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Causal Link between the Cortico-Rubral Pathway and
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Intensive rehabilitation is believed to induce use-dependent plasticity in the injured nervous system; however, its causal relationship to
functional recovery is unclear. Here, we performed systematic analysis of the effects of forced use of an impaired forelimb on the recovery
of rats after lesioning the internal capsule with intracerebral hemorrhage (ICH). Forced limb use (FLU) group rats exhibited better
recovery of skilled forelimb functions and their cortical motor area with forelimb representation was restored and enlarged on the
ipsilesional side. In addition, abundant axonal sprouting from the reemerged forelimb area was found in the ipsilateral red nucleus after
FLU. To test the causal relationship between the plasticity in the cortico-rubral pathway and recovery, loss-of-function experiments were
conducted using a double-viral vector technique, which induces selective blockade of the target pathway. Blockade of the cortico-rubral
tract resulted in deficits of the recovered forelimb function in FLU group rats. These findings suggest that the cortico-rubral pathway is

a substrate for recovery induced by intensive rehabilitation after ICH.
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ignificance Statement

The research aimed at determining the causal linkage between reorganization of the motor pathway induced by intensive reha-
bilitative training and recovery after stroke. We clarified the expansion of the forelimb representation area of the ipsilesional
motor cortex by forced impaired forelimb use (FLU) after lesioning the internal capsule with intracerebral hemorrhaging (ICH) in
rats. Anterograde tracing showed robust axonal sprouting from the forelimb area to the red nucleus in response to FLU. Selective
blockade of the cortico-rubral pathway by the novel double-viral vector technique clearly revealed that the increased cortico-
rubral axonal projections had causal linkage to the recovery of reaching movements induced by FLU. Our data demonstrate that
the cortico-rubral pathway is responsible for the effect of intensive limb use.
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Introduction

Poststroke rehabilitation is an essential strategy to reduce the
impairment of neural functions and to improve patients’ quality
of life. A large number of investigations have reported that reha-
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bilitative training can induce neurophysiological and neuroana-
tomical plasticity in an injured CNS, such as the formation of a
compensatory neuronal circuit and enhancement of synaptic
plasticity (Murphy and Corbett, 2009; Dimyan and Cohen,
2011). These rehabilitation-induced plastic changes are consid-
ered crucial to the recovery of impaired limb functions (Taub et
al., 1993; Jones and Schallert, 1994; Nudo et al., 1996; Biernaskie
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and Corbett, 2001; Murphy and Corbett, 2009; Dimyan and Co-
hen, 2011). Therefore, there is an urgent need to clarify the
detailed relationship between the adaptive plasticity of the
injured CNS and functional recovery caused by rehabilitative
intervention.

Among a variety of rehabilitative training protocols, the in-
tensive and forced use of an impaired upper limb, such as
constraint-induced movement therapy (CIMT), is regarded as an
effective rehabilitative strategy (Taub et al., 1993; Wolf et al.,
2006). This treatment involves restraining the intact upper ex-
tremity and the forced use of the impaired extremity (Taub et al.,
1993). Brain imaging studies of stroke patients indicated that
CIMT induced expansion of the forelimb representative area in
the sensorimotor cortex after stroke (Liepert et al., 1998; Sawaki
et al., 2008). Moreover, studies using rodent models reported
forced impaired limb use-induced anatomical changes of the
CNS such as sprouting from the ipsilateral corticospinal tract
(CST) to the denervated cervical cord (Maier et al., 2008; Zhao et
al., 2013). However, it has been difficult to demonstrate the
causal linkage between reorganization of the circuit and behav-
ioral recovery. The recent development of a double-infection
technique with viral vectors has enabled selective and reversible
blockade of specific neural circuits (Kinoshita et al., 2012), which
would promote analysis of the neural mechanism underlying the
therapeutic effect of rehabilitative training. Using this technique,
Wahl et al. (2014) demonstrated a causal relationship between
the newly formed crossed intraspinal circuits and functional re-
covery in a thrombotic stroke model in rats treated with combi-
nation of rehabilitation and a novel drug therapy. In the present
study, we investigated the neural mechanism of recovery induced
by intensive use of an impaired forelimb, a classical rehabilitation
strategy, using an ICH model in rats (Masuda et al., 2007; Ishida
etal., 2011; Ueda et al., 2014; Ishida et al., 2015). The model has a
small hemorrhage near the internal capsule (IC), a common site
of hemorrhagic stroke (Xi et al., 2006), showing severe chronic
motor deficits (Masuda et al., 2007; Ishida et al., 2011; Ishida et
al,, 2015).

The present study aimed at demonstrating the causal link be-
tween forced limb use (FLU)-induced plasticity of the injured
neural circuits and the recovery of impaired forelimb function.
We conducted longitudinal functional, electrophysiological, and
successive anatomical analysis on the same ICH rats. In addition
to the reorganization of the CST, the subcortical descending
pathways, such as the rubrospinal and reticulospinal tracts, were
considered to contribute substantially to spontaneous recovery
after CNS injury (Z’Graggen et al., 1998; Ballermann and Fouad,
2006; Zaaimi et al., 2012; Esposito et al., 2014; Zorner et al., 2014;
Siegel et al., 2015). In this study, the cortico-rubral pathway was
shown to be responsible for the effects of FLU by loss-of-function
experiments using pharmacological intervention and selective
blockade of the pathway with a double-viral vector infection
technique.

Materials and Methods

Animals and experimental setup. Male Wistar rats (250-300 g) were
group housed under a 12 hlight/dark cycle, with food and water available
ad libitum. Figure 1a shows the timeline of the performed experiments.
All procedures involving animals were approved by the Institutional An-
imal Care and Use Committee of the National Institutes of Natural Sci-
ences. All attempts were made to minimize the suffering and number of
animals used in this study. The methods and time schedule of the present
experiments are summarized in Figures la and 5a.

ICH. The animals were anesthetized with a mixture of ketamine (70
mg/kg body weight) and xylazine (10 mg/kg). Atropine (0.1 mg/kg; Mit-
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subishi Tanabe Pharma) and dexamethasone (0.1 mg/kg; Banyu) were
administered intramuscularly after anesthesia. Body temperature was
controlled continuously at 37.0 = 0.5°C. The head of the rat was fixed to
astereotaxic frame (Narishige) and the scalp was cut along the midline. A
small hole was made using a drill at 3.8 mm lateral to the midline and 1.8
mm caudal to the bregma contralateral to the preferred forelimb. A total
of 1.4 ul of collagenase (diluted to 15 U/ml in sterile saline, type IV;
Sigma-Aldrich) was injected using a glass micropipette that was con-
nected to a Hamilton syringe (5 mm below the brain surface, at a rate of
0.2 pl/min over 7 min). The pipette and syringe were left in place for 7
min and then removed slowly. Sham-operated rats received an injection
of the equivalent amount of sterile saline. After injection, the skin was
sutured and the rats were returned to their home cage for recovery. To
quantify the lesion extent of the IC, Kliiver—Barrera staining was per-
formed (Fig. 1c). We compared the size of the damage by measuring the
area of images of remaining fibers in the IC after binarization as shown in
Figure 1d. Percentage of the damaged area of the IC was calculated as
normalized value to that of the intact IC.

FLU. FLU treatment was performed as described previously (Jones
and Schallert, 1994). In brief, the rats were anesthetized by isoflurane
(2% for induction, 1% for maintenance; DS Pharma Animal Health) and
their unimpaired forelimb and upper torso were wrapped in soft felt
and plaster of Paris strips. FLU group rats were forced to use their im-
paired forelimb in all daily activities (Fig. 1b). The upper torso of ICH
rats was wrapped in the same way, but they were allowed to use both
forepaws. The rats were then returned to their home cages and remained
in the casts for 7 d.

Behavioral assessments. Gross motor dysfunction was confirmed using
amotor deficits score as described previously (Masuda et al., 2007; Ishida
et al., 2011). In brief, this score consisted of four tests (spontaneous
ipsilateral rotation, beam walking, contralateral hindlimb retraction, and
bilateral forepaw grasp). Each test was designed to evaluate the degree of
gross motor deficit on a 5-point scale (graded from 0 for normal to 4 for
most severe dysfunction). The scores were added and expressed (maxi-
mum possible score is 16).

To test the skilled forelimb movements, a single-pellet reaching test
was performed as described previously (Metz and Whishaw, 2000). A
Plexiglas test chamber (45 X 13 X 40 cm) had a narrow slit in its front
wall and a platform (3 cm in width) with 2 indentations positioned at 1.5
cm from the center of the slit was attached to the outside of the front wall
of the apparatus. The rats were placed in the chamber and trained to
reach through the slit to retrieve sucrose pellets (45 mg; Bioserv), which
was placed on either indentation diagonally to the dominant limb. Food
control was performed during the period of training and testing so that
the animals neither gained nor lost weight. All animals were trained for 3
weeks before surgery. Each training session consisted of 20 trials per day.
If a rat failed to retrieve >10 pellets per session on the final 3 consecutive
days of the training period, it was excluded from the study. Behavioral
assessments were performed at 10-12 and 2628 d after ICH surgery. To
assess the stepping function of the forelimb, the rats were trained to cross
a 1-m-long horizontal ladder with rungs spaced irregularly at a distance
of 1-3 cm at a constant speed for 3 d before surgery (Metz and Whishaw,
2002). To analyze the coordinated movement of the forelimb, the rats
were videotaped while crossing the ladder and the percentage of steps
that slipped from the rungs was calculated. Each session consisted of
three crossings. Testing was performed on postoperative days 12 and 28.

Head chamber implantation. After completing the behavioral training,
an acrylic chamber was implanted on the skull under aseptic conditions
for chronic mapping of the motor cortex. Each rat was anesthetized with
ketamine hydrochloride (70 mg/kg) and xylazine (10 mg/kg). Dexa-
methasone (0.1 mg/kg; Banyu) was also administered intramuscularly to
minimize the formation of brain edema. The head of the rat was fixed to
the stereotaxic apparatus, the skull was widely exposed, and 8 small steel
screws (0.5 mm in diameter) were attached to the skull as anchors. The
exposed skull and screws were cemented with dental acrylic and then a
square acrylic chamber was mounted and fixed on the head of the rat.
After 2 d, the rat was set in the stereotaxic apparatus under anesthesia
with ketamine/xylazine. A unilateral craniotomy was performed care-
fully to expose the primary motor cortex including the rostral and caudal
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forelimb areas on the ipsilesional side (Neafsey and Sievert, 1982;
Rouiller et al., 1993). The dura remained intact and was kept moist with
a 0.9% saline solution during surgery. After surgery, the exposed cortex
was treated with gentamicin sulfate ointment (MSD) and the chamber
was sealed tightly using the acrylic cover and screws. To prevent infec-
tion, the inside of the chamber was kept clean and the ointment was
replaced every day.

ICMS. Intracortical microstimulation (ICMS) was performed at 5 d
before and at 1, 10, and 26 d after ICH surgery. The animals were anes-
thetized with a mixture of ketamine (70 mg/kg) and xylazine (10 mg/kg)
and additional doses of ketamine (20 mg/kg) were administered as nec-
essary to maintain a stable level of anesthesia. Dexamethasone (0.1 mg/
kg) was given to reduce swelling of the cortex. The animals were
stabilized in a stereotaxic frame. Glass insulated tapered tungsten elec-
trodes (0.5-1 M{) impedance at 1 kHz, shaft diameter 310 wm; Alpha
Omega Engineering) were used for stimulation. The electrode was low-
ered gently into the cortex until the tip reached cortical layer V (1400—
1600 um below the cortical surface). Penetrations were made at 500 wm
intervals. The stimulation parameters were a 30 ms train of 200 s dura-
tion biphasic pulses delivered at 333 Hz from an electrically isolated,
constant current stimulator (STG4008; MultiChannelSystems). The
stimulating current was increased gradually until joint and muscle move-
ments could be detected. The minimum current required to elicit move-
ments was recorded as the motor threshold. If no movements or twitches
were evoked at 150 A, the site was defined as “nonresponsive.” The
averaged threshold was also calculated and shown in Figure 2. After
mapping, the gentamycin ointment was applied to the cortex and the
chamber was sealed again and the animals were returned to their home
cages for recovery.

Muscimol injection. To block neuronal activity, muscimol (Sigma-
Aldrich), a GABA, receptor agonist, was injected into the rostral fore-
limb area (RFA) [3.5 mm anterior to the bregma (AP), 2.5 mm lateral to
the bregma (ML) or caudal forelimb area (CFA) (0.5 mm AP, 3.0 mm
ML)]. At 2 d after the completion of the second behavioral assessment (d
26-28), the animals were anesthetized lightly using isoflurane (~1.0%)
and set in the stereotaxic frame. First, 1 ul of sterile saline (0.9%) was
injected into the center of the RFA or CFA, as determined by ICMS. At 30
min after injection, the rats were tested using the single-pellet reaching
test and horizontal ladder test. Next, the rats were injected with the same
amount of muscimol (1 ug/ul in 0.9% saline) into the RFA or CFA and
behavioral performance was assessed. Each experiment was performed at
an interval of 3 d.

Anterograde tracing. At 39 d after ICH, biotin dextran amine (BDA,
MW 10000; Invitrogen) was injected into the motor cortex of the injured
hemisphere. BDA was delivered via a pulled glass capillary attached to a
microliter Hamilton syringe at a flow rate of 100 nL/min controlled by an
electrical pump (ESP-64; Eicom). After anesthesia with a mixture of
ketamine (70 mg/kg) and xylazine (10 mg/kg), 0.5 ul of BDA (5% in 0.1
M PBS) was injected at 4 sites in the forelimb area (2.5 mm AP, 2.0 mm
ML; 2.5 mm AP, 3.0 mm ML; 0.5 AP, 2.5 ML; 0.5 AP, 3.5 ML). At 3 weeks
after the injections, the animals were perfused transcardially with 0.1 m
PBS and 4% paraformaldehyde (PFA) under deep anesthesia with pen-
tobarbital sodium (>100 mg/kg, i.p.). The brains and spinal cords were
dissected and postfixed and cryoprotected in 10%, 20%, and 30% sucrose
in 0.1 M PBS for cryostat sectioning in 40-um-thick sections. The slices
were processed with the ABC reaction protocol with nickel enhancement
according to the manufacturer’s manual (VECTASTAIN Elite ABC; Vec-
tor Laboratories). In brief, after several rinses in PBS, the slices were
processed with the blocking solution (0.6% H,0,, 20% dimethyl sulfox-
ide in methanol) for 30 min. Next, the sections were rinsed in PBS and
incubated in PBS with 2% ABC Elite reagent and 0.4% Triton X-100 for
2 h. The slices were rinsed in PBS and 10 mwm Tris-buffered saline, and
incubated in a diaminobenzidine (DAB)-Ni reaction solution (0.01%
DAB, 1.0% nickel ammonium sulfate, 0.0003% H,O, in Tris-buffered
saline) for 30 min. The stained sections were counterstained by neutral
red. The stained slices were observed and recorded using light micros-
copy (Axioplan2; Zeiss and BZ-9000; Keyence). In each animal, BDA-
positive bouton-like swellings (varicosities) in contact with red nucleus
neurons were counted from four sections within the red nucleus at 400 X
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magnification. To normalize tracer uptake efficacy and lesion size, the
total number of BDA-positive fibers in the cerebral peduncle was
counted from 3 adjacent sections rostral to the red nucleus (4.5-5.0 mm
posterior to the bregma). The results are expressed as the mean number
of bouton-like swellings in the red nucleus divided by the mean number
of counted fibers in the cerebral peduncle for each animal. To compare
the extent of the lesion of corticospinal tract, BDA-labeled fibers were
counted at the levels of the cerebral peduncle and brainstem pyramid.
Camera lucida drawing of the BDA-positive axons and varicosities was
performed for each section at 400X magnification and all the labeled
fibers and boutons were counted.

Selective pathway blockade by double-viral vector infection. To block the
cortico-rubral pathway selectively, we combined two viral vectors
comprising the Tet-on system as described previously (Lois et al., 2002,
Kinoshita et al., 2012) with some modifications. In brief, we used a
neuron-specific highly efficient retrograde gene transfer lentivirus
(NeuRet) vector (Kato et al., 2011; Sooksawate et al., 2013) instead of the
HiRet vector and adeno-associated type 1 virus (AAV1)- cytomegalovi-
rus (CMV)- reverse tetracycline transactivator (rtTAV16) or AAV1-
Ca**/calmodulin-dependent protein kinase II (CaMKII)-rtTAV16 in
place of AAV2-CMV-rtTAV16 because of the specificity and efficiency of
its infection of neurons. The design of the two viral vectors is shown in
Figure 5a.

At 35 d after ICH, the animals were anesthetized with a ketamine (70
mg/kg) and xylazine (10 mg/kg) mixture and injected with atropine (0.1
mg/kg) and dexamethasone (0.1 mg/kg) for premedication. The rats
were fixed to the stereotaxic apparatus and a small hole was drilled in the
skull above the red nucleus. Two injections of NeuRet-tetracycline-
responsive element (TRE)-enhanced green fluorescent protein (EGFP)-
enhanced tetanus neurotoxin light chain (eTeNT) (0.4 ul each; titer,
2.2-2.6 X 10" copies/ml) were made using pulled glass micropipette
connected to a microsyringe and syringe pump (—5.3 mm AP, 1.7 mm
ML, 8.6 mm below the skull surface; —5.8 mm AP, 1.7 mm ML, 8.3 mm
depth). The micropipette was lowered at an angle of 5° laterally deviated
from the vertical axis to avoid damage to the sinus and subsequent hem-
orrhage. Injection was performed at a rate of 0.1 wl/min over 4 min and
the needle was left in place for 4 min to prevent reflux and then removed
slowly. At 10—14 d after NeuRet-TRE-EGFP.eTeNT injection, a craniot-
omy was performed, exposing the ipsilesional motor cortex forelimb
region. AAV1-CMV-rtTAV16 (0.4 pl; titer, 8.0 X 10'°vg/ul) or AAV1-
CaMKII-rtTAV16 (0.4 wl; titer, 2.2 X 10'° vg/ul) was injected into the
primary motor cortex at 8 sites (1.0 mm AP, 2.5 mm ML; 1.0 mm AP, 3.5
mm ML; 1.5 mm AP, 2.0 mm ML; 2.0 mm AP, 2.5 mm; AP, 2.0 mm, ML,
3.5mm; AP, 2.5 mm, ML, 3.0 mm; AP, 3.0 mm, ML, 2.5 mm; AP, 3.0 mm
AP, 3.5 mm ML). Each injection was performed at 1.5 mm below the
skull surface for 4 min at a rate of 0.1 ul/min.

At 6 weeks after AAV injection, oral administration of doxycycline
(DOX) in the drinking water was initiated (3 mg/ml in a 5% sucrose
solution). DOX administration was continued for 3 weeks. In addition, a
single intraperitoneal injection of DOX (10 ug/g body weight, in 0.9%
NacCl) was given on the first day of oral DOX administration. In parallel
with DOX administration, behavioral testing (skilled reaching and hor-
izontal ladder stepping) was conducted. The animals were tested at 1 d
before the initiation of DOX administration (pre-DOX, post-ICH day
91) and followed by daily testing for first week of administration (post-
DOX, post-ICH day 92-98) and weekly for next 2 weeks. Skilled reaching
trials were videotaped from both side and front and the trajectories of
reaching movements were processed in further detailed analyses. The
distance from the slit located in the front wall of the testing apparatus to
the farthest point of each reaching trajectory was measured using frame-
by-frame analysis (60 frames/s). Averaged reaching distance was calcu-
lated from each testing session. In addition, the range of wrist rotation
angle throughout reaching was measured from front view video analysis
(200 frames/s). Wrist pronation angle was calculated when the rat in-
tended to grasp a pellet and supination angle was measured from the
withdrawal phase of reaching movement after grasping. Averaged range
of motion was calculated from each testing session.

After the last assessment, the animals were perfused transcardially with
4% PFA under deep anesthesia by sodium pentobarbital (>80 mg/kg)
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and the brain was dissected and postfixed. Af- a Baseline BDA
ter cryoprotection, 40 um coronal sections testing ICH Behavioral assessments injection
were made using a sliding microtome (HM450;

. . (day) — —
Microm). Some sections were processed for
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to detect the rtTA sequence (the antisense injection

probe for the tetracycline transactivator, tTA,
was a gift from A. Watakabe, National Institute
for Basic Biology, Okazaki, Japan). It was con-
firmed that the AAV vector had infected a ma-
jority of the neurons in the ipsilesional motor
cortex forelimb area. The technical details of
anti-EGFP immunohistochemistry and in situ
hybridization against the rtTA sequence were
described previously (Kinoshita et al., 2012)
and are available online (http://www.nibb.ac.
jp/brish/indexE.html). Photographs of the his-
tological slices were taken using a light micro-
scope (Axioplan2 and BZ-9000).

Statistical analysis. Statistical analysis was
conducted using JMP version 10 (JMP statisti-
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cal software; SAS Institute). A significance level
of p < 0.05 was chosen. Behavioral assessments
were analyzed by parametric ANOVA, fol-
lowed by the post hoc Tukey—Kramer’s post hoc
test. Dunnett’s test was used for comparing the
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ICH

«Q

-®- Sham

70
60
50
40
30
20
10

Results

FLU improves recovery of impaired
forelimb function after capsular
hemorrhage

To clarify the causal relationship between
the reorganization of the injured neural
circuits and functional recovery, we used
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the same Wistar rats for longitudinal be-
havioral, electrophysiological, and mor-
phological analyses. Figure la indicates
the experimental time course of the study.
We made a capsular hemorrhage model
by collagenase injection into the unilateral
IC. To quantify the lesion extent of IC be-
tween the two groups of animals, we per-
formed Kliiver—Barrera staining at the
level of the IC on both sides and calculated
the lesion extent after binarization of im-
ages (Fig. l¢,d) normalized to the IC on
the intact side. As a result, the percentage
of the damaged corticofugal fibers in the IC was not significantly
different between groups (ICH: 61.5 * 6.9%; ICH-FLU: 56.1 =
10.2%; unpaired ¢ test: p = 0.699). We also counted the number
of BDA-labeled corticofugal fibers in the cerebral peduncle and
the brainstem pyramid. There was no significant difference be-
tween the five ICH and seven ICH-FLU rats (cerebral peduncle:
ICH; 270.6 = 117.0, ICH-FLU; 325.7 % 59.6, unpaired ¢ test, p =
0.721, t test, brainstem pyramid: ICH; 180 = 82.5, ICH-FLU;
236.1 * 42.9, unpaired t test, p = 0.721). The majority of CST
fibers running through the IC were injured in this model

Figure1.

baseline D10-12 D26-28

D12 D28
post-ICH

baseline
post-ICH

Experimental setup and behavioral effects of forced limb use. a, Diagram showing the timeline of the experiments. b,
Application of FLU treatment. A one-sleeve cast was fitted the rat to restrain its unimpaired limb and force the animal to use its
impaired limb. ¢, Representative Kliiver—Barrera-stained image of an ICH. The arrow indicates the hemorrhage site induced by
collagenase injection. Scale bar, 1 mm. d, Binarized image of ¢. Dashed rectangles indicate the IC. e, Percentage of the damaged
fibersin the IC. There was no significant difference between groups (p = 0.699). f, Motor deficits score. Comparable impairment
of gross motor functions between ICH group and ICH-FLU group were shown. g, Single-pellet reaching test. The ICH-FLU group
showed a significantly better performance than the ICH control group on days 1012 and 26 —28 after ICH. *p << 0.05 vs sham;
+p <<0.05vsICH. h, Horizontal ladder stepping test. ICH-FLU rats demonstrated a lower fall rate than ICH rats. *p << 0.05 vs sham,
+p < 0.05 vs ICH. Values are shown as mean == SEM.

(Masuda et al., 2007; Ishida et al., 2011), resulting in severe im-
pairment of gross motor function (Fig. 1f). Based on these find-
ings, the lesion extent was considered not to be significantly
different between the ICH and ICH-FLU groups. Some ICH rats
were fitted with a one-sleeve plaster cast so they were forced to use
their impaired limb for all their living activities on postoperative
days 1-8 (Fig. 1b). For all three groups of rats (sham, nontreated
ICH, and ICH-FLU), performance of the reaching test was al-
most the same at the baseline assessment (Fig. le). The perfor-
mance of skilled reaching test and horizontal ladder test showed
little change in sham-operated rats [baseline: 58.3 * 2.3%; post-
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0
Pre-ICH D10 D26

Temporal changes of the forelimb representation map in the ipsilesional motor cortex. a, Typical motor representative map of the motor cortex of a sham rat. ICMS was conducted to

make the representative map at 10 d before ICH and at 1, 10, and 26 d after ICH. The analyzed region is indicated with the gray rectangle in the left panel (AP: from 4.5 mm anterior to the bregma
to 1.0 mm posterior to the bregma; ML: from 5.0 mm to 1.5 mm lateral to the bregma). Penetrations and stimulations were performed at 500 wm intervals. Each color represents the body part in
which movements were induced at the lowest stimulus strength. b, Elbow representation map on the forelimb motor cortex. The upper four panels indicate the elbow map of the ICH group and the
lower four panels indicate the map of the ICH-FLU group. Density of red shows the number of responding animals per cell (maximally n = 6). ¢, Wrist representation map. d, Averaged threshold of
the elbow and wrist map. Elbow threshold of the ICH-FLU group was lower than that of the ICH group at 26 d after ICH. *p << 0.05 vs ICH. Values are shown as mean = SEM.

operative days 10-12 (D10-12): 57.5 * 4.3%; D26-28: 62.4 =
2.9%; and baseline: 3.9 = 0.7%; D10-12: 3.4 = 0.8%; D26-28:
3.9 = 0.7%, respectively). After 7 d of FLU treatment, perfor-
mance in the skilled reaching test was improved in ICH rats with
FLU treatment compared with the ICH group on D10-12 (ICH:
9.4 * 6.3%; ICH-FLU: 38.1 * 5.7%; Tukey-Kramer’s test: p =
0.026; Fig. 1g) and D26 -28 (ICH: 10.0 = 4.5%; ICH-FLU: 42.2 =

3.8%; Tukey—Kramer’s test: p = 0.006). Similarly, the ICH-FLU
group showed a significantly lower fall rate than the ICH group in
the horizontal ladder test on days 12 (ICH: 23.2 * 3.6%; ICH-
FLU: 9.9 * 1.6%; Tukey—Kramer’s test: p = 0.006; Fig. 1/) and 28
(ICH: 18.8 = 2.1%; ICH-FLU: 7.6 * 1.7%; Tukey—Kramer’s test:
p = 0.001). The performance of the ICH-FLU group recovered to
almost the same level as the sham animals at day 28. These results
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were consistent with our previous report
(Ishida et al., 2011), and indicated that 50 1

Q

FLU improved skilled forelimb motor =
function after ICH. % 401
T 30
FLU promotes reorganization of the § 20 -
output effects from the ipsilesional 8
motor cortex @ 107
To reveal FLU-induced reorganization of 0!

the injured neural circuits, we analyzed
the changes of the forelimb representative
area of the ipsilesional motor cortex by
ICMS in the same rats used for the behav-
ioral assessments throughout the recovery
course (Fig. 1a). Temporal changes in cor-
tical mapping are shown in Figure 2. Two
major areas with forelimb representation
were revealed by ICMS in the frontal cor-
tex (AP: 4.0-3.0, ML: 2.0-3.0; AP: 2.0—
0.0, ML: 2.5-4.5), which have been
reported as the RFA and CFA, respec-
tively. Repetition of ICMS itself did not appear to induce visible
changes in the cortical map (Fig. 2a); there was no clear difference
among the groups before ICH surgery (Fig. 2b,c). One day after
ICH, the elbow and wrist representative areas disappeared totally
in both the ICH and ICH-FLU groups. Probably due to post-
stroke spontaneous recovery, 3 of 6 ICH rats showed reemer-
gence of the elbow area at 10 d after ICH, which was detected in all
the ICH rats at day 26. However, this “reemerged elbow area” was
much smaller than the pre-ICH elbow area and was shifted to the
mediocaudal part of the CFA (Fig. 2b). No wrist area was found in
the ICH rats after ICH (Fig. 2¢). In addition, the averaged motor
threshold of elbow movements was greatly elevated at day 10 and
26 compared with the pre-ICH period (Fig. 2d). Conversely, 6 of
7 ICH-FLU rats showed the reappearance of the elbow and wrist
areas at days 10 and all the ICH-FLU rats did at day 26 (Fig. 2b,c).
This reemerged area in the ICH-FLU group was also smaller than
in the pre-ICH rats; however, ICH-FLU rats exhibited larger el-
bow and wrist representative areas at days 10 and 26 compared
with the ICH group (Fig. 2b,c). In addition, these areas were
distributed, not only in the CFA, but also in the RFA (Fig. 2b,c).
The averaged motor-evoked threshold of elbow movements was
significantly lower in the ICH-FLU group than in the ICH group
at day 26 (Tukey—Kramer’s test: p = 0.036, Fig. 2d). The motor-
evoked threshold of wrist movements also showed a tendency to
decrease in the post-ICH phase. These results indicated that FLU
promoted reorganization of the ipsilesional forelimb area and
reorganization of the descending connections from those areas to
spinal motoneurons was suggested.

Figure 3.

Reemerged rostral and caudal forelimb regions are involved
in functional recovery induced by FLU

To investigate the possible role of the reemerged forelimb repre-
sentative areas in the ICH-FLU animals, the areas were inacti-
vated by local injections of the GABA type A (GABA,) receptor
agonist muscimol. Microinjections of muscimol or saline into the
RFA or CFA were followed by behavioral assessments at 30 min
after injection. First, as expected, the ICH-FLU group showed
better performance than those in the ICH group after saline in-
jection in the skilled reaching task (ICH: 15.0 % 5.8%; ICH-FLU:
38.3 £ 4.4%; unpaired t test: p = 0.033; Fig. 3a). After muscimol
injection into the RFA or CFA, ICH-FLU rats showed a signifi-
cant decrease of reaching success rate compared with the rate

saline
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Inhibition of the reemerged forelimb area by muscimol injection. To confirm the involvement of the reemerged
forelimb area for the recovered forelimb function, muscimol was injected into the area for inhibition and behavioral assessments
were conducted. a, Single-pellet reaching test at 30 min after muscimol injection into the RFA or CFA or saline injection into both
the RFA and CFA. The ICH-FLU group showed significantimpairment of reaching function after either RFA or CFA injection, whereas
the ICH group demonstrated a decreased success rate only in the case of CFA injection. *p << 0.05 vs saline ICH-FLU; +p << 0.05vs
saline ICH. b, Horizontal ladder test after muscimol injection. Consistent with the reaching test, the ICH-FLU group exhibited an
increase of fall step rate for both injections. The ICH group showed a deterioration of performance after CFA injection. *p << 0.05vs
saline ICH-FLU; +p << 0.05 vs saline ICH. Values are shown as mean = SEM.

after saline injection (RFA: 3.3 = 1.7%; paired t test: p = 0.01;
CFA: 3.3 £ 3.3%; paired ¢ test: p = 0.022; Fig. 3a). The rats
showed great difficulty in reaching to pellet through a narrow
slit, indicating that their reaching skill was severely impaired
after the muscimol injection. Although the ICH group also
showed a significant deterioration of reaching success rate
after muscimol injection into the CFA (1.7 * 1.7%; paired ¢
test: p = 0.047), their performance did not alter significantly
after RFA injection (12.5 * 4.3%; paired ¢ test: p = 0.024).
Similarly, the ICH-FLU group demonstrated a significant in-
crease of fall rate during horizontal ladder stepping after mus-
cimol injection into the RFA or CFA compared with saline
injection (saline: 8.0 £ 2.1%; RFA: 33.5 * 5.9%, paired f test:
p = 0.01; CFA: 51.7 * 2.4%, paired t test: p = 0.022; Fig. 3b).
The ICH group also showed a significant worsening of step-
ping movements after muscimol injection into the CFA com-
pared with saline injection (saline: 15.7 * 5.8%; CFA: 45.5 *
4.4%; paired ¢t test: p = 0.014), but this was not the case for
RFA injection (RFA: 19.2 £ 2.5%; paired ¢ test: p = 0.626).
These data, consistent with the results of ICMS mapping, sug-
gest that the reemerged forelimb representative map of CFA
and RFA contributed to regaining the impaired forelimb func-
tions and, in particular, RFA was primarily involved in the
FLU-induced functional recovery.

Substantial descending projections from the ipsilesional
motor cortex after FLU

Next, we conducted anterograde tracing of axonal projections
from the reemerged forelimb area of the ipsilesional motor cortex
to clarify the targets of these descending projections. The antero-
grade tracer BDA was injected into the ipsilesional motor cortex
forelimb area in the rats used in the assessments for behavior and
motor representation (see Fig. 1a).

BDA was injected into four sites at 500 wm intervals in the
ipsilesional cortex forelimb area spanning the RFA and CFA of
both ICH (Fig. 4a,a") and ICH-FLU rats (Fig. 4e,e"). The size and
location of the lesion caused by the collagenase-induced hemor-
rhage around the IC were similar in both the ICH (n = 5) and
ICH-FLU (n = 7) groups (Figs. 1c—e, 4b,b’, f,f ). The lesions
located within the IC appeared to have injured the majority of
corticofugal fibers; however, a small number of BDA-labeled fi-
bers remained around the lesion (Fig. 4b',f"). The extent of lesion
was found to be comparable between the ICH and ICH-FLU



Ishida et al. e Contribution of Cortico-Rubral Pathway to Recovery

\‘fﬁ

J. Neurosci., January 13,2016 - 36(2):455— 467 + 461

ICH-FLU

e

m} n -|
10 ICH ICH-FLU

n S _
Koy} x
=20 >

282 08

Sty
502

523 °° .
]
=59 04

50—

S0®

o

o Fao
<5 02
238

~ 0_

RNp RNm

Figure4.  Axonal projections from the ipsilesional forelimb motor cortex after ICH and ICH-FLU. To characterize the anatomical reorganization of the ipsilesional forelimb area, anterograde tracing
assay using BDA was conducted. a’—h" show a higher magpnification of a—h. a, e, Injection site of BDA in the ipsilesional motor cortex forelimb area. b, f, ICH lesion site. Most of the lesions caused
by ICH were located in the ICand some intact corticofugal fibers still remained around the lesion. ¢, g, BDA-positive fibers running through the cerebral peduncle. d, h, Red nucleus (magnocellular
part). Compared with the ICH group (d”), many BDA-labeled fibers were observed around the ipsilesional red nucleus in the ICH-FLU group (h’). Arrows indicate boutons along axons contacting
large-sized red nucleus neurons. , j, Camera lucida drawing of the BDA-positive axons in the red nucleus. k, Quantitative analysis for the boutons of the cortico-rubral axons. The number of
BDA-positive boutons in the RNp and RNm normalized by the total number of labeled axons was significantly higher in the ICH-FLU group than in the ICH group. Scale bar, 1000 wm for a—h, ¢’, and
g’;500 wm for b" and ;100 wmfora’, d’, e’, h’,iandj. *p << 0.05 vs ICH. Values are shown as mean = SEM.

groups (see above). Interestingly, a larger number of BDA-
positive fibers were found in and around the ipsilesional red nu-
cleus in the ICH-FLU group (Fig. 4h). BDA-positive axons were
distributed in both the parvocellular and magnocellular part of
the red nucleus (RNp and RNm, respectively) and varicosities of
these fibers were found adjacent to both RNp and RNm neurons
(Fig. 4h',j). Although a few BDA-positive fibers were found in the
red nucleus also in the ICH rats (Fig. 4d,d’,i), the number of
BDA-positive varicosities was 97.4 * 59.9 in RNp and 35.6 =
18.8 in RNm of ICH rats and 273.4 = 37.6 in RNp and 154.2 =
17.9 in RNm of ICH-FLU rats. Therefore, the number of varicos-
ities per labeled fiber through cerebral peduncle (see above) sig-
nificantly increased in ICH-FLU group compared with ICH
group both in the RNp (ICH: 0.32 *+ 0.14, ICH-FLU: 0.75 * 0.12,

unpaired ¢ test: p = 0.043, Fig. 4k) and RNm (ICH: 0.20 = 0.07,
ICH-FLU: 0.42 * 0.07, unpaired ¢ test: p = 0.042). These results
suggested that the ipsilesional motor cortex, which showed reor-
ganization and expansion after ICH and intensive use of the im-
paired forelimb, had substantial axonal projections to both the
RNp and RNm.

Ipsilesional cortico-rubral pathway is essential for recovery
induced by FLU

The above results suggested that the recovery of forelimb func-
tion after ICH in the ICH-FLU group was caused by reconstruc-
tion of the cortico-rubro-spinal descending pathway. We tested
this hypothesis by using selective and reversible inactivation of
cortico-rubral pathway (Kinoshita et al., 2012; Sooksawate et al.,
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Figure5.

Effects of selective blockade of the cortico-rubral pathway onreaching function. Toinvestigate the causal relationship between the cortico-rubral projections and functional recovery in ICH-FLU rats,

selective blockade was performed using a double-infection technique. (a) Time course of the double-infection experiment. After ICH and FLU treatment, lentivirus and AAV were injected into the red nucleus and
motor cortex, respectively. b, Design of the viruses. Synaptic transmissions of double-infected neurons with NeuRet and AAV1 vectors were blocked in response to DOX administration. ¢, Representative images
of the reaching movement of an ICH-FLU rat before and after DOX administration. After DOX administration, the rat showed impaired reaching movements. d, Serial measurements of reaching function for each
individual ICH-FLU and ICH rat. Each line indicates the change of the reaching success rate of each rat. Top and bottom panels demonstrate the results of the ICH-FLU and ICH groups, respectively. For ICH-FLU rats,
recovery of reaching function was observed until 1 d before DOX administration. After DOX administration, their performance dropped drastically. In contrast, ICH rats did not show a major change of performance,
except for a few rats. e, Average of the reaching success rate of both groups. Performance of the reaching test by the ICH-FLU group fell to the same level as the ICH group in response to DOX administration. At
day 7, the success rate of the ICH-FLU group recovered gradually. *p << 0.05 vs ICH. Values are shown as mean == SD.

2013). Figure 5a indicates the experimental design and time
course. We injected neuron-specific highly efficient retrograde
gene transfer lentiviral (NeuRet) vectors expressing the fusion
gene of eTeNT (Yamamoto et al., 2003) and EGFP under control

of the TRE into the ipsilesional red nucleus, and then we injected
AAV1 vectors expressing the rtTAV16 gene under control of the
CMV or the CaMKII promotor into the motor cortex ipsilateral
to the ICH (Fig. 5b). Therefore, cortical neurons with axons that
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Movie 1. Examples of reaching movement of ICH-FLU group rat on 5 d before ICH and 1d
before and 2 d after the initiation of DOX administration from a frontal view. Selective blockade
of the cortico-rubral pathway abolished the FLU-induced recovery of reaching function.
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Movie2.  Examples of reaching movement of ICH group rat on 5 d before ICH and 1d before
and 2 d after the initiation of DOX administration from a frontal view. Nontreated control rat did
not show apparent recovery of reaching function after ICH.

project to the red nucleus were expected to be double infected. In
a previous study (Kato et al., 2011), the retrograde labeling with
the NeuRet lentiviral vector was found only between the struc-
tures that were known to be connected with each other and there
was no sign of uptake by the passing fibers. Therefore, the possi-
bility of infection of the corticospinal neurons was discarded. In
fact, we could not find any GFP-positive fibers in the cerebral
peduncle caudal to the red nucleus in the ICH-FLU rats. The
double-infected cortico-rubral neurons express eTeNT, which
depresses synaptic transmission during DOX administration.
As shown in Figure 1a, ICH-FLU rats showed a higher success
rate in the single-pellet reaching test than control rats at days 12
and 28 after ICH (Fig. 5d). In addition, the ICH-FLU group also
demonstrated better performance (47.8 = 10.9%) compared
with the ICH group (20.0 = 12.0%) on the day before DOX
administration (pre-DOX, at D91; unpaired ¢ test: p < 0.001; Fig.
5e). ICH-FLU rats precisely guided their impaired forelimb to the
pellet and grasped it tightly with their digits (Fig. 5¢). After DOX
administration, the reaching success rate of the ICH-FLU group
dropped to the same level as that of the ICH group (D2: 18.3 =
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ICH-FLU group
SRost-DOX day 2

Movie 3.  Examples of reaching movement of ICH-FLU group rat on 5 d before ICH and 1 d
before and 2 d after the initiation of DOX administration from a lateral view.

Movie4.  Examples of reaching movement of ICH group rat on 5 d before ICH and 1d before
and 2 d after the initiation of DOX administration from a lateral view.

10.8%). The rats showed deficits in reaching and often failed to
extend their paw to the pellet or withdraw it through a slit after
grasping (Fig. 5¢, Movies 1, 3). Most of the rats demonstrated a
significant impairment of reaching function at 1-3 d after the
start of DOX administration (Fig. 5d). Despite the continuous
administration of DOX, the decreased success rate of ICH-FLU
rats recovered gradually and the behavioral deficit disappeared at
post-DOX day 7 (45.1 = 8.3%, Fig. 5e). This rapid recovery
would be due to compensative recruitment of other indirect
descending pathways. In contrast to ICH-FLU rats, almost
none of the ICH rats showed a significant decrease of reaching
success rate during DOX administration (p > 0.05; Fig. 5d,e,
Movies 2, 4).

In addition, the reaching movements of the rats were video-
taped and analyzed with frame-by-frame observations (Fig. 5¢).
The reaching distance from the slit of the testing apparatus and
the range of rotational movement of the wrist during reaching
were calculated (Fig. 6a—c). At 2-3 d after DOX administration,
the average reaching distance of the ICH-FLU group was signif-
icantly shortened compared with that before DOX administra-
tion (pre-DOX: 1.3 = 0.3 mm; D2: 0.7 = 0.3 mm; Dunnett’s test:
p = 0.013; Fig. 6d). Similarly to the reaching success rate, the
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reaching distance from the slit was recov-
ered gradually to the pre-DOX level. On
the contrary, ICH rats did not show a sig-
nificantalteration of reaching distance be-
fore and after DOX administration (p >
0.05). In addition, the averaged angle of
wrist pronation before grasping the pellets
(Fig. 6b) was significantly decreased in the
ICH-FLU group at post-DOX day 2 com-
pared with pre-DOX (pre-DOX: 71.8 *+
10.7°; D2: 55.5 = 6.3% Dunnett’s test: p =
0.017; Fig. 6e). Similarly, the extent of su-
pination after grasping was also decreased
significantly at post-DOX day 2 compared
with pre-DOX (pre-DOX: 37.3 £ 5.0%
D2:9.2 = 7.5% Dunnett’s test: p = 0.032;
Fig. 6¢,f). These results indicated that the
range of wrist rotation during a series of
reaching movement was reduced during
DOX administration, but these changes
were compensated for rapidly (Fig. 6e,f).
The ICH control group did not show a
significant change of rotational move-
ment before and after DOX administra-
tion (p > 0.05; Fig. 6e,f). From these data,
the cortico-rubral pathway was consid-
ered to be dominantly involved in the
control of proximal movements of the
forelimb, such as elbow extension and
wrist rotation, whereas digit movements
appeared to be relatively preserved during
DOX administration.

Meanwhile, the fall rate in the horizon-
tal ladder test was not altered significantly
in both groups before and during DOX
administration (Dunnett’s test, p > 0.05;
Fig. 6¢) These results suggested that the
cortico-rubral pathway was responsible
for the recovery of reaching movements
induced by FLU after ICH, but not
for recovery of coordinated control of
locomotion.

Double-infection of the cortico-rubral
projection neurons was confirmed histo-
logically by an immunohistochemical as-
say for EGFP expression, which was
tagged to eTeNT (Fig. 5b). GFP-positive
neurons were found in the motor cortex
ipsilateral to the lesion (ICH: 203.1 *=
71.1, ICH-FLU: 121.3 * 37.1, unpaired ¢
test: p = 0.302, Fig. 6h). The GFP-positive
neurons were distributed predominantly
around the RFA. The axons from these
neurons could be detected in the ipsilat-
eral red nucleus and some of them formed
varicosities both in RNp and RNm (Fig.
61). In addition, GFP-labeled fibers were
located mostly in the reticular formation
or partly in the cerebral peduncle rostral
to the red nucleus (Fig. 67), but there were
no labeled fibers in the brainstem pyramid
(Fig. 6k). These results suggested that the
cortico-rubral neurons were successfully
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Figure 6. Detailed kinematic analyses of reaching movements and histological confirmation of the cortico-rubral neurons that
were double infected by the viral vectors. a—c, Frame-by-frame analysis of videotaped reaching movements was conducted for
qualitative assessments. Shown are distances of reaches from the slit in the front wall of the testing apparatus (a), angle of wrist
pronation for grasping a pellet (b), and angle of supination for withdrawal of the paw (c). d, Compared with the performance in the
pre-DOX period, reaching distance from the slit was significantly shortened at 2 d after the initiation of DOX administration. *p <<
0.05 vs pre-DOX ICH-FLU. e, f, Range of motion of wrist pronation and supination was significantly decreased at post-DOX days 2
and 3. *p << 0.05 vs pre-DOX ICH-FLU. g, Serial measurements of horizontal ladder stepping test. Neither the ICH nor the ICH-FLU
group showed a significant change in fall step rate before and after DOX administration. h—k, Anti-GFP immunohistochemistry in
GFP-positive pyramidal cell bodies in the ipsilesional motor cortex (h), GFP-positive axons in the ipsilesional red nucleus (i),
GFP-positive axonsin the reticular formation (arrows; ) and cerebral peduncle (CP: arrowhead) rostral to the red nucleus, and those
in the brainstem pyramid (k). i—k, Higher-magnification view of i’—k’ . Values are shown as mean == SD. Scale bar, 1000 um for
jandi’—k’; 100 wm for h, i, and k.
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brainstem/spinal relay) might have occurred by FLU. 10, Inferior olive nucleus.

and selectively affected by combination of the two viral vectors in
the present experiments, but that no or very few corticospinal
axons were doubly infected. Therefore, it is likely that the impair-
ment of the recovered forelimb movements shown in Figures 5
and 6 was caused by blockade of the cortico-rubral pathway.

Discussion

In the present study, we provided a framework to understand
how the intensive use of an impaired forelimb can compensate
for injured neural circuits by reorganization of the residual motor
systems. Our results showed that the FLU promoted the reemer-
gence and enlargement of the forelimb representation area in the
affected motor cortex. The reemerged forelimb map of the motor
cortex had substantial connections to the ipsilateral red nucleus
in the ICH-FLU rats. Strikingly, the selective blockade of the
connections between the motor cortex and red nucleus by using
double infection of viral vectors abolished the FLU-induced re-
covery of forelimb function. Therefore, it was confirmed that the
sprouting of cortico-rubral fibers was responsible for the func-
tional recovery by intensive use of the impaired forelimb (Fig. 7).

FLU induces cortical reorganization of the ipsilesional
forelimb area of motor cortex

Consistent with our previous reports (Ishida et al., 2011; Ishida et
al., 2015), 1 week of FLU improved the recovery of forelimb
function. ICH-FLU group rats were forced to rely completely on
their impaired side for all daily living activities, resulting in the
construction of compensatory descending motor pathways. Pre-
viously, some nonhuman primate and human studies reported
that FLU and CIMT could expand the cortical motor map of the
upper limb (Nudo et al., 1996; Liepert et al., 1998; Sawaki et al.,
2008; Murata et al., 2015). Similarly, the present study also dem-
onstrated expansion of the reemerged forelimb map of the
affected motor cortex in ICH-FLU group. The regenerated fore-
limb map was positioned in the medio-caudal part of the motor

|ICH-FLU
RFA/CFA

Schematic drawing illustrating corticofugal projections from the ipsilesional motor cortex RFA/CFAin the ICH and
ICH-FLU rat. This figure does not imply that identical pyramidal neurons in the motor cortex send axons to multiple targets. After
ICH, most of the corticofugal fibers are disrupted. Intensive use of an impaired forelimb can increase cortico-rubral connections
(drawnin red thick line) and might enhance transmission through the cortico-rubro-spinal pathway and the rubro-olivo-cerebellar
pathway. In addition, the similar sprouting of cortco-spinal and cortico-reticular pathway (dashed red thin line; toward the other
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cortex, which was considered to be the
former vibrissa area. These results reflect
the use-dependent rearrangement of the
cortex after ICH. FLU might make the
neurons that previously represented
the vibrissa map to be involved in the con-
trol of the forelimb. Interestingly, only the
FLU-treated group exhibited a forelimb
map in the RFA in addition to the CFA.
The forelimb area in the RFA was in-
cluded in the FLU-induced reorganiza-
tion and became directly responsible for
the regained forelimb function because
muscimol injection into the RFA clearly
impaired forelimb function after recov-
ery. In addition, GFP-positive cortico-
rubral neurons were predominantly
distributed in the RFA. Although the
function of the rodent RFA remains
poorly understood, it has been proposed
that it may be homologous to the premo-
tor area (PMA) or supplementary motor
area (SMA) of primates (Neafsey and
Sievert, 1982; Passingham et al., 1988;
Rouiller et al., 1993; Eisner-Janowicz et
al., 2008). The PMA and SMA are known
as key regions in poststroke recovery (Liu
and Rouiller, 1999; Fridman et al., 2004).
Increased activity of the ipsilesional ven-
tral PMA during the late recovery stage is related to the recovery
of precision grip in monkeys after spinal cord injury (Nishimura
etal.,2007) and lesion of the primary motor cortex (Murata et al.,
2015). The RFA might have more plastic capacity than the CFA
and may play a pivotal role in the FLU-induced reorganization of
the motor system.

FLU enhances plasticity in the ipsilesional motor cortex after
capsular hemorrhage

Intensive impaired limb use has been considered to cause use-
dependent plasticity in the CNS (Nudo et al., 1996; Murphy and
Corbett, 2009). Previous reports demonstrated that early appli-
cation of forced impaired forelimb use facilitated the side switch-
ing of corticospinal fibers originating from the contralesional
hemisphere in the cervical cord after transection of the unilateral
pyramidal tract (Maier et al., 2008). These intraspinal recrossed
sprouting fibers from the intact descending tract can also be an
important substrate for recovery after unilateral motor cortex
infarction (Zhao et al., 2013; Wahl et al., 2014). Conversely, the
present data revealed that the ipsilesional affected motor cortex
and its axons descending to the red nucleus were involved in
FLU-induced reorganization and recovery after ICH, which per-
haps depends on the extent of damage to the corticospinal sys-
tem. Contribution of the intact contralesional sensorimotor
circuits would play a critical role in the recovery process after
complete damage of the circuits or large stroke, whereas the re-
sidual ipsilesional circuits would be the basis of rebuilding the
motor system in the case of relatively small lesion (Murphy and
Corbett, 2009). Our ICH model exhibited the severe destruction
of the contralateral CST, but the spared CST and most pyramidal
neurons in the ipsilesional forelimb area of the motor cortex
would have survived (Masuda et al., 2007; Ishida et al., 2011).
Therefore, it is possible that FLU enhanced the reorganization of
the ipsilesional sensorimotor cortex and corticofugal projections
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rather than that of the contralesional side in the present study.
Although the detailed relationship between the effectiveness of
FLU and the contribution of each side of the cortex is unknown,
FLU might predominantly promote the reorganization of the
ipsilesional motor cortex as a substrate for functional recovery.

Plastic changes of cortico-rubro-spinal pathways is the
responsible substrate for FLU-induced recovery

The present study demonstrated that FLU caused a substantial
increase of cortico-rubral connections in both RNp and RNm. In
addition, GFP-positive fibers were shown in both RNp and RNm
in ICH-FLU group rats. Both the cortico-RNp and cortico-RNm
pathways were involved in FLU-induced plasticity. RNp projects
to the inferior olive, which gives climbing fibers to the cerebel-
lum (Allen and Tsukahara, 1974). Therefore, increased axonal
sprouting in RNp might be related to relearning of forelimb
skilled movements after ICH. Interestingly, FLU treatment also
increased the sprouting in RNm. RNm is the source of the rubro-
spinal tract (RST), which projects to the spinal premotor network
(Hongo et al., 1965, 1969) and specific populations of motoneu-
rons involved in distal and proximal forelimb movements (Antal
etal., 1992; Kiichler et al., 2002). Previous studies suggested that
the RST plays an alternative role to the CST in the control of
proximal and distal limb movements, which enables the RST to
play a compensatory role for the lesioned CST function (Martin
and Ghez, 1988; Raineteau et al., 2002). Therefore, these partly
newly formed cortico-rubro-spinal connections could be the
principal substrate for functional recovery after stroke. The num-
ber of GFP-positive cortico-rubral neurons in the ICH-FLU rats
might appear to be small (121.3 = 37.1); however, it was found
that, in cell cultures, the number of the EGFP-eTeNT fusion
molecules necessary for suppressing the transmission is much
smaller than that for making fluorescence visible (Ken-ichi Inoue
and Masahiko Takada, personal communication). Therefore,
there could be many false-negative cortical cells with synaptic
transmission that was suppressed but that did not show GFP
expression sufficient to be visualized. The present study demon-
strated that a substantial increase of cortico-rubral connections
occurred after FLU. In addition, our pathway-selective blockade
experiments revealed that the cortico-rubral pathway has a causal
link to the recovered reaching movements of the forelimb accom-
panying elbow extension and wrist rotation after ICH. Recent
studies demonstrated that bilateral pyramidotomy increased, not
only sprouting of the RST, but also of rubro-pontine and rubro-
raphe axons in mice (Ballermann and Fouad, 2006; Esposito et
al., 2014; Siegel et al., 2015). The increase of cortico-rubral pro-
jections might reflect the activation of the rubrofugal descending
pathway as a substitute for the injured CST. Importantly, the
route involved in FLU-induced recovery might not be so simple
because impaired forelimb function by selective blockade of the
cortico-rubral pathway recovered gradually even during DOX
administration. In addition, blockade of the cortico-rubral path-
way did not affect the recovered stepping function. These data
suggested the presence of other compensatory pathways. In fact,
the RNm and rubrospinal tract has been considered to be de-
graded in humans (Nathan and Smith, 1955; Onodera and Hicks,
2010) and the present results may not be directly applied to the
recovery in human patients. However, similar increase of collat-
eral projections to other cortico-brainstem-spinal relays (see
“other brainstem/spinal relays” in Fig. 7) might occur in human
subjects. Intraspinal axonal sprouting from the ipsilesional and
contralesional CST could also be a potent compensative route
after stroke (Maier et al., 2008; Wahl et al., 2014). Due to the
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variability in the amount of spared CST fibers in the cervical cord
in the animals used in the present study, we did not analyze
intraspinal sprouting and focused instead on changes to the red
nucleus. However, the present results do not exclude the possible
involvement of ipsilesional and contralesional CST axons. Fur-
thermore, in addition to the cortico-rubro-spinal pathway,
previous reports have indicated that the reticulospinal tract is
also involved in reorganization after a unilateral CST injury
(2’ Graggen et al., 1998; Ballermann and Fouad, 2006; Zaaimi et
al., 2012). The reticular formation, especially the caudal-medial
part of the medullary reticular formation, is known as an essential
structure for learning skilled movements (Alstermark and Isa,
2012; Esposito et al., 2014). Therefore, the possible involvement
of the cortico-reticulo-spinal pathway in recovery induced by
FLU should be tested in future studies.

The present study shows clearly that intensive use of an im-
paired forelimb induces reorganization of the injured descending
route after IC hemorrhage. FLU enhances the formation of ipsile-
sional cortico-rubral projections, which leads to behavioral re-
covery. Importantly, by using the same animals throughout this
study with selective loss-of-function techniques, the causal rela-
tionship between the plastic changes of the neural circuits and
functional recovery was demonstrated. Clarification of the de-
tailed mechanism of rehabilitation-induced plasticity and dem-
onstration of its causality in recovery are essential for the
establishment of better rehabilitative methods.
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