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MRI of bilateral sensorimotor network activation
in response to direct intracortical stimulation in
rats after unilateral stroke
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Reinstatement of perilesional activation and connectivity may underlie functional recovery after
stroke. To measure activation responsiveness in perilesional cortex in relation to white matter
integrity, we performed functional functional magnetic resonance imaging during stimulation of the
contralesional cortex, together with diffusion tensor imaging, 3 and 28 days after stroke in rats.
Despite disturbed sensorimotor function and abnormal callosal appearance at day 3, activation
amplitudes were preserved in the perilesional sensorimotor cortex, although time-to-peak was
significantly delayed. This indicates that in spite of dysfunction, perilesional cortical tissue can be
activated subacutely after stroke, while delay of the hemodynamic activation response suggests

impaired neurovascular coupling.
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Introduction

There is increasing evidence for the adult brain’s
capacity to reorganize after stroke. Structural and
functional remodeling of intact neuronal tissue nearby
or remote from an ischemic infarct may significantly
alter signaling within bilateral neuronal networks,
which may contribute to compensation or partial
restoration of acutely disturbed functions. Task- or
stimulus-induced functional magnetic resonance ima-
ging (fMRI) studies have shown that subacute loss of
activation responses in the ipsilesional, structurally
intact, sensorimotor cortex in patients and rats with
sensorimotor dysfunction after unilateral stroke, can
recover at chronic stages in parallel with improvement
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of sensorimotor function (Calautti and Baron, 2003;
Dijkhuizen et al, 2003; Weber et al, 2008). More
recently, resting-state fMRI (rs-fMRI) studies in stroke
patients and animal models have revealed a strong
correlation between baseline interhemispheric func-
tional connectivity and behavioral outcome (Carter et
al, 2010; van Meer et al, 2010). However, it remains
unknown to what extent perilesional activation
responsiveness and direct transcallosal neuronal sig-
nal transmission between the two hemispheres are
affected at different stages after stroke.

The aim of this study was to determine the degree
of activation of the perilesional sensorimotor cortex
in response to direct stimulation of the contrale-
sional primary motor cortex (M1) at a subacute and
chronic stage after unilateral stroke in rats. We
hypothesized that contralesional cortical stimulation
elicits perilesional activation responses that are
disturbed subacutely after stroke, but recover chroni-
cally, dependent on the integrity of the connecting
corpus callosum.

Materials and methods

All animal procedures were approved by the Animal
Experiments Committee of the University Medical Center
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Utrecht and Utrecht University, and experiments were
performed in accordance with the guidelines of the
European Communities Council Directive.

Rat Stroke Model and Behavioral Testing

Twenty-one male Sprague Dawley rats, weighing 250 to
330g, were included in the study. Twelve rats underwent
transient focal cerebral ischemia by 90 minutes occlusion
of the right middle cerebral artery with an intraluminal
filament (Longa et al, 1989). Procedures for anesthesia,
physiological monitoring, and surgery were performed as
previously described (van Meer et al, 2010). Nine rats
served as controls.

Sensorimotor function after stroke was measured using
the sensorimotor performance score, which is based on six
different motor, sensory, and tactile tests that provide an
overall score on a scale of 0 to —20 points, with —20 as
maximum deficit score (van Meer et al, 2010).

Direct Intracortical Stimulation and Magnetic
Resonance Imaging

For placement of electrodes, animals were anesthetized by
mechanical ventilation with 2.0% isoflurane in air/O,
(2:1). After exposure of the skull, two holes were drilled
above the left (contralesional) M1, at 2.5 mm lateral from
midline, and 0.5 and 3.0mm anterior from bregma,
respectively. Home-built bipolar insulated gold (18 karats)
electrodes with 200 um diameter exposed tips, which cause
minimal susceptibility artifacts on MR images, were
positioned in cortical layer IIT at a depth of 1.7 mm.

Magnetic resonance imaging was performed on a Varian
4.7T MR system with the same experimental setup and
physiological monitoring as previously described (van
Meer et al, 2010). T,-weighted MRI (repetition time/echo
time = 3,600/15 milliseconds; echo train length=12; 19
1mm coronal slices; field-of-view =32 x 32 mm?; acquisi-
tion matrix=256 x 128) was performed to determine the
extent of the ischemic lesion. Diffusion tensor imaging was
performed with a four-shot spin-echo echo planar imaging
sequence (repetition time/echo time=3,500/26 millise-
conds; 25 0.5 mm axial slices; field-of-view =32 x 32 mm?;
acquisition matrix=64 x 64; diffusion weighting in six
directions with b=1,250s/mm? two images with b=0;
number of averages =4).

Before fMRI measurements, end-tidal isoflurane was
reduced to 1% for 15minutes (we have previously
demonstrated that rats remain anesthetized at 1% isoflur-
ane for 20 to 30 minutes, if this is preceded by 1 to 2 hours
anesthesia at 1.5% to 2% isoflurane (Wang et al, 2011)). To
prevent direct intracortical stimulation (DICS)-induced
motion of the contralateral forelimb, a bolus of pancur-
onium bromide was intravenously administered (0.67 mg/
kg), followed by continuous infusion (0.67 mg/kg per
hour). Blood oxygenation level-dependent (BOLD) fMRI
was performed with a gradient-echo echo planar imaging
sequence (echo time/repetition time=19/1,000millise-
conds; flip angle=50° 13 1.5mm coronal slices; field-of-
view =32 x 32 mm?; acquisition matrix =64 x 64), during a
DICS paradigm (Austin et al, 2003), involving five blocks of
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3seconds periods of stimulation (1.5mA with 0.3 milli-
seconds duration at 300Hz in 50milliseconds trains,
repeated five times per second) with a home-built constant
current stimulator with 60 seconds rest intervals.

After MRI, rats were euthanized, and brains were
extracted and sectioned. Coronal brain slices (2mm
thickness) were stained with triphenyltetrazolium chloride
to evaluate potential electrolytic damage at the site of
stimulation.

Data Processing and Analysis

Images were registered to a rat brain atlas (Paxinos and
Watson, 2005; van Meer et al, 2010). Fractional anisotropy
(FA) maps were derived from diffusion tensor imaging data
(Basser and Pierpaoli, 1996). Fractional anisotropy was
measured in a manually segmented region-of-interest (ROI)
encompassing the corpus callosum between the bilateral
motor cortices over multiple slices.

A support vector machines-based classification algorithm
(Vapnik, 1995) was used to identify voxels that were part of
the ischemic lesion, based on T, and spatial coordinates
(http://cran.r-project.org/web/packages/kernlab).

Statistical activation maps were calculated for each rat
using fMRI expert analysis tool (FEAT) (http://www.fmrib.
ox.ac.uk/fsl). Preprocessing of the fMR images included
rigid-body motion correction (MCFLIRT), temporal high-
pass filtering (63 seconds cutoff), and spatial smoothing
with a Gaussian kernel (full width at half maxi-
mum =0.5mm). A y-convoluted block design was used to
fit the BOLD response to the five stimulation blocks.
Z-statistic images were cluster-corrected (P<0.05) and
thresholded at a Z value of 1.64 (P<0.05). Higher-level
FEAT analysis using a mixed-effects model was applied to
statistically compare activation patterns between groups
and to calculate mean activation maps that were significant
at a group level (P<0.05) (Woolrich et al, 2004). The group-
significant Z values were cluster-corrected (P<0.05) and
projected on a T,-weighted anatomical rat brain template.

Ipsilesional and contralesional sensorimotor cortical
ROIs were defined according to a rat brain atlas (Paxinos
and Watson, 2005) (see Figure 1, top panel). Cortical voxels
inside the lesion area and near the cortical stimulation site
were excluded from ROI analysis (so that perilesional ROIs
only included voxels with normal T, values). For each ROI,
BOLD time courses were averaged over the five stimulation
blocks. The stimulation response was fitted with a y-variate
function, from which we calculated the amplitude (MAX)
(percent signal change) and time-to-peak (TTP) (seconds)
of the profile. One-way analysis of variance with post hoc
Bonferroni testing was used to statistically compare ROI
size, MAX, TTP, and FA between groups. Unpaired
Student’s t-testing was performed to compare sensorimotor
performance scores between time points. P<0.05 was
considered significant. Data are reported as meants.d.,
unless otherwise mentioned.

Experimental Groups

Five animals were excluded from further analysis because
of DICS-induced cortical spreading depolarization, which
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Figure 1 (Top panel) Color-coded local incidence of T,-based lesion (percent of group size) in control rats (C; n = 6) and rats at 3
(S-3d; n = 6) or 28 days after stroke (S-28d; n = 4), overlaid on consecutive coronal rat brain slices from a T,-weighted template.
The bilateral regions-of-interest (ROIs) S2 (secondary somatosensory cortex) (yellow), S1fl (forelimb region of the primary
somatosensory cortex) (blue), M1 (primary cortex) (red), and M2 (secondary motor cortex) (green) are depicted on the template of
group C. (Middle panel) Mean maps of significant blood oxygenation level-dependent (BOLD) activation in response to direct
intracortical stimulation (DICS) of the left (contralesional) M1 in rats from groups C, S-3d, and S-28d. Color-coded maps display Z
values, overlaid on consecutive coronal rat brain slices from a T,-weighted template. (Bottom panel) Averaged BOLD signal time
courses (lines) + s.e.m. (shadings) in left (contralesional) (left graph) and right (ipsilesional) (right graph) S1fl in response to DICS of
left (contralesional) M1, for groups C (solid blue lines), S-3d (dotted red lines), and S-28d (dashed green lines).

was detected as prolonged BOLD signal increase spreading
over the entire cortex, followed by incomplete hemody-
namic responses to subsequent DICS. Remaining animals
were divided in three experimental groups: a control
group, C (n=6); a subacute stroke group at 3 days after
stroke, S-3d (n=6); and a chronic stroke group at 28 days
after stroke, S-28d (n=4).

Results

All rats displayed subcortical and cortical tissue
damage, including the secondary somatosensory

cortex (S2) and parts of the primary somatosensory
cortex (S1), as characterized by T, prolongation (see
T,-based lesion incidence maps in Figure 1, top
panel). Total lesion volumes were 380 £ 44 mm® and
220 £ 53 mm?® in groups S-3d and S-28d, respectively.
None of the animals showed electrolytic tissue
damage at the stimulation site on triphenyltetrazo-
lium chloride-stained sections. Sensorimotor perfor-
mance score at day 3 was significantly lower than at
day 28 (—6.2 3.1 versus —1.8 + 1.7, respectively).
Figure 1 (middle panel) shows mean maps of
significant BOLD activation in response to DICS of
the left (contralesional) M1 for the C, S-3d, and S-28d
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Table 1 ROI size (mm?3), and MAX (% of baseline) and TTP
(seconds) of the BOLD response in left (contralesional (cl)) and
right (ipsilesional (il)) sensorimotor cortical areas, following DICS
in left (contralesional) M1 for groups C, S-3d, and S-28d

C S-3d S-28d

S2 (left (cl))

Size (mm?) 11.6+3.4 10.7 £ 2.2 11.0+1.6

MAX (%) 1.2+1.4 2.2+1.1 2.240.6

TTP (seconds) 3.3+£0.7 4.1%£0.9 3.8+£0.4
S1fl (left (cl))

Size (mm?) 13.1+1.4 12.1+2.7 10.7+6.4

MAX (%) 2.3+1.1 3.4+2.0 3.1+1.5

TTP (seconds) 5.0+ 1.5 6.4+2.2 5.9+1.5
M2 (Ieft (cl))

Size (mm?) 12.0+6.6 9.5+5.4 8.51t4.8

MAX (%) 3.6t2.2 2.31x1.1 46127

TTP (seconds) 5.4+0.9 6.4%2.6 8.0+4.9
M2 (right (il))

Size (mm?) 18.4+4.5 16.7+7.2 10.9+4.5

MAX (%) 2.0+1.8 26+1.1 3.7+t1.1

TTP (seconds) 4.1%+0.6 6.6 +£0.3° 5.2+1.4
M1 (right (il))

Size (mm?) 19.9+3.4 15.0+£5.0 13.8+4.9

MAX (%) 1.5+1.1 2.3+1.4 25+1.1

TTP (seconds) 4.2+0.4 6.6 £ 0.6* 5.3+1.5
S1fl (right (il))

Size (mm?) 13.0+£3.3 3.214.5° 8.0+3.3

MAX (%) 1.7+1.8 1.6+0.4 1.6+0.7

TTP (seconds) 3.0+0.7 5.1+0.72 4.3+1.3

BOLD, blood oxygenation level-dependent; DICS, direct intracortical stimula-
tion; M1, primary motor cortex; M2, secondary motor cortex; ROI, region-of-
interest; S1fl, forelimb region of the primary somatosensory cortex; S2,
secondary somatosensory cortex; TTP, time-to-peak.

Regions around the cortical stimulation site (left M1) and inside the lesion
territory (right, ipsilesional S2) were excluded from ROI analysis.

4P < 0.05 versus C.

groups. Significant activation responses were ob-
served in primary and secondary sensorimotor
cortical areas ipsilateral and contralateral to the
stimulation site. Some stroke animals exhibited more
pronounced activation of contralesional S2, as dis-
played on the mean BOLD activation maps; however,
higher-level FEAT analysis revealed no significant
differences in activation patterns between groups.
The average time courses of BOLD signal changes
in the left (contralesional) and right (ipsilesional)
forelimb region of S1 (S1fl) for all groups are also
shown in Figure 1 (bottom panel). In accordance
with Austin et al (2003), DICS resulted in a positive
BOLD response, that peaked at about 5 seconds after
stimulation, followed by an undershoot before
returning to baseline. There were no significant
differences in MAX and TTP of the average BOLD
response in left (contralesional) sensorimotor corti-
cal ROlIs, i.e., around the stimulation site, between
groups (Table 1). Also, in the opposite (ipsilesional)
cortex, MAX was not significantly different between
groups. However, a significant delay in TTP was
evident in all ipsilesional sensorimotor cortical ROIs
in S-3d animals (P<0.05 versus C group). Time-to-
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peak was not significantly prolonged in ipsilesional
ROIs after 28 days.

Fractional anisotropy in the corpus callosum
was significantly lowered in the S-3d group
(FA=0.49+0.04; ROI size: 8.8+2.1mm? P<0.05),
but not in the S-28d groups (FA=0.53+0.04; ROI
size: 9.4 £ 0.7 mm?®), as compared with the C group
(FA=0.58 £0.00; ROI size: 7.5+ 2.1 mm?).

Discussion

Our study shows that activation responses in the
perilesional sensorimotor cortex could still be
evoked by DICS in the opposite M1 at a subacute
time point after experimental stroke, despite
ischemic damage in large part of the subcortical
and cortical sensorimotor network and significant
white matter abnormality in the corpus callosum.
This indicates that cortical neurons in the lesion
borderzone were still receptive to stimuli through
intact transcallosal signal transmission. In contrast,
activation of the perilesional sensorimotor cortex in
response to electrical stimulation of the affected
forelimb has been shown to be largely absent at this
stage (Dijkhuizen et al, 2003; Weber et al, 2008),
which may be related to dysfunctioning of ascending
(and descending) pathways. Moreover, we recently
detected loss of synchronization of baseline fluctua-
tions in low-frequency BOLD signals between con-
tralesional and perilesional sensorimotor cortices at
3 days after stroke in rats, indicative of reduced
functional connectivity (van Meer et al, 2010).
Nevertheless, these studies have also demonstrated
that the forelimb stimulation-induced activation and
resting-state interhemispheric functional connectiv-
ity of the perilesional sensorimotor cortex can
recover at chronic stages, which correlated with
improvement of sensorimotor function (Dijkhuizen
et al, 2003; Weber et al, 2008; van Meer et al, 2010).
The current data point out that neurons in perile-
sional cortical tissue can still respond to stimuli
subacutely after stroke, in spite of presumed dis-
turbance of normal function. Furthermore, reduced
FA, potentially caused by (partial) axonal degenera-
tion or edema (Shereen et al, 2010), in callosal white
matter may not necessarily be accompanied by loss
of transcallosal neuronal signal transmission. Appar-
ently, critical connections remain intact and func-
tional, and the preserved activatibility may be crucial
for successful reinstatement of perilesional cortical
functioning at later stages.

Although the DICS-induced BOLD response was
largely preserved, we detected a significant delay in
TTP in perilesional sensorimotor cortical regions
subacutely after stroke. This delay of around 2 sec-
onds, which is about 500 times larger than the time
for transcallosal transmission of electrical signals in
rat brain (Hoffmeyer et al, 2007), most probably
reflects locally compromised neurovascular cou-
pling. Previous fMRI studies in stroke patients have



reported increased TTP of BOLD responses in both
perilesional and contralesional sensorimotor cortices
during motor and language tasks (Pineiro et al, 2002;
Altamura et al, 2009). The slower hemodynamic
responses in poststroke brain have been explained by
reduced cerebral autoregulation, which may be due
to altered endothelial function (Altamura et al,
2009). Evidently, such disturbances in cerebrovas-
cular hemodynamics can occur outside the infarct
zone and may not necessarily be associated with
neuronal dysfunction.

In conclusion, although neuronal function in
ischemic borderzone regions has been shown to be
impaired subacutely after stroke, our study demon-
strates that perilesional cortical tissue can still
respond to contralesional stimulation, even when
the integrity of the corpus callosum is affected. This
preserved activation responsiveness may be critical
for subsequent functional plasticity and could there-
fore inform on the capacity of perilesional tissue to
recover or reorganize after stroke.
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