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Abstract
Following large strokes that encompass the cerebral cortex, it has been suggested that the
corticospinal tract originating from the non-ischaemic hemisphere reorganises its pattern of
terminal arborisation within the spinal cord to compensate for loss of function. However
many strokes in humans predominantly affect subcortical structures with minimal involvement of the cerebral cortex. The aim of the present study was to determine whether remodelling of corticospinal terminals arising from the non-ischaemic hemisphere was associated
with spontaneous recovery in rats with subcortical infarcts. Rats were subjected to transient
middle cerebral artery occlusion or sham surgery and 28 days later, when animals exhibited
functional recovery, cholera toxin b subunit was injected into the contralesional, intact forelimb motor cortex in order to anterogradely label terminals within cervical spinal cord segments. Infarcts were limited to subcortical structures and resulted in partial loss of
corticospinal tract axons from the ischaemic hemisphere. Quantitative analysis revealed
there was no significant difference in the numbers of terminals on the contralesional side of
the spinal grey matter between ischaemic and sham rats. The results indicate that significant remodelling of the corticospinal tract from the non-ischaemic hemisphere is not associated with functional recovery in animals with subcortical infarcts.
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Introduction
Stroke is the leading cause of neurological disability in the adult population and while spontaneous recovery of neurological function can occur in some patients, improvement is often limited and many live with significant and permanent disability. Reorganisation of surviving
neural networks has been implicated in recovery of sensorimotor function following stroke [1].
However, the precise mechanisms of injury-induced brain plasticity are poorly understood and
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greater insight into these processes is required for the development of novel therapeutic
approaches. Abnormally enhanced activity in the contralesional cortex has been reported in
patients who survive a stroke which indicates the potential involvement of contralesional networks in processes leading to functional recovery [2,3,4,5]. Rodent models of stroke and anatomical tracing methods have been used to assess reorganisation of networks originating in the
contralesional cortex. Results indicate that sprouting of axons occurs in the spinal cord, with
the suggestion that these replace synaptic terminals lost from the denervated side. For example,
following permanent middle cerebral artery occlusion [6,7], destruction of the primary motor
cortex [8] or unilateral pyramidotomy [9], corticospinal tract (CST) axons originating from the
contralesional hemisphere have been reported to sprout into the denervated spinal grey matter.
Furthermore, manipulating the extent of CST sprouting from the non-ischaemic hemisphere
influences sensorimotor outcome. For example, blocking the neurite growth inhibitor Nogo-A
after experimental stroke increases sprouting and improves performance in motor tasks [10]
while knockdown of plasminogen reduces sprouting and impairs performance in motor tasks
[11]. Studies of this type support the notion that the extent of sprouting in the spinal cord
underpins the amount of functional recovery after stroke involving the CST.
Despite reports of CST fibre sprouting in rodent models of stroke, it still remains to be
established whether new CST axonal terminals are also formed. Increased staining of the synaptic-specific protein, synaptophysin, in the spinal cord following experimental stroke in mice,
is indicative of new terminals being formed in the denervated side [12]. Further evidence
comes from injection of a retrograde transynaptic tracer into the peripheral muscles of the
impaired forelimb of rats subjected to permanent middle cerebral artery occlusion which
resulted in increased labelling of the contralesional cortex, when compared with sham animals.
The enhanced neuronal connection between the intact contralesional cortex and peripheral tissues is consistent with the formation of new synapses, at least in a model of permanent focal
cerebral ischaemia which typically involves both cortical and subcortical infarcts [7,13].
Ischaemic stroke is a highly heterogeneous condition in that the nature of the arterial occlusion and extent of reperfusion dictate both the size and location of the infarct and therefore the
degree of functional impairment and recovery. In humans, strokes can affect either or both the
cerebral cortex and subcortical regions and this heterogeneity can be examined by using appropriate animal models. It has been estimated that less than 15% of all strokes involve cortical
infarcts while the majority of strokes are subcortical [14, 15, 16, 17]. Previous studies of structural reorganisation within the spinal cord in rodent models of stroke have principally used
those models in which there are either large cortical [8, 10] or both cortical and subcortical [7,
13] infarcts. To our knowledge the issue of whether subcortical infarcts lead to reorganisation
of axon terminations in the spinal cord from the non-infarcted hemisphere has not been
explored.
The aim of the current study was therefore to determine whether the number of CST terminals in the denervated side of the spinal cord changed in association with functional recovery
after subcortical stroke. We used a model of transient focal ischaemia in the rat which produced subcortical infarcts and cholera toxin b (CTb) subunit was injected into the intact, nonischaemic forelimb motor cortex (Fig 1) at a time when rats exhibited spontaneous recovery of
sensorimotor deficits to measure axonal terminations in the cervical region of the spinal cord.

Materials and Methods
Experimental design
All procedures were conducted under licence from the UK Home Office, in accordance with
the Animals (Scientific Procedures) Act (1986) and approved by the University of Glasgow
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Fig 1. Experimental methods. A: Schematic diagram illustrating the experimental design. Twenty eight
days following left MCAO, the CST arising from the non-ischaemic (right) hemisphere was anterogradely
labelled with CTb. To assess for terminal remodelling, we quantified CTb-immunoreactive terminals in both
sides of the cervical spinal cord. The black lines represent the predicted normal termination pattern of the
labelled CST in an intact rat (terminals are present contralateral and also, but to a lesser extent, ipsilateral to
the injection). Red lines represent potential new termination patterns that may arise after recovery from
stroke. B: Automatic detection of CTb-immunoreactive terminals. Box 1 shows labelled terminals revealed
with an immunoperoxidase reaction. Box 2 shows the same terminals detected using Image-Pro software
(red).
doi:10.1371/journal.pone.0152176.g001

Animal Welfare and Ethical Review Panel. Anaesthesia was induced by inhalation of isoflurane
for surgical procedures and euthanasia was performed by injection of sodium pentobarbitone
and exsanguination.
Initially a pilot study was performed in which histological examination of 4% paraformaldehyde perfused- fixed brains from 7 rats was used to determine the anatomical distribution of
infarcts induced by 60 min transient left middle cerebral artery occlusion (MCAO) (Fig 2). The
main study included 4 rats subjected to MCAO that had subcortical but not cortical infarcts, as
defined by T2 MRI scanning at 7 days, and 5 rats subjected to sham surgery. Neurological scoring and sensorimotor testing were conducted on all rats prior to surgery (day-1) and after surgery for 28 days for the assessment of functional deficit and recovery. At day 28, all rats
received a stereotaxic injection of CTb into the forelimb area of the right sensorimotor cortex
(Fig 1A). To determine the extent of axonal loss in the CST protein kinase C gamma (PKC-γ)
labelling in the dorsal columns was performed. To assess terminal remodelling after MCAO,
CTb-immunoreactive terminals in both sides of the cervical spinal cord were quantified. All
image analysis was performed with the experimenter blinded to the identity of the rat.

Transient middle cerebral artery occlusion
MCAO was performed for 60 min using a method of intraluminal vascular occlusion [18]. This
duration of MCAO was based on results of the pilot study, whereby haematoxylin and eosin
staining was used to characterise the extent and location of the infarct at 7 days following
MCAO in 7 rats. Five out of the 7 rats were found to exhibit infarcts limited to subcortical
structures, particularly the basal ganglia and internal capsule, and only 2 rats exhibited infarcts
that extended into the lateral cortex (Fig 2). Thus, MCAO for 60 min was deemed a suitable
technique for modelling subcortical ischaemic stroke. Briefly, rats were anaesthetised (2–3%
isoflurane in oxygen) and artificially ventilated. Following exposure of the left common carotid
artery bifurcation, a 20mm 3–0 filament with a blunted tip (~0.3mm diameter) was inserted
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Fig 2. Distribution of infarcts induced by 60 min MCAO and reperfusion for 7 days. A separate group of
rats to those used for CTb injections were subjected to 60 min MCAO and brains processed 7 days later for
histological assessment. Paraffin sections at 8 pre-determined coronal planes through the extent of MCA
territory were stained with haematoxylin and eosin and examined by light microscopy. Infarcts for each rat
were transcribed onto atlas plate diagrams (grey areas). Bregma co-ordinates (from 24) are shown on the top
row for 4 of the 8 coronal planes examined. Five out of 7 rats exhibited infarcts confined to subcortical regions
with no evidence of damage in the cerebral cortex. Only 2 of the 7 rats exhibited infarcts that included the
cerebral cortex.
doi:10.1371/journal.pone.0152176.g002

into the external carotid artery and advanced along the lumen of the internal carotid artery
until it blocked the origin of the middle cerebral artery. The filament was withdrawn after 60
minutes to allow for reperfusion. Sham operated animals were subjected to the same procedure
with the exception of the advancement of the filament. Following withdrawal of anaesthesia
animals regained consciousness and their health status monitored throughout the survival
period.

Assessment of sensorimotor function
Animals were assessed prior to MCAO and at 1, 2, 3, 7, 14, 21 and 28 days post-MCAO by
using a 33-point neurological score modified from a previous report [19]. This comprised a
battery of 11 tests that measured a range of motor behaviours including grip strength, forepaw
reaching, forepaw reflexes, paw placement, motility and circling. The adhesive label test, which
measures the latency to remove an adhesive tab from the ventral surface of each forepaw, was
performed prior to and at 3, 7, 14, 21 and 28 days after MCAO [20]. Each session for this test
consisted of 4 trials and the order of tab application (left, right) was randomised. For each trial,
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the difference in removal time between the affected (right) and unaffected (left) paw was calculated to prevent the overall activity of the rats from affecting performance [21]. For both tests,
performances were averaged for all of the animals in each group and data expressed as the
mean ± standard deviation.

Quantification of infarct volume
Seven days following MCAO, rats were anaesthetised (as above) and transferred to a Bruker
Biospec 7T/30cm (Ettlingen, Germany) MRI scanner with a gradient coil (121mmID, 400mT/
m) and a 72 mm birdcage resonator. A RARE T2-weighted sequence was then acquired
(TE = 72.7ms, TR = 5086.1ms, matrix = 256x256, 16 coronal slices; 0.75mm thick). Infarcted
areas were manually delineated on each of the 16 slices using ImageJ software and the infarct
volume (mm3) was calculated by multiplying the total area across the 16 slices by slice thickness (0.75mm). Infarct volume is presented as the mean ± standard deviation.

Anterograde labelling of the CST arising from the non-ischaemic
hemisphere
At 28 days following MCAO, a solution of CTb (Sigma-Aldrich, Co., Poole, UK) was injected
into the forelimb motor cortex of the right, non-ischaemic hemisphere (stereotaxic location
derived from [22]). Following induction of anaesthesia (described above), the rat was placed in
a stereotaxic frame, the skull was exposed and 2 burr holes were made at the following coordinates: (I) anterioposterior +1mm, mediolateral -3mm, dorsoventral -1.5mm; (II) anterioposterior -0.5mm, mediolateral -1.5mm, dorsoventral -1.5mm, relative to Bregma. A glass
micropipette with a tip diameter of 20μm filled with 1% CTb in sterile distilled water was
inserted into the brain and CTb was injected at 4 standardised points (200nl per point) between
the 2 burr holes using a Pico injector (10 ms pulses at 20 psi, World Precision Instruments, Sarasota, FL, USA). For each injection the micropipette remained in place for 5 minutes to prevent
backflow of tracer. The scalp was then sutured and the animals were recovered.

Tissue preparation
Four days following CTb injection (32 days after MCAO), rats were anaesthetised (pentobarbitone, 1ml of 200mg/ml; intraperitoneal) and transcardially perfused with saline followed by 4%
paraformaldehyde in 0.1M phosphate buffer. The spinal cord and brain were removed and
post-fixed for 8h at 4°C. The brain was kept in a fixative containing 30% sucrose for 24 hours
and cut coronally (100μm) using a freezing microtome (Leica, UK). Segments C3-C8 from the
cervical spinal cord were cut into transverse sections (60μm) with a vibratome (Oxford instruments, Technical products international Inc. USA).

Assessment of CST integrity
The intensity of PKC-γγ immunoreactivity in the dorsal columns was measured in order to
examine whether MCAO led to loss of CST axons projecting from the ischaemic hemisphere.
PKC-γ is a signalling kinase present in axons of the dorsal CST [23] and has been employed to
determine the extent of CST axonal loss in stroke models [10]. For each animal, PKC-γ immunostaining in 2 transverse sections (60 μm) from segment C8 of the cervical spinal cord was
assessed. Firstly, sections were treated with 50% ethanol for 30 minutes to enhance antibody
penetration. They were then incubated with anti- PKC-γ for 72 hours (Table 1) followed by
donkey anti-rabbit Alexa 488 secondary antibody (24 hours). Sections were rinsed in 0.1M
phosphate-buffered saline and mounted with anti-fade mounting medium (Vectasheild Vector

PLOS ONE | DOI:10.1371/journal.pone.0152176 March 25, 2016

5 / 18

Subcortical Stroke and Spinal Cord

Table 1. Summary of primary and secondary antibody combinations.
Primary antibody
combination

Concentration

Supplier

Secondary antibody
combination

1

rb. PKC-γ

1:500

List Biological Laboratories,
Campell, CA

Alexa488

2

gt. CTb

1:5000

List Biological Laboratories,
Campell, CA

Biotinylated IgG

3

gp. VGLUT1

1:5000

Millipore, Harlow, UK

Dylight649

gt. CTb

1:5000

List Biological Laboratories,
Campell, CA

Alexa488

Sequential reaction

Avidin HRP (1:1000)
+ DAB

1: Assessment of PKC- γ labelling in the dorsal columns of segment C8. 2: Visualisation of cortical CTb injection sites and labelled terminals in segments
C3, C5 and C7. 3: Assessment of VGLUT1 immunoreactivity in labelled terminals in (segment C4). Abbreviations: gt = goat; gp = guinea pig; mo = mouse;
rb = rabbit; Rh.Red = rhodamine red
doi:10.1371/journal.pone.0152176.t001

Laboratories, Peterborough, UK) on glass slides. The dorsal columns were imaged using a
BioRad Radiance 2100 confocal laser scanning microscope (BioRad, Hemmel Hempstead, UK)
at 20x magnification (zoom factor of 0.9 at 0.5 μm intervals). The intensity of PKC-γ labelling
was measured using Image J software and expressed as a ratio of the affected (right) versus
unaffected (left) side to control for inter-animal variation. PKC-γ labelling intensity ratios were
averaged for all of the rats in each group.

Identification of cortical CTb injection sites
CTb injection sites in the non-ischaemic cerebral cortex were revealed with an immunoperoxidase reaction (Table 1). Brain sections were incubated in goat anti-CTb for 48 hours followed
by biotinylated anti-goat immunoglobulin gamma (IgG) for 3 hours. Sections were then treated
with avidin horseradish peroxidise for 1 hour and reacted (~ 15 minutes) with hydrogen peroxide and 3, 3’-diaminobenzidine (DAB) to reveal immunoreactivity. Injection sites were viewed
with transmission light microscopy and photographed digitally (AxioVIsion 4.8 software,
Zeiss, Germany) and the extent of each injection site was mapped onto standard coronal section diagrams obtained from the stereotaxic rat brain atlas [24].

Assessment of VGLUT1 immunoreactivity in CTb-labelled axonal
swellings
CST axonal terminals are enriched with vesicular glutamate transporter 1 [25], therefore the
presence of VGLUT1 was used to verify that CTb-labelled axonal swellings were terminals.
Three rats from each of the sham and MCAO groups were randomly selected by an individual
who was blind to the rat identity and sections from segment C4 were reacted with antibodies
against CTb and VGLUT1 (Table 1). Using confocal microscopy, fields containing CTblabelled terminals were scanned with a 40x oil-immersion lens (zoom factor of 2 at 0.5μm
intervals). For each section (3–4 per animal), 4 fields (3 from the unaffected (left) side and 1
from the affected (right) side of the spinal grey matter) with 100 x100μm scanning area were
obtained. Using Neurolucida software (MBF Bioscience, Colchester, VT, USA), stacks were initially viewed in a grid (10 x 10 μm2) so that only CTb-immunoreactivity was visible. For each
square, a CTb-labelled terminal closest to the bottom right corner was marked, and then the
marked terminals were examined in the blue channel to assess for co-labelling of VGLUT1.
The percentage of double-labelled CTb terminals as a proportion of the total CTb-labelled
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terminal count was calculated for each animal. This value was averaged for the three animals in
each group.

Quantification of CTb-immunoreactive terminals
Sections from segments C3, C5 and C7 in all rats were processed for DAB immunoreactivity in
the same manner as those sections used to identify CTb injection sites (Table 1). For each animal, DAB-labelled terminals were counted on 3 sections each from segments C3, C5 and C7.
For each section, a tiled (x40 magnified) image was acquired and a region of interest (0.9mm x
1mm) was applied to each side of the grey matter. Each region of interest was aligned with the
ventromedian fissure (the midline) and encompassed the deep dorsal horn and intermediate
grey matter. This area of the grey matter is where the majority of premotor interneurons are
located [26] and any recovery as a consequence of sprouting is likely to involve the formation
of de novo CST contacts with premotor neurons. We did not include the ventral horn in our
analysis because CST terminals are sparse in the rat ventral horn and do not directly influence
motor neurons [27, 28]. Furthermore, previous studies have reported CST collaterals to sprout
into the denervated dorsal and intermediate grey matter after permanent MCAO and unilateral
pyramidotomy [6, 7, 9]. Three different methods were used to assess CTb terminal labelling: 1)
the number of labelled terminals within each box was determined automatically using ImagePro Premier software (MediaCybernetics: Fig 1B); 2) the total CTb-positive surface area (μm2)
within each box was measured; 3) terminals adjacent to the central canal of C5 sections
(box size 200 μm x 300 μm for each side) were counted manually using Image J (National Institutes of Health, USA). Terminal counts and CTb-positive surface areas in sham and MCAO
rats were compared for each side of the cervical spinal cord separately. To minimise inter-animal variation that may have occurred due to subtle differences in the CTb injection volume or
location, terminal counts and CTb-positive surface areas were expressed as ratios: affected/
unaffected (ipsilateral to injection/contralateral) and the ratios in sham and MCAO rats were
compared.

Statistical analyses
Neurological scores and adhesive label test data were analysed separately within sham and
MCAO groups to compare matched pre-surgery baseline and post-surgery measurements.
This was done in order to detect functional impairment and recovery within the MCAO group.
Data were analysed using Friedman’s test for matched repeated measures and Dunn’s post hoc
test was applied to compare performances at day 0 (pre-surgery) versus day 3 and day 7 to
assess the degree of functional impairment and day 0 versus day 28 to assess the extent of
recovery. Mann-Whitney test was used to analyse in differences in PKC-γ immunostaining
and CTb labelling between sham and MCAO groups. A value of P<0.05 was taken to indicate
a statistically significant difference.

Results
Sensorimotor dysfunction and spontaneous recovery following MCAO
Compared to pre-surgery baseline, sham-operated rats had lower neurological scores in the
first 1–2 days following the procedure, most likely due to the acute effects of anaesthesia and
surgical procedures, but from 3 days onwards the scores were no different from baseline (Fig
3A). The first two days were therefore excluded from the analysis of the neurological data from
MCAO rats since scores are affected by the surgical procedure and anaesthesia. At 3 days after
MCAO, rats had significantly lower neurological scores compared to pre-surgery baseline
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Fig 3. Functional deficits and recovery following MCAO. A: Sham rats exhibited neurological scores that were not significantly altered compared to their
pre-surgery baseline score (day 0). B: Following MCAO, rats exhibited a significant reduction in neurological score at 3 days followed by gradual recovery
such that at 28 days there was no difference compared to their pre-MCAO baseline scores. C: Sham rats did not exhibit alterations in the removal difference
times between the affected versus unaffected forepaws at any timepoint after surgery compared to pre-surgery baseline. D: MCAO resulted in significantly
increased removal difference times between the affected and unaffected forepaws at 3 and 7 days and this deficit gradually recovered such that at 28 days
there was no difference compared to pre-MCAO baseline measurements. Data analysed by Friedman’s test followed by Dunn’s multiple comparisons test;
**p<0.001 versus day 0; ***p<0.0001 versus day 0.
doi:10.1371/journal.pone.0152176.g003

indicating that infarcts in these animals were associated with functional deficits. There was
gradual improvement over time such that at 28 days neurological scores of MCAO rats were
not different from their pre-MCAO baseline scores, which is indicative of recovery (Fig 3B).
For the adhesive label test of forelimb sensorimotor function in sham-operated rats, the difference in adhesive removal time between the affected and unaffected forelimbs was not altered at
any post-surgery time point compared to pre-surgery baseline (Fig 3C). Rats with MCAO
exhibited significant impairment on this test at 3 and 7 days after surgery compared to pre-surgery baseline. Thereafter this bilateral asymmetry gradually became less pronounced until
there was no significant difference between the removal time measured at 28 days after MCAO
and pre-surgery baseline indicating that there was recovery of forelimb sensorimotor function
(Fig 3D).
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Infarcts and loss of CST fibres following MCAO
All rats subjected to functional assessments exhibited subcortical infarcts, mainly affecting
the striatal region, with no detectable infarction in cortical areas (Fig 4A). Visual inspection
of all 64 MRI slices obtained from the 4 rats subjected to MCAO revealed subcortical infarcts
to be present in 20 slices and cortical infarcts to be present in 0 slices. The lesion volume
was 45.0 ± 18.0 mm3 (mean ± SD; range 33.0 to 70.3 mm3). The extent of injury to the CST
was examined at the level of the cervical spinal cord using immunoreactivity for PKC-γ. In
MCAO rats, partial loss of PKC-γ contralateral to the ischaemic hemisphere (affected/right
side) was observed (Fig 5A). The mean PKC-γ brightness intensity ratio (affected versus
unaffected side) was significantly reduced in the MCAO group compared with the sham
group (Fig 5B).

CTb injection sites
In sham and MCAO rats, CTb injection sites were confined to the contralesional cortex
(left side), as revealed by immunoperoxidase reactions (Fig 6). The core of each injection
was focussed within the primary and secondary motor cortex and primary sensory cortex
(Fig 6).

CTb-immunoreactive variscosities in the spinal cord contained VGLUT1
In both sham and MCAO rats, CTb-labelled axonal swellings originating from the sensorimotor cortex of the contralesional hemisphere contained VGLUT1 (Fig 7). In the sham group
there were 385 ± 97 (mean ± SD) CTb-labelled terminals per animal and 93 ± 4% of these contained VGLUT1. In the MCAO group there were 720 ± 161 (mean ± SD) CTb-labelled terminals per animal and 96 ± 1% of these contained VGLUT1.

MCAO did not alter the laminar distribution pattern of CTbimmunoreactive terminals
Labelled terminals in the cervical spinal cord were similarly distributed in all sham (Fig 8A)
and MCAO (Fig 8D) rats. In both groups terminals were primarily located in the grey matter
contralateral to the injection site (unaffected/left side). They were most numerous in the medial
region of the deep dorsal horn (laminae III-VI). Fewer terminals were present within the intermediate grey matter and only occasional terminals were found in the ventral horn. Occasionally terminals were observed ipsilateral to the injection site (affected/ right side), mainly in the
intermediate grey matter (See Fig 8B & Fig 8E, for sham and MCAO examples, respectively)
consistent with the termination pattern of uncrossed axons described previously. Within the
affected/ right side of the grey matter, a very small number of terminals and fibres were
detected immediately adjacent to the central canal, in both sham (Fig 8C) and MCAO (Fig 8F)
rats. Because of the proximity to the midline, they may be ramifications of midline crossing
fibres. This occurrence was very rare in both sham and MCAO rats and was only detected in 5
out of 15 and 3 out of 12 sections, respectively.

MCAO did not significantly alter the numbers of CTb-labelled terminals
For each segment analysed by automatic counting software (C3, C5, C7), the mean number of
terminals in the unaffected (left) side was not significantly different between sham and MCAO
rats (Fig 9A). Similarly, for all analysed segments, the mean number of terminals in the affected
(right) side was not significantly different between sham and MCAO rats (Fig 9B). Terminal
counts expressed as a ratio: affected/unaffected (ipsilateral to injection/contralateral) were not
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Fig 4. Subcortical infarcts at 7 days following MCAO. T2-weighted MRI images from all rats subjected to MCAO. The distance from Bregma (mm), [24] is
shown on the top line. Note that in all rats, infarcted tissue (the hyperintense regions outlined in white) is confined to subcortical structures, particularly within
the striatum and does not extend to cortical areas.
doi:10.1371/journal.pone.0152176.g004
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Fig 5. Axonal loss in the dorsal columns at 28 days following MCAO. A: Projected confocal microscope image of the dorsal columns (C8) from a rat with
MCAO immunolabelled for PKC-γ. Note the reduced PKC-γ immunoreactivity in the affected (right) side, indicative of CST axonal loss (Scale bar = 50μm). B:
PKC-γ brightness intensity, expressed as a ratio of affected (right) side/unaffected (left) side, was significantly reduced in the MCAO group compared to the
sham group. Each data point represents a spinal section (2 per rat). The dashed horizontal line indicates 1, which denotes symmetrical PKC-γ
immunoreactivity between affected and unaffected sides. ***p<0.0001, Mann-Whitney test MCAO compared to sham.
doi:10.1371/journal.pone.0152176.g005

significantly different between sham and MCAO rats (Fig 9C). The mean CTb-positive surface
area (mm2) within the unaffected (left) side of the grey matter for all segments analysed (C3,
C5, C7), was not significantly different between sham and MCAO rats (Fig 9D). Similarly,
there were no significant differences between sham and MCAO rats for the CTb-positive surface area in the affected (right) side (Fig 9E) or for the CTb-positive surface area ratios (Fig 9F).
Terminals immediately adjacent to the central canal in the C5 segment were counted manually.
However, there were no significant differences between sham and MCAO rats in the number
of terminals in the affected (right) side (Fig 9G), the number of terminals in the unaffected
(left) side (Fig 9H) or the affected:unaffected ratio (Fig 9I).

Discussion
The rats subjected to MCAO included in this this study exhibited subcortical (but not cortical)
infarcts and this was associated with loss of approximately 35% of CST axons originating from
the ischaemic hemisphere. Compared to pre-surgery baseline, rats exhibited sensorimotor deficits and impaired neurological function in the early phase after MCAO. However, animals with
MCAO recovered over time such that sensorimotor function had recovered to baseline levels at
the time when spinal cord tissue was examined. Despite the functional recovery demonstrated
by MCAO rats, the number of axon terminals in the cervical spinal cord which originated in
the contralesional cortex was not altered compared to shams. In all rats, CTb-immunoreactive
terminals were located predominantly within the grey matter contralateral to the injection site
(unaffected/left side), particularly within the medial base of the dorsal horn (lamina III to VI),
as described previously [25, 29]. A much smaller number of diffusely scattered labelled terminals was also present ipsilateral to the injection site (affected/right side), throughout the intermediate grey matter. Although we cannot rule out the possibility that terminals observed in the
ipsilateral (affected) side of the cord in both sham and MCAO rats originated from the crossed
component of the CST, these terminals are most likely to be components of the uncrossed CST
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Fig 6. CTb injection sites in the contralesional cortex. A: Reconstruction of CTb- injection sites relative to
the location of the forelimb motor cortex for sham rats (based on atlas of Paxinos and Watson [24] and
stereotaxic coordinates defined by Neafsey et al., [22]) Numerical values indicate the distance from Bregma
(mm). B: A similar sequence of images for MCAO rats. The dark shading shows the core of the injection and
the light shading shows the spread surrounding the injection. Injection sites included primary (M1) and
secondary (M2) motor cortices as well as the primary sensory cortex (S1). C: A photomicrograph of a coronal
section illustrating a CTb injection site in a MCAO rat (rat 4) (0.5mm relative to Bregma).
doi:10.1371/journal.pone.0152176.g006

which has been described previously [30]. Uncrossed CST pathways have been demonstrated
to be capable of influencing motor neuron activity [31]. It is probable that most of the axonal
swellings examined in this study are sites of synaptic interaction as they were universally
immunoreactive for VGLUT 1 which is present in some types of glutamatergic presynaptic
boutons, including those of the CST [25]. No significant differences were found between the
number of labelled terminals within the affected or the unaffected sides of the cervical spinal
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Fig 7. Co-localisation of VGLUT1 with CTb-labelled axonal swellings. Confocal microscope images showing co-expression of VGLUT1 with CTblabelled axonal swellings in the spinal cord originating from the non-ischaemic hemisphere. A: Single optical section showing CTb-labelled axonal swellings
(green) in a sham rat. B: immunoreactivity in the same plane for VGLUT1 (red). C: Merged image. D-F: A similar series is also shown for a MCAO rat. Scale
bars = 5μm.
doi:10.1371/journal.pone.0152176.g007

cord in MCAO rats and the left and right sides of sham rats. Therefore the findings do not support the hypothesis that significant changes occur in the densities of synaptic terminals in the
denervated side of cervical spinal segments at a time when rats with subcortical infarcts have
achieved functional recovery. This was an exploratory study with small group sizes and one
limitation is the the possibility of a Type II error. As far as we are aware there have not been
previous studies of CTb-immunoreactive terminal counts in the spinal cord after subcortical
infarcts in rats. Therefore there was no existing data which could be used prior to the study to
calculate appropriate group sizes. Using the standard deviation of the automatic counts of
CTb-immunoreactive terminals in the affected (right) side (segment C5) we have performed
sample size calculations using power = 0.8 and α = 0.05 (StatMate, GraphPad Software, USA)
for a potential future study of this type and design. It is difficult to predict what a biologicallyor functionally-significant, as opposed to a statistically-significant change, in terminal number
would be, but the n value that would be required in a future study to detect a 30% difference in
hypothetical mean values between groups is n = 35, a 20% difference is n = 80 or a 10% difference n = 370. We cannot exclude the possibility that there may have been subtle changes in terminal reorganisation in response to subcortical infarcts and that these were of insufficient
magnitude to be detected by the methodology we employed. For example, formation of de
novo CST synaptic connections with commissural interneurons in the intact side of the cord
could provide an alternative route for information to be conveyed from the contralesional
hemisphere to the denervated half of the spinal cord, in a similar way to the synaptic remodelling that occurs following spinal damage to the CST [32]. It must also be acknowledged that
the motor dysfunction observed following MCAO may not have been solely attributed to loss
of CST axons from the ischaemic hemisphere. For instance, the internal capsule has extensive
subcortical-cortical connections within the affected hemisphere and between the two hemispheres and lesioning of the internal capsule results in depressed activity of these remote interconnected structures [33]. Thus, it cannot be ruled out that diaschisis contributed to the motor
deficits and that the resolution of diaschisis participated in the functional recovery.
An increased number of terminals in the affected half of the spinal cord in the context of an
infarct involving the CST might have been predicted based on previous reports of axonal
sprouting from the contralesional hemisphere to the denervated half of the spinal cord after
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Fig 8. Distribution of CTb-labelled terminals. A: CTb-immunoreactive terminals in a C3 section from a
sham rat. The majority of terminals were located in the side contralateral to the injection site (unaffected/left
side) at the medial base of the dorsal horn. Terminals were also dispersed throughout the intermediate grey
matter of the right side (B). Occasionally, fibres and terminals were detected adjacent to the central canal (C).
B & C are magnified images of the insets in A. A similar series of images are shown for a MCAO rat (D, E, F).
Scale bar in A & D = 150μm; Scale bar in B, C, E & F = 50μm.
doi:10.1371/journal.pone.0152176.g008

MCAO [6,7] or destruction of the primary motor cortex [8] or unilateral pyramidotomy [9].
Previous studies have reported recovery of staining for the presynaptically-located protein,
synaptophysin, in axons on the denervated side of the spinal cord [12] and such changes were
associated with functional recovery in rats with cerebral lesions. In the current study the numbers of CTb-immunoreactive terminals in the cervical spinal cord in functionally-recovered

PLOS ONE | DOI:10.1371/journal.pone.0152176 March 25, 2016

14 / 18

Subcortical Stroke and Spinal Cord

Fig 9. Quantification of CTb-immunoreactivity the cervical spinal cord. For each of the three quantification methods, results are presented for the
unaffected (left) side, affected (right) side and the ratio (affected/unaffected). A,B,C: Automatically counted terminals. D,E,F: CTb+ surface area. G,H,I:
manually counted terminals. There were no significant differences between sham and MCAO rats (p>0.05). Data represent mean ± SD. Each point
represents counts from a single spinal section (3 per rat).
doi:10.1371/journal.pone.0152176.g009

rats with subcortical infarcts were not significantly different to that of sham-operated animals.
One possible explanation for the seeming contradiction between our study and others is that
the extent of terminal reorganisation of the contralesional CST depends on the size and location of the infarct. It is therefore interesting to compare our study with others which have used
MCAO to induce ischaemic damage. Liu and colleagues reported sprouting of the intact contralesional CST after MCAO-induced infarcts [6] which, given the method and duration of
arterial occlusion, typically encompass large regions of both the cerebral cortex and subcortical
regions. A subsequent study from the same laboratory reported a similar pattern of sprouting
in animals which had partial recovery of skilled forelimb reaching [12]. In both of these previous studies, animals were examined 28 days after MCAO and this is a similar time-point after
MCAO to that examined in the current study. Therefore, it seems unlikely that we did not
detect changes because the timeframe of our study was markedly different from these others.
However, the location and severity of the infarcts in the current study were different from
those studies. The infarcts produced in the current study were relatively small and located
exclusively to subcortical regions. This contrasts with the size and typical distribution of
infarcts in the aforementioned studies. Our study also contrasts with other reports of sprouting
after the entire motor cortex was infarcted by means of photothrombosis [8] or the entire CST
was physically ablated [9]. In our study approximately 75% of the CST, as measured by PKC−γ
immunostaining of at the level of the pyramids, was preserved. Taken together the evidence
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thus raises the possibility that in situations where there is sparing of a relatively large proportion of the CST (as in the current study), fibres from the ischaemic hemisphere may predominantly mediate recovery. Contrastingly, after severe strokes that involve a large proportion, or
all of the CST, ipsilesional plasticity may be limited and contralesional networks are recruited
[34]. If this hypothesis is correct, then in strokes where only a minority of CST axons from the
ischaemic hemisphere are destroyed, the remaining ipsilesional CST fibres may have a major
role in mediating recovery. Interestingly, deactivation of the intact hemisphere with lidocaine
following recovery from MCAO was found to reinstate the original deficits only in rats with
large infarcts [35]. In human stroke survivors, the degree of acute ischaemic damage to the
CST at the level of the internal capsule predicts the severity of the motor deficit present 3
months after the stroke [36], suggesting that the integrity of the CST from the ischaemic hemisphere may be closely linked to functional improvement. Recovery from stroke, whether
involving large or small infarcts, is unlikely to be solely attributed to CST terminal reorganisation, and other systems are highly likely to be involved. For example, sprouting of the corticorubral tract in association with recovery has been reported [37], as has strengthening of
reticulospinal tract input to motor neurons following transection of the CST [38, 39]. In addition to reorganisation at the level of the spinal cord, plastic changes throughout the damaged
and/or intact hemisphere are likely to be involved [1].
In conclusion, we did not detect changes in the density of spinal synaptic terminals within
ipsilesional cervical spinal segments of functionally recovered rats with subcortical infarcts.
While interventions that enhance structural reorganisation in the spinal cord have been proposed as potential therapeutic approaches to enhance recovery after stroke, the heterogeneous
nature of human stroke, in terms of infarct size and location, means it will be important to
determine which patient groups such approaches might benefit.

Acknowledgments
We are grateful to staff at the Wellcome Surgical Institute, the Glasgow Experimental MRI
Centre, Robert Kerr and Christine Watt for excellent technical support.

Author Contributions
Conceived and designed the experiments: EM DD DM. Performed the experiments: EM DM.
Analyzed the data: EM DD DM. Wrote the paper: EM DD DM.

References
1.

Benowitz LI, Carmichael ST. Promoting axonal rewiring to improve outcome after stroke. Neurobiol Dis.
2010; 37(2):259–66. doi: 10.1016/j.nbd.2009.11.009 PMID: 19931616

2.

Johansen-Berg H, Rushworth MF, Bogdanovic MD, Kischka U, Wimalaratna S, Matthews PM. The role
of ipsilateral premotor cortex in hand movement after stroke. Proc Natl Acad Sci U S A. 2002; 99
(22):14518–23. PMID: 12376621

3.

Lotze M, Sauseng P, Staudt M. Functional relevance of ipsilateral motor activation in congenital hemiparesis as tested by fMRI-navigated TMS. Exp Neurol. 2009; 217(2):440–3. doi: 10.1016/j.expneurol.
2009.03.012 PMID: 19306872

4.

Chollet F, DiPiero V, Wise RJ, Brooks DJ, Dolan RJ, Frackowiak RS. The functional anatomy of motor
recovery after stroke in humans: a study with positron emission tomography. Ann Neurol. 1991; 29
(1):63–71. PMID: 1996881

5.

Rehme AK, Fink GR, von Cramon DY, Grefkes C. The role of the contralesional motor cortex for motor
recovery in the early days after stroke assessed with longitudinal FMRI. Cereb Cortex. 2011; 21
(4):756–68. doi: 10.1093/cercor/bhq140 PMID: 20801897

6.

Liu Z, Li Y, Qu R, Shen L, Gao Q, Zhang X, et al. Axonal sprouting into the denervated spinal cord and
synaptic and postsynaptic protein expression in the spinal cord after transplantation of bone marrow
stromal cell in stroke rats. Brain Res. 2007; 1149:172–80. PMID: 17362881

PLOS ONE | DOI:10.1371/journal.pone.0152176 March 25, 2016

16 / 18

Subcortical Stroke and Spinal Cord

7.

Liu Z, Li Y, Zhang X, Savant-Bhonsale S, Chopp M. Contralesional axonal remodeling of the corticospinal system in adult rats after stroke and bone marrow stromal cell treatment. Stroke. 2008; 39(9):2571–
7. doi: 10.1161/STROKEAHA.107.511659 PMID: 18617661

8.

Lapash Daniels CM, Ayers KL, Finley AM, Culver JP, Goldberg MP. Axon sprouting in adult mouse spinal cord after motor cortex stroke. Neurosci Lett. 2009; 450(2):191–5. doi: 10.1016/j.neulet.2008.11.
017 PMID: 19022347

9.

Brus-Ramer M, Carmel JB, Chakrabarty S, Martin JH. Electrical stimulation of spared corticospinal
axons augments connections with ipsilateral spinal motor circuits after injury. J Neurosci. 2007; 27
(50):13793–801. PMID: 18077691

10.

Lindau NT, Banninger BJ, Gullo M, Good NA, Bachmann LC, Starkey ML, et al. Rewiring of the corticospinal tract in the adult rat after unilateral stroke and anti-Nogo-A therapy. Brain. 2014; 137(Pt
3):739–56. doi: 10.1093/brain/awt336 PMID: 24355710

11.

Liu Z, Li Y, Qian J, Cui Y, Chopp M. Plasminogen deficiency causes reduced corticospinal axonal plasticity and functional recovery after stroke in mice. PLoS ONE 2014; 9.

12.

Liu Z, Chopp M, Ding X, Cui Y, Li Y. Axonal remodeling of the corticospinal tract in the spinal cord contributes to voluntary motor recovery after stroke in adult mice. Stroke. 2013; 44(7):1951–6. doi: 10.
1161/STROKEAHA.113.001162 PMID: 23696550

13.

Liu Z, Zhang RL, Li Y, Cui Y, Chopp M. Remodeling of the corticospinal innervation and spontaneous
behavioral recovery after ischemic stroke in adult mice. Stroke. 2009; 40(7):2546–51. doi: 10.1161/
STROKEAHA.109.547265 PMID: 19478220

14.

Bogousslavsky J, Van Melle G, Regli F. The Lausanne Stroke Registry: analysis of 1,000 consecutive
patients with first stroke. Stroke. 1988; 19(9):1083–92. PMID: 3413804

15.

Kang DW, Chalela JA, Ezzeddine MA, Warach S. Association of ischemic lesion patterns on early diffusion-weighted imaging with TOAST stroke subtypes. Arch Neurol. 2003; 60(12):1730–4. PMID:
14676047

16.

Wessels T, Wessels C, Ellsiepen A, Reuter I, Trittmacher S, Stolz E, et al. Contribution of diffusionweighted imaging in determination of stroke etiology. AJNR Am J Neuroradiol. 2006; 27(1):35–9.
PMID: 16418352

17.

Corbetta M, Ramsey L, Callejas A, Baldassarre A, Hacker CD, Siegel JS, et al. Common behavioral
clusters and subcortical anatomy in stroke. Neuron. 2015; 85(5):927–41. doi: 10.1016/j.neuron.2015.
02.027 PMID: 25741721

18.

Longa EZ, Weinstein PR, Carlson S, Cummins R. Reversible middle cerebral artery occlusion without
craniectomy in rats. Stroke. 1989; 20(1):84–91. PMID: 2643202

19.

Hunter AJ, Hatcher J, Virley D, Nelson P, Irving E, Hadingham SJ, et al. Functional assessments in
mice and rats after focal stroke. Neuropharmacology. 2000; 39(5):806–16. PMID: 10699446

20.

Schallert T, Whishaw IQ. Bilateral cutaneous stimulation of the somatosensory system in hemidecorticate rats. Behav Neurosci. 1984; 98(3):518–40. PMID: 6539617

21.

Stroemer P, Patel S, Hope A, Oliveira C, Pollock K, Sinden J. The neural stem cell line CTX0E03 promotes behavioral recovery and endogenous neurogenesis after experimental stroke in a dose-dependent fashion. Neurorehabil Neural Repair. 2009; 23(9):895–909. doi: 10.1177/1545968309335978
PMID: 19633272

22.

Neafsey EJ, Bold EL, Haas G, Hurley-Gius KM, Quirk G, Sievert CF, et al. The organization of the rat
motor cortex: a microstimulation mapping study. Brain Res. 1986; 396(1):77–96. PMID: 3708387

23.

Mori M, Kose A, Tsujino T, Tanaka C. Immunocytochemical localization of protein kinase C subspecies
in the rat spinal cord: light and electron microscopic study. J Comp Neurol. 1990; 299(2):167–77.
PMID: 2229477

24.

Paxinos G, Watson C. The rat brain in stereotaxic coordinates. 5th ed. Amsterdam; Boston: Elsevier
Academic Press; 2005.

25.

Du Beau A, Shakya Shrestha S, Bannatyne BA, Jalicy SM, Linnen S, Maxwell DJ. Neurotransmitter
phenotypes of descending systems in the rat lumbar spinal cord. Neuroscience. 2012; 227:67–79. doi:
10.1016/j.neuroscience.2012.09.037 PMID: 23018001

26.

Stepien AE, Tripodi M, Arber S 2010. Monosynaptic rabies virus reveals premotor network organization
and synaptic specificity of cholinergic partition cells. Neuron, 68, 456–72. doi: 10.1016/j.neuron.2010.
10.019 PMID: 21040847

27.

Alstermark B, Ogawa J, Isa T. Lack of monosynaptic corticomotoneuronal EPSPs in rats: disynaptic
EPSPs mediated via reticulospinal neurons and polysynaptic EPSPs via segmental interneurons. J.
Neurophysiol. 2004; 91: 1832–1839. PMID: 14602838

PLOS ONE | DOI:10.1371/journal.pone.0152176 March 25, 2016

17 / 18

Subcortical Stroke and Spinal Cord

28.

Yang HW, Lemon RN. An electron microscopic examination of the corticospinal projection to the cervical spinal cord in the rat: lack of evidence for cortico-motoneuronal synapses. Exp Brain Res.2003;
149: 458–69. PMID: 12677326

29.

Gribnau AA, Dederen PJ. Collateralization of the cervical corticospinal tract in the rat. Neurosci Lett.
1989; 105(1–2):47–51. PMID: 2485885

30.

Brosamle C, Schwab ME. Ipsilateral, ventral corticospinal tract of the adult rat: ultrastructure, myelination and synaptic connections. J Neurocytol. 2000; 29(7):499–507. PMID: 11279365

31.

Edgley SA, Jankowska E, Hammar I. Ipsilateral actions of feline corticospinal tract neurons on limb
motoneurons. J Neurosci. 2004; 24(36):7804–1324, 7804–7813. PMID: 15356191

32.

Bareyre FM, Kerschensteiner M, Raineteau O, Mettenleiter TC, Weinmann O, Schwab ME. The injured
spinal cord spontaneously forms a new intraspinal circuit in adult rats. Nat Neurosci. 2004; 7(3):269–
77. PMID: 14966523

33.

Kim D, Kim RG, Kim HS, Kim JM, Jun SC, Lee B, et al. Longitudinal changes in resting-state brain activity in a capsular infarct model. J Cereb Blood Flow Metab. 2015; 35(1):11–9 doi: 10.1038/jcbfm.2014.
178 PMID: 25352047

34.

Nudo RJ. Mechanisms for recovery of motor function following cortical damage. Curr Opin Neurobiol.
2006; 16(6):638–44. PMID: 17084614

35.

Biernaskie J, Szymanska A, Windle V, Corbett D. Bi-hemispheric contribution to functional motor recovery of the affected forelimb following focal ischemic brain injury in rats. Eur J Neurosci. 2005; 21
(4):989–99. PMID: 15787705

36.

Puig J, Pedraza S, Blasco G, Daunis-J-Estadella J, Prados F, Remollo S, et al. Acute damage to the
posterior limb of the internal capsule on diffusion tensor tractography as an early imaging predictor of
motor outcome after stroke. American Journal of Neuroradiology 2011; 32: 857–863. doi: 10.3174/ajnr.
A2400 PMID: 21474629

37.

Reitmeir R, Kilic E, Kilic U, Bacigaluppi M, ElAli A, Salani G, et al. Post-acute delivery of erythropoietin
induces stroke recovery by promoting perilesional tissue remodelling and contralesional pyramidal tract
plasticity. Brain. 2011; 134(Pt 1):84–99. doi: 10.1093/brain/awq344 PMID: 21186263

38.

Zaaimi B, Edgley SA, Soteropoulos DS, Baker SN. Changes in descending motor pathway connectivity
after corticospinal tract lesion in macaque monkey. Brain. 2012; 135(Pt 7):2277–89. doi: 10.1093/brain/
aws115 PMID: 22581799

39.

Bachman LC, Lindau NT, Felder P, Schwab ME. Sprouting of brainstem-spinal tracts in response to
unilateral motor cortext stroke in mice. J. Neurosci. 2014. 34(9):3378–3389. doi: 10.1523/
JNEUROSCI.4384-13.2014 PMID: 24573294

PLOS ONE | DOI:10.1371/journal.pone.0152176 March 25, 2016

18 / 18

