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Abstract

Background and Purpose—We sought to demonstrate the contribution of axonal remodeling
of the corticospinal tract (CST) in the spinal cord to functional outcome after stroke.

Methods—Bilateral pyramidotomy (BPT) or sham-BPT was performed in mice with transgenic
yellow fluorescent protein labeling in the CST subjected to middle cerebral artery occlusion
(MCAO). Foot-fault and single pellet reaching tests were performed 3 days after MCAo and
weekly thereafter. Mice were euthanized at day 14 or 28 after stroke. Immunofluorescent staining
for growth-associated protein-43 and Synaptophysin was performed on cervical sections.

Results—Functional improvements were evident during the initial 14 days in both MCAo-sham-
BPT and MCA0-BPT mice (P<0.01, versus day 3). Progressive recovery was present during the
subsequent 14 days in MCAo-sham-BPT mice (P<0.001, versus day 14) but not in MCAo-BPT
mice. In the stroke-affected cervical gray matter of MCAo-sham-BPT mice, growth-associated
protein-43-Cy3 staining on CST axons were significantly increased at day 14 after stroke
compared with normal mice (P<0.001), and CST axonal density and Synaptophysin-Cy3 staining
of CST-yellow fluorescent protein axonal terminals were significantly increased at day 28
compared with day 14 after MCAo (P<0.001).

Conclusions—Our data demonstrate that voluntary motor recovery is associated with CST
axonal outgrowth and synaptic formation in the denervated side of the spinal gray matter during
the later phase after stroke, suggesting that the CST axonal plasticity in the spinal cord contributes
to neurological recovery.
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Stroke is the leading cause of long-term disability in adults. Although most patients have
some spontaneous behavioral improvements during the first several months after stroke, the
recovery of motor function is generally incomplete. Of stroke survivors, 50% have some
hemiparesis, and ~15% to 30% are left permanently disabled.! Critically, there are no
efficacious therapies available for the vast majority of patients with stroke, in part because
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the mechanisms of brain repair and neuronal plasticity, and their relation to behavioral and
functional recovery are not completely understood.

Because the motor deficits after stroke are a consequence of interruption of motor signals
from the motor cortex to the spinal motoneurons, re-establishment of synaptic connections
between cerebral neurons and their peripheral targets provides a physical substrate for
functional recovery. The corticospinal tract (CST), the long axons of the cerebral cortical
motor neurons distributed within the gray matter of the spinal cord, and directly or indirectly
innervating the spinal motoneurons, is the primary transmission tract from the sensorimotor
cortex, and thus, forms the neuroanatomical basis for brain controlled voluntary movements
of the peripheral muscles.? Using a clinically relevant model for ischemic stroke in rodents,
middle cerebral artery occlusion (MCAO0), we and others have demonstrated that behavioral
outcome after stroke highly correlates with CST axonal remodeling in the stroke-impaired
side of the spinal cord.3-°

However because the behavioral improvement after stroke involves many processes and
multiple neural pathways between the motor cortex and the spinal cord, the specific
contribution of the CST to neurological recovery after stroke requires investigation. To
demonstrate the contribution directly of CST axonal remodeling in the spinal cord to motor
behavioral recovery after stroke, we compared the behavioral outcome between mice
subjected to MCAo0 and MCAOo followed by bilateral pyramidotomy (BPT) to eliminate the
CST axons in the spinal cord. In this study, we used transgenic mice, in which the CST
axons are specifically labeled with yellow fluorescent protein (YFP), combined with an
additional Cy3 fluorescent immunostaining, to investigate CST axonal outgrowth and
synaptic plasticity in the spinal cord after stroke.

Adult male CST-YFP mice (n=39; 2 months old; 25-30 g) were generated using an in-house
breeding colony of 2 transgenic mouse strains of B6.Cg-Tg(Thyl-EYFP)15Jrs/J and
B6.129-Emx1tm(cre)Kri/y purchased from Jackson Laboratories (Bar Harbor, ME), in which
the CST axons are specifically and completely labeled by YFP.6 Animals were randomly
divided into 4 groups: (1) euthanized at 14 days after MCAo0-sham-BPT (n=10); (2)
euthanized at 28 days after MCAo0-sham-BPT (n=12); (3) euthanized 28 days after MCAo-
BPT (n=12); and (4) naive mice without surgery used as normal controls (n=5). All
experimental procedures were approved by the Institutional Animal Care and Use
Committee of Henry Ford Hospital.

A method of intraluminal suture vascular occlusion,’ modified in our laboratory, was
performed by advancing a 6-0 surgical monofilament nylon suture with an expanded tip
(heated) from the right external carotid artery into the lumen of the internal carotid artery for
1 hour, to block the origin of the MCA. The blood flow was restored by withdrawal of the
suture.

Pyramidotomy

To examine the functional contribution of the CST to behavioral recovery after stroke, mice
were subjected to bilateral pyramidal tract transection rostral to the CST decussation at the
medulla level with a ventral surgical procedure after MCAo to eliminate the CST axons in
the spinal cord.8 Briefly, when the MCAo surgery was performed, the animal was restricted
in a Kopf stereotaxic apparatus in a supine position. Using the neck skin incision made for
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MCAO, the ventral vertebral column and outer surface of the occipital bone were exposed by
bluntly splitting the muscle layers under an operating microscope, and the ventrocaudal part
of the bone was partially removed with a high-speed drill and a blunt forceps. The right and
the left pyramidal tracts were transected with an iridectomy scissor. Mice subjected to
craniotomy only were used as sham control for BPT. The esophagus, trachea, and muscles
were then repositioned, and then the skin was closed.

Behavioral Tests

To direct assess the voluntary motor deficits and recovery of the stroke-impaired left
forepaw, a foot-fault test and a single pellet reaching tests were performed before surgery, 3
days after MCAo0, and weekly thereafter. The foot-fault test measures the accuracy of
forepaw placement on a nonequidistant grid as the percentage of foot faults of the left
forepaw to total steps.? The single pellet reaching test measures the ability of skilled
forepaw use.19 The mice were placed in a Plexiglas box with a vertical slot on the front wall.
Animals were trained for 5 days before surgery to use their left forepaw to extract 14-mg
food pellets (Bio-Serv Inc, Frenchtown, NJ) through the slot. The number of the left forepaw
extensions through the slot and the number of pellets extracted were counted for each animal
during a 10-minute testing period. Performance was defined by the success rate=(humber of
pellets extracted/number of left forepaw attempts)x100.

Tissue Preparation and Immunohistochemistry

At 14 or 28 days after surgery, animals were transcardially perfused with saline, followed by
4% paraformaldehyde. The brain and the cervical spinal cord were removed and immersed
in 4% paraformaldehyde overnight. The brains were cut into 7 equally spaced (1 mm each)
coronal blocks using a mouse brain matrix. The brain blocks were embedded in paraffin. A
series of adjacent 6-pm-thick sections was cut from each block and stained with
hematoxylin and eosin for ischemic lesion volume measurements. The cervical spinal cord
segments of C4-7 from MCAo0 mice and the medulla oblongata from MCAo0-BPT mice were
cut into consecutive 100-um-thick vibratome sections. Completeness of BPT surgery was
confirmed with YFP labeling in the CST on medulla sections upper and below the
transection site.

Because the CST axons were almost completely eliminated in the spinal cord in MCAo0-BPT
mice, immunostaining was performed only in MCAo-sham-BPT mice. After blocking with
normal serum, the spinal vibratome sections were incubated with primary antibodies against
growth-associated protein-43 (GAP-43, 1:500; Novus, Littleton, CO) or Synaptophysin
(1:1000; Chemicon, Temecula, CA) for 3 days at 4°C, and then incubated with a Cy3-
conjugated secondary antibody at 4°C overnight.

Data Analysis and Statistics

A laser-scanning confocal imaging system (Bio-Rad MRC 1024, Cambridge, MA) mounted
onto a Zeiss microscope was used to examine the Cy3 immunofluorescent staining and the
transgenic YFP labeling in the denervated gray matter of the cervical cord. A horizontal line
was drawn at the bottom border of the central gray matter and a vertical line was drawn at
the middle between the midline and the lateral rim of the gray matter on traverse spinal
sections. The area below the horizontal line and to the left of the vertical line was scanned
on 10 sections in each animal using a 40x oil immersion objective for GAP-43-Cy3 staining
and a 100x oil immersion objective for Synaptophysin-Cy3 staining. Colocalization of the
immunofluorescent staining and YFP was analyzed on single-layer confocal images using a
plug-in of NIH ImageJ software, Colocalization (Institut Jacques Monod, Service Imagerie,
Paris, France), as percentage of the area scanned. CST axonal density was measured on the
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green channel of same images using ImageJ. Lesion volume was measured by ImageJ and
presented as a volume percentage of the lesion area to the contralesional hemisphere.

All data are presented as mean+SD. The behavior outcomes were evaluated using 1-way
ANOVA. Two-sample t test was used to analyze the difference in lesion volume,
immunostaining, and CST axonal density between animal groups. A value of P<0.05 was
considered significant.

Behavioral Outcome

Ischemic infarct was evident in the cortex and striatum in mice subjected to 1-hour MCAOo,
without significant differences in lesion volume among animal groups (data not shown). In
MCAO0-BPT mice, the completeness of CST transection was confirmed with >95% loss of
YFP labeling caudal to the site of pyramidotomy, and there was no significant CST axonal
regeneration in the spinal cord (data not shown). As assessed by the foot-fault test (Figure
1A) for forepaw placing and grasping, and the single pellet reaching test (Figure 1B) for
skilled forepaw reaching, grasping, and releasing, severe behavioral deficits of the left
forepaw were evident in all animals 3 days after stroke. All animals showed significant
improvement 14 days after surgery (P<0.01, versus day 3) with no differences between
MCAo0-sham-BPT and MCAo0-BPT groups. Significant progressive recovery was observed
in MCAo-sham-BPT mice between days 14 and 28 (P<0.001, versus day 14). However, in
mice subjected to MCAo followed by BPT, there was no significant recovery in both pellet
reaching task and grid walking test at day 28 compared with day 14 after MCAo. Thus, the
motor performance of the stroke-impaired left forepaw was significantly worse in MCAo-
BPT mice than that in MCAo-sham-BPT mice (P<0.01 and P<0.001 at days 21 and 28,
respectively).

CST Axonal Outgrowth in the Denervated Spinal Cord

To examine the neuroanatomical basis of motor behavioral recovery found in mice after
MCAo, we performed immunostaining for GAP-43 to identify growing CST axons in the
stroke-impaired spinal gray matter in the CST-YFP mice, in which the CST axons were
specifically and completely labeled with YFP (Figure 2). In the gray matter of the spinal
cord in adult naive mice (A), GAP-43-Cy3 staining was very low and only a few CST axons
were stained. At day 14 after MCAo, increased GAP-43-Cya3 staining was found in the
membrane of the cell body and neurites, including CST axons labeled with YFP and non-
CST neurites. The increased GAP-43-Cy3 persisted to 28 days after stroke (C). By
measuring the double-labeled area with GAP-43 immunostaining and YFP labeling in
single-layer confocal images (D), GAP-43 expression was 5.3- and 2.9-fold increased in the
CST axons at 14 and 28 days after MCAo, respectively, compared with normal mice
(P<0.001), whereas the upregulation of GAP-43 was significantly decreased from day 14 to
28 (P<0.001).

In addition, we measured the CST axonal density in the same images (Figure 3).
Approximately 55% of the CST axons were eliminated in the stroke-impaired spinal gray
matter 14 days after stroke compared with normal mice (P<0.01). A significant recovery in
CST density was observed at 28 days compared with 14 days after MCAo (P<0.001);
however, it was still lower than normal level (P<0.05).

Synaptic Connections of the CST Axons in the Denervated Spinal Cord

CST axons innervate the spinal motoneurons and interneurons by synaptic connections in
the spinal gray matter for peripheral motor control. To test whether the stroke-induced
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growth of CST axons in the denervated side of the spinal gray matter is involved into the
corticospinal innervation, we investigated synaptic remodeling derived from the CST axons
with immunostaining for a presynaptic marker, Synaptophysin (Figure 4). Compared with
normal mice (A), Synaptophysin-Cy3 staining on CST axons was dramatically reduced in
the stroke-impaired gray matter at 14 days (B), and then increased at 28 days after MCAo
(C). Quantitative data (D) showed that the Synaptophysin-Cy3 and YFP double-stained
positive area was reduced to 26% (P<0.001) at day 14 and returned to 50% at day 28
(P<0.01) compared with the normal level, and there was a significant difference between the
early and late time points (P<0.001).

Discussion

A survey performed in chronic spinal cord injury patients demonstrated that regaining arm
and hand function is considered the highest priority for improving the quality of life.11
Similarly, for stroke survivors with long-term disability, regaining upper extremity function
may lead to greater independence, thereby improving quality of life.12 The present study
investigated voluntary motor behavioral outcome of the stroke-impaired forepaw in mice
subjected to MCAo followed by sham-BPT or BPT. We found that significant behavioral
improvement was evident in all mice during the initial 14 days after stroke. However,
elimination of the CST axons in the spinal cord by BPT significantly reduced neurological
recovery from 14 to 28 days after stroke compared with MCAo-sham-BPT mice during the
same period. In the MCAo0-sham-BPT mice, CST axons significantly sprout and form
synaptic connections in the denervated gray matter of the spinal cord. Our observations
support the hypothesis that in the early stage after stroke, functional improvement is
attributable to the resolution of brain edema, absorption of damaged tissue, or reperfusion of
the ischemic penumbra, whereas the recovery thereafter is attributable to neuronal plasticity
and substantial structural reorganization of the central nervous system.13

Behavioral improvement in patients with stroke with severe impairment may be attributed to
motor recovery, that is, the reappearance of elemental motor patterns present before a stroke
by restoration of neuronal innervation, and compensatory movement—the appearance of
new motor patterns resulting from the adaptation of remaining motor elements or
substitution. Thus, functions are taken over, replaced, or substituted by different end
effectors or body segments.14 In this study, we used 2 behavioral tests, the foot-fault test and
single pellet reaching test, to estimate the neurological outcome of the left forepaw in mice
subjected to right MCAo. In both behavioral tests used in this study, the mice need to
voluntarily control the paw movement. When mice walk on the nonequidistant grids, each
step requires adjustment in stride length and distribution of body weight, to place the limb
appropriately on the rung and then grasp it.1> For the skilled reaching task, mice advance the
forelimb aimed to the pellet, pronate the paw on it, grasp it, extract it, and release the food
into the mouth.19 As the digit grasping and flexing is especially controlled by the pyramidal
motor system,16 our observation of no significant behavioral improvement during the late
phase in stroke mice with CST axonal elimination by BPT and no axonal regeneration in the
spinal cord is in accordance with an earlier study showing that in monkeys subjected to
BPT, considerable gross locomotor motor function was recovered, but the fine, independent
finger movements were permanently lost.1” Our study is also consistent with a recent
electrophysiological study showing that there is no recovery for synaptic responses in spinal
motor neurons innervating forearm extensor muscles in the monkey subject to unilateral
pyramidotomy.18 In contrast, in mice subjected to MCAo, GAP-43 expressed in the CST
axons was significantly upregulated in the denervated side of the spinal gray matter 14 days
after stroke. As GAP-43 is an intracellular growth protein playing an important role in
axonal sprouting, branching, and path finding,19 these data suggest the presence of CST
axonal outgrowth induced by ischemic stroke. Indeed, significantly increased CST axonal
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density was evident in the stroke-impaired spinal gray matter at 28 days after MCAo.
Synapses are the basic units of neuronal connectivity. In immunostaining for the presynaptic
marker, Synaptophysin, an integral membrane protein of synaptic vesicles,2? we found that
at 28 days after MCAo, synapses formed by CST axonal terminals in the stroke-impaired
spinal gray matter significantly recovered from their stroke-induced decrease, suggesting
that the new CST axons were functionally integrated into the corticospinal innervation.

In addition, although MCAo0-BPT mice lost accuracy of fine voluntary motor control of the
left forepaw, especially the digits, motor ability was not completely lost. The mice are still
able to walk, and attempt to reach the food pellets, suggesting that such locomotion may be
achieved by subcortical motor systems.?1:22 For example, the rubrospinal tract originated
from the red nucleus participates in the coordination of movements across joints, such as
skilled forelimb movements23 and locomotion.24 Because the corticospinal and rubrospinal
axons possess similar branching patterns in the spinal cord,2 the corticorubrospinal pathway
seems to be a backup to the CST to enhance the behavioral recovery after CST lesion.26 We
also found that GAP-43 immunostaining was increased in neurites other than CST axons in
the spinal cord after stroke, suggesting a possibility that stroke-induced denervation also
enhances axonal plasticity of non-CST pathways and increases the neurite arborization of
the spinal neurons. Further studies are warranted to investigate neuronal plasticity in the
spinal cord after stroke. However, the lack of significant neurological recovery during the
late phase after stroke in MCA0-BPT mice suggests that the CST remodeling in the spinal
gray matter is necessary for voluntary motor behavioral recovery and cannot be
compensated with other descending neural pathways.

The CST is the principal system for skilled voluntary movement in the human, and motor
functional recovery after stroke critically depends on CST integrity.2” The CST is the only
descending pathway in which some axons make synaptic contacts directly onto spinal motor
neurons. This direct cortical innervation is necessary to allow the powerful processing
networks of the cortex to control the activity of the spinal circuits that direct the exquisite
movements of the fingers and hands. Although other parallel descending pathways can often
recover the function of more coarse movements, for example, vestibulo-, reticulo-, rubro-,
and tectospinal tracts, these pathways are not capable of generating fine, skilled movements.
The CST anatomy differs between mice and humans in several fundamental ways, for
example, in the human, the main CST is located in the lateral white matter, whereas in the
rodents it is located in the dorsal funicular. In addition, the termination pattern of CST fibers
in the spinal cord, for example, layers of gray matter, the Rexed laminag, also show
differences between the 2 species. Moreover, the anatomic distribution of its sites of origin
in motor cortices that control the opposite side of the body indicates homology of the CST
between rodents and primates. Skilled limb movements, such as reach-to-grasp movement,
show very similar motor components in humans and in rodents.28 Therefore, we use the
mouse model to investigate CST axonal remodeling and voluntary motor recovery to mimic
human stroke.

As the central nervous system in mammals is a highly inhibitory environment for axonal
regeneration, it is difficult to expect the CST axons lost in a stroke can be regenerated from
the cerebral cortex into the denervated spinal cord. Our previous study has demonstrated that
the stroke-induced axonal outgrowth is attributed to local axonal sprouting and outgrowth
within the spinal gray matter, rather than long distance regeneration originating from the
brain.3 Therefore, as a homeostatic process, enhancing CST axonal remodeling in the spinal
gray matter may provide a therapeutic opportunity to improve neurological recovery during
the later phase after stroke.
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Conclusions

The present study provides substantial evidence that the CST axonal remodeling in the

de
co

nervated spinal gray matter contributes to re-establishment of functional corticospinal
nnections and to voluntary motor behavioral recovery after stroke, which may provide a

treatment target to develop rational therapeutic approaches to enhance neurological recovery
for the mass of chronic stroke patients.
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Figure 1.

Line graphs showing behavioral outcome after MCAo-sham-BPT or MCA0-BPT in mice
assessed by foot-fault test (A) and single pellet reaching test (B). Note that significant
improvement was observed during the initial 14 days after MCAo in all animals (n=22 for
MCAo0-sham-BPT; n=12 for MCA0-BPT), whereas progressive recovery for skilled use of
the stroke-impaired forepaw was evident during the subsequent 14 days in MCAo-sham-
BPT mice (n=12), however, was lost in MCAo0-BPT mice (n=12). BPT indicates bilateral
pyramidotomy; and MCAo, middle cerebral artery occlusion.
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Figure2.

Single-layer confocal images showing immunofluorescent staining for GAP-43 in the gray
matter of the cervical cord. GAP-43-Cy3 staining (red) was low in the YFP-labeled CST
axons (green) in normal adult mice (A), increased in the CST axons and non-CST neurites at
day 14 (B), then partially decreased at day 28 (C) after MCAo-sham-BPT in the denervated
side of the spinal cord. Quantitative data (D) showed that the double-strained area with Cy3
and YFP were significantly increased at 14 and 28 days after stroke. Arrows indicate
GAP-43 immunostaining in the CST axons. A square field in the spinal cord scheme in A
indicates the position of the photomicrograph appearing in Figures 2 and 4. Scale bar=50
pm. BPT indicates bilateral pyramidotomy; CST, corticospinal tract; GAP-43, growth-
associated protein-43; MCAo, middle cerebral artery occlusion; and YFP, yellow
fluorescent protein.
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Figure 3.

Bar graph showing CST axonal density in the gray matter of the cervical cord. Note that the
CST axonal density was decreased in the stroke-impaired gray matter at day 14 compared
with normal mice, and significantly recovered at day 28 after MCAo-sham-BPT. BPT
indicates bilateral pyramidotomy; CST, corticospinal tract; and MCAo, middle cerebral
artery occlusion.
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Figure4.

Single-layer confocal images showing immunofluorescent staining for Synaptophysin in the
gray matter of the cervical cord. Compared with normal mice (A), Synaptophysin-Cy3
staining (red) was reduced in the YFP-labeled CST axons (green) at day 14 (B), then
recovered at day 28 (C) after MCAo-sham-BPT in the denervated side of the spinal cord.
Quantitative data (D) showed that the double-stained area with Cy3 and YFP was
significantly decreased at 14 and 28 days after stroke, whereas a significant recovery was
evident at day 28 compared with day 14 after MCAo. Arrows indicate Synaptophysin
immunostaining in the CST axons. Scale bar=20 pm. BPT indicates bilateral pyramidotomy;
CST, corticospinal tract; MCAo, middle cerebral artery occlusion; and YFP, yellow
fluorescent protein.
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