuroscore

Sensorimotor deficits were assessed by neuroscore test as shown

previously [17]. Mice were scored from four (normal) to zero

(severely impaired) for each of the following indices: (1) forelimb

function during walking on the grid and flexion function response

during suspension by the tail; (2) hindlimb function during walk-

ing on the grid and extension function during suspension by the

tail; and (3) resistance to lateral right and left push. The maximum

score per animal was 12. Additional details can be found in on-

line supplement materials.

Negative Geotaxis

Bilateral asymmetry was evaluated by negative geotaxis test [20].

Mice were placed in a standard position, head downward, on an

elevated 45°C inclined wooden board (22 9 40 cm) to turn 180°C

and crawl up the board. When leaving the standard position, any

leftward or rightward rotation was recorded. Six trials a day were

performed, and the percentage of right turns [right/(right + left)]

was calculated. In healthy mice, there is a 50% chance that mice

make a right turn.

Accelerated Rotarod

Motor coordination and balance was assessed by rotarod test [20].

Mice were positioned on the rotating rod, which was then acceler-

ated at a constant rate of 0.12 r.p.m./second from 4 to 40 r.p.m.

over 5 min. Mice were trained for 5 days (three consecutive tri-

als/day, intertrial interval: 10 min). The test (three trials, intertrial

interval: 10 min) was delivered before surgery (baseline) and at

specific times after ischemia, the latency to fall was automatically

recorded. Two consecutive passive rotations without walking, but

accompanying the rod, were considered as a fall. The average of

the three trials was calculated. Data are expressed as percentage of

the baseline value.

Beam Walk

Motor coordination and balance was evaluated by beam walk test.

After three habituation trials (where the mouse was allowed to

walk on the elevated and narrow wooden beam, 5 mm wide and

100 cm in length), mice were tested (3 trials, intertrial interval:

5 min) at specific times. The time spent to cross the beam [21] and

the number of foot faults [17] were recorded. The average of the

three trials was calculated. Data are expressed as foot faults and

mean crossing time.

Assessment of Exploratory and Cognitive
Behavior

Locomotor Activity

Locomotor activity was assessed by automated cages with photo-

beam detectors. Mice were tested in four chambers (TSE Systems,

Bad Homburg, Germany) made of gray Plexiglas (40 9 20 9

15 cm) with a stainless steel grid floor and lit with three 1.2 W

lamps. The distance travelled (m) by mice inside the chambers

was detected by 26 horizontal photobeams along the long axis,

(A) (B)

(C) (D)
Figure 2 Sensorimotor deficits. Sensorimotor

deficits measured by neuroscore (A) negative

geotaxis (B), rotarod (C), and beam walk (D)

tests. tMCAo mice showed clear motor

dysfunction compared with sham-operated

mice for the whole duration of the study in all

the tests. Neuroscore in the two independent

groups of mice were never different confirming

a comparable degree of injury. Data are

expressed as mean � SD. Two-way ANOVA

with RM followed by post hoc Tukey’s test:

*P < 0.05, **P < 0.01, ***P < 0.001 tMCAo

compared to sham-operated mice.
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1 cm above the floor and 1.4 cm apart. Locomotor activity was

evaluated by TSE software for 60 min [22].

Open Field

This test evaluates exploratory behavior [23,24]. As novelty reac-

tivity greatly influences rodent exploratory activity, each mouse

underwent this test only once. The open field consists of a gray

Perspex square arena surrounded by walls (40 9 40 9 30 cm)

with the floor divided into 25 squares (8 9 8 cm). The nine cen-

tral squares (24 9 24 cm) represent the “central area” and the

surrounding border zone the “outer squares”. The open field con-

tains four different objects fixed in the middle of the four corner

squares of the central area. Mice were tested under dim illumina-

tion provided by a 60 W lamp placed 1 m above the apparatus

and pointed toward the ceiling. Each mouse was placed in the

center of the open field, and its behavior was video recorded by

Ethovision XT, 5.0 (Noldus Information Technology, Wageningen,

The Netherlands) during 5 min. The number of squares crossed

(defined as a mouse entering a new square with all four feet), the

time spent in the central area of the open field, the number of rea-

rings, and the time spent in contact with the objects (nose toward

the object at a minimal distance of 1 cm) were scored later by two

operators unaware of the type of surgery mice had received.

Morris Water Maze

The learning and memory performance was assessed in the Morris

water maze. A circular pool (100 cm diameter) filled with water

(18–20°C) made opaque by a nontoxic white paint and a fixed

submerged platform (1 cm below the water surface) were used as

reported previously [17]. The learning task consisted of 8 trials/

day for three consecutive days. Latencies to reach and climb onto

the platform were recorded for each trial. Cognitive performance

was obtained by averaging the latencies of 24 trials over 3 days.

Five days after the learning task, mice were tested for their ability

to remember the location of the submerged platform. Animals

were allowed to swim for 60 seconds with the platform removed,

and their swim paths were video recorded by Ethovision XT, 5.0.

A memory score was calculated to grade memory retention as

shown previously [17].

Histological Analysis

Atrophic volumes were calculated on 20 lm coronal brain cryo-

sections stained with cresyl violet according to the following for-

mula:

XK¼7

K¼1

½ðCAk� IAkÞ þ ðCAkþ 1� IAkþ 1Þ� � dk=2:

where CA is the area of the contralateral hemisphere, IA is the

area of the ipsilateral hemisphere, and d is the distance from a

given section (k) to the subsequent section (k+1) [17]. Images

were acquired on a computer using the image analyzer Analytical

Image System (Imaging Research Inc, Brock University, St Catha-

rines, Ontario, Canada), and atrophy was calculated. Histological

sections were stained with luxol fast blue standard protocol for

qualitative analysis of white matter fiber networks. Details on pro-

tocol can be found in online Supplement Materials.

MRI Measurements

Imaging was performed on a 7T small-bore animal Scanner (Bru-

ker Biospec). The morphological images were obtained with a

RARE T2-weighted sequence that covered the whole mice brain

volume. DT-MRI data were acquired in coronal slices (1 mm

thick), using a DT-EPI sequence.

Volumetric Measurements

The volume measurements of structural MRI images were

obtained manually using custom made software as previously

described [25]. As extensive atrophy associated with ischemia pre-

vented an automated selection based on registration from an ana-

tomical image, for each animal, the ROI was manually chosen and

drawn on the images for volumetric assessment (Figure 4). We

computed the lesion volume including the whole infarcted tissue

across different brain areas. This measurement did not include the

ventricle volume. Measurements of brain atrophy in whole brain,

cortex, hippocampus, and caudate–putamen [26] included resid-

ual T2w hypointense tissue. Data from each animal were obtained

by the integration of averaged ROI area for slice thickness.

Diffusion Tensor Measurements

The diffusion tensor and the fiber tracking were computed using

the freely available software MedINRIA (http://med.inria.fr/). The

external capsule was analyzed. Extensive atrophy associated with

ischemia prevented an automated selection based on registration

from an anatomical image, thus the ROI (area ~0.18 mm2) was

manually chosen on ipsilateral and contralateral external capsule

from bregma ~ �0.38 mm to bregma ~ �1.46 mm. To minimize

bias related to manual selection, the ROI was positioned at

~0.42 mm from the cingulum (~0.43 � 0.06 mm ipsilateral and

~0.41 � 0.07 mm contralateral for sham-operated mice) for

quantitative comparison of the DT-MRI values (See Figure 6 A,B).

We computed the fractional anisotropy (FA) and axial (k//) and

radial diffusivity (k┴).
We determined an index of localized alterations in the white

matter on the fiber network. On two consecutive slices, square

regions of interest (~0.18 mm2 area) were positioned on the exter-

nal capsule, both for the contralateral and ipsilateral hemisphere.

We obtained two different indices from this analysis: the measure-

ment of fiber mean length and the fiber number [13]. Detailed

information on MRI measurements can be found in online Sup-

porting Informations.

Statistical Methods

For statistical analysis, we used standard software packages

(GraphPad Prism version 4.00, La Jolla, CA, USA or JMP, version

7.0). All data are presented as mean and SD. For changes in body

weight, neuroscore, negative geotaxis, rotarod, beam walk, dis-

tance travelled, learning latencies, volumetric measurements, and

DTI data, the comparison between groups was performed using
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two-way mixed-factorial ANOVA with surgery as between-sub-

jects factor and weeks as within-subjects factor. The open field

and the memory score were analyzed by the two-way ANOVA

(with surgery and weeks as main factors). The degrees of freedom

for f-test were indicated in brackets (treatment, residual). Post hoc

analysis was carried out by Tukey test.

Results

Two groups of tMCAo and sham-operated mice were evaluated

for behavioral and anatomical outcome at different times postin-

jury as indicated in Figure 1.

Body Weight

Changes in mice body weight are shown in Figure 1B. tMCAo

induceda significant loss of bodyweight comparedwith sham-oper-

ated mice at all time points considered (Figure 1B, Fsurgery(3,52) =

24.3, P < 0.01; Fweeks(8,416) = 105.6, P < 0.01; Fint(24,416) = 6.04

P < 0.01). As expected, body weight changes between the two

groups of tMCAo mice did not show a statistically significant

difference confirming the consistency of the procedure.

Sensorimotor Deficits

The neuroscore evidenced a significant difference between tMCAo

and sham-operated mice at all time points considered (Figure 2A,

Fsurgery(3,52) = 38.3, P < 0.01; Fweeks(5,260) = 33.09, P < 0.01;

Fint(15,260) = 38.3 P < 0.01). The test was performed on each of

the two groups of mice (Figure 2A) who showed a similar degree

of sensorimotor dysfunction indicating once again a similar degree

of injury. Thus, having shown that body weight and neuroscore

were similar, from here on the two groups of mice were consid-

ered equal. The negative geotaxis test revealed a significant

increase in right turns from 1 up to 24 weeks after surgery in

tMCAo compared with sham-operated mice (Figure 2B, Fsurgery(1,22) =

25.4, P < 0.01; Fweeks(8,176) = 2.48, P < 0.05; Fint(8,176) = 2.12,

P < 0.05). Similarly, the rotarod showed a significant reduction in

time spent on the rod in tMCAo mice from 1 up to 12 weeks

postinjury (Figure 2C, Fsurgery(1,32) = 63.1, P < 0.01; Fweeks(5,160) =

48.94, P < 0.01; Fint(5,160) = 14.26, P < 0.01). Longer times were

not assessed given the evidence that age and weight gain may

affect the performance [27]. Finally, in the beam walk test, a

significantly longer time to cross the beam was evident in

tMCAo mice between 3 and 12 weeks postinjury compared with

sham-operated mice (Figure 2D, Fsurgery(1,22) = 13.02, P < 0.01;

Fweeks(8,132) = 11.48, P < 0.01; Fint(8,132) = 2.4, P < 0.01). No

significant impairment could be detected when assessing the

number of foot faults (not shown).

Exploratory and Cognitive Behavior

Two-way ANOVA of distance traveled in the automated cage dur-

ing the total observation period found no significant effect of

injury (F(1,16) = 0.2, n.s.) on locomotor activity, but significant

effect of weeks (F(3,48) = 84.5, P < 0.01) with no interaction

between injury and weeks (F(3,48) = 1.3, n.s.). A clear reduction

in mice locomotor activity was evident after surgery in both

tMCAo and sham-operated mice (Figure 3A). The open field test

revealed a significant impairment in exploratory behavior, mea-

(A) (B)

(C) (D)

Figure 3 Exploratory and cognitive behavior.

A clear reduction in locomotor activity was

evident after surgery in both tMCAo and sham-

operated mice with no injury effect (A). A

significant effect of tMCAo on exploratory

behavior evaluated by open field test as time

spent in contact with objects was evident at

both 3 and 9 (B) weeks. Learning behavior was

assessed as latency to locate the hidden

platform in the Morris water maze test at 6 or

12 weeks after surgery (C). A significant longer

time to platform was evident on day 2 and 3 of

training in tMCAo compared with sham-

operated mice. Five days after the end of the

learning test, tMCAo mice showed a memory

retention deficit both at 6 and 12 weeks after

injury (D). Data are expressed as mean � SD.

Two-way ANOVA (A–D) and post hoc Tukey’s

test: *P < 0.05, **P < 0.01, ***P < 0.001

tMCAo compared with sham-operated mice.
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sured as time spent in contact with objects in tMCAo mice at both

3 and 9 weeks postinjury (Figure 3B, Fsurgery(1,30) = 7.8; P < 0.01;

Fweeks(1,30) = 0.01, n.s.; Fint(1,30) = 0.3, n.s.). No significant effect

of injury was found on time spent in the center of the open field,

number of inner squares crossed, total squares crossed (inner +

outer), number of rearings at each of the time points evaluated

(data not shown).

Six or 12 weeks after tMCAo, 2 independent groups of mice

were evaluated for their ability to learn the position of a hidden

platform in the Morris water maze. All animals were able to swim

without visible alterations in swimming ability (swimming speed

at 6 weeks: tMCAo 18.9 � 4.1, sham-operated 18.7 � 2.4;

12 weeks: tMCAo18.8 � 3.9, sham-operated 18.5 � 2.4 cm/sec-

ond). However, tMCAo mice showed a learning dysfunction at

both time points considered (Figure 3C, latency to platform at

6 weeks: Fsurgery(1,32) = 16.2, P < 0.01; Fweeks(2,64) = 49.9,

P < 0.01; Fint(2,64) = 3.7, P < 0.05; 12 weeks: Fsurgery(1,22) = 24.3,

P < 0.01 Fweeks(2,44) = 26.6, P < 0.01; Fint(2,44) = 9.0, P < 0.01).

Moreover, 5 days after learning, tMCAo mice showed a decreased

memory score compared with sham-operated mice at both time

points (Figure 3D, Fsurgery(1,52) = 16.3, P < 0.01; Fweeks(1,52) =

0.01, n.s.; Fint(1,52) = 0.07, n.s).

Anatomical Damage: Structural MRI and
Conventional Histology

tMCAo produced a significant volume reduction at 12 and

24 weeks postinjury in the injured cortex, hippocampus, caudate–

putamen compared with the corresponding area in sham mice,

measured by T2-weighted MRI (T2w, cortex: Fsurgery(1,10) = 26.6,

P < 0.01; hippocampus: Fsurgery(1,10) = 7.01, P < 0.05; caudate–

putamen: Fsurgery(1,10) = 488.5, P < 0.01, Figure 4A–C). Thus, a

global atrophy of the injured hemisphere was detected at 12 and

24 weeks (Fsurgery(1,10) = 25.2, P < 0.01, Figure 4D). Whole brain

atrophy was also measured by conventional histology at both time

points showing values that strongly correlated with those mea-

sured by T2w (correlation Pearson r: 0.99, P < 0.01, Figure 4G–I).

A strong correlation was observed between learning and hippo-

campal T2w damage at 12 and 24 weeks (correlation Pearson

r:�0.89, P < 0.05) while no relationship was detected considering

the other brain areas nor the whole brain and the other behavioral

tests (data not shown). No changes were detected in the contralat-

eral side for all considered parameters.

DTI Analysis

Diffusion tensor imaging data were obtained on the external cap-

sule in order to assess changes in the corticospinal tract in the

selected region of interest (ROI, Figure 5A). Increased values of

axial and radial diffusivity were found in the external capsule at

both time points considered compared with sham-operated mice

with no change in FA (axial diffusivity: Fsurgery(1,11) = 50.0,

P < 0.01; Fweeks(1,11) = 2.7, n.s.; Fint(1,11) = 0.1, n.s; radial diffusiv-

ity: Fsurgery(1,11) = 36.2, P < 0.01; Fweeks(1,11) = 0 n.s.; Fint

(1,11) = 0, n.s. Figure 5B–D). Fiber tracking (Figure 6A) revealed

a significant reduction in the number of ipsilateral fibers in

injured mice (Fsurgery(1,11) = 28.7, P < 0.01; Fweeks(1,11) = 0.5, n.s.;

Fint(1,11) = 0, n.s. Figure 6C) and in mean fiber length

(Fsurgery(1,11) = 5.2, P < 0.05; Fweeks(1,11) = 3.7, n.s.; Fint(1,11) =

0.2, n.s. Figure 6D). No changes were detected in the contralateral

side for all considered parameters.

A disorganization of fiber network in the external capsule was

confirmed by Luxol fast blue staining (Figure 6B).

Discussion

This study shows that tMCAo in mice induces sensorimotor,

exploratory and cognitive impairments which are detectable at

least up to 6 months postinjury and are associated with atrophy of

the injured brain, as well as axonal and myelin damage of the

external capsule.

After tMCAo, weight changes are known to reflect the gen-

eral well-being of the animal and the degree of brain injury

[28]. In our hands, 30 min right tMCAo produced a significant

and persistent loss of body weight compared with sham-oper-

ated mice indicating a severe brain damage. In this condition,

we assessed the presence of chronic sensorimotor deficits that

include bilateral asymmetry and motor coordination and bal-

ance using negative geotaxis and rotarod tests, respectively.

These tests demonstrated a wide and stable difference between

tMCAo and sham-operated mice on motor function over time

(over 24 and 12 weeks, respectively) indicating their ability to

detect long-term effects. Negative geotaxis has been used in two

different studies up to 1 week postinjury showing variable

results. Li et al. [29], showed a slight but significant difference

up to 1 week in female C57Bl/6 tMCAo mice. Conversely, Ferr-

ara et al. [20], observed a spontaneous recovery already at

1 week in male 129/Sv tMCAo mice. This strain is known to be

relatively hypoactive compared with C57Bl/6 mice [30]. Alto-

gether these data suggest that mouse gender and strain should

be taken into account for appropriate test selection, and our

data support the finding that C57Bl/6 male mice, that are the

most commonly used background strain for genetically engi-

neered mice [31], are more responsive to tMCAo than other

strains.

Rotarod test has been used in several studies in mice yielding

mixed results [27]. The majority of available data report only tran-

sient motor coordination deficits with a full recovery of function

by approximately 1 week post tMCAo [20,32,33]. Thus, long-

term sensitivity is uncertain and as outlined in a recent review by

Balkaya et al., [15], “may depend on testing routine”. In this con-

test, we believe that the choice of a smooth versus striated rod

improves sensitivity by minimizing the mice from being able to

cling to the beam [34]. According to the literature, striated rod

unveils mostly transient motor coordination deficits [20,33], and

while using the smooth rod, we were able to detect a persistent

impairment (up to 12w postinjury). Recently, rotarod was used to

assess motor learning performance after tMCAo in mice not

trained prior to surgery [35]. In this setting, the authors showed a

comparable performance of tMCAo and sham mice on the first

exposure to the task (2 days after surgery), but a significant and

persistent injury effect in the following days of testing (up to

8 weeks). Our data obtained in pretrained mice show not only a

learning motor impairment but also clear balance and coordina-

tion deficits after tMCAo with no signs of improvement in the task

over time.
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As neuroscore and beam walk show consistent sensorimotor

impairments in traumatic brain injury (TBI) [17,36], we sought to

assess whether these tests could detect deficits induced by tMCAo.

Both tests were successfully to significantly distinguish sham ver-

sus tMCAo mice. We observed, however, a smaller injury effect

then reported for TBI mice [17,36]. Thus, their ability to disclose a

treatment effect at chronic stages still needs to be verified.

A clear reduction in locomotor activity was evident after sur-

gery in both tMCAo and sham-operated mice. When analyzing

longitudinal data obtained on automated cages, it should be noted

that novelty reactivity greatly influences rodent exploratory

behavior [37]. This could explain why a clear reduction in loco-

motor activity was evident after surgery in sham mice indicating a

habituation to the task. Alternatively, an unspecific surgery effect

could be responsible for this decrease, however, as sensorimotor

performance was not affected by sham surgery in any of the tests

evaluated, this explanation seems unlikely. Three and 9 weeks

after tMCAo, spontaneous exploratory function, assessed by the

(A)

(D) (E)

(H) (I)

(F) (G)

(B) (C)

Figure 4 Structural damage analyzed by MRI and conventional histology. Representative images depicting the ROI considered for analysis of structural

damage by MRI in cortex, hippocampus, caudate-putamen, and whole brain (A–D, upper panels) and their quantitative evaluation (lower panels) showing

that tMCAo produced a significant volume reduction at 12 and 24 weeks postinjury in the injured cortex, hippocampus, caudate–putamen compared with

the corresponding area in sham-operated mice. Representative coronal section showing the extensive atrophy of the ipsilateral hemisphere by MRI at 12

and 24 weeks (E, F) and by conventional histology at 24 weeks in the same mouse (G). Whole brain atrophy quantified by conventional histology shows

comparable degree of atrophy at 12 and 24 weeks after tMCAo (H). Whole brain atrophy quantified by MRI strongly correlated with that measured by

conventional histology (I, correlation Pearson r:0.99, P < 0.01, F). Data are expressed as mean � SD. Two-way ANOVA with RM and post hoc Tukey’s

test: P < 0.01. *P < 0.05, **P < 0.01, ***P < 0.001.
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time spent in contact with objects in the open field arena, was

impaired. This parameter provides important information on

modifications of hyper/hypo activity induced by a selected treat-

ment, as we have shown previously [23]. The observation that the

other parameters assessed in the open field test were not changed

indicates that “anxiety” and motor behavior are not affected in

our tMCAo mice.

At 6 and 12 weeks after tMCAo, learning and spatial memory

processes were impaired. As regards the assessment of cognitive

function after tMCAo, the results in the literature are scarce and

often conflicting. Ischemic mice tested in the water maze task may

present cognitive deficits lasting 3 weeks postsurgery [38] or more

often remain indifferent to ischemia [16,39,40]. These different

results could be explained by the variability in the protocols used

(number of trials per day, intertrial interval and delay for the

memory score, pre or postsurgical training, severity of injury).

Actually, our protocol has successfully evidenced a learning and

memory dysfunction, which is measurable and persistent.

(A) (B)

(C) (D)

Figure 5 Quantitative analysis of diffusion

tensor imaging parameters in the external

capsule. Representation of rostrocaudal

fractional anisotropy map and ROI selection in

the external capsule in sham-operated and

tMCAo (A) mice. Quantification of axial

diffusivity (B), radial diffusivity (C), and

fractional anisotropy (D) within the ROI

showing that axial and radial diffusivity were

increased in the external capsule at both time

points considered compared to sham-operated

mice with no change in fractional anisotropy.

Data are expressed as mean � SD. Two-way

ANOVA with RM and post hoc Tukey’s test:

P < 0.01. ***P < 0.001.

(A)

(B)

(C)

(D)

Figure 6 Tracking of fibers passing in external capsule. Representative fiber tracking in the external capsule in a sham-operated or tMCAo brain (A) and

microphotographs depicting altered orientation of external capsule fiber bundles stained by Luxol fast blue (B). Quantification of number (C) and length (D)

of fibers at 12 and 24 weeks postsurgery showing a significant reduction in the number of ipsilateral fibers and in mean fiber length in injured compared to

sham-operated mice. Two-way ANOVA with RM and post hoc Tukey’s test: *P < 0.05, ***P < 0.001.
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The volumetric characterization of ischemic damage on MRI

T2w images acquired 12 and 24 weeks after injury showed a clear

atrophy of lesioned cortical and subcortical regions leading to a

global atrophy that highly correlated with that quantified by con-

ventional histology. Whereas the correlation between acute histo-

logical lesions and early behavioral impairment is well

documented [16], less is known about the long-term evolution of

this relationship. We observed a selective correlation between

learning and hippocampal T2w damage at 12 and 24 weeks (cor-

relation Pearson r: �0.89, P < 0.05), thus confirming the relevant

role of hippocampus in spatial learning [41].

This study shows that axial and radial diffusivity indexes that

are related to axonal and myelinic damage, respectively, strongly

increase in the ipsilateral external capsule at 12 and 24 weeks

post-tMCAo with no change in FA. Brain tissue affected by severe

ischemia often progresses to microscopic cavitation at chronic

stages [42]. This histological feature leads to an increase in water

mobility due to the fluid-filled cystic regions, thus explaining the

marked increase in the two diffusivity indexes, in line with what

has been found at 8 weeks in rats [12]. Furthermore, the appar-

ently surprising normal FA values can be mathematically

explained by the equal axial to radial diffusivity ratio (complete

formula in method section). Altogether these data suggest that in

the chronic phase, normal FA is not always correlated with neuro-

logical recovery and that axial and radial diffusivity parameters

rather than FA, should be used as indices of ischemic cerebral

damage at chronic stages.

We further explored the structure of the fiber bundles in this

ROI and found a slight reduction in the fiber mean length associ-

ated to a clear decrease in fiber number that was confirmed on

histological sections. Similarly, to what reported by Bihel et al.

[13] in marmosets, we could find a marked disorganization of the

fibers in the external capsule indicating a loss of connectivity

clearly visible on tractographs and on histological sections. Thus,

our DTI data show that alteration of the axonal and myelinic com-

ponent of external capsule fiber structure, that is part of the corti-

cospinal tract, may underlie the persistent behavioral deficits

detected in this study. We are aware that ischemic damage in one

cerebral hemisphere may cause neuroplasticity via axonal re-

growth from contralateral hemisphere, thus shadowing the neu-

robehavioral effects [43]. Our DTI analysis, however, showed no

signs of contralateral rearrangements. These data coupled with a

consolidation of the behavioral impairments at 12 and 24 weeks

suggest that in our condition contralateral neuroplasticity is not

playing a major role.

Conclusions

This study provides evidence of long-term sensorimotor and cog-

nitive impairments induced by tMCAo that are associated with

atrophy of the injured brain areas, and a clear pattern of changes

in axial and radial diffusivity that reflects axonal and myelin dam-

age of the external capsule. The behavioral tests and anatomical

approaches identified here represent important tools in transla-

tional studies in cerebral ischemia.
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