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Longitudinal Optogenetic Motor Mapping Revealed
Structural and Functional Impairments and
Enhanced Corticorubral Projection after Contusive
Spinal Cord Injury in Mice
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Abstract

Current evaluation of impairment and repair after spinal cord injury (SCI) is largely dependent on behavioral assessment and
histological analysis of injured tissue and pathways. Here, we evaluated whether transcranial optogenetic mapping of motor
cortex could reflect longitudinal structural and functional damage and recovery after SCI. In Thyl-Channelrhodopsin2
transgenic mice, repeated motor mappings were made by recording optogenetically evoked electromyograms (EMGs) of a
hindlimb at baseline and 1 day and 2, 4, and 6 weeks after mild, moderate, and severe spinal cord contusion. Injuries caused
initial decreases in EMG amplitude, losses of motor map, and subsequent partial recoveries, all of which corresponded to
injury severity. Reductions in map size were positively correlated with motor performance, as measured by Basso Mouse
Scale, rota-rod, and grid walk tests, at different time points, as well as with lesion area at spinal cord epicenter at 6 weeks
post-SCI. Retrograde tracing with Fluoro-Gold showed decreased numbers of cortico- and rubrospinal neurons, with the
latter being negatively correlated with motor map size. Combined retro- and anterograde tracing and immunostaining
revealed more neurons activated in red nucleus by cortical stimulation and enhanced corticorubral axons and synapses in red
nucleus after SCI. Electrophysiological recordings showed lower threshold and higher amplitude of corticorubral synaptic
response after SCI. We conclude that transcranial optogenetic motor mapping is sensitive and efficient for longitudinal
evaluation of impairment and plasticity of SCI, and that spinal cord contusion induces stronger anatomical and functional
corticorubral connection that may contribute to spontaneous recovery of motor function.
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Introduction cordings of cortical motor evoked potentials and motor mapping
provide an electrophysiological evaluation of injured motor path-
ways,'>1* the invasiveness and inefficiency of conventional elec-

q LTHOUGH the mature central nervous system (CNS) has a
trical stimulation and low spatial resolution of transcranial

poor intrinsic capability of regeneration after injury, partial

spontaneous functional recovery does occur after spinal cord injury
(SCI)."? Plasticity and reorganization of the CNS has been consid-
ered to underlie such functional recovery after SCI by generating
novel neural circuits,> which involves mechanisms including axonal
sprouting, synaptic plasticity, and neurogenesis.®'* These processes
occur not only in spinal cord, but also in the cerebral cortex and
subcortical structures such as the red nucleus and brainstem nuclei.'"-'?

However, current assessments of structural and functional im-
pairments after SCI are largely dependent on tissue histology, track
tracing, and behavioral assessment, making it difficult to correlate
dynamic functional recovery with circuit plasticity. Although re-

magnetic stimulation greatly limit their application for SCI study.
Optogenetic mapping of motor cortex may provide a solution to
this challenge. In Thyl-ChR2-YFP transgenic mice that express
channelrhodopsin-2 (ChR2) mainly in layer 5 pyramidal neu-
rons,'>!¢ transcranial optogenetic stimulation can be used to acti-
vate ChR2-expressing neurons for mapping motor cortex.'’
Although this technique provides advantages, including non-
invasiveness, cellular specificity, and good spatial and temporal
resolution,'®?® whether it is reliable and sensitive in reflecting
damage and repair after contusive SCI has not been specifically
characterized.
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Corticospinal tract (CST) and corticorubrospinal pathway both
connect motor cortex and spinal cord and function in controlling
skilled voluntary movements of limbs.?'">* Because of their respec-
tive dorsa-medial and lateral locations of the CST and rubrospinal
tract (RST) in rodents, the CST is often severely damaged® whereas
the RST is often partially or completely spared after spinal cord
contusion. Such pathway specific damage and preservation provide a
unique opportunity for studying the plasticity and reorganization of
the corticorubrospinal tract after SCI. A recent study demonstrated
spontaneous recovery of motor function after bilateral pyramidotomy,
accompanied by extensive sprouting of intact rubrofugal and -spinal
projections and formation of a new circuit between red nucleus and
nucleus raphe magnu.” Promoting axonal sprouting by neutralizing
myelin-associated neurite growth inhibitor restored skilled motor
function of the forelimb, which was paralleled by corticorubral and -
pontine fiber sprouting.>> However, whether SCI causes reorganiza-
tion of the corticorubral pathway, particularly in a contusive SCI
model, has not been directly demonstrated.

Thus, the current study has two purposes. One was to determine
whether optogenetic motor mapping could provide an efficient and
sensitive approach for longitudinal evaluation of SCI and its plas-
ticity in a clinically relevant contusive SCI model. The other was to
use this technique to test whether SCI would cause reorganization
of the CST and corticorubral pathway. In Thy1-ChR2-YFP trans-
genic mice that received graded SCI, we made repeated optogenetic
motor mapping for up to 6 weeks to determine initial loss and
subsequent recovery of motor map and the correlations between the
motor map size and motor behavioral performance, spinal cord
lesion area, or preservation of corticospinal and rubrospinal path-
ways. Together with retro- and anterograde tracings and im-
munostaining, we showed that longitudinal optogenetic motor
mapping reflected not only injury severity, but also dynamic motor
functional recovery after contusive SCI. We also found that SCI
caused significant enhancement of the corticorubral, but not cor-
ticospinal, projection in this model.

Methods
Animals

A total of 52 female Thy1-Channelrhodopsin 2-YFP (ChR-2)
transgenic mice (line 18, stock 007612, strain B6.Cg-Tg(Thy1-
COP4/EYFP)18Gfng/J; The Jackson Laboratory, Bar Harbor,
ME), 8-10 weeks of age and weighing 20-22 g, were used in this
study. All animals were maintained in a 12/12-h light/dark cycle
with food and water freely available. Surgical interventions,
treatments, and post-operative animal care were performed in
accord with Guidelines of the Institutional Animal Care and Use
Committee of the Indiana University School of Medicine (In-
dianapolis, IN).

To determine whether optogenetic motor mapping could be used
as a physiological measurement of functional deficits after SCI, we
assigned 8 mice to each of a sham group and three SCI groups that
received mild, moderate, and severe SCI respectively. All these
animals received behavioral tests, optogenetic motor mapping, and
retrograde tracing with Fluoro-Gold (FG). To determine motor
pathway plasticity after SCI, 10 mice were divided into a sham
group and a moderate SCI group. For each animal, anterograde
tracing with biotin dextran amine (BDA) and retrograde tracing
with FG were performed. To further determine plasticity of corti-
corubral projection after SCI, 10 mice were assigned to a sham
group and a moderate SCI group for optogenetic stimulation of
the motor cortex followed by c-Fos staining and synapse im-
munostaining.
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Contusive spinal cord injury surgery

The SCI procedure was performed as described by Liu and
colleagues.”® Under anesthesia with ketamine-xylazine (87.7 mg/
kg of ketamine, 12.3 mg/kg of xylazine), contusive SCI models
were created at the T10 level using an Infinite Horizon Impactor
(Infinite Horizons [IH], Lexington, KY). Three different impact
forces (30, 60, and 90 kDyn) were used to create mild, moderate,
and severe injuries, respectively. Mice in the sham groups under-
went laminectomy, but without receiving an impact. After the la-
minectomy and SCI, the muscle and skin were closed in layers, and
all animals were placed in a temperature- and humidity-controlled
chamber overnight. Manual bladder expression was carried out
twice-daily until reflex bladder emptying was established.

Behavioral assessments

Basso Mouse Scale (BMS) locomotor test, rota-rod, and grid
walk test were performed. Every animal was trained for 1 week
before surgery and all behavior tests were performed by experi-
enced observers who were blind to the experimental groups. The
BMS locomotor tests were performed at baseline and weekly up to
6 weeks after SCI according to a method published previously.?’
Briefly, the animal was placed in an open field (42 inches in di-
ameter) and observed for 4 min by two observers. The score was on
a scale of 0-9, which was based on hindlimb movements made in
an open field including hindlimb joint movement, weight support,
plantar stepping, coordination, paw position, and trunk and tail
location.?®

The rota-rod test was performed as published previously®® at
baseline and 2, 4, and 6 weeks after injury. Retention time of an
animal staying on a rotating rod was measured at a rotation speed of
18 rpm using a five-lane rota-rod device (IITC Life Science, Inc.,
Woodland Hills, CA). The device was accelerated from 1 to 18 rpm
over 90 sec, with each trial lasting a maximum of 120 sec. Trials
ended when the animal either fell off the rod or clung to the rod as it
made one complete rotation. Three trials were performed for each
mouse at each test, and an average retention time was taken from
the three trials.

The grid walk was also used to evaluate hindlimb locomotor
deficits® and was performed at baseline and 2, 4, and 6 weeks after
injury. Animals walked on a plastic mesh (1.5 1.5 square foot)
containing 1.2x 1.2 cm diamond holes. During the test, total hin-
dlimb footfalls of each animal were counted by two observers blind
to the experimental groups. The number of footfalls (fall of the
hindlimb, including at least the ankle joint, through the grid sur-
face) was determined individually for each hindlimb.*°

In vivo optogenetic motor mapping

In vivo transcranial optogenetic motor mappings were made at
baseline, 1 day, and 2, 4, and 6 weeks after SCI. Before baseline
mapping, the skin above the bilateral motor cortex was removed,
the skull was exposed and covered with a thin layer of cyanoac-
rylate glue, and the bregma was marked for reference (Fig. 1). For
optogenetic mapping, each animal was anesthetized with ketamine-
xylazine (80 mg/kg of ketamine, 4 mg/kg of xylazine, intraperito-
neally [i.p.]) and placed on a platform. When a mouse responded to
a tail pinch with a slight tail move, depth of anesthesia was regarded
as appropriate for mapping.

We made motor cortical mapping by using a blue laser to
stimulate the left motor cortex and recording an evoked electro-
myogram (EMG) of the contralateral hindlimb in each animal. Six
stimulation regions were set in the left cortex, with two regions
anterior to bregma and four regions posterior to bregma. There
were 5 X 6 stimulation spots in each stimulation region and a total of
180 stimulation spots on the left cortex, which completely covered
the hindlimb area of the left motor cortex. We used a laser scanning
photostimulation system for optogenetic mapping.>'** A blue laser
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A laser scanning photostimulation setup for optogenetic mapping of motor cortex in Thyl-ChR2 transgenic mice. (A) A

mouse was anesthetized and the left motor cortex was photostimulated by a blue laser (470 nm) through a 5 X microscope objective, and
the evoked motor response was detected by an electrode inserted in the gastrocnemius muscle of the right hindlimb. (B) Six stimulation
regions were set in the left motor cortex, with two regions anterior and four regions posterior to bregma. There were 30 stimulation spots

in each region and totally 180 stimulation spots on the left cortex.

The white dot in (B) indicates the location of bregma, and the black

dashed area indicates the area of optogenetic mapping. EMG, electromyogram.

(470 nm) went through an optic fiber and a lens assembly that
focused the light onto a dichroic mirror, which reflected the light
beam to the back aperture of a 5 x objective (Fluar 5 x; Carl Zeiss,
Jena, Germany) of an upright Olympus microscope and projected to
the left cortex (Fig. 1A). In each mapping region, the blue laser
scanned three times repeatedly. Upon finishing mapping one re-
gion, the next region was mapped by moving the microscopic field.
A complete map was obtained by averaging the results from three

maps at each region and combining the maps of the six regions
together. Intensity of the blue laser was 17 mW at the maximum
and could be attenuated through a neutral density filter. A pulse
duration of Sms was used for motor mapping. EMG responses
induced by optogenetic stimulation were recorded from gastroc-
nemius muscle of the contralateral hindlimb using two stainless
steel needles. Responses were amplified, digitized, and recorded in
a computer.
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Events that occurred within 50 ms after laser flashes were de-
tected using an event-detecting software. At each mapping spot,
peak amplitudes of the event from three repetitions were averaged
for comparison and map construction. In each motor map, different
color spots represented different EMG amplitudes, with red spots
having the higher amplitude and blue spots having the lower am-
plitudes (Fig. 2A). Total number of spots with positive EMG was
counted to reflect the size of a cortical motor map. Average EMG
amplitudes with respect to anterior-to-posterior or medial-to-lateral
direction were calculated by dividing total EMG amplitudes along
each column by total number of stimulating spots. Motor maps
were constructed with OriginPro software (version 9.1; OriginLab,
Northampton, MA).

Retrograde and anterograde tracings

After the final motor mapping and behavior tests, FG solution
was injected into the spinal cord for retrogradely labeling spinal
cord projecting neurons of the cortex and subcortical nuclei, using a
previously described technique.*® Before injection, laminectomy of
the T12 vertebra was performed to expose spinal dura mater. A
glass pipette attached to a Hamilton syringe was inserted into the
spinal cord (0.3 mm from the midline, 0.5 mm from the dorsal
surface of the spinal cord, and 10 mm caudal to the injury site) to
inject 2% FG (Fluorochrome, Inc, Denver, CO). Every animal re-
ceived two stereotaxic injections of 0.5 uL of FG each. The glass
pipette was left in place for 5 min before moving to the next in-
jection site. Mice were perfused for histological processing 1 week
after FG injection. For simultaneous antero- and retrograde tracing,
all animals received an FG injection, as described above, 1 week
after BDA injection.

At 4 weeks post-SCI, 10 mice received a stereotaxic injection of
BDA (10%; Molecular Probes, Eugene, OR) for tracing axons of the
primary motor cortex. The protocol of BDA injection was described
previously.** A 3x2mm cranial window was made above the left
motor cortex with a micro-drill to expose the dura mater. Five in-
jections of 3 uL. each were made at a rate of 0.15 pL/min and 0.6 mm
deep into the cortex. Injection coordinates were as follows: 1.5 mm
lateral and 2.0, 1.25, and 0.5 mm anterior to bregma; 1.0 mm lateral
and 0.25 and 1.0 mm caudal to bregma. The BDA injection was made
using the same system as the FG injection. The glass pipette was left
in place for 5 min before moving to the next injection site.

Optogenetic stimulation of the motor cortex

To determine whether stimulating motor cortex would cause
enhanced activation of cortical or subcortical neurons after SCI, 5
mice each were assigned to a sham group and a moderate SCI
group. At 6 weeks post-surgery, a blue light-emitting diode (LED;
470 nm) was implanted on the left skull (1.5 mm lateral and 1.2 mm
anterior to bregma) to stimulate the motor cortex. The LED was
controlled by a miniature circuit that generated a burst of three
pulses at 33 Hz once every 3sec. After receiving 30 min of the
optogenetic stimulation, mice were perfused and processed for
immunostaining with c-Fos.

Tissue histology and immunofluorescence staining

Animals were deeply anesthetized with sodium pentobarbital
(150 mg/mL) and transcardially perfused with 0.01 M phosphate-
buffered saline (PBS) followed by 4% paraformaldehyde (PFA) in
0.01 M of PBS. Brain and spinal cord were dissected, post-fixed
with 4% PFA overnight at 4 °C, and then transferred to 30% sucrose
for 3-7 days. The brain was frozen within optimal cutting tem-
perature in compound embedding matrix (SouthernBiotech, Bir-
mingham, AL). Brain tissue containing cortex and red nucleus was
sectioned coronally at 30-um thickness on a cryostat set. Coronal
sections were examined to evaluate neurons labeled by FG in the
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motor cortex and red nucleus. Immunofluorescence staining was
performed to assess activated neurons labeled by c-Fos in the cortex
and red nucleus, and BDA-labeled axons and FG-labeled neurons
in the red nucleus.

For c-Fos fluorescence staining, brain sections were permeabi-
lized with 0.1% Triton X-100 in PBS (0.1 M, pH 7.4), immunoblocked
with 20% normal goat serum in PBS at room temperature for 1h, and
then incubated with a primary antibody against c-Fos (rabbit, 1:800;
Sigma-Aldrich, St. Louis, MO) at 4°C overnight. Sections were then
incubated with a goat antirabbit secondary antibody (1:200; Invitro-
gen, Carlsbad, CA) for 2 h at room temperature. For nuclear staining,
4’ ,6-diamidino-2-phenylindole (DAPI; 1:10,000) was added to the
final wash for 5 min. To visualize BDA-labeled axons, brain sections
were incubated sequentially with ABC reagent (1:250, 30 min; Vector
Laboratories, Burlingame, CA), biotinyl tyramide (1:75, 10 min; Per-
kinElmer Life Sciences, Waltham, MAQ), and extra-avidin fluores-
cein isothiocyanate (1:500, 2h; Sigma-Aldrich). After BDA staining,
the same sections were incubated with a primary antibody against
synaptophysin (rabbit, 1:200; Abcam, Cambridge, MA) at 4°C over-
night and then incubated with a goat antirabbit secondary antibody
(1:200; Invitrogen) for 2 h at room temperature.

For histological assessments of SCI, all animals that had un-
dergone optogenetic mapping at 8 weeks after SCI were sacrificed
and perfused. Spinal cords containing the lesion epicenters were
dissected out, embedded, and sectioned at 30 um. A set of serial
cross-sections of spinal cord were stained with cresyl violet and
eosin. Lesion areas were outlined and quantified under an
Olympus BX60 microscope equipped with a Neurolucida system
(MicroBrightField, Colchester, VT) and ImagelJ software (NIH,
Bethesda, MD).

Quantification of biotin dextran amine—labeled axons,
Fluoro-Gold—labeled neurons, and synapses

For quantification of neurons labeled by FG in the motor cortex
and red nucleus, every third brain section involving anatomical
sites of motor cortex and red nucleus were chosen. Only labeled
cells that were fluorescent with clearly defined somata were
counted. Boundaries of the motor cortex and red nucleus were
established using a stereotaxic mouse brain atlas.®® Using similar
methods, the numbers of neurons co-labeled with c-Fos and DAPI
were counted in every third brain section involving red nucleus.
The number of labeled cells per section for each mouse was cal-
culated by dividing the total number of labeled cells counted in that
mouse by the number of counted sections that contained the motor
cortex or red nucleus.

To quantify the BDA-labeling axons projecting from the
motor cortex to red nucleus, serial brain sections involving the
red nucleus were chosen. Density of BDA labeled axons was
quantified using NIH ImageJ software as described previously.'”
Under low magnification (10X objective), the outline of red nu-
cleus was drawn, BDA-labeled axons within the red nucleus
were detected, and then density of BDA-labeled axons was
quantified. The number of synapses was counted using a method
described previously.>® Spots of co-localization between BDA-
labeled axons and FG-positive neurons in each counting area
under high magnification (40X objective) were counted and
corrected by the number of FG neurons in the same area within
the red nucleus. In each animal, we chose three sections for
quantifying the density of BDA-labeled axons and the number of
synapses, respectively.

Recording corticorubral synaptic responses in vivo

Ten C57B1 mice, at 2.5-3.0 months old, were equally assigned to
a sham group and a moderate SCI group. At 6 weeks after SCI or
sham surgery, mice were anesthetized with i.p. injection of 250-
500 mg/kg of Avertin. After a mouse was placed on a stereotactic
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FIG. 2. Longitudinal optogenetic mapping revealed initial loss and subsequent recovery of cortical motor map after different seve-
rities of spinal cord contusion. (A) Representative motor maps at baseline, 1 day, and 2, 4, and 6 weeks after sham (Shm) and mild
(MId), moderate (Mod), and severe (Sev) SCI, respectively. Distances between neighboring spots were 300 um. The scale bar at the
bottom represents different amplitudes of evoked EMG normalized to maximal response. Shown on the right column are representative
EMG traces at 6 weeks after SCI, which correspond to the black circles of the W6 maps of the same row. Note the greatly decreased
amplitudes and increased latencies of the responses in the moderate and severe SCI groups 6 weeks after surgery. 4\, bregma. (B)
Changes in mean motor map sizes as represented by total numbers of responsive spots in each map. There were different losses of motor
map at 1 day after SCI, which were followed by different and gradual recovery of the maps in different groups in 6 weeks. *p <0.05;
**p<0.01; ¥*¥*p<0.001, when compared to the sham group. (C) At 6 weeks after injury, mean latency periods in the moderate and
severe SCI groups were significantly longer than those of the baseline. EMG, electromyogram; SCI, spinal cord injury. Color image is
available online at www.liebertpub.com/neu

device, two holes were drilled on the skull, with one above the 10.0mA) to the stimulating electrode once every 15 sec. For each
hindlimb area of the motor cortex for stimulation (bregma —0.8 mm  mouse, stimulus intensity was started from 0.2 mA and gradually
and lateral 1 mm) and the other above the red nucleus (bregma increased to up to 10 mA. Response thresholds were determined
3.5 mm and lateral 0.5 mm) for recording evoked responses. Aftera  when around 50% of the stimuli induced responses. Once the
concentric bipolar electrode (FHC, Inc., Bowdoin, ME) was low-  threshold stimulus intensity was determined, increasing stimulating
ered into the motor cortex to a depth of 600-700 yum and a tungsten  currents at 2, 4, 8, 16, and 32 times the threshold were applied to
microelectrode (WPI, Sarasota, FL) was lowered to a depth of determine a stimulus-response relationship. Responses were am-
3400 um, single electrical pulses were applied (200 us at 0.2—  plified at 100 x, digitized, and saved to a computer. For analysis,



490

responses from 30 repetitions at each intensity were aver-
aged and peak amplitude and latency were measured in Clampfit
software.

Statistical analysis

All data are presented as mean *standard error of the mean.
One- or two-way analysis of variance (ANOVA) followed by Tu-
key’s post-hoc analysis or Student’s z-test were used to evaluate
statistical significance. Correlation coefficients were calculated as
Pearson correlation coefficients (R) and as multiple linear regres-
sion correlation coefficients (R%). Pearson correlations were per-
formed between motor map size and behavioral scores, and
between motor map size and neurons labeled with FG in the red
nucleus. All statistical values were calculated using GraphPad
Prism software (version 7.0; GraphPad Software, Inc., La Jolla,
CA), and p<0.05 was considered statistically significant.

Results

Longitudinal optogenetic mapping of motor cortex
revealed loss and partial recovery of motor map
after graded contusive spinal cord injury

We used a blue laser to stimulate the left motor cortex of Thy-
ChR2 transgenic mice and recorded EMG signals of the right
hindlimb, from which motor maps were constructed based on cu-
mulative EMG amplitude at each stimulating spot (Fig. 2A). In the
sham group, sizes and distributions of motor maps did not change
significantly at different time points in 6 weeks after surgery
(p>0.05; Fig. 2A,B), suggesting that optogenetic motor mapping
was reliable for chronic longitudinal evaluation of motor pathway
function. Three groups of mice (n=28 in each group) received mild,
moderate, and severe contusive SCI by varying the impact force of
the IH device. EMG amplitude and size of motor maps decreased
dramatically at day 1 after SCI, with the mild SCI group having the
least decrease and the moderate and severe SCI groups having the
most decreases in map size (Fig. 2A,B). Motor maps then gradually
and partially recovered in 2, 4, and 6 weeks post-injury. In the
moderate and severe SCI groups, EMG events in the mapping area
often had longer latencies and smaller amplitudes. They had normal
waveforms or abnormal waveforms with longer duration and
slower rise and decay times (Fig. 2A,C).

Motor maps of the mild SCI group became similar to baseline in
2 weeks after SCI (Fig. 2A,B; p>0.05 at 2, 4, and 6 weeks after SCI
when compared to the sham group), but those of the moderate and
severe SCI groups only partially recovered, with the severe SCI
group having the lowest EMG amplitude and least responsive spots
even at 6 weeks post-SCI (Fig. 2A,B; p<0.001, p<0.01, and
p<0.01 at 2, 4, and 6 weeks, respectively, for both the moderate
and severe SCI groups when compared to the sham group; two-way
ANOVA followed by Tukey’s post-hoc analysis). Motor map size
of the severe SCI group was significantly smaller than that of the
moderate SCI group (Fig. 2B; n=8; p<0.05, p<0.01, and p<0.01
at 2, 4, and 6 weeks, respectively). Results indicate that loss of
cortical motor map reflected severity of SCI.

We calculated average latency periods at baseline and 6 weeks
after SCI. At baseline, evoked EMG had a mean latency of
29.1£1.0ms. In mild SCI mice, latency of EMG at 6 weeks post-
injury was normal (Fig. 2C; n=8; p>0.05, Student’s t-test).
However, latency periods of the moderate and severe SCI groups at
6 weeks post-injury became significantly longer than that of
baseline (37.6 = 1.2 ms in moderate SCI group and 58.1+ 1.8 ms in
severe SCI group; p<0.05 and p<0.01; Fig. 2C). Results indicate
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that SCI caused a longer EMG latency period and such change was
related to severity of SCI.

We also analyzed average EMG amplitudes at different time
points along medial-lateral (Fig. 3A) and anterior-posterior axes
(Fig. 3B) and compared them among the four groups. At baseline,
evoked EMG had a maximal amplitude of 0.21 £0.06 mV. Similar
to changes in map size, average amplitudes decreased dramatically
at 1 day after injury and recovered partially over time in SCI ani-
mals. Average amplitudes of the mild SCI group recovered to al-
most normal level 2 weeks after injury, but amplitudes of the
moderate and severe SCI groups only recovered partially 2, 4, and 6
weeks after injury (Fig. 3C). Changes in EMG amplitudes
were similar along anterior-posterior and medial-lateral directions
(Fig. 3).

Positive correlations between motor map size
and motor function after spinal cord injury

To determine whether optogenetic motor mapping could reflect
motor functional deficit and recovery post-SCI, we performed BMS,
rota-rod, and grid walk tests simultaneously during longitudinal
optogenetic motor mapping. In the BMS test, we found that the three
SCI groups showed different degrees of motor impairments after
injury, with increasing reduction of BMS scores from mild to mod-
erate and severe SCI groups (Fig. 4A). BMS scores of the mild SCI
group returned to almost baseline level 2 weeks post-injury, but the
other two SCI groups showed only partial recovery and did not return
to baseline level even at 6 weeks post-injury. There were significant
differences in BMS scores when the moderate and severe SCI groups
were compared to the sham group at different time points after injury
(all p<0.001, two-way ANOVA followed by Tukey’s post-hoc
analysis); there were also significant differences among the mild,
moderate, and severe SCI groups at 2, 4, and 6 weeks after SCI (all
p<0.001). Motor map size, as indicated by the number of total re-
sponsive spots in each map, was strongly correlated with BMS scores
at 2, 4, and 6 weeks after injury (Fig. 4A; Pearson correlation coef-
ficients, R2=0.87, R2=0.84, and R*=0.90 for mild, moderate, and
severe SCI groups, respectively; n=_8 for each group; all p <0.001).
Results indicate that BMS is sensitive in reflecting severity of con-
tusive SCI, and that size of the motor map is highly correlated with
loss and spontaneous recovery of BMS scores.

The rota-rod test showed significant deficits in moderate and
severe SCI groups after injury. Times spent on the rotating rod of
the moderate and severe SCI groups at 2, 4, and 6 weeks post-injury
were significantly shorter than those of the sham and mild SCI
groups (all p<0.001). There were also significant differences in
retention times between the moderate and severe SCI groups at 2, 4,
and 6 weeks post-injury (p<0.01, p<0.05, and p<0.05, respec-
tively). However, no significant differences were found in retention
times at each testing time point between the mild SCI and sham
groups (p>0.05). There were positive correlations between motor
map size and retention time in rota-rod test at 2, 4, and 6 weeks after
injury (R’=0.84, R*=0.72, and R*=0.79, respectively; all
p<0.001; Fig. 4B). Results suggest that the rota-rod test is also
sensitive to severity of contusive SCI, and that size of motor
mapping is highly correlated with loss and spontaneous recovery of
retention time of rota-rod test.

In the grid walk test, there were significant differences in
numbers of footfalls of the severe SCI group at 2, 4, and 6 weeks
post-injury when compared to all other groups (p <0.001 at each
time point). There were also significant differences in the number
of footfalls of the moderate SCI group at 2 weeks post-injury when
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*p <0.05; **p<0.01; ***p <0.001, one-way ANOVA. ANOVA, analysis of variance; EMG, electromyogram; SCI, spinal cord injury.
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compared to the sham and mild SCI groups (both p<0.05).
However, there were no significant differences in numbers of
footfalls of the moderate SCI group at 4 and 6 weeks post-SCI and
those of the mild SCI group at all time points when compared to the
sham group (Fig. 4C). There were negative correlations between
motor map size and footfalls tested by grid walk at 2, 4, and 6
weeks after injury (R2:—0.62, R2:—0.45, and R2:—0.67, re-
spectively; all p<0.001; Fig. 4C). Results indicated that the grid
walk test was less sensitive in reflecting motor impairment after
mild and moderate contusive SCI, and that size of the motor map is
inversely correlated with the percentage of footfalls in the grid
walk test.

A negative correlation between lesion area of the
spinal cord and motor map size after spinal cord injury

To determine whether optogenetic motor mapping could reflect
structural damage of the spinal cord, we examined the lesion area
of injured spinal cord at 6 weeks after SCI and analyzed its cor-
relation with motor map size at that time point. Staining of spinal
cords using cresyl violet and eosin showed an increment of lesion

area at the epicenter of the injured spinal cord that corresponded to
severity of SCI (Fig. SA). Percentages of lesion areas at the epi-
center of the mild, moderate, and severe SCI groups were
15.5+2.3%, 63.4+5.5%, and 91.5+ 1.9%, respectively (Fig. 5B;
all p<0.001 when they were compared with one another; n=8 in
each group; one-way ANOVA followed by Tukey’s post-hoc
analysis). Correlation analysis showed that the lesion area of in-
jured spinal cord at 6 weeks post-injury was negatively correlated
with the size of the motor map at that time point (R*=-0.85;
p<0.001; Fig. 5C). Results suggest that optogenetic motor map-
ping reflects the severity of chronic structural damage of the
spinal cord after SCI.

Different impairments of corticospinal tract and
rubrospinal tract in 6 weeks after spinal cord injury

To examine the damage of CST and RST caused by graded
contusive SCI and their potential correlation with motor map size,
we used FG to retrogradely label neurons in the motor cortex and
midbrain red nucleus in 6 weeks after SCI. In the uninjured motor
cortex, CST neurons that were labeled by FG were confined to layer
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V (Fig. 6A). SCI caused a dramatic loss of FG labeling in the motor
cortex, with only a few neurons labeled after mild SCI and no
neurons labeled after moderate or severe SCI (all p<0.001;
Fig. 6A,B). Correlation analysis showed that the number of FG-
labeled CST neurons at 6 weeks post-injury was not correlated with
motor map size (p>0.05, data not shown). In red nucleus of the
sham group, neurons labeled by FG were mostly located in the
caudal part of the magnocellular red nucleus (Fig. 6A). SCI caused
significant reductions of FG-labeled neurons in red nucleus in all
injured groups, with the mild SCI group having the most FG-
labeled neurons and the severe SCI group having the fewest
(Fig. 6A,C). Specifically, there were significant differences in
numbers of FG-labeled neurons in red nucleus between the mod-
erate or severe SCI group and the sham or mild SCI group (all
p<0.001) and between the moderate and severe SCI groups
(p<0.01; Fig. 6C). However, there was no significant difference in
FG-labeled neurons in red nucleus between the sham and mild SCI
groups (p>0.05; Fig. 6C). Correlation analysis showed that the
number of FG-labeled neurons in red nucleus at 6 weeks post-injury
were strongly and positively correlated with motor map size
(R*=0.82; p<0.001; Fig. 6D), suggesting that optogenetic motor
mapping reflects preservation of RST, but not CST, innervation
during chronic stage after contusive SCI.

Motor cortical stimulation activated more neurons
in red nucleus after spinal cord injury

Expression of c-Fos protein is associated with neural and be-
havioral activity in response to acute stimulation and is commonly

used as a marker of neuronal activation.’’ To evaluate potential
circuit reorganization from motor cortex to subcortical targets after
SCI, we prepared a moderate SCI group and a sham injury group of
ChR2 mice and used a miniature LED for optogenetic stimulation
of the motor cortex to examine c-Fos expression in motor cortex
and subcortical nuclei, including the red nucleus. In the motor
cortex, optogenetic stimulation resulted in significant increases in
density of c-Fos—positive cortical cells in both the sham and SCI
groups (Fig. 7A,B; both p <0.01 when compared with contralateral
sides of the sham and SCI groups, respectively). However, densities
of c-Fos—expressing neurons between the sham and SCI groups
after stimulation were similar (Fig. 7A,B; n=5 in each group;
p>0.05, one-way ANOVA followed by Tukey’s post-hoc test).

In the red nucleus, c-Fos—expressing neurons were located in
rostral and caudal parts of the nucleus. In contrast to results of the
motor corteX, optogenetic stimulation resulted in a higher density
of c-Fos—expressing neurons in the SCI group than that in the sham
group (Fig. 7C,D; p<0.05.). Results indicate enhanced functional
corticorubral connectivity in the red nucleus after moderate con-
tusive SCL.

Spinal cord injury caused denser corticorubral axons
and synapses in red nucleus

To determine structural plasticity of corticorubral pathway after
SCI, we simultaneously injected FG into the spinal cord for retrograde
labeling of rubrospinal neurons and BDA into the motor cortex for
anterograde tracing of corticorubral axons in the red nucleus after
injury. In comparison to the sham group, a higher density of axons
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was labeled by BDA in the red nucleus in the SCI group (Fig. 8A).
Relative fluorescence intensity of BDA-labeled axons in the red nu-
cleus was significantly higher in the SCI group than in the sham group
(Fig. 8B; 182.7£23.6 arbitrary units [AU] in the sham group vs.
409.4+41.3 AU in the SCI group; n=5; p<0.001, Student’s #-test).

To further determine whether corticorubral axons made more
synapses with rubrospinal neurons in the red nucleus after SCI, we
combined anterograde tracing of corticorubral axons and retro-
grade tracing of rubrospinal neurons with immunostaining of
synapse marker synaptophysin to analyze the number of putative
corticorubral synapses on the somata of red nucleus neurons. We
found that the number of triple-labeled putative synapses per FG-
positive cell in the moderate SCI group was significantly higher
than that of the sham group (4.25+0.69 in sham group vs.
11.78 £1.38 in SCI group; n=5; p<0.01; Fig. 9A,B).

Stronger corticorubral synaptic connection in spinal
cord injury mice in vivo

To determine whether increased corticorubral fibers and syn-
apses would result in a stronger synaptic connection between these
two structures, we made in vivo extracellular recordings at 6 weeks
after moderate SCI by stimulating motor cortex and recording in the
red nucleus. Focal electrical stimulation of the hindlimb region of
the motor cortex evoked, in the red nucleus, post-synaptic poten-
tials that were dependent on electrode depth and direction as well as
stimulus intensity (Fig. 10A,B). The threshold for inducing syn-
aptic response in the SCI group was significantly lower than that in

the sham group (Fig. 10B; 0.68 £0.04 and 0.29+0.01 mA for the
sham and SCI groups, respectively; n =5 for both groups; p <0.001,
Student’s #-test), and the response amplitude of the SCI group was
significantly larger than that of the sham group (Fig. 10C; 0.6 £0.03
and 0.76£0.02mV for the sham and SCI groups, respectively;
p<0.01). However, there was no significant difference in latency
period between the two groups (Fig. 10D; 4.5%+0.27 and
4.26£0.15 ms for the sham and SCI groups, respectively; p >0.05).
Results indicate that corticorubral projection makes stronger syn-
aptic coupling after SCI.

Discussion

In this study, we showed that graded contusive SCI caused dif-
ferent severities of structural damage of the spinal cord, loss of
corticorubrospinal projection, and impairment of motor function,
as revealed by tissue histology, tract tracing, and BMS, rota-rod,
and grid walk tests. All these changes were highly correlated with
map size of in vivo longitudinal optogenetic motor mapping, sug-
gesting that optogenetic motor mapping is sensitive and useful for
functional evaluation of impairment and plasticity of the spinal
cord after SCI. We also found that motor cortex after chronic SCI
made stronger functional connections with the red nucleus, which
was achieved by sending denser conticorubral axons and forming
more synapses onto rubrospinal neurons in the red nucleus. En-
hanced corticorubrospinal projection likely contributes to sponta-
neous motor functional recovery after contusive SCI.
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FIG. 6. Graded SCI had different impacts on cortico- and rubrospinal projections. (A) Representative fluorescence images showing
reduced number of neurons that were retrogradely labeled by FG in motor cortex (MC; top row) and red nucleus (RN; bottom row) at
6 weeks after mild, moderate, and severe SCI. Scale bar, 100 um. (B and C) Mean numbers of FG-labeled neurons in the motor cortex
(B) and magnocellular red nucleus (C) at 6 weeks after SCI in all groups. In the motor cortex (MC), even mild SCI caused almost
complete loss of retrogradely labeled CST neurons. In contrast, the numbers of FG-labeled neurons in the RN gradually decreased
with increasing severity of SCI. (D) There exists a strong negative correlation between motor map size at 6 weeks after surgery and
the number of neurons labeled by FG in red nucleus. **p <0.01; ***p <(0.001. CST, corticospinal tract; FG, Fluoro-Gold; SCI, spinal

cord injury.

In Thyl-ChR2-YFP transgenic mice, cortical layer V ChR2-
expressing neurons and their connected subcortical projections
(including CST and corticorubrospinal tract) can be activated with
blue light to evoke motor response and motor maps can be con-
structed based on the physical movement of a limb or evoked EMG
of a target muscle.'”'"?® We adapted a laser scanning photo-
stimulation system that was originally designed for glutamate un-
caging for in vivo motor mapping.‘%"32 The system used a pair of
galvanometer mirrors to quickly scan a rectangular area of
1.2x1.5mm with 300-um spacing under a 5 X objective (Fig. 1).
Because this scanning area only covered a portion of fore- or hin-
dlimb motor cortex, we made two medial-lateral rows of three
mapping areas each to cover a whole limb area and merged them

together to form a complete motor map. Motor maps generated this
way are comparable to optogenetic maps made by other labs and
motor maps generated with a cortical electrical stimulation tech-
nique.'®?%* Results of the optogenetic motor map in sham mice
had a similar size and pattern at different time points at 6 weeks,
supporting a good reliability of this technique in detecting a motor
map over time.

We found that longitudinal optogenetic mapping allows mea-
suring injury severity and dynamic recovery of descending motor
pathway after SCI. A previous study in rats established a rela-
tionship between SCI severity and preservation of axons and motor
function so that severer spinal cord contusion causes greater de-
crease in axon preservation and poorer motor function.* In our
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study, the immediate loss of cortical motor map induced by graded
contusive SCI was highly correlated with injury severity. The
changes in motor map size after contusive SCI were highly corre-
lated with the changes in motor performance assessed by the BMS
and rota-rod tests. A strong negative correlation was also found
between lesion area of injured spinal cord and motor map size at 6
weeks after SCI. Could neuronal death in the related brain struc-
tures contribute to the loss of motor map? Whereas some studies did
not find early death of cortico- and rubrospinal neurons after SCI,
others demonstrated early death of ~5% or fewer motor cortical
neurons and chronic degeneration (in 68 weeks) of as many as
51% rubrospinal neurons.**** Given the small percentage of cell
death in the motor cortex and late onset of degeneration in the red
nucleus, their contribution to motor map loss is likely small. Thus,
motor map loss can be mainly attributed to direct damage of SCI to
spinal cord motor tracts. These results support that optogenetic
motor mapping reflects severity of SCI and motor recovery; thus, it
can be used as a functional measurement for both structural and
functional impairment and plasticity during the acute and chronic
phases after contusive SCI.

The observed spontaneous functional recovery, particularly the
recovery of motor map, suggests likely plasticity and reorganiza-
tion of the motor pathway from the motor cortex to injured spinal
cord, which is known to be an important mechanism after SCI.55:1°
Both the CST and corticorubrospinal tract have a prominent role in
controlling voluntary skilled movements of limbs.?>**** In adult

mice, SCI that involves a lesion of dorsal column could damage up
t0 96% of CST fibers.'” Although preservation of dorsolateral CST
was found to contribute to spontaneous motor recovery after dorsal
column SCL,'7 our retrograde tracing results showed no FG-labeled
neurons in the motor cortex after moderate and severe contusive
SCI, suggesting that the CST was completely damaged in this
model and was unlikely to play a significant role in the observed
spontaneous functional recovery. Consistently, motor function af-
ter spinal cord contusion in rats was found to be highly correlated
with integrity of nonpyramidal tracts, particularly the rubrospinal,
vestibulospinal, and raphespinal tracts.>* Carmel and colleagues
found that motor functional recovery cannot be fully mediated by
spontaneous sprouting of the ipsilateral CST occurring after an
incomplete injury, and that corticorubral projections to the mag-
nocellular red nucleus occurring after motor cortex stimulation
could provide much help to restore motor function to the affected
limb after chronic CST injury.*> Therefore, spontaneous motor
recovery in moderate and severe SCI mice may be explained at
least partially by plasticity of spared corticorubrospinal pathway.
The corticorubrospinal tract is a corticofugal pathway that origi-
nates from the motor cortex and projects to the red nucleus and then
to the spinal cord.*>* The red nucleus consists of the parvocellular
red nucleus and magnocellular red nucleus. In rats, corticorubral
projection terminates within the parvocellular part of the red nucle-
us.*47 However, corticorubral projection in the parvocellular red
nucleus does not project to the spinal cord, whereas axons of the
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FIG. 10. Stronger corticorubral synaptic connection in red nucleus after moderate SCI. (A) Electrical stimulation of motor cortex
(arrows) at 2 x threshold level induced post-synaptic responses in red nucleus in both sham (top trace) and SCI (bottom trace) mice
in vivo, but response amplitude of the SCI mouse was higher than that of the sham-injured mouse. (B) Relationship between stimulating
currents and evoked corticorubral responses in sham and SCI mice. Responses at different stimulation intensities of SCI mice were
much larger than those of sham mice. (C-E) The threshold for inducing corticorubral response in the SCI group was significantly lower
(B, p<0.001, Student’s t-test) and the amplitude of the synaptic response was significant higher (C; p <0.01) than the sham group, but
there was no significant difference in the latency period between the two groups (D, p>0.05); n=35 mice for both groups. SCI, spinal

cord injury.

magnocellular red nucleus project down to the spinal cord and are
involve in the motor circuit.*® A relative paucity of cortical projec-
tions to the caudal magnocellular red nucleus was also shown in
normal North American opossums.*”*® In our study, increased cor-
ticorubral axons in the red nucleus in SCI mice suggest plasticity of
this pathway. More important, most BDA-positive corticorubral
axons were located at the caudal part of the magnocellular red nu-
cleus, where they co-localized with the rubrospinal neurons retro-
gradely labeled by FG (Figs. 6 and 7). Because synaptophysin is
specifically expressed in vesicles of pre-synaptic terminals and its
immunostaining detects both existing and new synapses,**>' the
increased number of synaptophysin-positive puncta on BDA-labled
axons suggests a possible increase in the number of putative corti-
corubral synapses in the red nucleus. Given that formation of new
synapses underlies behavioral improvement,>” an increase in corti-
corubral synapses on FG-labeled neurons in the red nucleus would
support functional recovery of the reorganized corticorubrospinal
tracts. Our electrophysiological recording data further demonstrated
that corticorubral connection after SCI has increased excitability and
efficacy, as indicated by the lower threshold and higher amplitude of
response, respectively (Fig. 10).

Because the RST was shown to originate from the caudal
magnocellular red nucleus,*® the increased corticorubral projection
to caudal magnocellular red nucleus may enhance the circuit from
the motor cortex to red nucleus and contribute to functional re-

covery. In support of this, enhancing corticorubral sprouting by
blocking myelin-associated neurite growth inhibitors was shown to
restore skilled forelimb use in a unilateral pyramidotomy model of
SCI in adult rats.>> In a unilateral ischemic stroke model, treat-
ment with human adult bone-marrow—derived somatic cells pro-
motes recovery of skilled forelimb motor function, which is
positively correlated with increased axonal outgrowth of the intact,
uninjured corticorubral tract.>® Conversely, partial recovery of
voluntary control of arm and foot in monkeys subjected to unilat-
eral CST lesion disappears when the red nucleus innervating the
affected side is lesioned.>*>> These findings support that sprouting
of the corticorubral tract may be an anatomical substrate for motor
functional recovery after cortical or spinal cord lesion. Con-
sistently, plasticity of rubrospinal projection after SCI has also
been demonstrated in a recent study showing sprouting of ru-
brofugal and -spinal projections and formation of a new circuit
between the red nucleus and the nucleus raphe magnus, which
are believed to contribute to functional recovery after bilateral
CST injury.” Whereas sprouting or de novo formation of other
subcortical motor pathways, such as those from the brainstem
nuclei, likely makes specific contributions,>™ an enhancement
of corticorubral and rubrospinal projections together makes a
stronger functional motor pathway, which may be a mechanism
for spontaneous recovery of motor map and motor function after
SCI in adult mice.
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In conclusion, we demonstrated that transcranial optogenetic
motor mapping is an efficient and sensitive technique for evaluating
structural and functional impairments and plasticity after different
severities of contusive SCI. Although contusive SCI in mice causes
severe damage of the dorsal CST, it enhances corticorubral pro-
jection and synaptic efficacy by increasing corticorubral fibers and
synapses that terminate in the caudal magnocellular red nucleus.
Such plasticity and reorganization of the corticorubral pathway
may contribute to spontaneous recoveries of motor circuits and
function after SCI.
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