






Figure 5. Classes of type I microbial opsins. A-C) Physiological responses of bacteriorhodopsin
(A), halorhodopsin (B), and channelrhodopsin (C) when expressed in neurons’ plasma membrane and
exposed to light.
D-E) Light-driven (orange bar) neuronal silencing and spike quieting. F) Light-driven spiking (blue
bar). Adapted from (Boyden, 2011).

Channelrhodopsins, identified in single-celled algae, are broad-spectrum
light-activated inwardly rectifying cation channels. These channels are crucial for
converting light signals into flagellar movement in these organisms. Upon light
exposure, channelrhodopsins enable passive diffusion of H+, Na+, K+, and Ca2+ ions
across cell membranes, following their electrochemical gradients. The first opsin
used in pioneering optogenetics research was Channelrhodopsin 2 (ChR2), which is
now widely employed in optogenetic studies (Boyden et al., 2005; Gradinaru et al.,
2007; F. Zhang et al., 2007). Both ChR2 and ChR1, a proton-permeable channel,
were discovered in the green alga Chlamydomonas reinhardtii (Nagel et al., 2003).
ChR2, with an absorption peak at around 480 nm, can generate currents up to 1000
pA and trigger action potentials in neurons expressing it, when stimulated with brief
blue light pulses (Deisseroth et al., 2006). Another variant, C1V1, derived from ChR1
and a channelrhodopsin from V. carteri (VChR1), operates at longer wavelengths
compared to ChR2 (Yizhar et al., 2011). VChR1, activated by longer wavelengths,
doesn't produce as strong a photocurrent as ChR2, which led to its fusion with ChR1
to enhance conductivity (F. Zhang et al., 2008). Further, ChR2's coding sequence
has been modified to broaden its applications, allowing for variations in closing
kinetics – either faster than the native protein or extremely slow, requiring up to 30
minutes or yellow light exposure for closure (Yizhar et al., 2011). By engineering
channelrhodopsins to primarily conduct Cl- ions, their nature can be switched from
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depolarizing to mainly hyperpolarizing, albeit with some limitations like reduced light
sensitivity and residual cation conductance (Berndt et al., 2014; Wietek et al., 2014).
Nevertheless, in 2015, high-performing, fast-acting natural light-gated anion channel
rhodopsins were introduced, offering an effective means for inhibiting neuronal action
potentials (Forli et al., 2018; Govorunova et al., 2015; Mardinly et al., 2018).

Channelrhodopsin expression can be achieved through two methods: viral delivery
and transgenic animal models. Viral delivery involves the use of viral vectors, such
as adeno-associated viruses (AAVs), and has been proven to be successful in mice,
rats, and primates (F. Zhang et al., 2010). This approach is highly versatile and
allows for the targeting of specific brain regions or neuron types. In transgenic
models, the gene encoding for the opsin is inserted into the mouse genome. This
approach is particularly useful for long-term studies where consistent expression of
the opsin is required. For example, in the Thy1-ChR2-EYFP transgenic mouse line,
the ChR2 gene is under the control of the Thy1 promoter, which is known for its
neuron-specific expression (Arenkiel et al., 2007). Specifically, for the purpose of this
work, this transgenic line was used.
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Aim of the thesis

The aim of this thesis is to investigate the neurophysiological mechanisms
underlying spontaneous recovery after ischemic stroke, focusing on the identification
of neuronal biomarkers for the prediction of motor recovery outcomes. To address
this aim, I employed a well-established mouse model of stroke, the middle cerebral
artery occlusion (MCAO), which mimics the pathophysiology of human stroke. The
MCAO technique produces a core lesion located in the somatosensory cortices,
leaving the primary motor cortex perilesional to the core.

To delineate the relationship between deficits in motor behavior and modifications in
neural activity in the perilesional area, I developed a comprehensive approach that
includes behavioral assessments, associated with in vivo local field potentials (LFPs)
recordings, upon optogenetic manipulation of layer 5 neurons.

By examining both spontaneous and evoked neuronal activity in the chronic phase of
stroke, this thesis provides deeper insights into intra- and inter-hemispheric
connectivity changes that contribute to motor recovery.
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Methods

1. Animals
All procedures were performed according to the guidelines of the Italian Ministry of
Health for care and maintenance of laboratory animals, and in strict compliance with
the European Community Directive n. 2010/63/EU on the protection of animals used
for scientific purposes. Animal experimentation at the Padua University was
approved by the Italian Ministry of Health (nr 773/2020). All surgical procedures were
performed under deep anesthesia and all efforts were made to minimize suffering of
animals.

Mice were housed in standard condition cages with a 12 h light/dark cycle and got
food and water ad libitum. A total of 10 C57BL6J and 33
B6.Cg-Tg(Thy1-COP4/EYFP)18Gfng/J line 18, (Thy1-ChR2 line) were used.

The numerosity varies within each experimental group, as not all animals were
included in all procedures (Table 1). Specifically, C57BL6/J mice were used
exclusively for behavioral tests, while Thy1-ChR2 were used for both behavior and
LFP recordings. Within the group of Thy1-ChR2 mice, not all the animals that
performed Rotarod and Grip strength tests underwent LFP recordings. Additionally,
only a subset of them underwent spontaneous LFPs recordings.
The quantification of the lesion was performed only in a subset of animals.

Procedure Groups

Rotarod test Sham (7 C57BL6/J; 3 Thy1-ChR2)
Stroke (3 C57BL6/J; 11 Thy1-ChR2)

Grip strength test Sham (7 C57BL6/J; 3 Thy1-ChR2)
Stroke (3 C57BL6/J; 10 Thy1-ChR2)

Gridwalk test Sham (7 C57BL6/J; 3 Thy1-ChR2)
Stroke (3 C57BL6/J; 15 Thy1-ChR2)

Spontaneous LFPs Sham (0 C57BL6/J; 5 Thy1-ChR2)
Stroke (0 C57BL6/J; 9 Thy1-ChR2)

Evoked LFPs Sham (0 C57BL6/J; 10 Thy1-ChR2)
Stroke (0 C57BL6/J; 15 Thy1-ChR2)

Table 1. Animal numerosity across experimental procedures. This table details the experimental
procedures conducted and the distribution of animals across different groups within the study.
'Procedure' column lists the specific experimental manipulations applied, while the 'Groups' column
breaks down the number of animals by genotype and treatment status.
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2. Surgery

2.1 Middle Cerebral Artery Occlusion
Firstly described by Tamura et al. in 1981 (Tamura et al., 1981) in rats, Middle
Cerebral Artery Occlusion (MCAO) was performed as documented by Llovera and
colleagues (Llovera et al., 2014). To obtain a permanent Distal MCAO animal model,
mice were anesthetized with isoflurane (4% for induction, 1.5–2.5% for maintenance,
flow rate: 1 l per min). Combined analgesia, Dexamethasone (2 mg/kg, Dexadreson)
and Caprofen (5 mg/kg, Rymadil), was administered through intramuscular and
intraperitoneal injection, respectively, before any surgical intervention. During the
surgery, body temperature was constantly maintained at ∼36°C using a heating pad
(KF Technology, Italy). The area between ear and eye was shaved and disinfected.
Animals were positioned in lateral position and immobilized with adhesive tape for
medical use. Lidocaine cream (2.5%) was applied to the area of interest. An
horizontal incision of 4 mm was made between the eye and the ear canal, from the
ear canal a vertical incision of 4-5 mm was made to create a flap of skin that could
be retracted. The same incisions were made on the temporalis muscle to expose the
skull. A small craniotomy was performed under the decussation of the MCA, the dura
was removed with forceps and the MCA was occluded under the bifurcation with
0.25 mm bipolar forceps (GIMA, Italy) connected to an electrosurgical unit (Diatermo
122, GIMA, Italy) while the brain tissue remain covered with 0.9% NaCl solution.

If spontaneous recanalization occurred, the electrocoagulation was performed again.
Finally the temporalis muscle was relocated and glued in position with veterinary
glue (Vetbond, 3M, USA) and the wound was glued as well. Sham animals
underwent the same procedure without the craniotomy and electrocoagulation steps.
Animals were left recovering in their home cages.

2.2 Surgery for LFP recordings
Animals were anesthetized with an intraperitoneal injection of urethane (16.5%, 1.65
g/kg, Sigma Aldricht) and placed on a stereotaxic apparatus (Micromecc, Italy). Body
temperature was maintained at ∼36°C using a heating pad.

A medial incision was made to expose the skull. The bone was cleaned with H2O2

and 3 small craniotomy were performed at the level of both Caudal Forelimb Area
(CFA, +0.5 A, ±1.75 L from Bregma), and on the ipsilesional Rostral Forelimb Area
(RFA, +2 A, +1.25 L from Bregma) (Tennant et al., 2011). A ground screw was
implanted in the interparietal bone. To ensure the cortex remained adequately
hydrated throughout the procedure, a ring of dental cement (Paladur, USA) was
created around the three craniotomy sites and filled with 0.9% NaCl solution. The
NaCl solution level was continuously monitored and maintained during the entire
local field potential (LFP) recording session.
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3. Behavioral Tests

3.1 Rotarod
The Rotarod apparatus (Ugo Basile, Italy) consisted of a rotating rod (diameter: 3
cm) divided into separate lanes to accommodate multiple animals simultaneously. To
minimize stress-induced motor impairments, animals were acclimated to the Rotarod
apparatus for five consecutive days prior to testing. During this habituation phase,
animals were placed on the rod rotating at 4 RPM to familiarize them with the
apparatus. This step was repeated twice daily. Subsequently, the animals underwent
a training session consisting of three sessions per day, where the rotation velocity
started at 4 RPM and gradually accelerated to a maximum speed of 40 RPM over
300 seconds. This second training phase was repeated for three consecutive days.

For the experimental recordings, Rotarod initial rotation velocity was 4 RPM and
accelerated to a maximum of 70 RPM in 300 seconds. The test session consisted of
three trials per experimental day, with an inter-trial interval of 30 minutes. Each trial
lasted a maximum of 300 seconds (or until the animal fell off the rod). Prior to the
stroke induction, three days of baseline were recorded. After stroke, animals were
tested at 2, 9 and 30 days post surgery (Fig.6, top).

The latency to fall off the rod was recorded for each trial. The mean latency to fall off
across the three trials were calculated as the final score of each experimental day.

3.2 Grip strength test
The Grip Strength Meter (Ugo Basile, Italy) was used to assess forelimb grip
strength. The apparatus consisted of a metal bar equipped with a force sensor.
Animals were held gently by the tail and allowed to grasp the metal bar with their
forelimbs. The animals were then gently pulled backward until they released their
grip. The peak force exerted by the animal was recorded by the force sensor.

To modify the conventional test, the gauge was vertically rotated. The measurement
procedure remained identical to that of the conventional test, with the only difference
being the direction in which the mouse's tail was pulled.

During the training phase, animals were allowed to grasp the metal bar for 10-15
seconds to familiarize themselves with the task. This procedure was repeated twice
daily for three consecutive days.

After the training phase, animals were tested for grip strength. Each animal was
given five consecutive trials for grip strength assessments with 1 minute inter trial
intervals. Conventional (horizontal) and modified (vertical) (Takeshita et al., 2017)
tests were performed on the same day, mice were allowed to rest for at least 30
minutes between the two tests. As for the rotarod test, three consecutive days before
stroke induction were recorded as baseline. Subsequently, the animals were tested
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at 2, 9 and 30 days post surgery on the same day of the other motor tests (Fig.6,
center).

The mean peak force exerted across the five trials was calculated thus the area
under the curve (AUC) of the force by the time of each trial with a custom Matlab
script.

3.3 Gridwalk test
Animals were allowed to walk freely on an elevated grid (32 x 20 cm, with 11 x 11
mm large openings) and the task was video recorded by a camera (GoPro Hero
8,GoPro, USA) in front of the Gridwalk apparatus. The video recordings were
analyzed off-line by means of a custom-designed Graphical User Interface
implemented in Matlab (Lai et al., 2015), to assess correct steps and foot-faults,
namely, steps not providing body support, with the foot falling into a grid hole.

The number of foot faults was assessed as the ratio of left foot-faults relative to the
total number of steps taken in a five-minute timeframe, where total steps is the
number of correct and fault steps of both forelimbs.

Prior to stroke induction, one session, defined as baseline, was recorded to assess
motor ability before the lesion. After the surgery animals were tested at 2, 9 and 30
days (D) post-lesion induction (Fig.6, bottom).

To distinguish between good and poor recovery outcomes, the baseline of all mice
(normally distributed, Shapiro-Wilk, p>0.05), was taken as descriptive of the motor
performance of the healthy population. A threshold was set at two standard
deviations from the mean of this baseline. This threshold was then applied to the
stroke group at 30 days post-stroke as follows: a motor score falling within this
threshold classified an animal as belonging to the good recovery outcome group. By
contrast, animals that scored above the threshold were classified as good
recoverers. These scores indicated significant impairment beyond the expected
variation seen in the control group, suggesting a less favorable outcome following
stroke.
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Figure 6. Experimental timeline. Cartoon highlighting the temporal time points occurring before
stroke induction. Top, rotarod test with 5 habituation days (2 trials per day, rotarod speed 4 rpm), 3
training days (3 trials per day, rotarod rotating speed 4 to 40 rpm in 300 seconds) and 3 days of
baseline recording (3 trials per day, rotarod rotating speed 4 to 70 rpm in 300 seconds). Middle, grip
strength test, with 3 training days and 3 days of baseline recording (5 trials) for vertical and horizontal
setup. Bottom, gridwalk with 1 day of baseline recording.

4. Electrophysiology
All recordings were obtained with a 2 mm 1 MΩ tungsten microelectrode
(UEWSGASE1N1M, FHC, ME, USA). Data were collected using a Headstage (NPI
electronic, Germany) connected to an amplifier (EXT-02F/2, NPI electronic,
Germany), acquired at 30 kHz, with a low bandpass of 10 kHz, a high pass of 0.3
Hz, and gain at 1 kHz. The electrode was inserted at two different depths, precisely
at 300 and 650 μm from pia, via a motorized micromanipulator (IVM Triple,
Scientifica, UK) in the perilesional CFA.

4.1 Spontaneous LFPs recordings
The recordings of spontaneous LFPs were carried out in the absence of any
optogenetic stimulation, for a specific duration (10 sweeps of 4 s, n = 6; 5 sweeps 60
s, n = 3, 1 record of 60 s, n = 5).

4.2 Optogenetics and stimulation protocols
Optogenetic stimulation was delivered by means of a 456 nm Table-top LED Module
connected to a 400 μm Core 0.39 NA optic fiber (Thorlabs Inc, USA). The maximum
emission power of the optic fiber was assessed before each experiment with a
Thorlabs Power Meter Measurement Kit. Stimulation parameters were controlled by
a custom-made protocol created with WinWCP (Strathclyde Electrophysiology
Software, UK) through a USB DAQ board (NIDAQ NI USB-6351, National
Instruments, USA).
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In all optogenetic evoked experiments, 15 consecutive acquisitions (sweeps) were
performed under each experimental condition.

The optogenetic stimulation was performed on the RFA of the lesioned hemisphere
and on the contralateral CFA.

I/O Curve

Input/output curves were obtained by delivering 1 ms stimuli every 1 sec, at different
intensities ranging from 0 to 6.5 mW with a 0.5 mW increment. Fifteen sweeps were
collected for each stimulation power. The acquired data were then analyzed using a
custom-made Matlab script to extract the mean amplitude for each stimulation
intensity, the AUC of each stimulation point, the total AUC of the I/O curve, and the
slope of the response curve until the plateau.

Stimulation Protocol

To record the responses obtained at different stimulation intensities, a random
stimulation protocol was employed. For each stimulation intensity, 15 sweeps of 1
ms stimulation were recorded. To prevent any potential plasticizing effect due to
incremental stimulation, intensities ranging from 0.5 mW to 5 mW were randomly
delivered. From the I/O curve, the half of the maximum response was calculated as
the stimulation intensity required to elicit half of the maximum response until the
plateau.

4.3 Data analysis

4.3.1 Power spectral density analysis
Data analysis of electrophysiological signals was performed offline in Matlab
(v.2022a, Mathworks Inc., Natick, MA, USA) using custom-written scripts. Firstly, the
individual data files containing the acquired signals were converted from WCP format
to Matlab file format using the export option in WinWCP software (Strathclyde
Electrophysiology software v.5.7.7). The analysis of the acquired raw data consisted
of a pre-processing step, in which raw signals were cleaned through the application
of a Notch filter (filter order: 4, quality factor: 60) to remove 50 Hz noise and its
harmonics. The signals were filtered through the built-in non-causal zero-phase
distortion filtering function (filtfilt.m), which processes the data in both forward and
reverse directions to avoid any phase distortion, with coefficients from the built-in
Butterworth transfer function (butter.m). Then, the signals were low-pass filtered
(filter order: 3; cut-off frequency: 200 Hz) for Local Field Potential (from 0.5 to 200
Hz). The data are analyzed and reported within the 1 to 100 Hz range. However, the
filtering was conducted between 0.5 and 200 Hz to preempt any potential signal
distortion that could arise from filtering at the cutoff frequencies.
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LFP power spectral density (PSD) was calculated for a 20 s window through the
Welch estimate method (pwelch.m) as described in Fontana et al. (Fontana et al.,
2017). Hamming windows of 2 s were used with an overlap of 50%. The spectral
power in the different frequency bands was obtained by computing the integral with
the trapezoidal method (trapz.m) under the PSD curve, with frequency resolution of
0.1 Hz. The spectral bands were defined as delta (1-4 Hz), theta (4-7 Hz), alfa (7-12
Hz), beta (12-30 Hz), and gamma (30-100 Hz). The absolute and relative power of
all the bands were extracted.

4.3.2 Analysis of the aperiodic components
To distinguish aperiodic (non-oscillatory activity) and periodic (oscillatory activity)
components of the power spectrum, we used the FOOOF (Fitting oscillations and
one-over-F) algorithm (Matlab wrapper version 1.0.0 -
https://github.com/fooof-tools/fooof_mat, Python environment: Anaconda 3). For the
aperiodic component, offset and exponent were taken into account, reflecting
respectively the total frequency power and the excitatory/inhibitory balance of the
PSD in a given neuronal circuit. The default settings for parameterize semilog PSD
have been used. PSDs were parameterized across different ranges of frequencies: 1
to 10 Hz, 1 to 30 Hz, 1 to 100 Hz, 10 to 30 Hz, and 30 to 100 Hz.

4.3.2 Analysis of the optogenetic evoked responses
To avoid confounding factors such as orthodromic responses and late
hyperpolarization, the amplitude of the maximum peak and the time of the maximum
peak were measured within a region of interest (ROI) from 3 to 25 ms after
photostimulation. Through a custom made Matlab script the 15 sweeps of each
protocol were averaged and the maximum negative peak was found as the lowest 1
percentile of the resulting trace.

To account for potential variability in response duration and strength that might not
be captured by the previous measurements, the area under the curve (AUC) of the
response was also computed and a broader ROI from photostimulation (0 to 50 ms)
was considered.

5. Histology
At the end of the recordings mice were sacrificed and brains were collected and put
in PFA 4% overnight, then transferred to PBS. Brains were then cut with a vibratome
(VT1000S, Leica, USA) to 60 µm thick coronal slices maintained free-floating in PBS
for additional treating.
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5.1 Lesion evaluation
For evaluating the size of the lesion, brain slices were soaked in Hoechst33258
(Thermo Fisher) and then mounted on glass slides with coverslips and Vectashield
(Vector Labs).

Images were acquired with an epifluorescence microscope (DM6, Leica) at 2.5x
magnification. The acquired images were processed with Fiji (Schindelin et al., 2012)
and the lesion contour of each slice was manually drawn. To quantify the lesion
volume, 1 out of every 6 sections was taken and the volume was calculated by
summing up all damaged areas and multiplying this number by section thickness and
by the spacing factor between the slices, in this case 6.

In addition to the volume of the lesion, we also determined the percentage of the
affected hemisphere by computing the ratio between the area of the entire
ipsilesional hemisphere and the area of the lesion.

To characterize the extension of the lesion along the antero-posterior axis and its
distance from the CFA, the distance from Bregma was determined for each mounted
slice using the Paxinos Atlas as reference.

6. Statistical analysis
Data obtained from each experiment were assessed for normality using the
Kolmogorov-Smirnov test. For normally distributed populations, the two-tailed Paired
Student’s t-Test or the two-way ANOVA with Bonferroni correction and Tukey
post-hoc test were employed to compare two or more data sets, respectively. For not
normally distributed populations, the two-sample Kolmogorov-Smirnov test was used
to compare two data sets. The values are presented as mean ± s.e.m., when
normally distributed, otherwise summarized by a box chart, with * indicating p ≤ 0.05,
** indicating p ≤ 0.01, and *** indicating p ≤ 0.001. The analysis was performed using
OriginPro 9.9.5 (OriginLab Corporation, Northampton, MA, USA). In the box charts
the horizontal lines in the box denote the 25th, 50th and 75th percentile values. The
error bars denote the 5th and 95th percentile values. The square symbol in the box
denotes the mean of the column of data.

7. Data visualization
Data visualization was performed using OriginPro, while figure editing was
performed with Inkscape 1.3.2. Cartoons were created with BioRender.com.
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Results

1. Stroke induces motor impairments in adult animals
To explore whether the recovery outcome of the impaired neurological function could
correlate with plastic changes of neuronal connectivity, I first induced an ischemic
stroke in adult mice (2 to 5 months old) by performing the occlusion of the middle
cerebral artery (MCAO; Fig.7A). The MCAO technique produces a core lesion
located in the somatosensory cortices, leaving the primary motor cortex perilesional
to the core. Therefore, I first assessed that the lesion produced was similar to those
already shown (Liesz et al., 2011), and found that stroke animals displayed a core
lesion at the level of the somatosensory areas and a lesion volume of 2.18 ± 0.3
mm3 (Fig. 7B left) and an infarct percentage (the ratio between the area of the lesion
to the total area of the ipsilesional hemisphere) of 3.95 ± 0.5% (Fig. 7B right).

Given that the primary motor cortex is perilesional to the lesion, the evolution of the
spontaneous recovery after stroke involved the description of the motor performance
of each mouse. The spontaneous motor recovery was assessed at different days (D)
after stroke induction (D02, D09, and D30), by performing a battery of behavioral
tests, including the grip strength test, rotarod and the gridwalk (Fig. 8-9).

Figure 7.

Experimental approach and lesion quantification

A) Top, cartoon representing the electrocoagulation of the MCA producing a permanent occlusion and
resulting in an ischemic event. Bottom, representative image of a coronal section from a stroke
mouse. M1, primary motor cortex; S1 and S2, primary and secondary somatosensory cortices,
respectively.
B) Left, quantification of the lesion size expressed as volume (mm3). Right, quantification of the lesion
size expressed as % of the ipsilesional hemisphere (stroke, n=9). Data are summarized by a box
chart, circles represent single animals.
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1.1 MCAO does not affect motor coordination and balance
To assess motor coordination and balance after stroke, I performed the rotarod test,
which consists of a rotating rod divided into separate lanes. Animals were tested at
2, 9 and 30 days post surgery (Fig. 8A). The latency to fall off the rod was recorded
for each trial. Then, the mean latency to fall off across the three trials was calculated
as the final score of each experimental day. In the rotarod test, both the sham and
stroke groups exhibited a decrease in the latency to fall across time. Although both
groups displayed a reduction of the motor performance, with a strong reduction at 30
days post surgery, the differences between sham and stroke animals were not
statistically significant (Fig. 8B).

1.2 MCAO does not impair the forelimb muscular strength
To investigate differences in the forelimb muscular strength of mice after stroke, the
grip strength test was performed in an horizontal and a vertical setup (Fig. 8C-D).
The tendency of the decline in maximum force applied (Fig. 8C-D left) and the area
under the force-time curve (Fig. 8C-D right) were measured, and the quantifications
showed a consistent decline in performance trajectories, in both the control and
stroke groups (Fig. 8). There were no significant differences between the two groups
for each of the testing days. Both methods showed a decrease in the recorded force
at D02 after surgery. This reduction in strength remains stable until D30 for both
groups, indicating that a stroke event does not affect the forelimb muscular strength.
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Figure 8. MCAO-induced ischemic stroke does not cause deficits in motor balance and
muscular strength

A) Schematics of the experimental timeline showing the evaluation of the motor performance before
(baseline) and after stroke induction at different days (D; D02, D09, and D30), and the
electrophysiological recordings at D30.
B) Left, cartoon of the rotarod task, showing the rotating rod divided into separate lanes to
accommodate multiple animals simultaneously. Right, quantification of latency to fall in respect to
baseline at baseline, D02, D09 and D30 in sham (n=10) and stroke (n=14) animals (Two-way RM
ANOVA, post-hoc Tukey test; baseline, p=0.80; D02, p=0.09; D09, p=0.77; D30, p=0.10).
C) Left, schematic of the vertical grip strength test. Center, quantification of the maximum force
exerted at different days in the vertical setup for sham (purple) and stroke (grey) mice (Two-way RM
ANOVA, post-hoc Tukey test; baseline, p=1.00; D02, p=0.82; D09, p=0.68; D30, p=0.78). Right, AUC
quantification of the force exerted in respect to baseline at different days in the vertical setup for sham
and stroke mice (Two-way RM ANOVA, post-hoc Tukey test; baseline, p=1.00; D02, p=0.89; D09,
p=0.92; D30, p=0.74).
D) Same as C left but for the horizontal setup. No differences were observed between sham (n=10)
and stroke (n=13) animals (Two-way RM ANOVA, post-hoc Tukey test; sham vs stroke Max Peak at
baseline p=0.98; D02, p=0.06; D09, p=0.61; D30, p=0.45; sham vs stroke AUC at baseline p=1.00;
D02, p=0.63; D09, p=0.25; D30, p=0.54).
All data are presented as the mean ± SEM; color-coded curves represent single sham (light grey) and
stroke (light purple) animals.
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1.3 MCAO-induced ischemic stroke causes deficits in fine
motor behavior
The gridwalk test was used to assess fine motor behavior by computing correct
steps and foot-faults, namely, steps not providing body support with the foot falling
into a grid hole. Mice were tested at baseline, prior to stroke, and D02, D09 and D30
post-lesion induction. I first computed the total number of steps at baseline and
found no differences between sham and stroke groups, demonstrating that fine
motor performance of the animals were similar before the induction of the lesion (Fig.
9A). After stroke, the control group exhibited stable motor performance, while the
stroke animals displayed a notable and sustained motor impairment across time (Fig.
9B).

Figure 9. MCAO-induced ischemic stroke causes deficits in fine motor behavior.

A) Left, cartoon of the gridwalk task, showing a mouse on the superelevated grid. Right, quantification
of the total steps counted in a 5 min period at baseline.
B) Quantification of the percentage of impaired forelimb faults on the totality of the steps at different
days (Baseline, D02, D09 and D30) in control (grey, n=10) and stroke (purple, n=15) mice (Two-Way
RM Anova, Tukey post-hoc test; baseline, p=0.78; D02, p=0.36; D09, p=0.03; D30, p=0.04). Data are
presented as the mean ± SEM. Color-coded curves represent single sham (light grey) and stroke
(light purple) animals. *, p<0.05.

2. Recovery outcomes stratification
In order to distinguish between the good and the poor spontaneous recovery
outcomes, as previously mentioned in the Method section, I set a threshold
considering the baseline motor performance of the animals as the measure of the
healthy population (Fig. 10A). All scores obtained by stroke mice that fall within 2
standard deviations ( ) from the mean of the healthy mice's distribution were
considered as good recoverers. Conversely, animals that scored above 2 from the
mean were considered to have experienced a poor recovery outcome (Fig. 10B).
After stratifying the mice with a good or poor recovery outcome, the number of
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footfaults were plotted considering the new classification. As shown in Figure 10, the
impairment of the mice with a poor recovery outcome worsen with time while the
good recovery mice exhibit a stable impairment, similarly to the sham group (Fig.
10C).

Subsequent evaluations involving the grip strength and rotarod tests revealed
outcomes lacking noticeable differentiation. As expected, the stratification into good
and poor did not show any significant variation in the performance outcomes of these
tests (data not shown).

Figure 10. Animals were classified with a good or poor recovery outcome.

A) Distribution of the left foot faults at baseline for all mice (sham and stroke; n=25).
B) Distribution of the left foot faults of the stroke animals with good (blue) or poor (orange) recovery
outcomes at D30 falling within or outside the threshold, respectively. The dotted line indicates the
threshold set at two standard deviations (2 ) from the mean of the healthy mice.
C) Quantification of the percentage of the left foot faults in good (n=9), poor (n=6) and sham (n=10)
groups, showing a statistical difference between good and poor recovery outcome groups (Two-way
RM ANOVA, Tukey post hoc test; good vs control at baseline, p=0.33; D02, p=0.70; D09, p=0.16;
D30, p=0.41; sham vs poor at baseline, p=0.60; D02, p=0.16; D09, p=0.04; D30, p=0.0005 -not
shown in the graph-; good vs poor at baseline, p=0.87; D02, p=0.50; D09, p=0.69; D30, p=0.005; poor
D02 vs baseline, p=0.15; D09 vs baseline, p=0.03; D30 vs baseline, p=0.005; good D02 vs baseline,
p=0.91; D09 vs baseline, p=0.24; D30 vs baseline, p=1.00; sham D02 vs baseline, p=0.56; D09 vs
baseline, p=0.47; D30 vs baseline, p=1.00). Data are presented as mean ± SEM. Color-coded curves
represent single good (light blue) and poor (light orange) animals. *, p<0.05; **, p<0.01.

3. Infarct size does not correlate with the behavioral outcome
after stroke
As mentioned in paragraph 1 and shown in Figure 7B, the volume of the lesion and
the percentage of the affected hemisphere were measured. To assess whether the
lesion size could explain the variability in the recovery outcome (good versus poor), I
correlated the infarct size with the behavioral scores obtained during the gridwalk
test. I found no significant correlation between the extent of behavioral impairment
and the size of the lesion (Fig. 11A-B), thereby supporting the assertion that lesion
size alone is not sufficient to predict the recovery outcome after stroke (Page et al.,
2013).
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Figure 11. Lesion size alone cannot explain the recovery outcome.

A) Correlation between lesion volume and the number of foot faults on the gridwalk test (n=9;
Pearson's r = -0.08).
B) Correlation between the lesion expressed as % of the affected hemisphere and the number of foot
faults on the gridwalk test (Pearson's r = 0.18).
Color-coded circles refer to good (blue, n=7) and poor (orange, n=2) recovery outcome groups. The
black line represents the regression line.

4. Characterization of neuronal networks after stroke
To investigate whether the recovery outcome of each animal might be associated
with neuronal alterations in both intra- and inter-hemispheric connectivity, I
performed in vivo recordings of local field potentials (LFPs) in anesthetized mice at
D30, the chronic phase of stroke.

4.1 Stroke impairs the PSD of the spontaneous LFP signal
To assess stroke-related changes in the LFP signal, I recorded extracellular neuronal
activity in the perilesional caudal forelimb area (CFA, motor cortex) at two different
depths: 300 μm and 650 μm below the dura mater, corresponding to the superficial
(layer 2-3) and deep (layer 5) layers of the cortex, respectively.

The interaction between rhythmic oscillations and non-rhythmic neuronal noise offers
essential insights into normal and pathological brain processes. Therefore, for the
analysis, both the periodic (oscillatory activity) and the aperiodic (non-rhythmic
activity) components of the Power Spectral Density (PSD) were considered to
provide a more comprehensive understanding of neuronal dynamics after stroke.

When analyzing the periodic component of the PSD in superficial layers, I found a
substantial reduction of the total power of the 1-100 Hz frequency range in stroke
animals compared to controls (Fig. 12A-B) indicating a lower spontaneous activity in
the stroke group. This reduction was also distributed across the spectral bands from
delta to gamma (delta (δ; 1-4 Hz), theta (θ; 4-7 Hz), alpha (α; 8-12 Hz), beta (β;
12-30 Hz) and gamma (γ; 30-100 Hz); data not shown).
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Given the small numerosity of animals with a poor recovery outcome (n=2), I
correlated the total power with the number of foot faults of all stroke animals, and
found no correlation between these two parameters, neither for superficial nor for
deep layers (Fig. 12D-H).
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Figure 12. Stroke-related changes in the LFP oscillatory activity.

A) Mean of the power spectral density over frequency (log-log scale), showing the range of delta (δ;
1-4 Hz), theta (θ; 4-7 Hz), alpha (α; 8-12 Hz), beta (β; 12-30 Hz) and gamma (γ; 30-100 Hz)
frequencies, for sham (n=5) and stroke (n=9) groups recorded at 300 μm from pia. Dotted lines
represent the separation into frequency ranges.
B) Quantification of the total frequency power in sham (gray, n=5) and stroke (purple, n=9) animals
(t-test, p=0.013). Data are summarized by a box chart, circles represent single animals.
C) Mean of the power spectral density over frequency (log-log scale), showing the range of delta (δ;
1-4 Hz), theta (θ; 4-7 Hz), alpha (α; 8-12 Hz), beta (β; 12-30 Hz) and gamma (γ; 30-100 Hz)
frequencies, for good (blue, n=7) and poor (orange, n=2) recovery outcome groups recorded at 300
μm from pia. Dotted lines represent the separation into frequency ranges.
D) Correlation between the total power spectral density and the number of foot faults on the gridwalk
test of the stroke group (Pearson’s r = -0.23). Color-coded circles refer to good (blue) and poor
(orange) recovery outcome groups. The black line represents the regression line.
E) Same as A but recorded at 650 μm from pia.
F) Same as B but recorded at 650 μm from pia (t-test, p=0.07).
G) Same as C but recorded at 650 μm from pia.
H) Same as D but recorded at 650 μm from pia (Pearson’s r =0.21).

4.1.1 Stroke affects the aperiodic components of the LFP signal in the
superficial layers
The mean power spectral density (PSD) in different frequency ranges (1-10 Hz and
10-30 Hz) was also analyzed using the Fitting Oscillations & One Over F (FOOOF)
method for both sham and stroke animals (Fig. 13A). Specifically, I took into account
the spectral offset and exponent, which reflect respectively the total frequency power
and the excitatory/inhibitory balance of the PSD in a given neuronal circuit. I found
that stroke animals exhibited significantly smaller offset values in the 1-10 Hz
frequency range with respect to the sham group (Fig. 13B), reflecting the reduced
total power described above. However, no differences were found in the 10-30 Hz
range. No differences in the exponent were found in both frequency ranges (Fig.
13B), indicating no apparent imbalance between frequencies.

The PSD analysis was further extended to compare the aperiodic components
between animals with good and poor recovery outcomes (Fig. 13C). When
correlating the spectral offset with the number of foot faults of the stroke group, I
found a moderate correlation (Pearson’s r = -0.47; Fig. 13D, bottom left). A similar
correlation was also observed when correlating the behavioral scores with the
spectral exponent (Pearson’s r = -0.49; Fig. 13D, bottom right).
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Figure 13. Stroke affects the aperiodic components in superficial layers of the lesioned CFA.

A) Mean of the power spectral density over frequency (semi-log scale) produced for the FOOOF
analysis of sham and stroke and aperiodic fit from 0 to 100 Hz. The black dotted line represents the
threshold applied to quantify the offset. The blue circles represent the offset. B) Top left, quantification
of the spectral offset in sham (grey, n=5) and stroke (purple, n=9) animals (t-test, p=0.002). Top right,
quantification of the spectral exponent from 1 to 10 Hz in sham (grey, n=5) and stroke (purple, n=9)
animals (t-test, p=0.07). Bottom left, quantification of the spectral offset from 10 to 30 Hz in sham
(grey, n=5) and stroke (purple, n=9) animals (t-test, p=0.24). Bottom right, quantification of the
spectral exponent from 10 to 30 Hz in sham (grey, n=5) and stroke (purple, n=9) animals (t-test,
p=0.48). Data are summarized by a box chart, circles represent single animals.
C) Same as A but for good and poor recovery outcome groups. The blue and orange dotted lines refer
to the aperiodic fit of good and poor groups, respectively.
D) Top left, correlation between the offset from 1 to 10 Hz and the number of foot faults on the
gridwalk test of the stroke group (n=9; Pearson’s r = -0.09). Top right, correlation between the
exponent from 1 to 10 Hz and the number of foot faults on the gridwalk test of the stroke group (n=9;
Pearson’s r =0.18). Color-coded circles refer to good (blue, n=7) and poor (orange, n=2) recovery
outcome groups. The black line represents the regression line. Bottom left, correlation between the
spectral offset from 10 to 30 Hz and the number of foot faults on the gridwalk test of the stroke group
(n=9; Pearson’s r = -0.47). Bottom right, correlation between the spectral exponent from 10 to 30 Hz
and the number of foot faults on the gridwalk test of the stroke group (n=9; Pearson’s r = -0.49).
Color-coded circles refer to good (blue, n=7) and poor (orange, n=2) recovery outcome groups. The
black line represents the regression line.
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4.1.2 Stroke affects the aperiodic components of the LFP signal in the
deep layers
The spectral offset and exponent were also analyzed for the LFP recordings from the deep
layers in sham and stroke groups (Fig. 14A). I found a reduction in the offset values at both
frequency ranges, 1-10 Hz and 10-30 Hz, in stroke animals compared to controls (Fig. 14B,
top and bottom left). However, no differences in the exponent at 1-10 and 10-30 Hz were
observed (Fig. 14B, top and bottom right).

When examining the relationship between the aperiodic components and the number of foot
faults in the stroke group, very weak to no meaningful relationship were found both in the
offset (Fig. 14D, left) and in the exponent (Fig.14D, right).

The results from both superficial and deep layers of the perilesional CFA suggest that stroke
induces notable alterations in the aperiodic components of brain activity across different
frequencies. While the changes in the spectral offset were significant in certain frequency
ranges, the spectral exponent remained largely unaffected.
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Figure 14. Stroke affects the aperiodic components in deep layers of the lesioned CFA

A) Mean of the power spectral density over frequency (semi-log scale) and aperiodic fit (dotted
curves) from 0 to 100 Hz of sham (grey) and stroke (purple). The vertical black dotted lines represent
the threshold applied to quantify the offset. The blue circles represent the offset.
B) Top left, quantification of the spectral offset from 1 to 10 Hz in sham (grey, n=5) and stroke (purple,
n=9) animals (t-test, p=0.03). Top right, quantification of the spectral exponent from 1 to 10 Hz in
sham (grey, n=5) and stroke (purple, n=9) animals (t-test, p=0.39). Bottom left, quantification of the
spectral offset from 10 to 30 Hz in sham (grey, n=5) and stroke (purple, n=9) animals (t-test, p=0.04).
Bottom right, quantification of the spectral exponent from 10 to 30 Hz in sham (grey, n=5) and stroke
(purple, n=9) animals (t-test, p=0.08). Data are summarized by a box chart, circles represent single
animals.
C) Same as A but for good and poor recovery outcome groups. The blue and orange dotted curves
refer to the aperiodic fit of good and poor groups, respectively.
D) Top left, correlation between the offset from 1 to 10 Hz and the number of foot faults on the
gridwalk test of the stroke group (n=9; Pearson’s r = -0.04). Top right, correlation between the
exponent from 1 to 10 Hz and the number of foot faults on the gridwalk test of the stroke group (n=9;
Pearson’s r = -0.23). Color-coded circles refer to good (blue, n=7) and poor (orange, n=2) recovery
outcome groups. The black line represents the regression line. Bottom left, correlation between the
spectral offset from 10 to 30 Hz and the number of foot faults on the gridwalk test of the stroke group
(n=9; Pearson’s r = -0.22). Bottom right, correlation between the spectral exponent from 10 to 30 Hz
and the number of foot faults on the gridwalk test of the stroke group (n=9; Pearson’s r = -0.10).
Color-coded circles refer to good (blue, n=7) and poor (orange, n=2) recovery outcome groups. The
black line represents the regression line.
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4.2 Stroke affects the functional connectivity to the perilesional
motor cortex
To investigate the responsiveness of the circuitry in the perilesional CFA to external
stimuli, I performed optogenetic stimulation using the Thy1-ChR2-YFP transgenic
mouse line, expressing an excitatory opsin in a subset of layer 5 excitatory cortical
neurons (H. Wang et al., 2007). Optogenetic stimulation was applied to the
contralesional CFA or to the ipsilesional pre-motor cortex (rostral forelimb area, RFA)
to evaluate inter- and intra- connectivity, respectively. To test the excitability of the
affected neuronal circuits and their ability to adapt, I first measured how they
respond to increasing stimulation light intensities by producing input/output curves
for each experimental animal. An input/output (I/O) curve reflects the entire range of
stimulus-response behavior, starting from the weakest stimuli with minimal
responses to the strongest pulses, where the response reaches saturation. Fifteen
sweeps were collected for each stimulation power. The acquired data were then
analyzed to extract the slope until the plateau and the area under the curve (AUC) of
the I/O curve, and the mean amplitude for each stimulation intensity.

3.2.1 Stroke changes in the intra-hemispheric neuronal connectivity
To investigate the effect of stroke on the intra-hemispheric connectivity, I used
optogenetics to stimulate the ipsilesional RFA while recording from the perilesional
CFA (Fig. 15A). The slope (until the plateau) and the AUC of the I/O curves were
measured in sham, good and poor recovery groups, in the recordings from the
superficial (Fig. 15B-C) and deep (Fig. 15D-E) layers. No significant differences were
observed between the three groups (Fig. 15B and D), indicating a similar
responsiveness of the ipsilesional neuronal circuits.
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Figure 15. Stroke-related responses from superficial and deep layers in the intra-hemispheric
neuronal connectivity.

A) Cartoon representing the recording configuration with the electrode (black) placed in the
perilesional CFA and the optogenetic fiber stimulating the ipsilesional RFA.
B) I/O curves obtained at D30 in sham (grey, n=10), good (blue, n=9) and poor (orange, n=6) groups
while recording at 300 μm from pia. Stimulation intensity ranges from 0.5 to 6.5 mW, with a 0.5 mW
increment. Data are shown as mean ± SEM.
C) Top, quantification of the slope in good and poor (Kolmogorov-Smirnov test, p=0.27). The grey
dotted line refers to the mean average of the sham group. Bottom, quantification of the area under the
I/O curve (AUC) for good and poor groups (t-test, p=0.32). Data are summarized by a box chart,
circles represent single animals. The grey dotted line refers to the mean average of the sham group.
D) Same as B but recorded at 650 μm from pia.
E) Same as C but recorded at 650 μm from pia. Top, slope (Kolmogorov-Smirnov test, p=0.27);
Bottom, AUC (t-test, p=0.46).

4.2.2 Stroke-related changes during single-pulse stimulation in RFA
To further investigate the responsiveness of the intra-hemispheric neuronal circuits
after stroke, I focused on a single stimulation intensity, at both depths. Specifically, I
analyzed the amplitude and the AUC of the evoked response upon optogenetic
stimulation at 3 mW (Fig. 16A,C), which corresponds to the average stimulation
intensity required to elicit half of the maximum response amplitude before reaching
the plateau, across all animals. I found no differences when recording from
superficial layers (Fig. 16B). Conversely, the good recovery group exhibited a
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significantly higher AUC compared to the poor recoverers when recording from deep
layers (Fig. 16D right). Given equal amplitude, the poor recoverers exhibited a
smaller area under the curve of the evoked response, indicating an overall reduced
response compared to the good recovery group.

Figure 16. Stroke impairs neuronal ipsilateral responsiveness to 3mW of stimulation intensity.

A) Representative evoked responses (15 sweeps average) of a good (blue) and a poor (orange)
recoverers, at 3 mW in RFA while recording in CFA at 300 μm from pia. Dotted lines correspond to the
onset of the optogenetic stimulation.
B) Left, quantification of the amplitude of the evoked responses obtained at 3 mW of stimulation
intensity, in good (n=9) and poor (n=6) recovery outcome groups (t-test, p=0.79). Right, quantification
of the AUC of the evoked responses obtained from the superficial layers (t-test, p=0.29). Data are
summarized by a box chart, circles represent single animals. The dotted line represents the mean
average of the control group.
C) Same as A but recorded from deep layers .
D) Same as B but recorded from deep layers. Left, amplitude (t-test, p=0.74). Right, AUC (t-test,
p=0.04).

4.3 Stroke impairs the inter-hemispheric neuronal connectivity
To test the inter-hemispheric functional connectivity, I recorded the activity from the
perilesional CFA in response to the optogenetic stimulation of the contralateral CFA
(Fig. 17A). Recordings from the superficial layers highlighted a stronger response of
the poor recoverers in comparison to the good recovery group (Fig. 17B). In
particular, I observed a steeper slope in the poor recoverers that reached the plateau
faster than the good recoverers, indicating a higher excitability of the neuronal
circuits (Fig. 17C top). Moreover, I found a significantly bigger AUC (Fig. 17C
bottom), also pointing towards a stronger responsiveness of the inter-hemispheric
connectivity in the poor recovery group compared to the good recoverers. In
contrast, when analyzing the recordings obtained from the deep layers, no significant
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differences were observed, although the poor recovery group showed slightly
stronger responses (Fig. 17D-E).

Figure 17. Stroke impairs the inter-hemispheric connectivity when recording from superficial
but not from deep layers.

A) Cartoon representing the recording configuration with the electrode (black) and the optogenetic
fiber stimulating the contralateral CFA.
B) I/O curves obtained at D30 in sham (grey, n=10), good (blue, n=8) and poor (orange, n=6) groups
while recording at 300 μm from pia. Data are shown as mean ± SEM.
C) Top, quantification of the slope in good and poor (Kolmogorov-Smirnov test, p=0.04). The grey
dotted line refers to the mean average of the sham group. Bottom, quantification of the area under the
I/O curve (AUC) for good and poor recovery groups (t-test, p=0.04). The grey dotted line refers to the
mean average of the sham group. Data are summarized by a box chart, circles represent single
animals.
D) Same as B but recorded at 650 μm from pia.
E) Same as D but recorded at 650 μm from pia. Top, slope (t-test, p=0.22). Bottom, AUC (t-test,
p=0.64).
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4.3.1 Stroke-related changes during single-pulse stimulation in CFA
I then analyzed the amplitude and the AUC of the evoked response upon
optogenetic stimulation at 3 mW of light intensity (Fig. 18A,C). In accordance with
the I/O curve, at the single-pulse stimulation while recording from the superficial
layers, the poor recoverers exhibited a greater response amplitude compared to the
good recovery group, while no differences were observed in terms of AUC (Fig. 18B
right). Conversely, when recording from the deep layers, I did not find any significant
difference between good and poor subjects (Fig. 18D).

Figure 18. Stroke-related changes in contralateral neuronal responsiveness to 3mW of
stimulation intensity.

A) Representative evoked responses (15 sweeps average) of a good (blue) and a poor (orange)
animal, at 3 mW in CFA while recording from superficial layers. Dotted lines correspond to the onset
of the optogenetic stimulation.
B) Left, quantification of the amplitude of the evoked responses obtained at 3 mW of stimulation
intensity, in good (n=8) and poor (n=6) recovery outcome groups (t-test, p=0.03). The dotted line
represents the mean average of the control group. Right, quantification of the AUC of the evoked
responses obtained at 3 mW of stimulation intensity (Kolmogorov-Smirnov test, p=0.30). Data are
summarized by a box chart, circles represent single animals.
C) Same as A but recorded from deep layers.
D) Same as B but recorded from deep layers, amplitude (t-test, p=0.53), AUC (t-test p=0.53).
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Discussion

This study examines the cerebral mechanisms underpinning spontaneous recovery
following an ischemic stroke, with a specific focus on the primary motor cortex (CFA)
perilesional to the core lesion. This investigation followed motor impairment
progression from acute to chronic phases, employing a series of motor tests — grip
strength, rotarod, and gridwalk. After determining the extent of the behavioral
impairment, subjects were classified as either good or poor recoverers. This
classification enabled an in-depth exploration of both spontaneous and evoked brain
activities 30 days post-lesion in the perilesional CFA. The stroke group exhibited a
notable decrease in total power, especially in the 1-10 and 10-30 Hz frequency
bands, as evidenced by the reduced aperiodic offset. In terms of evoked activity,
poor recoverers demonstrated decreased excitability in response to RFA stimulation,
contrasted by heightened responses to contralateral CFA stimulation.

1. Behavioral assessment of spontaneous recovery after stroke
In this study, I followed the longitudinal motor progression from acute to chronic
phases, employing a series of motor tests — grip strength, rotarod, and gridwalk. I
found that stroke does not impair general motor functions while selectively affecting
fine motor performance, as revealed by the gridwalk test uniquely.

During the grip strength test, I observed a noticeable decline over time in the
maximum grip strength in both control and stroke animals. This reduction in strength
was accompanied by a lower AUC over time, suggesting not only a reduction in
strength but also a diminished period during which the animals were able to sustain
their grip. This decline was apparent in both the horizontal and the vertical
configurations. Crucially, as this trend was present in both experimental groups, it
challenges the ability to conclusively attribute it to a true loss of strength rather than
an adaptation or learning effect of the animals. Major issues with mechanical grip
strength meters is the reluctance of mice to cling to the grip bars and the stress of
the tail pulling (Brooks & Dunnett, 2009; Clarkson et al., 2018).

A similar trend emerged in the rotarod test, generally used to assess motor abilities
in a reduced time frame. Here, I found a slight decline in the fall latency in stroke
subjects, a phenomenon mirrored in the control group. The impairment in the rotarod
test at higher speeds may reflect reduced general activity, as observed by Li and
colleagues. However, they did not include a control group, and the results were
compared to the baseline values obtained before stroke induction during 3 days of
training (Y. Li et al., 2000). Similarly to my project, other studies monitored the
behavioral impairments during three weeks post-stroke. Freret and colleagues were
unable to detect long-term functional impairments through a series of sensorimotor
behavioral tasks (Freret et al., 2009). However, they used Swiss mice, which exhibit
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both different pathophysiological responses to injury (Noristani et al., 2018) and
post-stroke behavior (Balkaya et al., 2013). Motor deficits were found through the
rotarod test but using a different stroke model, the permanent ligation of the right
common carotid arteries (RCCA) which produces neuronal damage also in
subcortical regions (L. Feng et al., 2020). Finally, in the work of Minassian and
colleagues, mice were tested pre- and post-stroke induced by distal MCAO, similarly
to my experimental approach. The authors found a reduction in motor performance
using the rotarod test, however they were not precise in defining the temporal
window for “pre” and “post” stroke phases (Minassian et al., 2019).

In my experimental paradigm, mice underwent extensive training two weeks before
surgery. This could have led to a reduced motivation to perform motor tests. Indeed,
several studies showed that mice showed a clear reduction in motivation when
repeatedly performing behavioral assessments in four different tests (McIlwain et al.,
2001; Võikar et al., 2004). Additionally, their emotional reactivity was reduced by
handling, and their coordination ability improved.

The long-term sensitivity of these tests is uncertain and may be influenced by the
testing routine, making it unlikely to detect deficits due to cortical damage after
MCAO. On one side, the repetition of the behavioral tests and animal handling could
contribute to partial recovery (Borlongan, 2000; Schallert et al., 2003); on the other
side, the regular and constant behavioral activity of the tests is necessary to avoid
forgetting (Balkaya et al., 2013). Therefore, it is of crucial importance to find the good
balance between repetition and forgetting to unmask behavioral impairments in
pathological conditions, such as stroke.

In contrast, the gridwalk revealed motor impairments in stroke subjects compared to
controls. While the controls maintained a stable performance over time, the stroke
animals exhibited an increase in foot faults with the contralesional limb. The
distinction from the aforementioned tests lies in the fact that this analysis is focused
on the damage to a single limb under a relatively normal condition, which is walking.
In this scenario, the animal is not subjected to any stress (such as tail pulling) or
fatigue (like increasing speed on a rotating cylinder) and is free to explore the grid at
its own leisure.

Given the modest size of the infarcts created in comparison to other stroke-induction
techniques (Fluri et al., 2015), and that the distal MCAO produces a core lesion in
the somatosensory areas, it is perhaps unsurprising that this stroke did not cause
gross changes in motor output. Of note, the gridwalk test is actually a sensorimotor
test, since the animals have to rely on both sensory information and fine motor
performance to grasp the grid, thus avoiding falling into the grid hole.
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1.1 Behavioral classification of the spontaneous recovery
outcomes
As observed in humans (Fugl-Meyer & Leyman, n.d.; Sanford et al., 1993; Sullivan et
al., 2011), to comprehensively assess the nuances of functional deficits and
accurately stratify mice based on the extent of behavioral impairments, a diverse
battery of motor tests would have been essential. This would have allowed to build
the recovery-outcome stratification depending on a more complex and accurate
behavioral score. Indeed, the results of this project only rely on the gridwalk test
which may lead to incomplete interpretation. Therefore, there is a critical need to
implement more behavioral tasks that specifically focus on the evaluation of the
impaired forelimb, in order to accurately characterize the various facets of motor
dysfunction after stroke.

To address this aim, a limb-specific test that can be used is the tissue adhesive
removal test (Bouet et al., 2009). However, it could introduce high variability due to
the displacement of the adhesive tape. Furthermore, given the spatial distribution of
cerebral lesions, this impairment might most likely reflect a face-related
somatosensory perception alteration rather than a forelimb motor or sensory
alteration. This aligns with a study on the usefulness of the tongue protrusion test in
a rat model of proximal cerebral ischemia (Gulyaeva et al., 2003). Other studies
discussed the necessity to use a battery of behavioral tests and described some of
them, such as the pasta matrix reaching test (Tennant & Jones, 2009), capellini
handling (Tennant et al., 2010), string pulling (Blackwell et al., 2018), and wire
hanging test (W. Zhu et al., 2018). However, other than the intrinsic variability of the
animals, these tasks also introduce personal bias based on the operator ability.

Therefore, to define a more comprehensive behavioral score, a more specific test for
the forelimb would be ideal. Recently, Galiñanes and colleagues developed a
behavioral task, i.e. the water grasping, aiming at identifying not only potential motor
deficits related to the forelimb used, but also describing the cinematic of the forelimb
movement (Galiñanes et al., 2018). Although this test has not been discussed in this
work, our laboratory is currently working to set up a version of it where the mouse
has to voluntarily engage in grasping a drop of water in order to drink. From this task,
it will be possible to evaluate the different sub-movement of the impaired forelimb
such as extension, grasping, flexion, and retrieval of a water drop to the mouth.
Thus, adding the water grasping to the aforementioned gridwalk test would allow us
to develop a behavioral battery for a better characterization of the functional recovery
stratification into good and poor outcomes.
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2. Functional characterization of neuronal networks after stroke
To assess stroke-related changes in functional activity of neuronal networks, I
performed in vivo LFPs recordings of spontaneous and evoked activity in
anesthetized mice. I observed a decrease of the total power in the superficial layers,
in stroke animals. This reduction emerged also in the aperiodic offset in the 1-10 Hz
frequency range at both depths (300 and 650 μm) and in the 10-30 Hz range in deep
layers. Unexpectedly, the aperiodic exponent, which reflects the shift in frequency,
remained unaltered. In terms of evoked activity, mice exhibiting poor recovery
showed weaker responses in the deeper layers to 3 mW stimulation in the
ipsilesional RFA, as measured by the AUC. Concurrently, there was an enhanced
response to stimulation of the contralateral CFA. This heightened responsiveness
was evident both in the I/O response curve and in the increased amplitude response
to single-pulse stimulation. In conclusion, I explored how the recovery outcome of
the motor function may correlate with plastic changes within the perilesional area
and found a decreased excitability in the intra-hemispheric connectivity counteracted
by higher responses in the inter-hemispheric neuronal circuits.

2.1 Stroke-related changes in the spontaneous LFP signal
Consistent with the work of Biskamp and colleagues (Biskamp, Isla Cainzos, et al.,
2022), we observed a loss of total power in the superficial layers without an increase
in δ power. This observation contrasts with the well-documented increase in this
specific frequency band after stroke from 24h to seven days or beyond (Lu et al.,
2001; S. G. Moyanova et al., 2007, 2013; S.-J. Zhang et al., 2013). Increases in both
δ and θ activity was also reported eight days in rats, particularly in fronto-parietal,
occipital, and temporal regions, while α and β activity were depressed (Bhattacharya
et al., 2013; S. Zhang et al., 2006). Of note, these studies focused on transient
MCAO rather than on a permanent model of occlusion.

In rodents, γ, β, and α bands power decrease after a stroke, although contradicting
results do exist. Given that γ oscillations have been linked to higher cognitive
function and might depend on the mitochondrial redox state, they are highly sensitive
to decreases in pO2, and are thus likely to be susceptible to the reduction in blood
flow (Huchzermeyer et al., 2008; Kann et al., 2011). A 35% reduction of the
amplitude of α waves and β waves in the ipsilateral hemisphere was reported three
to seven days after transient MCAO (S. Moyanova et al., 1998; S. G. Moyanova &
Dijkhuizen, 2014). The α band power decreased from day one to day 28 after
permanent MCAO (Lämmer et al., 2011; S. G. Moyanova & Dijkhuizen, 2014),
whereas other studies reported an increase of δ, β, and rhythmic α activity by seven
days in the contralateral cortex after stroke in a rat model of transient MCAO (Lu et
al., 2001).

The profound reduction of the offset at 1-10 Hz found in stroke animals (Fig. 13B
top) reflects the reduction in total power described in Fig. 12. However, this decrease
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was accompanied by a reduction in the offset from 1 to 10 Hz, but no changes in the
exponent, indicating that there is a reduction in power but not a shift toward a
specific frequency range. Moreover, in the superficial layers, no differences were
found between sham and stroke mice in the beta range. In the deeper layers,
changes in the offset were observed both in the 1-10 Hz and 10-30 Hz ranges,
indicating a diminution of power. However, no differences emerged in the exponent
between the two groups. Of note, urethane anesthesia induces a sleep-like state.
Changes in the aperiodic components during sleep (Lendner et al., 2020) or
anesthetic-induced unconsciousness (Colombo et al., 2019; Lendner et al., 2020)
have been described.

Additionally, transhemispheric diaschisis, referring to changes in the contralateral
hemisphere following a unilateral stroke, can also occur (Andrews, 1991). In the
contralesional hemisphere, alterations in delta power have been observed, with
some studies correlating these changes to an increase (S. G. Moyanova et al., 2013;
Williams et al., 2003) or a decrease (Lei & Perez, 2017) in ipsilesional power. Given
the lack of consensus on the evolution of the contralateral side, researchers often
employ an asymmetry index to reflect changes in rhythms across both hemispheres
over time (S. G. Moyanova et al., 2013). It would have been preferable to use a
recording setup that also allowed for monitoring changes in the contralateral
hemisphere. This approach could have provided a more comprehensive
understanding of the bilateral neural dynamics post-stroke in my model.

2.1.1 Numerosity discrepancy between spontaneous- and
evoked-recorded activity
This study used a post-hoc classification of subjects into 'good' and 'poor'
recoverers, which inherently precludes the prediction of individual outcomes at the
time of recording. The acquisition of spontaneous activity was limited to a subgroup
of animals, hence the reduced sample size. Indeed, given the importance of studying
spontaneous brain activity in the reorganization of neuronal circuits post-stroke
(Favaretto et al., 2022; Mansoori et al., 2014), we also decided to record LFP signals
in the absence of optogenetic stimulation. However, I started recording the
spontaneous LFP signals only after having collected a complete dataset of animals
(stroke, n=15; good, n=9; poor, n=6). Indeed, while I have enough data for evaluating
the differences between sham and stroke in spontaneous activity, I only have few
animals when classifying them in good (n=7) or poor (n=2) recovery outcomes,
making the conclusions of this study not fully comprehensive yet. Therefore, I need
to process more animals, particularly to increase the number of mice belonging to
the poor recovery group.
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2.2 Stroke-related changes in the evoked LFP signal
Following a stroke affecting the somatosensory cortex, Brown and colleagues
revealed that structural and functional changes occur within both the peri-infarct
zone and distant sites (Brown et al., 2009). This leads to altered modes of brain
activation, supporting the concept that focal cerebral strokes remodel short-range
connections within the somatosensory cortex (Carmichael et al., 2001) and promote
axonal plasticity in regions distant from the infarct (Dancause et al., 2005).

In this study, I evaluated both short- and long-range functional connections by
evoked LFP recordings. I found a decreased excitability in response to stimulation of
the ipsilesional premotor cortex in mice with a poor recovery outcome, counteracted
by heightened responses to stimulation of the contralateral primary motor cortex.
Notably, when considering responsiveness to ipsilateral RFA stimulation, there is no
distinguishable difference between the good and poor recovery outcome groups (Fig.
15). However, in response to single pulse stimulations, the poor recovery group
exhibited a reduced area under the curve in comparison to the good recovery group
(Fig. 16), particularly when recording from deeper layers, and yet the amplitude
remains unchanged.

As highlighted by Devanne et al., even minor changes in cortical excitability can
significantly impact motor output (Devanne et al., 1997). In humans, an increase of
ipsilesional corticomotor excitability was observed during the first 6 months after
stroke while the interhemispheric inhibition remained stable (Stinear et al., 2015).
Longitudinal studies have shown that increased recovery correlates with the
progressive increase of task-related activation of the injured hemisphere during a
motor task (Ward et al., 2003a).

Post-stroke, the inhibition of the lesioned hemisphere on the contralateral one is lost
(Bütefisch et al., 2008; Murase et al., 2004; Tang et al., 2015), leading to heightened
activation of the contralesional hemisphere. In this study, poor recoverers exhibit
pronounced responses in the superficial layers to stimulation of the contralateral CFA
(Fig. 17 and 18). There is evidence suggesting that this increased contralesional
activation may contribute to the interhemispheric imbalance (IHI), imposing
additional inhibition on the ipsilesional hemisphere. In a subset of chronic stroke
patients with larger lesions, the contralesional M1 appears to support the functional
recovery of the impaired limb (Lotze et al., 2006; Touvykine et al., 2016). However, in
other cases this imbalance was documented as detrimental (Fregni et al., 2006;
Mansur et al., 2005). For instance, Murase and colleagues described how IHI at rest
of stroke patients was similar to those of healthy controls. However, movements of
the paretic hand were associated with an unusually high level of IHI from the
contralesional to the ipsilesional motor cortex (Murase et al., 2004).

In mice, excitation of the healthy contralateral homotopic area leads to the
suppression of the spontaneous circuit repair (Bice et al., 2022). Conversely,
temporary suppression of the healthy hemisphere, coupled with training of the
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impaired forepaw, leads to the restoration of function and the return of pre-injury
motor patterns (Spalletti et al., 2017). Post-stroke brain networks that revert to
patterns of intrinsic organization similar to those of healthy subjects also display
more normalized activation patterns in humans following physical rehabilitation or
with a combination of the contralesional hemisphere inactivation and robotic
rehabilitation (Allegra Mascaro et al., 2019; Brown et al., 2009; Rehme et al., 2011).
This further suggests that the excessive interhemispheric inhibition (IHI) is
counterproductive.

The reduction in the total power in the stroke group may be indicative of lower
cortical current amplitudes, which could be attributed to a decrease in synaptic
density, activity, synchronization, or a mix of these factors (Ishii et al., 2017).
However, the circuits remain responsive to evoked stimuli, suggesting that the
possibility of manipulating their activity is maintained, thereby allowing for
investigations on how subjects with different recovery outcomes respond to
plasticity-inducing treatments.

2.3 Anatomical organization of the mouse motor cortices
This study examined the functional changes in spontaneous and evoked activity
recorded in the perilesional cortex following a stroke, highlighting the necessity to
further understand the structural changes underlying these functional alterations.

To this aim, mice expressing the ChR2 in layer 5 of the motor cortices were used
(Arenkiel et al., 2007). In the primary motor cortex, layer 2/3 receives inputs from the
somatosensory cortex (Kaneko et al., 1994; Mao et al., 2011) and the secondary
motor cortex (Oh et al., 2014; Ueta et al., 2014; Zingg et al., 2014). Layer 5B
neurons primarily establish subcortical connections, such as to the striatum and the
posteromedial thalamic nucleus (Hattox & Nelson, 2007). Within the CFA, the
excitatory influence of layer 2/3 on layer 5 has been well-established (Anderson et
al., 2010; Weiler et al., 2008), and it is known to facilitate the coupling of sensory
information to motor output (B. Chen & Kwan, 2020; Masamizu et al., 2014; Weiler et
al., 2008). In healthy animals, task-learning is associated with a refinement in such
inputs from layer 2/3 to layer 5 (Peters et al., 2014). Additionally, connectivity studies
indicate that the RFA predominantly projects to layer 5 of the CFA (Hira et al., 2013).
The results presented in my study highlighted a difference in the responses between
good and poor recoverers. This difference varies depending on the depth of the
recordings and on the stimulated area, suggesting a range of disconnections or
reorganization.

The transgenic mouse line used in this study and characterized by Arenkiel et al.
expresses in the cortex the excitatory opsin ChR2 in layer 5 pyramidal neurons
(Arenkiel et al., 2007). The reliability of this transgenic mouse line has been proved
in several experiments (S. Chen et al., 2012; D. Lim et al., 2013; D. H. Lim et al.,
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2012; Qian et al., 2019), yet a comprehensive evaluation of the connectivity remains
to be conducted. Notably, photostimulation of ChR2-expressing layer 5 neurons also
results in activity in the opposite hemisphere (D. H. Lim et al., 2012), suggesting
subsequent activation of cortical neurons with transcallosal homotopic projections
(Hattox & Nelson, 2007; Koralek et al., 1990), or indirect activation of contralateral
layer 2/3 by ipsilateral layer 2/3 neurons (Petreanu et al., 2007; Weiler et al., 2008).

To better understand the changes in neural connections in response to stroke, the
use of retrograde tracers injected into the perilesional CFA might be instrumental.
This approach would allow for the mapping of altered neural pathways after stroke
and will provide insights into the mechanisms underlying the recovery-outcome
variability post-stroke. This information would be also crucial for developing targeted
therapeutic strategies to enhance functional recovery in stroke patients.

3. Limitations of this study
Numerous in vivo electrophysiological studies have established urethane as the
preferred anesthetic for prolonged recordings of spontaneous electrical activity
(Devonshire et al., 2010; Maggi & Meli, 1986; Masamoto & Kanno, 2012; Sceniak &
Maciver, 2006), owing to its minimal impact on neuronal spike activity (Suzuki &
Smith, 1988). Consistently, I also used urethane anesthesia for my experimental
recordings. Urethane preserves brain rhythms, generates naturalistic sleep patterns
(Hara & Harris, 2002; Pagliardini et al., 2013), maintains functional connectivity
similar to the non-anesthetized state (Paasonen et al., 2018), and has been used in
stroke studies (Rabiller et al., 2015; Srejic et al., 2013). However, I cannot exclude
that the inconsistency in respect to previous works may be precisely due to the
anesthetic (Colombo et al., 2019). Indeed, in awake mice after cortical ischemia,
there was a broadband loss of power in the vicinity of the ischemic lesion. Moreover,
the aperiodic exponents changed in a locally specific manner and their normalization
within the motor cortex was accompanied by a recovery of fine motor function of the
contralateral forelimb (Biskamp, Isla Cainzos, et al., 2022). Thus, an awake set-up
would have allowed us to record electrophysiology without the confounding factor of
the anesthesia.

Another limitation of my study was represented by the single time point recording,
due to the acute preparation. This restricted our ability to evaluate
neurophysiological changes over time and confined our study to compare data
across different groups of animals. A longitudinal study would have allowed me to
compare the same subject and compare the neurophysiological impairments before
and after stroke. However, the chronic implants would have been technically
challenging to be obtained in the stroke model.

Initially, the optogenetic manipulation of layer 5 neurons was conceived as a method
to assess the integrity of the corticospinal tract (Lam et al., 2018; Z. Liu et al., 2021;
L. Wang et al., 2022), and changes in motor maps representation post-stroke (Alia et
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al., 2016). However, due to technical challenges, this direct assessment was not
feasible within the scope of my thesis work. The optogenetic stimulation was then
adapted to explore synaptic plasticity and neural connectivity in the perilesional
motor cortex.

As highlighted numerous times, the entire brain contributes to modulating the
plasticity of the perilesional area. Last but not least, it will be necessary the transition
from a single-channel electrode to a dual recording setup, such as perilesional
CFA-contralesional CFA, perilesional CFA-ipsilesional RFA, or to multi-probe
configurations to study how different brain areas contributes to the
neurophysiological alterations in stroke.
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