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Within the perinatal stroke field, there is a need to establish preclinical models where putative biomarkers for motor function
can be examined. In a mouse model of perinatal stroke, we evaluated motor map size and movement latency following opto-
genetic cortical stimulation against three factors of post-stroke biomarker utility: (1) correlation to chronic impairment on a
behavioral test battery; (2) amenability to change using a skilled motor training paradigm; and (3) ability to distinguish indi-
viduals with potential to respond well to training. Thy1-ChR2-YFP mice received a photothrombotic stroke at postnatal day 7
and were evaluated on a battery of motor tests between days 59 and 70. Following a cranial window implant, mice underwent
longitudinal optogenetic motor mapping both before and after 3 weeks of skilled forelimb training. Map size and movement
latency of both hemispheres were positively correlated with impaired spontaneous forelimb use, whereas only ipsilesional
hemisphere map size was correlated with performance in skilled reaching. Map size and movement latency did not show
groupwise changes with training; however, mice with the smallest pretraining map sizes and worst impairments demonstrated
the greatest expansion of map size in response to skilled forelimb training. Overall, motor map size showed utility as a
potential biomarker for impairment and training-induced modulation in specific individuals. Future assessment of the predic-
tive capacity of post-stroke motor representations for behavioral outcome in animal models opens the possibility of dissecting
how plasticity mechanisms contribute to recovery following perinatal stroke.
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Significance Statement

We investigated the utility of two cortical motor representation measures (motor map size and movement onset latency) as
potential biomarkers for post-stroke motor recovery in a mouse model of perinatal stroke. Both motor map size and move-
ment latency were associated with functional recovery after perinatal stroke, with map size showing an additional association
between training responsiveness and severity of impairment. Overall, both motor map size and movement onset latency show
potential as neurophysiological correlates of recovery. As such, future studies of perinatal stroke rehabilitation and neuromo-
dulation should include these measures to help explain neurophysiological changes that might be occurring in response to
treatment.

Introduction
Perinatal stroke occurs in 1 in every 1100 births in Canada, and
is one of the leading causes of unilateral cerebral palsy and life-
long disability in children (Dunbar et al., 2020). The identifica-
tion of neural biomarkers and targets for neuromodulation of
perinatal stroke recovery has generated significant interest to not
only predict an individual’s potential for recovery, but also opti-
mize functional gains through personalized interventions and
providing measures for responsiveness to therapy (Bernhardt et
al., 2016; Boyd et al., 2017; Stinear et al., 2019; Dukelow and
Kirton, 2020). Unfortunately, predictors for this population are
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poorly defined. Mirror movements (Riddell et al., 2019) and
spectroscopic markers of brain metabolism (Carlson et al., 2017)
have been proposed as biomarkers for motor recovery; however,
motor-evoked potentials (MEPs) evoked by transcranial mag-
netic stimulation (TMS) consistently show the strongest relation-
ship to functional outcome (Eyre et al., 2007; Zewdie et al., 2017;
Kowalski et al., 2019). Whether there is a similar relationship
between MEPs and behavioral impairment in preclinical models
of perinatal stroke remains less clear but is important to define to
elucidate the mechanistic underpinnings of this relationship to
enhance recovery.

Preclinical models can mimic TMS and MEP measures using
intracortical microstimulation (ICMS), but with greater resolu-
tion so as to sample multiple movement sites. Such studies have
shown that disruption of the cortical motor map impaired skilled
movement following adult stroke (Kim et al., 2015, 2018;
Touvykine et al., 2016). In perinatal animals, localized motor
map disruptions dually ablate distal motor map areas and impair
motor performance (Kolb and Holmes, 1983; Williams et al.,
2006; Monfils et al., 2008). Additionally, unilateral ablations in
perinatal animals, but not adults, have also shown increased
aberrant contralesional corticospinal involvement (Castro, 1975;
Kartje-Tillotson et al., 1985). However, the longitudinal effects
on the motor maps remain unknown since ICMS is an invasive
method that requires terminal experiments that complicate mea-
surement of longitudinal changes in motor map responses within
animals (Lim et al., 2013).

Optogenetic stimulation (Ayling et al., 2009; Hira et al., 2009;
Silasi et al., 2013) can overcome the low spatial resolution of
TMS techniques (Vahabzadeh-Hagh et al., 2012; Boonzaier et al.,
2018), while also enabling the investigation of similar MEP pa-
rameters in mice to those that are predictive of functional out-
come in human stroke, such as cortical motor map area (Koski
et al., 2004) and motor conduction time (Heald et al., 1993).
Additionally, optogenetics allows multi-time point and bihemi-
spheric sampling through transcranial stimulation (Silasi et al.,
2016), thus eliminating the potential for inadvertent brain dam-
age during cranial window preparation or mapping. Multi-time
point sampling can be used to measure how a rehabilitation
strategy, such as skilled motor training, can change motor maps
and how these changes relate to functional outcome within the
same animal, which is lacking in the preclinical literature for
perinatal stroke. Conversely, bihemispheric motor maps allow
for the investigation of both contralateral and ipsilateral motor
pathways in relation to functional outcome of the contralesional
limb, as previously implicated in recovery from perinatal stroke
(Carr et al., 1993; Eyre et al., 2001; Staudt, 2007; Zewdie et al.,
2017).

The present study uses optogenetics-based motor mapping in
a mouse perinatal stroke model to address the following experi-
mental questions: (1) Are motor maps correlated with adult
impairment? (2) Can the maps be altered by skilled motor

training? (3) Does the initial behavioral impairment modulate
the degree to which these metrics can change in response to
training? If either motor map size or motor response latency ful-
fills these criteria, it suggests the suitability of these outcomes as
potential biomarkers as they are sensitive to stroke-induced
impairments, amenable to training-induced changes, and can
stratify animals that may have a greater potential to respond to
motor training. This would warrant further investigation in pre-
clinical development of prospective perinatal stroke rehabilita-
tion or neuromodulation therapies, which are already entering
Phase 3 trials in humans (Hilderley et al., 2019).

Materials and Methods
Experimental design
Male and female Thy1-ChR2-YFP mice (N= 39; 18 male, 21 female; B6.
Cg-Tg(Thy1-COP4/EYFP)18Gfng/J; 007612, The Jackson Laboratory)
were bred, housed, and tested in a 12 h light/12 h dark cycle. On post-
natal (P) day 7, 39 mice were randomly assigned to a stroke group
(n= 20) that received a photothrombotic induction of stroke in the pri-
mary motor cortex (M1), or the control sham group (n=19). The mice
were weaned, and as adults completed a battery of sensorimotor behav-
ioral tests from P59 to P70 (Fig. 1). Transcranial chronic windows were
surgically implanted at P77, followed by optogenetic motor mapping ses-
sions at two time points: pre- (P80) and post-training (P114). Single-pel-
let reach training was conducted at P90-P111 (Fig. 1). Sample sizes for
single-pellet-related measures were n= 28 of 39, because of exclusion of
animals that failed to acquire skilled reaching behaviors (n= 8; 5 stroke,
3 sham) and animals that died unexpectedly before the final mapping
session (n=3). Excluded animals did not engage in reaching behaviors
(i.e., forelimb did not reach through the slot) within the 3weeks of train-
ing. All experimental procedures were conducted in accordance with the
guidelines of the Canadian Council on Animal Care. Experimental pro-
tocols were approved by the University of Ottawa Animal Care
Committee.

Stroke induction
On P7 (day of birth was P1), mouse pups were briefly separated (1-2 h)
from the dam to undergo photothrombotic surgery (Maxwell and Dyck,
2005). We chose to induce stroke on P7, as it is roughly equivalent to
human development at the time of birth. Specifically, there are similar-
ities in the degree of cortical and striatal myelination, neuronal prolifera-
tion, and synaptic density (Hagberg et al., 1997; Clancy et al., 2001;
Cavarsan et al., 2019). Additionally, the motor tracts have descended
caudally by P7, but similarly to the neonatal human, the organization is
primarily bilateral (Joosten et al., 1987; Terashima, 1995; Gianino et al.,
1999; Hsu et al., 2006). This allows the potential for post-stroke contrale-
sional hemispheric rewiring, as has been previously demonstrated in the
clinical perinatal stroke population (Carr et al., 1993; Eyre et al., 2001).
Finally, previous studies have shown feasibility for inducing photo-
thrombosis in mice on P7 (Maxwell and Dyck, 2005; Brima et al., 2013).

Animals were anesthetized with inhalation of isoflurane (induction
4%, maintained at 2%; O2: 0.5 L/min), placed on a warming blanket (37°
C), and received a small midline scalp incision. A green laser (532nm,
1.5 mm diameter, 20 mW power) was positioned 5 cm above the skull
and aligned to M1 in the right hemisphere using stereotaxic coordinates

Figure 1. Experimental timeline. All time points are depicted as days since birth (P1).
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relative to bregma (coordinates: AP: 1.5 mm; ML: 1.0 mm). Craniotomy
before illumination was not necessary as the P7 skull is sufficiently trans-
lucent to pass green light. Mice were injected with Rose Bengal dye (0.1
ml/10 g body weight i.p. injection). After allowing 2min for the dye to
reach the brain, the laser was turned on for 6min. Sham animals under-
went identical surgical procedures, with laser illumination preceding
Rose Bengal injection. Although sham animals did not receive a photo-
thrombotic stroke, for ease of interpretation, the right and left hemi-
spheres are hereafter referred to in all animals (sham and stroke) as the
ipsilesional and contralesional hemispheres, respectively (Fig. 2D). After
photothrombosis, the incision was closed with horizontal mattress
sutures using 3–0 silk thread, and pups were returned to the dams.

Behavior testing
Cylinder. Mice were placed in a clear, hollow, Plexiglas cylinder

(10 cm diameter, 15 cm height) and allowed to explore the cylinder wall
until 25 rears occurred (Schallert et al., 2000; Fleming et al., 2004). The
placement of paws on the cylinder wall during rearing was filmed from
below using a Raspberry Pi camera (Raspberry Pi Foundation).

Contralesional paw preference during rearing behavior was quantified
with the following formula:

Contralesional PawPreference ¼
contralesional1

1
2
bilateral

total
� 100%

where contralesional is the number of times the animal used the con-
tralesional paw to contact the cylinder wall, bilateral is the number of
times both paws were used simultaneously, and total is the number of
times the mouse contacted the cylinder wall with any paw while
rearing.

Beam. A tapered beam (100 cm length, 3.5-0.5 cm width) with a
1.0 cm ledge was used to quantify paw placement accuracy during
walking (Schallert et al., 2002; Fleming et al., 2004). Whenever the
mouse stepped off the main level onto the depressed ledges, a foot
fault was recorded. The beam was marked in 1 cm intervals so that
the distance of the first foot fault could also be recorded. The mice
were trained/tested on the task for three trials a day over 5 d. An

Figure 2. A, Animals were anesthetized and head-fixed underneath the stereoscope lens/optogenetic rig. Limbs were allowed to hang freely, and wrists were affixed with wristbands
attached to accelerometers. B, Diagram of the intact-skull transcranial window implant in the sagittal plane. C, Representative image of laser stimulation matrix used to generate bihemispheric
motor maps. A, Anterior; P, posterior. *Bregma. D, Schematic of the injured/uninjured hemispheres and forelimbs. Created with BioRender (https://biorender.com/).
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individual trial was defined as a traversal of the full length of the
beam. Beam performance was filmed with a wide-angle Raspberry Pi
camera and analyzed for number of foot faults and distance to first
foot fault on days 4 and 5.

Adhesive removal. The adhesive removal test was used to detect sen-
sorimotor asymmetries (Bouet et al., 2009). A small piece of adhesive
tape (0.5 cm2) was adhered on glabrous skin in the center of both fore-
paws. The mice were then placed in a Plexiglas cylinder (10 cm diameter,
15 cm height) and filmed until both pieces of tape were removed from
the forepaws, or until the 2 min time limit was reached. The latency to
contact the forepaw with the mouth and remove the piece of tape from
the paw was determined from video recordings. If the adhesive tape was
not contacted or removed within the allotted time limit, then the mea-
sure was recorded as 120 s. All measures were averaged across 5 d of
testing.

Digigait. The Digigait treadmill (Mouse Specifics) was used to mea-
sure gait parameters during locomotion (Hampton et al., 2004). Animals
ran on the treadmill at a speed of 20 cm/s, 8° incline until a minimum of
3 s of steady and consistent gait was obtained. Videos were then analyzed
with Digigait software, which automatically identifies paw footprints and
calculates kinematics for 43 different gait parameters. However, not all
43 gait parameters were deemed to be clinically relevant to perinatal
stroke. Therefore, we chose to analyze a subset of the measures that have
been previously shown to be affected after perinatal stroke, including the
following: (1) swing time (i.e., the amount of time the limb is in the aerial
phase of the stride cycle) and %swing/stride (i.e., the proportion of the
stride cycle in which the limb is in the swing phase) (Wang and Wang,
2012); (2) propel time (i.e., the amount of time the limb is propelling
into the next step) and %propel/stride (Zwick et al., 2001); (3) stance
time (i.e., the amount of time the limb is spent standing), and associated
measures of %stance/stride and stance/swing ratio (i.e., the ratio between
the stance and swing durations) (Wang and Wang, 2012); (4) stride dura-
tion, or the amount of time required for a limb to undergo a full stride cycle
(Wang andWang, 2012); (5) stride length (the equivalent of a step length in
humans) (Bell et al., 2002); (6) stride frequency (or cadence) (Bell et al.,
2002; Wang andWang, 2012); and (7) paw angle (i.e., the degree of external
rotation of the paw during a step) and associated measure of paw angle vari-
ability (Wren et al., 2005; Rethlefsen and Kay, 2013).

Single-pellet reaching. The single-pellet reaching task was dually used
as a quantitative measure of skilled forelimb function and motor skill
training (Farr and Whishaw, 2002). Mice were placed in Plexiglas testing
boxes (19.5 cm length, 8 cm width, 20 cm height) and underwent daily
training to reach and grasp a millet seed pellet through a 1-cm-wide slot
with the contralesional limb. The training period lasted 3weeks (6 d/
wk), where sessions involved 10min of reaching or a maximum of 30 tri-
als, whichever was achieved first. A trial was defined as the period of
time encompassing all movements of the forelimb through the reaching
slot from the initial placement of a millet seed until that seed had either
been displaced (through knocking it away or retrieval) or the mouse
abandoned the seed by moving toward the back wall of the testing box.
Mice were food restricted during training (80% pretraining weight) to
encourage reaching. Mice were filmed using a Raspberry Pi camera and
scored on all days of training; however, the final 3 d of testing were also
pooled to calculate the following metrics of post-training performance as
follows:

Overall success rate was calculated as follows:

Overall Success Rate ¼ successful trials
successful1 unsuccessful trials

� 100%

Where successful trials were those where the mouse successfully
grasped the pellet and brought it through the slot to its mouth (regard-
less of the number of forelimb extensions required to do so).
Unsuccessful trials were those where the mouse displaced the pellet from
the well in which it was placed without retrieving it, or where the mouse
made attempts to retrieve the pellet without displacing it and abandoned
the trial by moving to the back of the testing chamber with the pellet still
in place.

Average number of reach attempts was calculated as follows:

attempts=success ¼ R reach attempts to successfully complete trialð Þ
successful trials

Where a reach attempt was defined as any extension of the arm
through the reaching slot during a trial. All animals that engaged with
the task (i.e., those that successfully acquired the reaching behavior)
were able to achieve at least one successful trial by the last 3 d.

First-attempt success rate was calculated as follows:

First � attempt Success Rate

¼ successful trials with only 1 reach attempt
successful1 unsuccessful trials

� 100%

Each metric provided unique information regarding how mice in
each group performed the single-pellet task. Overall success rate pro-
vided a measure of ability to eventually retrieve the pellet, regardless of
the effort required. This is contrasted by first-attempt success rate, which
is a measure of ability to retrieve the pellet with a single, high-accuracy,
movement. Average number of reach attempts is related to first-attempt
success rate (as an animal with a high number of average attempts must
necessarily have a lower first-attempt success rate) but provides addi-
tional information regarding the amount of effort required for the
mouse to achieve their “overall success rate.”

Chronic window implantation
Chronic transcranial windows were prepared as previously described
(Silasi et al., 2016). Briefly, animals were anesthetized, injected with
meloxicam (5mg/kg, s.c.), and the surgical area cleaned. An incision
along the midline of the scalp was made, and the skin was cut away to
expose the surface of the skull from l to ;3 mm anterior to bregma.
The skull was then cleaned of hair and fascia and affixed with a circular
glass coverslip (Ted Parker; product #260368, 10 mm diameter) using
clear-drying dental cement (Parkell; product: C&B Metabond, SKU:
S380) (Fig. 2B). A small screw (McMaster-Carr; product #94355A216)
for head fixation during cortical stimulation procedures was then placed
on the surface of the skull with additional dental cement (AP: �5.0 mm;
ML: 0.0 mm).

Motor mapping
Following chronic window implantation, mice underwent two sessions
of cortical motor mapping, as previously described (Silasi et al., 2013).
For each session, mice were anesthetized with a subcutaneous injection
of a ketamine (75mg/kg) and xylazine (4mg/kg) cocktail. Top-ups of
the cocktail (ketamine: 35mg/kg; xylazine: 2mg/kg, s.c.) were provided
as needed. Animal body temperature was maintained at 37°C with a
homeothermic heating pad. Mice were affixed to an automated motor
mapping macroscope (LabeoTech) that directed a 50mm beam of
473 nm laser light to individual points across both hemispheres in a ran-
dom grid pattern. Forelimb movements were recorded with accelerome-
ters affixed to the wrists of both forelimbs (Fig. 2A). The minimum laser
power required to evoke a limb movement (i.e., resting motor threshold
[RMT]) was first obtained in the “hotspot” of the motor maps, where
there was greatest sensitivity to light stimulation. In the sham animals,
this was achieved by sampling both hemispheres by manually stimulat-
ing a 0.5� 0.5 mm area around the coordinates AP: 0.5 mm, ML: 61.0
mm relative to bregma. In the stroke animals, the RMT was established
only in the uninjured hemispheres, as perilesional tissue was often unre-
sponsive. The site of largest evoked movement was determined from this
reduced map, and thresholding was calculated relative to this point using
the following procedure. Laser duration was set to 5ms, and laser power
was increased at 5%-10% intervals (starting at 20% maximum power;
12.5 mW) until movement was visually observed in the real-time accel-
erometer voltage trace. Once movement was consistently obtained, laser
power was subsequently decreased by 2% intervals until the movement
disappeared, and the RMT was set at the last interval that evoked move-
ment. To collect the full maps, a matrix of stimulation points was
selected over the cortical surface as shown in Figure 2C (300mm spacing
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between each point extending from ;AP63.5 mm to;ML64.5 mm)
and stimulated in a random order at 150% of the RMT with an intersti-
mulus interval of 0.5 s. All stimulation points within an animal in both
hemispheres used the same 150% RMT value, but each animal had its
own unique value for RMT. Motor maps were thus bihemispheric repre-
sentations (i.e., over both the ipsilesional and contralesional hemi-
spheres) of the contralesional (injured) limb (Fig. 2D).

Motor maps were analyzed with custom MATLAB code (The
MathWorks). Evoked accelerometer signals were digitized and summed
across all three axes to quantify peak movement deflection/amplitude
(Fig. 3A). To eliminate breathing and movement artifacts, only
responses with amplitudes that exceeded 9 times the SD of the 100ms

prestimulus period were considered light-
evoked movements (Fig. 3A). Map size was
calculated as the absolute number of active
pixels (i.e., stimulation points that evoked
movement). Motor response latency was
determined as the amount of time between
light stimulation and when a movement trace
exceeded the 9 SD threshold. Maps were then
thresholded to exclude movement sites with
latencies ,13ms and .40 ms as determined
from latency measurements from previous
optogenetic mapping studies (Ayling et al.,
2009; Hira et al., 2009; Harrison et al., 2012).
Individual latencies from each hemisphere in
each animal (Fig. 3B) were pooled and plotted
as cumulative frequency distributions (Fig.
3C, left). In order to calculate the delay or
reduction in motor response latencies, area
under the curve (AUC) of latency distribu-
tions was calculated for each animal whereby
faster motor response latency distributions
corresponded to larger AUCs, and slower dis-
tributions corresponded to smaller AUCs
(Fig. 3C, right). In 9 of 20 stroke animals,
there were fewer than three movement sites;
therefore, movement latency AUC was
recorded as 0. Post–single-pellet change in
map size and movement latency AUC was cal-
culated as the difference between the before
and after single-pellet time points, then di-
vided by the pre–single-pellet value.

Euthanasia and histology
On the day following the last cortical imaging
session, animals were deeply anesthetized and
transcardially perfused with PBS (7 ml/min for
6min) and 10% neutral buffered formalin (7
ml/min for 10min). Brains were removed and
postfixed at 4°C for a minimum of 24 h in for-
malin, then cryoprotected in 30% sucrose in
PBS until saturated. Subsequently, brains were
frozen at �80°C, then mounted and cryo-sec-
tioned at 50mm in�22°C. Every second coronal
section spanning from the base of the olfactory
bulb (AP: 3.4 mm) to the back of the hippocam-
pus (AP: �2.6 mm) was mounted on 1% gela-
tin-coated slides and stained with cresyl violet.

Cresyl violet-stained slides were imaged
on a flatbed scanner (Canon 9000F MKII
Flatbed Scanner) at a resolution of 1200dpi.
For each brain section, the area of intact tissue
of both hemispheres was manually outlined
and measured using ImageJ. The total infarct
volume was calculated as the difference
between the hemispheric volumes as follows:

R Contralesional� Ipsilesionalð Þð
� distance 1 thicknessÞ

Where contralesional is the area of the contralesional hemisphere in
each section, ipsilesional is the area of the ipsilesional hemisphere, distance
is the distance between each section, and thickness is the thickness of each
slice. Corresponding volumes were then summed across all sectioned slices.

Statistical analysis
Behavioral, histologic, and mapping data were expressed as mean 6
SEM. All analyses were performed using SPSS (IBM) and GraphPad
Prism 6.

Figure 3. A, Prestimulus baseline movement (purple) was collected 100 ms before laser onset (blue arrow). Following laser
stimulation, only movements with amplitudes which (1) occurred within 250 ms following laser onset and (2) exceeded 9 SDs
of baseline movement amplitude (orange box) were included. Movement latency (green) refers to the amount of time elapsed
for a movement to reach the 9 SD threshold, and peak amplitude (maroon) refers to the maximum accelerometer deflection.
B, Diagram showing raw latency maps from the left hemisphere of 2 representative sham animals, where each colored cell rep-
resents a movement site, and the numbers represent latencies. Latency maps were converted to cumulative distributions in C.
Individual maps are matched to corresponding traces based on color. Red asterisk indicates bregma. A, Anterior; P, posterior;
M, medial; L, lateral. C, Diagram represents calculation (left) and interpretation (right) of AUC measurements cumulative la-
tency distributions from 2 representative sham animals in B.

Zhang et al. · Motor Maps and Perinatal Stroke J. Neurosci., July 14, 2021 • 41(28):6157–6172 • 6161



Unpaired t tests for sham versus stroke groups
were used for the following analyses: (1) lesion vol-
ume, (2) cylinder test – paw preference during rear-
ing, (3) adhesive removal test – contact and removal
times for both limbs, (4) tapered beam – distance to
first foot fault, (5) latency AUC, and (6) RMT. A
mixed repeated-measures ANOVA was used for the
remainder of the behavioral test measures (tapered
beam, Digigait, and single-pellet learning curve), and
motor map measures (size and pre– vs post–single-
pellet analysis). Sidak-corrected t tests were used for
post hoc analysis with a = 0.05 to determine statisti-
cal significance. For all of the above repeated-meas-
ures ANOVAs, the between-subject factor was
treatment (stroke vs sham). The within-subject fac-
tors for Digigait, tapered beam (number of foot
faults), single-pellet learning curve, map size, and
pre- versus post–single-pelleting reaching maps were
as follows: (1) contralesional/ipsilesional side and
forelimb/hindlimb, (2) contralesional/ipsilesional
side, (3) days elapsed, (4) and (5) hemisphere (con-
tralesional vs ipsilesional), and (6) time (pre vs post),
respectively. Pearson’s correlations were used to cor-
relate (1) behavioral outcomes with motor map size
and movement latency AUC, (2) post–single-pellet
change in map size and movement latency AUC
with pre–single-pellet map size and latency AUC,
and (3) post–single-pellet change in map size and la-
tency AUC with average number of reach attempts required during the
single-pellet task.

Results
Perinatal photothrombosis induces stroke in the motor
cortex and striatum
Induction of a photothrombotic stroke on P7 produced a mean
lesion volume of 14.16 2.2 mm3 when quantified at study end-
point (when mice were mature adults, 16weeks of age) (Fig. 4A).
Visual inspection of histologic sections confirmed that even the
smallest lesions extended through all cortical layers (Fig. 4B).
The majority of animals (15 of 20) also displayed damage within
the corpus callosum extending into the dorsal striatum (Fig. 4C).

Perinatal stroke reduces motor map size and movement
latency AUC in both hemispheres
Using optogenetic stimulation of the motor cortex, we generated
bihemispheric cortical motor maps for the contralesional limb
from both sham and stroke animals (Fig. 5A). RMT was not sig-
nificantly different between the sham and stroke groups (Table
1; t(37) = �1.021, p=0.315). Furthermore, RMT was not corre-
lated with lesion volume or map size (p. 0.05). RMT was signif-
icantly negatively correlated with latency AUC in both the
contralesional (Table 2; R = �0.39, p= 0.015) and ipsilesional
hemispheres (Table 2; R = �0.54, p= 0.0004), meaning that ani-
mals that displayed higher RMTs also had a longer movement la-
tency when stimulated.

Map size (as quantified by the number of movement sites)
was reduced by 81% in the ipsilesional hemisphere of stroke ani-
mals relative to shams (Fig. 5B; stroke: 18.56 6.08 pixels, sham:
99.36 8.05 pixels). In the opposite, contralesional hemisphere,
map size was reduced by 54% in the stroke group (Fig. 5B; stroke:
46.56 8.05 pixels, sham: 100.26 8.23 pixels). A two-way
repeated-measures ANOVA showed a main effect of stroke on
motor map size (F(1,37) = 10.7, p= 0.002). Sidak’s post hoc tests
further showed that this effect was maintained over both the ipsi-
lesional (p, 0.001) and contralesional hemispheres (p, 0.001).

Additionally, within the stroke group, the map size in the ipsile-
sional hemisphere was significantly smaller than that of the con-
tralesional hemisphere (p, 0.001, Sidak’s test), whereas there
was no difference in the sham group (p= 0.87, Sidak’s test). A
significant negative correlation between lesion volume and map
size in the ipsilesional hemisphere was observed (Table 2; R =
�0.47, p=0.039), but not between lesion volume and latency
AUC (Table 2; R =�0.37, p=0.11).

Animals with a stroke had significantly longer latencies to
evoke movement, as shown by a reduction in the area under the
cumulative distribution curves (AUC) (Fig. 5C; F(1,37) = 4.51,
p= 0.04). Specifically, in the ipsilesional hemisphere, the move-
ment latency AUC was reduced by 49% in the stroke group (Fig.
5D; stroke: 7.06 1.16; p, 0.001, sham: 13.76 1.19, Sidak’s test).
In the contralesional hemisphere, the latency AUC was reduced
by 26% (Fig. 5D; stroke: 10.16 0.82, sham: 13.66 0.84;
p= 0.005, Sidak’s test). Within the stroke group, there was also a
significant reduction in movement latency AUC in the ipsile-
sional versus contralesional hemisphere (p= 0.005, Sidak’s test),
whereas the sham animals showed no difference between hemi-
spheres (p= 0.931, Sidak’s test).

Together, these results show that P7 stroke significantly
reduced cortical movement representation of the impaired limb
in both hemispheres, with the majority of movement sites origi-
nating from the contralesional hemisphere. Degree of map
reduction in the ipsilesional hemisphere was correlated with the
size of the lesion. In addition, the latency of the evoked move-
ments from either hemisphere was significantly longer in stroke
compared with sham mice, with the contralesional hemisphere
evoking the shortest latency movements of the impaired limb fol-
lowing stroke.

Pretraining motor map size, movement latency AUC, and
lesion volume correlate with spontaneous limb use and
skilled reaching
In the cylinder task (Fig. 6A), there was no significant decrease
in preference for the contralesional limb in stroke animals during
rearing behaviors (Fig. 6B; sham: 53.56 2.9%, stroke:

Figure 4. A, Lesion volumes in stroke animals. Data are mean6 SEM. Sample size: n= 20. B, Representative coro-
nal image of the largest (light gray, 34.6 mm3), mean (dark gray, 14.1 mm3), and smallest (black, 1.0 mm3) lesion vol-
umes after P7 PT stroke, where the smallest lesion extended through all layers of the cortex. C, Representative cresyl
violet series from a stroke animal with a lesion volume of 20.0 mm3. Sections correspond to the following AP coordi-
nates: 2.8, 1.5,�0.1, and�0.7 mm.
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46.16 3.0%; t(37) = 1.78, p=0.083, unpaired t test). There was a
significant positive correlation between contralesional limb pref-
erence on the cylinder test and map size in the combined sham
and stroke groups for both the contralesional (Fig. 6C; R2 = 0.25,
p=0.0011) and ipsilesional hemisphere (Fig. 6D; R2 = 0.13,
p=0.026). When the sham and stroke groups were considered
separately, there was a significant correlation for the sham group
in the contralesional (R2 = 0.21, p= 0.050), but not ipsilesional
hemisphere (R2 = 0.053, p= 0.34). For the stroke group alone,
use of the contralesional limb and map size were not correlated
in either the contralesional (R2 = 0.18, p= 0.062) or ipsilesional
hemispheres (R2 = 0.077, p=0.24). Similarly, movement latency
AUC was positively correlated with contralesional preference in
both hemispheres (Fig. 6E,F; contralesional hemisphere: R2 =

0.19, p=0.005, ipsilesional hemisphere: R2 = 0.11, p= 0.037).
However, no significant correlations were observed in either
hemisphere when the sham and stroke groups were considered
separately (p. 0.050). Overall, these data suggest that the greater
the map size and shorter the movement latency in both hemi-
spheres, the greater the preference for the contralesional limb.

In the single-pellet reaching task (Fig. 7A), there was no sig-
nificant difference between stroke versus sham in the number of
successful trials on any one of the 18d of training (Fig. 7B;
F(1,468) = 3.20, p=0.074). There was also no difference between
the sham or stroke groups in overall success rate (Fig. 7C; sham:
31.86 4.31%, stroke: 30.06 4.56%; t(26) = 0.283, p= 0.78,
unpaired t test). However, there was a significant decrease in
first-attempt success rate (Fig. 7D; sham: 22.76 4.05, stroke:

Figure 5. A, Representative cortical motor maps of the contralesional forelimb from a sham (left; contralesional map size: 165 pixels, ipsilesional map size: 114 pixels) and stroke (right; con-
tralesional map size: 47 pixels, ipsilesional map size: 10 pixels) animal. Colored pixels represent stimulation points which evoked forelimb movement, with brighter pixels representing larger
movements. Red asterisk indicates bregma. A, Anterior; P, posterior. B, Contralesional forelimb map size was significantly reduced in both the contralesional and ipsilesional hemispheres in
stroke (gray bars) versus sham animals (white bars). C, Cumulative frequency distributions for contralesional forelimb movement latencies in both stroke (pink lines) and sham (blue lines) ani-
mals from the contralesional (left) and ipsilesional (right) hemispheres. D, Similarly, area under latency distribution curves was significantly reduced in stroke (gray bars) versus sham animals
(white bars) in both hemispheres. Sham (n= 19), stroke (n= 20). Data are mean6 SEM. *p, 0.05.
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Table 1. Adhesive, tapered beam, and Digigait behavioral tasks and RMT of motor mapsa

Outcome measures Sham Stroke p

RMT (%) 20.36 1.86 23.86 2.91 0.32
Adhesive Contralesional contact (s) 22.76 4.9 27.16 4.9 0.53

Contralesional removal (s) 30.36 5.3 44.36 5.9 0.09
Ipsilesional contact (s) 25.26 5.1 25.96 5.4 0.09
Ipsilesional removal (s) 34.16 6.2 37.66 5.8 0.41

Tapered beam Contralesional foot fault (no.) 9.126 1.91 7.896 1.86 0.65
Ipsilesional foot fault (no.) 5.476 1.02 6.936 0.99 0.31
Distance to first foot fault (cm) 47.56 4.47 41.86 4.11 0.36

Digigait
Contralesional side Ipsilesional side

Sham Stroke Sham Stroke

Swing (s) 0.126 0.004 0.126 0.004 0.116 0.003 0.126 0.003 0.267
% Swing/stride (ratio) 37.456 0.59 39.166 0.82 36.546 0.42* 39.156 0.58* 0.001
Propel (s) 0.136 0.003 0.126 0.002 0.126 0.002* 0.116 0.003* 0.007
% Propel/stride (ratio) 41.566 0.94 40.246 0.81 40.586 0.71* 37.906 0.70* 0.007
Stance (s) 0.196 0.004 0.186 0.003 0.206 0.004* 0.186 0.003* 0.019
% Stance/stride (ratio) 62.556 0.59 60.846 0.82 63.466 0.42* 60.856 0.58* 0.001
% Stance/swing (ratio) 1.716 0.05 1.596 0.05 1.786 0.03* 1.576 0.04* 0.003
Stride (s) 0.316 0.01 0.306 0.01 0.316 0.01 0.306 0.01 0.416
Stride length (cm) 6.216 0.15 6.056 0.12 6.206 0.13 6.056 0.12 0.261
Stride frequency (stride/s) 3.336 0.09 3.406 0.07 3.346 0.08 3.396 0.07 0.318

Forelimb Hindlimb

Sham Stroke Sham Stroke

Paw angle (degrees) 12.226 0.78 12.466 0.83 10.936 0.83 11.386 1.00 0.227
Paw angle variability 5.686 0.26* 6.686 0.40* 6.926 0.39 7.526 0.41 0.038

a Sham (n= 19), stroke (n= 20). Data are mean 6 SEM.
*p, 0.05.

Table 2. Contralesional map size, latency AUC, and lesion volume correlationsa

Outcome measure

Contralesional hemisphere R (p) Ipsilesional hemisphere R (p)

Map size (pixels) Latency (AUC) Map size (pixels) Latency (AUC) Lesion volume (mm3)

Cylinder Contralesional preference (%) 0.50 (0.0011)* 0.44 (0.0050)* 0.36 (0.026)* 0.33 (0.037)* �0.30 (0.20)
Single-pellet Overall success rate (%) �0.047 (0.81) 0.073 (0.71) �0.10 (0.62) 0.11 (0.57) �0.26 (0.40)

First-attempt success rate (%) 0.013 (0.95) 0.13 (0.50) 0.22 (0.27) 0.26 (0.18) �0.47 (0.11)
Reach attempts per successful trial (no.) �0.20 (0.32) �0.030 (0.39) �0.50 (0.012)* �0.33 (0.097) 0.61 (0.036)*

Adhesive Contralesional contact (s) �0.093 (0.57) �0.083 (0.62) 0.0075 (0.96) �0.040 (0.81) �0.40 (0.082)
Contralesional removal (s) �0.21 (0.20) �0.16 (0.33) �0.14 (0.39) �0.26 (0.11) �0.32 (0.17)
Ipsilesional contact (s) 0.015 (0.93) 0.0087 (0.96) 0.070 (0.67) �0.018 (0.91) �0.34 (0.15)
Ipsilesional removal (s) 0.14 (0.39) 0.13 (0.44) 0.068 (0.68) 0.017 (0.92) �0.37 (0.11)

Tapered beam Contralesional foot fault (no.) 0.15 (0.36) 0.11 (0.52) 0.29 (0.070) 0.16 (0.33) 0.34 (0.14)
Ipsilesional foot fault (no.) 0.15 (0.37) 0.077 (0.64) 0.29 (0.071) 0.10 (0.54) �0.30 (0.20)
Distance to first foot fault (cm) �0.11 (0.51) �0.091 (0.58) �0.25 (0.13) �0.048 (0.77) �0.34 (0.15)

Digigait Contralesional:ipsilesional
Swing (s) 0.15 (0.36) 0.11 (0.52) 0.29 (0.070) 0.16 (0.33) �0.69 (0.77)
% Swing/stride (ratio) 0.15 (0.37) 0.077 (0.64) 0.29 (0.071) 0.10 (0.54) 0.075 (0.75)
Propel (s) �0.11 (0.51) �0.091 (0.58) �0.25 (0.13) �0.048 (0.77) 0.29 (0.22)
% Propel/stride (ratio) �0.13 (0.43) �0.13 (0.43) �0.29 (0.076) �0.12 (0.48) 0.34 (0.14)
Stance (s) �0.085 (0.61) �0.031 (0.85) �0.18 (0.28) �0.0015 (0.99) �0.21 (0.37)
% Stance/stride (ratio) �0.15 (0.37) �0.10 (0.53) �0.29 (0.077) �0.12 (0.47) �0.042 (0.86)
% Stance/swing (ratio) �0.19 (0.24) �0.14 (0.41) �0.32 (0.045)* �0.13 (0.44) �0.071 (0.77)
Stride (s) 0.058 (0.73) 0.088 (0.59) 0.11 (0.51) 0.16 (0.32) �0.26 (0.28)
Stride length (cm) 0.057 (0.73) 0.10 (0.55) 0.12 (0.47) 0.19 (0.24) �0.28 (0.24)
Stride frequency (stride/s) �0.16 (0.34) �0.075 (0.65) �0.21 (0.20) �0.18 (0.27) 0.21 (0.37)
Forelimb:hindlimb
Paw angle (degrees) �0.11 (0.49) �0.065 (0.69) �0.067 (0.68) �0.20 (0.22) 0.042 (0.86)
Paw angle variability �0.21 (0.21) �0.32 (0.046)* �0.12 (0.46) �0.35 (0.031)* 0.035 (0.88)

Other Lesion volume (mm3) �0.27 (0.24) 0.023 (0.92) �0.47 (0.039)* �0.37 (0.11) NA
RMT (%) �0.18 (0.28) �0.39 (0.015)* �0.19 (0.25) �0.54 (0.0004)* 0.015 (0.95)

aMap size and latency correlations (N= 39; 19 sham, 20 stroke). Lesion volume correlations (stroke group only): non–single-pellet measures (n= 20), single-pellet measures (n= 13).
*p, 0.05.
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11.66 3.32; t(26) = 2.08, p=0.047, unpaired t test) and a corre-
sponding increase in the average number of reaching attempts
per successful trial in the stroke animals (2.526 0.24) versus
sham animals (1.686 1.36) (Fig. 7E; t(26) = 3.17, p=0.0040,
unpaired t test). Map size and movement latency AUC were not
significantly correlated with either overall or first-attempt suc-
cess rate (Table 2, p. 0.05). Smaller map size was significantly
correlated with greater average number of reaching attempts in
the ipsilesional, but not contralesional, hemisphere for the com-
bined sham and stroke groups (Fig. 7F,G; contralesional hemi-
sphere: R2 = 0.039, p= 0.32, ipsilesional hemisphere: R2 = 0.24,
p=0.012). When considered separately, neither the sham nor
stroke groups showed a significant correlation between average
number of reaching attempts and map size in the contralesional
hemisphere (p. 0.05). However, although the sham group also
showed no significant correlation in the ipsilesional hemisphere
(R2 = 0.0069, p=0.77), the stroke group retained their significant
correlation between average number of reach attempts and map

size (R2 = 0.37, p=0.036). Movement latency
AUC was not significantly correlated with av-
erage number of reach attempts in either
hemisphere for the combined sham and
stroke groups (Fig. 7H,I; contralesional hemi-
sphere: R2 = 0.030, p= 0.39, ipsilesional hemi-
sphere: R2 = 0.11, p= 0.097). Furthermore,
there were no significant correlations between
these variables when the sham and stroke
groups were considered separately for either
hemisphere (p. 0.05). These results show
that the ipsilesional motor map size is the
strongest correlate to skilled forelimb use,
where the greater the map size in the ipsile-
sional hemisphere, the fewer number of reach
attempts required to successfully complete
the trial.

The remaining behavioral tasks (adhesive
removal test, tapered beam) showed no sig-
nificant differences between stroke versus
sham animals (Table 1). In the Digigait test,
sham differed from stroke animals on the
ipsilesional side and in the forelimbs in a clus-
ter of gait parameters (Table 1). However,
there was no significant correlation between
any measure of the adhesive removal test or
tapered beam with map size and/or latency,
with only 3 of 48 significant correlations in
the Digigait test (Table 2). Additionally, there
were no significant correlations between
lesion volume and any behavioral outcome,
except the average number of reach attempts
per successful trial in the single-pellet task
(Table 2; R=0.61, p= 0.036), where the larger
the lesion volume, the greater the number of
reach attempts required to successfully
retrieve a pellet.

Skilled motor training did not result in
expansions to motor map size or
reductions in motor response latency
Quantification of motor map size before
and after 3 weeks of single-pellet training
for 30 trials per day showed that in the
contralesional hemisphere, there was no
significant interaction between time (pre-

training vs post-training) and stroke (F(1,26) = 1.25, p =
0.27, two-way repeated-measures ANOVA). Between pre–
versus post–single-pellet training, there was no significant
difference in either the sham (pre: 93.06 8.99 pixels, post:
92.66 8.57 pixels; p = 0.97, Sidak’s test) or stroke groups
(pre: 58.26 9.65 pixels, post: 75.26 9.20 pixels; p = 0.148,
Sidak’s test) (Fig. 8A). Before training, there was a signifi-
cant reduction in contralesional hemisphere map size in
the stroke compared with sham animals (p = 0.014, Sidak’s
test); however, this effect was not present post-training
(p = 0.179, Sidak’s test) (Fig. 8A). In contrast, in the ipsile-
sional hemisphere, there was a significant reduction in
map size in stroke versus sham at both the pre– (stroke:
27.26 7.66, sham: 94.076 7.13, p, 0.001) and post–sin-
gle-pellet time point (stroke: 38.86 10.8, sham: 80.66
10.1, p = 0.009) (Fig. 8B).

Figure 6. A, Diagram of cylinder task. B, Stroke (gray bars) was not significantly different compared with sham (white
bars) in contralesional forelimb preference during rearing behavior of the cylinder task. C-F, Both contralesional forelimb
map size and movement latency AUC were significantly correlated with contralesional forelimb use during the cylinder
task in both hemispheres. Sham (n= 19), stroke (n= 20). Data are mean 6 SEM. *p, 0.05. Created with BioRender
(https://biorender.com/).
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There was no significant interaction
between time and stroke in movement la-
tency AUC of the contralesional hemisphere
(F(1,26) = 0.011, p= 0.92, two-way repeated-
measures ANOVA). Moreover, there were no
post hoc differences between time points in
either the sham (pre: 13.56 0.76, post:
13.56 0.71, p= 0.99, Sidak’s test) or stroke
animals (pre: 11.66 0.81, post: 11.56 0.76,
p=0.90, Sidak’s test) (Fig. 8C). In the ipsile-
sional hemisphere, there was no significant
interaction between time and stroke (F(1,26) =
0.48, p= 0.49, two-way repeated-measures
ANOVA). Sidak’s post hoc tests showed no
significant difference between time points in
either the sham (pre: 13.36 1.21, post:
15.46 1.10, p= 0.094) or stroke animals (pre:
9.806 1.30, post: 10.76 1.18, p=0.51) (Fig.
8D). However, there was a between-group
difference in sham versus strokes at the post-
training time point (p=0.007, Sidak’s test).
Specifically, the latency of the evoked move-
ments from the injured hemisphere after skilled
training was significantly longer in stroke mice
relative to shams.

Together, these data indicate that the
significant loss of contralesional forelimb
movement representation within the con-
tralesional hemisphere is no longer detectable
following skilled reach training. Contrastingly,
latencies of evoked movements were still signif-
icantly longer in stroke animals relative to
shams post-training.

Change in map size, but not movement
latency AUC, is associated with motor
impairment
In both the contralesional and ipsilesional
hemisphere, there was a significant negative
correlation between the change in map size
between before and after single-pellet with
the pre–single-pellet map size, with larger
changes in map size being associated with
smaller pre–single-pellet map size (Fig. 9A,B;
contralesional: R2 = 0.29, p= 0.0029; ipsile-
sional: R2 = 0.23, p=0.012). Similarly, in both
hemispheres larger post–single-pellet change
in movement latency AUC was significantly
correlated with smaller pre–single-pellet
movement latency AUC (Fig. 9C,D; contrale-
sional: R2 = 0.42, p=0.00020; ipsilesional: R2

= 0.28, p=0.0070). These effects indicated
that smaller initial map sizes and slower ini-
tial response latencies were associated with greater expansions in
map size and reductions in movement latency following skilled
motor training.

Change in map size was also significantly positively correlated
with number of reaching attempts in both hemispheres (Fig. 9E,
F; contralesional: R2 = 0.23, p=0.012; ipsilesional: R2 = 0.38,
p=0.0011). However, change in movement latency AUC was
not correlated with reaching attempts in either hemisphere (Fig.
9G,H; contralesional: R2 = 0.069, p= 0.19; ipsilesional: R2 =
0.021, p=0.49). This indicated that more severe impairment in

skilled reaching was associated with greater expansions in map
size, in the absence of changes in response latency following
skilled motor training.

Discussion
Perinatal stroke disrupts motor map size and motor
response latency of the contralesional limb in bihemispheric
motor representations
MEPs are one of the biomarkers with the strongest evidence for
predicting post-stroke outcome in both adult (Stinear et al.,

Figure 7. A, Diagram of the single-pellet reaching task. B, Stroke animals (gray squares and line) did not differ from
sham animals (black circles and line) on any day throughout the training period. C, Stroke (gray bars) and sham (white
bars) achieved the same percentage of total successful trials (regardless of number of attempts). D, Stroke animals
achieved significantly fewer first-attempt successful trials compared with sham animals. E, Stroke required a significantly
greater number of reach attempts to a successful trial compared with sham. F, G, Map size was correlated with average
number of reach attempts per successful trial in the ipsilesional, but not contralesional, hemisphere. H, I, Movement la-
tency AUC was not significantly correlated in either hemisphere. Sham (n= 15), stroke (n= 13). Animals were excluded
because of inability to acquire reaching behaviors. Data are mean 6 SEM. *p, 0.05. Created with BioRender (https://
biorender.com/).
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2017) and perinatal stroke (Jaspers et al., 2016). However, met-
rics for quantifying MEPs, such as motor map size (Koski et al.,
2004) or motor response latency (Heald et al., 1993; Turton et
al., 1996), require further validation for use in preclinical rodent
models of perinatal stroke to better understand the mechanisms
behind spontaneous and training-induced recovery. We probed
the utility of these potential preclinical biomarkers using supra-
threshold light-based optogenetic stimulation and found similar
bihemispheric motor representations to those shown previously
using both optogenetics (Silasi et al., 2013) and ICMS (Brus-
Ramer et al., 2009).

At 80 d after birth, we observed that unilateral stroke had
decreased both ipsilesional and contralesional motor map sizes
(for the stroke-affected limb), which has been previously
observed for motor maps in the injured hemisphere in adult
stroke (Gharbawie et al., 2005) and perinatal injury (Monfils et
al., 2005). Additionally, the reduction of motor map size in the
ipsilesional hemisphere was related to the size of infarct that had
been induced. Second, we observed delays in motor response la-
tency following stimulation in both the ipsilesional and contrale-
sional hemispheres, which aligns with existing adult rodent
(Anenberg et al., 2014) and human stroke findings (Turton et al.,
1996; Vandermeeren et al., 2003). With both motor map size

and motor response latency, we found
the impairment in these metrics were
more severe in the ipsilesional hemi-
sphere than the contralesional hemi-
sphere. As demonstrated in both animal
and human studies, unilateral cortical
injury before the pruning of ipsilateral
descending projections can result in
abnormally maintained descending corti-
cospinal fibers to the impaired limb
(Castro, 1975; Hicks and Amato, 1975;
Whishaw and Kolb, 1988; Carr et al.,
1993; Eyre et al., 2001). This may conse-
quently strengthen motor control from
the contralesional hemisphere more so
than the ipsilesional hemisphere, whose
descending corticospinal tracts are puta-
tively reduced following cortical ablation.
Detailed tracing experiments would be a
worthwhile next step to offer further
insight into the post-stroke rewiring of
descending motor tracts. Overall, our
perinatal photothrombotic stroke model
had long-lasting effects in the adult brain,
which impacted both motor map size
and motor response latency.

It is notable that the contralesional
hemisphere had such marked disruptions
in both map size and motor response la-
tency, despite the lack of direct damage.
It is possible that this was because of an
interruption of interhemispheric com-
munication, leading to remote functional
depression (or diaschisis) in the unin-
jured hemisphere. For example, one
study in naive, adult rodents demon-
strated a significant increase in power
threshold required to elicit movement in
ipsilateral motor maps following corpus
callosum transection (Brus-Ramer et al.,
2009). Similarly, another study using

paired pulse ICMS showed strong facilitatory effects between
motor maps in each hemisphere (Touvykine et al., 2020). In our
study, the corpus callosum was almost completely transected at
the core of the lesion in 15 of 20 mice. Our parallel loss of excit-
ability in contralesional maps may be explained by a loss of facili-
tatory modulation from the ipsilesional hemisphere. Finally, the
bihemispheric ablation and delays in movement latencies may
stem from widespread demyelination of descending motor tracts.
At the perinatal time point, oligodendrocyte progenitor cells are
particularly susceptible to oxidative damage, leading to white
matter damage (Dewar et al., 2003; Ferriero, 2004; McQuillen
and Ferriero, 2004; Gennaro et al., 2019).

Both map size and movement latency are correlated with
severity of asymmetrical limb use
One of the primary goals of the present study was to assess
whether stroke-related disruption of motor map size or motor
response latency was correlated with behavioral impairment in
adulthood. In the cylinder task, which measures asymmetry of
limb use during exploration, larger map size and faster move-
ment latency in both the ipsilesional and contralesional hemi-
spheres were associated with greater spontaneous use of the

Figure 8. A, B, Contralesional forelimb map size was not significantly increased following single-pellet training in either the
sham (white bars) or stroke group (gray bars) in both hemispheres. C, D, There was no significant difference in movement la-
tency AUC between time points in either hemisphere or group. Sham (n= 15), stroke (n= 13). Animals were excluded because
of inability to acquire reaching behaviors. Data are reported as means, with individual animals before and after single-pellet
connected by lines. *p, 0.05.
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contralesional forelimb. The importance
of ipsilesional hemisphere motor organiza-
tion for spontaneous contralesional limb
use has previously been demonstrated in
adult rats (Plowman et al., 2011) and
squirrel monkeys (Eisner-Janowicz et al.,
2008). However, thus far, the relationship
of this behavior to the motor representa-
tion in the contralesional hemisphere has
received little attention in the literature.
The role of the contralesional hemisphere
is particularly relevant with respect to tar-
gets of inhibitory/facilitatory neuromodu-
lation therapies (Kirton, 2013; Dukelow
and Kirton, 2020).

In the single-pellet task, which measures
skilled forelimb grasping and retrieval, only
motor map size in the ipsilesional hemi-
sphere was correlated with impairment, as
measured by the average number of reach
attempts required for a successful pellet
retrieval. This significant correlation was
observed both for the combined sham and
stroke groups, as well as for the stroke group
alone. The relationship between ipsilesional
motor map size and skilled forelimb use is
well established (Conner et al., 2003;
Plowman et al., 2011; Nishibe et al., 2015;
Kim et al., 2018). Interestingly, we also show
a positive relationship between the contrale-
sional hemisphere and spontaneous forelimb
use in the cylinder task, which has yet to be
reported within any preclinical perinatal
injury studies.

It is of interest that the motor map size
and movement response latencies in both
hemispheres were correlated with per-
formance in the cylinder task, whereas
only the motor map size in the ipsilesional
hemisphere was correlated with perform-
ance in the single-pellet task. Likewise,
lesion volume was also correlated with
performance in the single-pellet task, but
not the cylinder task. These results are
likely because of different types of motor
behavior being tested in the spontaneous
and skilled forelimb tasks. While the cylin-
der task requires a combination of pos-
tural, proximal, and distal muscle usage in
the context of weight-bearing and shifting
(Schallert et al., 2000), the single-pellet
task requires precise motor control of
distal forelimb musculature (i.e., digits,
hand, wrist) (Whishaw, 1996; Farr and
Whishaw, 2002). Therefore, the cylinder
task may rely on greater input from both
hemispheres because of the involvement
of both axial and proximal muscles,
whereas the single-pellet task is a comparatively more lateralized
task. Our results also align with the findings of Jeffers et al.
(2020) who recently demonstrated in rats that the degree of post-
stroke impairment and subsequent recovery varied between
spontaneous and skilled forelimb use based on the precise

subregions of the forelimb motor representation that were dam-
aged. Together, these results suggest that the potential beneficial
role of both the contralesional and ipsilesional hemispheres is
task-specific. This finding has implications for neuromodulation
therapies and is particularly relevant to studies using robotic
TMS mapping protocols (Grab et al., 2018; Giuffre et al., 2019)

Figure 9. A, B, Post–single-pellet change in contralesional forelimb map size was significantly correlated with pre–sin-
gle-pellet map size in both the contralesional and ipsilesional hemispheres. C, D, Post–single-pellet change in contralesional
movement latency AUC was also significantly correlated with pre–single-pellet movement latency AUC in both hemispheres.
E, F, Post–single-pellet change in map size was correlated with number of reaching attempts in both hemispheres. G, H,
However, change in movement latency AUC was not in either hemisphere. Sham (n= 15), stroke (n= 13). Animals were
excluded because of inability to acquire reaching behaviors. *p, 0.05.
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and repetitive noninvasive TMS therapies (Zewdie et al., 2020) in
human pediatric populations.

Skilled motor training may promote enlargement of maps
and reduction of motor response latency in those with the
smallest pretraining responses
There is precedent for the capacity to change map size with train-
ing in both the ipsilesional (Nudo and Milliken, 1996; Kleim et
al., 1998, 2004) and contralesional hemispheres (Pruitt et al.,
2016) of adult animals, as well as following perinatal injury in the
ipsilesional hemisphere (Williams et al., 2006). However, clinical
evidence has shown that perinatal stroke patients with very
reduced ipsilesional motor maps show no training-induced
expansion with rehabilitation, whereas those with viable maps
can (Friel et al., 2016). In our study, following 3weeks of single-
pellet training, there was no overall expansion of motor map size
or reductions in motor response latency. As our study did not
contain an untrained group of animals, we cannot rule out that
our training could have normalized changes to the maps that
would have occurred in the absence of training, such as an atro-
phy of map size. However, given that our assessments were done
;3months after injury, with no additional stimuli for inducing
behavioral changes, it seems unlikely that such changes would
have occurred within the 3 week timeframe of our experiments.
Furthermore, our results support the work of others who
have also failed to show overall expansions in motor map size
using similar training paradigms in rats (Kleim et al., 2004;
Young et al., 2012). This could be related to the ability to mea-
sure subtle movements. For example, we were not able to distin-
guish between subtle distal (hand/digit) versus proximal (arm/
shoulder) movements through the accelerometers, and thus
could not test whether there was expansion of this specific corti-
cal area. Intensity of training is also a critical modulating factor
to trigger changes to descending motor tracts (Friel et al., 2013).
In our training protocol, animals were engaged for 10min a day
for 3 weeks. This may be similar to what some stroke patients
receive for their upper limbs in clinical practice (Hayward and
Brauer, 2015); however, it may be insufficient to induce neuro-
physiological changes or promote recovery of function. Previous
rodent studies have shown that a critical threshold of rehabilita-
tion intensity should be surpassed to obtain functional benefits
in skilled reaching behavior (MacLellan et al., 2011) and that the
specific threshold required is modulated by the initial level of
impairment and infarct volume of the subject (Jeffers et al.,
2018). Given that the size of the perinatal strokes in the present
study often impinged on the cortex, corpus callosum, and stria-
tum, it is possible that a high intensity of rehabilitation may be
required to induce behavioral change in these animals.

Despite the lack of groupwise changes in motor map size or
response latency with skilled training in the present study, we
also observed that individual animals with the smallest map sizes
and longest response latencies before training were those that
showed the most subsequent change in these metrics. This could
potentially result from ceiling effects in the measurement,
whereby only animals with severe reductions in these metrics
have the potential to show large changes, as has been observed
for other behavioral outcomes following stroke (Hawe et al.,
2019). However, changes in map size were positively correlated
with number of reach attempts required to successfully obtain
the pellet during skilled reaching. This is a measure that is not
necessarily coupled to map size, and theoretically does not have a
performance ceiling. Given the correlations between both small
map size and severity of skilled reaching impairment to the

change observed in map size with motor training, it may be pos-
sible that mice with more severe stroke impairments have a
greater potential to respond to motor rehabilitation. Similar
results have been observed in adult rats, wherein those with
more moderate to severe impairment show greater rehabilita-
tion-induced improvements relative to less severely impaired
subjects (Jeffers et al., 2018).

Potential limitations of optogenetic mapping
The present experiment used Thy1-ChR2-YFP mice, as expres-
sion of channelrhodopsin within L5 pyramidal neurons has been
well characterized in this line (Arenkiel et al., 2007). Compared
with previous ICMS motor mapping studies (Kartje-Tillotson et
al., 1986; Tennant et al., 2011), we observed motor maps that
were somewhat larger and more bilaterally organized; however,
these differences could be accounted for by the form of stimula-
tion used. Specifically, blue light optogenetic stimulation does
not penetrate deep enough into cortical tissue to directly activate
L5 cell bodies (Yizhar et al., 2011). Instead, optogenetic stimula-
tion likely depolarizes the apical tufts of the L5 neurons, leading
to orthodromic activation of the cell body (Lim et al., 2013). In
contrast, during ICMS stimulation, the local current injection in
L5 nondiscriminately activates fibers of passage, leading to anti-
dromic activation of both excitatory and inhibitory neurons
(Tehovnik, 1996). Therefore, the activation of local inhibitory
neurons during electrical stimulation may prevent movement
generation at some stimulation sites (Hussin et al., 2015),
whereas the selective, light-based stimulation of excitatory py-
ramidal neurons likely bypasses this form of inhibitory gating
and can evoke movement from a greater number of stimulation
sites. An additional methodological difference that may contrib-
ute to differences in map size is the fact that our accelerometer-
based movement detection may be more sensitive than visual ob-
servation of limb movement (as is done during typical ICMS
mapping). These differences in stimulation methods, as well as
our use of suprathreshold levels of stimulation during mapping,
may explain the somewhat larger and bilateral maps that we
obtained with optogenetic mapping in the present study.

As optogenetic mapping is becoming increasingly common
in longitudinal experiments, it is important to note that several
potential limitations of this technique have been characterized or
addressed. For example, the use of transcranial chronic windows
provides a more stable preparation compared with chronic crani-
otomy or thin-bone preparations, or acute craniotomies in
terminal mapping studies. Bone manipulation in chronic prepa-
rations often results in gradual bone regrowth or inflammation
that compromises the clarity of the chronic window and the
health of the underlying brain tissue (Xu et al., 2007). Surface
blood vessels may also pose a problem for both ICMS and opto-
genetic-based mapping. To minimize injury during ICMS,
surface vessels are avoided by slightly shifting an electrode pene-
tration site when the predetermined site falls on a visible surface
vessel. In contrast, during optogenetic mapping, the regular spac-
ing of stimulation sites is maintained, even when it falls on a sur-
face vessel, as vessel architecture does not present a significant
artifact to stimulation power (Ayling et al., 2009).

Beyond the differences between classical ICMS and optoge-
netic techniques used in the present study, our results allow us to
preliminarily address the utility of motor map size and response
latency as biomarkers of perinatal stroke. Originally, we defined
several experimental goals to begin to answer this question: (1)
Are motor maps correlated with adult impairment? – Yes, we
observed that loss of motor maps because of perinatal stroke
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resulted in an increased number of reach attempts required to
retrieve pellets in a skilled reaching task during adulthood. (2)
Can the maps be altered by skilled motor training? – Perhaps
not, the 3 week, 10 min per day training paradigm used in the
present study did not result in changes to motor maps. However,
we cannot rule out that our training may have normalized poten-
tial loss of maps, or that a higher-intensity paradigm could
potentially expand map sizes. (3) Does the initial behavioral
impairment modulate the degree to which these metrics can
change in response to training? – Yes, mice with the greatest
impairments also displayed the greatest increase in motor map
size throughout the course of their training. These results indi-
cate that motor map size warrants further investigation for its
potential as a biomarker in perinatal stroke.

We believe that to serve as a good biomarker for perinatal
stroke, motor maps would need to be able to fulfill at least one of
three potential clinical functions: (1) early prediction of how an
individual’s course of impairment will either progress or recover;
(2) aid in decision-making about the course of treatments that
the individual should receive; or (3) enable stratification of
patient groups, especially in the context of refining selection cri-
teria for clinical trials of prospective therapies. Although the
present study does not fulfill any of these functions, it does pro-
vide a good justification for proceeding to investigate such func-
tions in future experiments. It may be possible to use our
noninvasive mapping techniques to obtain motor maps earlier in
life and observe the evolution of motor maps and impairments
with aging. These data could be used to develop predictive mod-
els and profiles of individuals that would be expected to have
good or bad outcomes, as is possible using TMS measures in
adult human stroke (Stinear et al., 2017). Experimental therapeu-
tic or neuromodulatory procedures could be varied based on
these stratification profiles to aid development of optimized, and
perhaps even individualized, treatment strategies.

In conclusion, the present experiment demonstrates that both
motor map size and movement latency have qualities that may
make them suitable as potential biomarkers of impairment and
recovery from perinatal stroke. However, motor map size may be
the preferable measure. Both movement latency and motor map
size were negatively impacted by stroke and correlated with
impairment in spontaneous limb use. However, motor map size
was additionally correlated with lesion volume and average num-
ber of reach attempts required to perform a successful skilled
reach, as well as a positive association between degree of initial
impairment and training-induced change. This implies that the
larger the lesion volume, the greater the reduction in map size
and greater the number of reach attempts required to success-
fully complete a pellet retrieval. Those with the greatest reduc-
tions in map size may have the most potential for subsequent
positive change. Future studies of perinatal stroke rehabilitation
and neuromodulation should include measures of motor map
size and movement latency to unravel the neurophysiological
changes that are occurring in response to treatment.
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