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Despite recent progresses in robotic rehabilitation technologies, their efficacy for post-stroke motor recovery is
still limited. Such limitations might stem from the insufficient enhancement of plasticity mechanisms, crucial for
functional recovery. Here, we designed a clinically relevant strategy that combines robotic rehabilitation with
chemogenetic stimulation of serotonin release to boost plasticity. These two approaches acted synergistically to
enhance post-stroke motor performance. Indeed, mice treated with our combined therapy showed substantial
functional gains that persisted beyond the treatment period and generalized to non-trained tasks. Motor recovery
was associated with a reduction in electrophysiological and neuroanatomical markers of GABAergic neuro-
transmission, suggesting disinhibition in perilesional areas. To unveil the translational potentialities of our
approach, we specifically targeted the serotonin 1A receptor by delivering Buspirone, a clinically approved drug,
in stroke mice undergoing robotic rehabilitation. Administration of Buspirone restored motor impairments
similarly to what observed with chemogenetic stimulation, showing the immediate translational potential of this

combined approach to significantly improve motor recovery after stroke.

1. Introduction

Stroke is one of the major causes of long-lasting motor disabilities
worldwide. Indeed, a substantial fraction of stroke patients does not
recover the ability to perform daily activities (Hummel and Cohen,
2006). Several studies highlighted that motor recovery is associated
with neural plasticity (Biernaskie, 2004; Langhorne et al., 2009; Allman
et al., 2016). In this regard, training intensity is crucial for rehabilita-
tion, because it has been shown to boost activity-dependent plasticity of
the spared circuitry and hence improve motor recovery (Raineteau and
Schwab, 2001; Kleim and Jones, 2008; Sun and Zehr, 2019). Since the
use of robotic systems allows to train with high levels of intensity,
repeatability, precision, and consistency, it is considered a promising
approach in post-stroke neurorehabilitation (Lo et al, 2010;

Klamroth-Marganska et al., 2014; Reinkensmeyer et al., 2016; Raffin
and Hummel, 2018; Micera et al., 2020). Recently, clinical trials and
meta-analysis exploiting robot-based treatments on stroke patients
revealed small but significant upper limb improvements (Hesse et al.,
2005; Lo et al., 2010; Veerbeek et al., 2017; Mehrholz et al., 2018;
Rodgers et al, 2019), which however were not generalized to
non-trained motor functions (Kwakkel et al., 2008; Panarese et al., 2012;
Veerbeek et al., 2017; Rodgers et al., 2019). Therefore, coupling robotic
rehabilitation with therapies that increase neural plasticity may facili-
tate cortical reorganization and increase functional restoration of motor
abilities (Sonde and Lokk, 2007; Zeiler and Krakauer, 2013; Straudi
et al., 2016; Tran et al., 2016; Alia et al., 2017). In line with this hy-
pothesis, we recently showed (Spalletti et al., 2017) that combining
robotic rehabilitation with transient inactivation of the contralateral
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hemisphere in a mouse model of cortical stroke improves recovery
outcomes compared to robotic rehabilitation alone. The contralesional
hemisphere has been suggested to be a potential target for neuro-
modulatory interventions after stroke (Di Pino et al., 2014; Spalletti
et al.,, 2017). Experimental strategies for stimulating post-stroke plas-
ticity often rely on invasive, intracerebral administration of drugs and
blocking agents (Gherardini et al., 2015). Therefore, these approaches
cannot be easily translated to current clinical protocols and while
promising, they still present major implementation roadblocks.

In this study we aimed at designing a clinically-relevant therapeutic
paradigm that could offer a realistic path for clinical implementation of
combined rehabilitation therapies adding to robotics a plasticizing ef-
fect. However, in order to specify a targeted, safe, and effective inter-
vention, a detailed identification of specific signal pathways that could
be selectively modulated by clinically approved drugs in human patients
is needed.

Specifically, we hypothesized that the serotonergic system might
have a role in boosting plasticity and motor recovery. Serotonergic ag-
onists have been associated to movement facilitation (Courtine et al.,
2009) and recovery in animal models of stroke and spinal cord injury
(Pariente et al., 2001; Chollet et al., 2011). Accumulating evidence
suggests that Selective Serotonin Reuptake Inhibitors (SSRIs) can
improve functional recovery by promoting post-stroke plasticity and
modulating cortical excitability (Dam et al., 1996; Pariente et al., 2001;
Zittel et al., 2008; Chollet et al., 2011; Siepmann et al., 2015). Indeed,
clinical trials have showed the beneficial effects of combination of
fluoxetine, a SSRIs, with physiotherapy on neurological deficit of stroke
patients (Chollet et al., 2011). In contrast, when stroke patients were
treated with fluoxetine but did not receive any kind of motor rehabili-
tation, no significant improvement in functional status (measured with
the modified Rankin scale) were detected (FOCUS, AFFINITY and EF-
FECTS studies - (Dennis et al., 2019; Hankey et al., 2020; Lundstrom
et al., 2020)). In light of these results, we hypothesized that serotonin
may represent a promising pharmacological target to augment the
beneficial effects of motor rehabilitation. The inclusion of physiotherapy
for post-stroke treatment appears to be crucial, as it has been shown that
the enhancement of plasticity without the guide of an appropriate motor
rehabilitation regime is not effective at promoting recovery (Wahl et al.,
2014). Particularly, the impact of combining serotonergic stimulation
with robotic rehabilitation has not been tested yet.

Based on these considerations, here we combined robotic rehabili-
tation therapies with chemogenetic stimulation to boost serotonin
release in transgenic mice expressing a modified muscarinic receptor
(hM3Dgq) in serotonergic neurons (Giorgi et al., 2017). Controls were
mice expressing the inverted open reading frame of this receptor. We
showed that mice experiencing a selective increase in serotonin release
during the rehabilitation protocol exhibited superior motor perfor-
mances on a robotic platform and on two sensitive motor tests (Gridwalk
and Schallert Cylinder Test) of forelimb performance. To further clarify
the receptor pathway that is associated to the plasticizing effects of se-
rotonin, we focused on the serotonin 1A receptor (Vetencourt et al.,
2008). Buspirone, a clinically approved 1A agonist, was administered to
wild type stroke mice during robotic-rehabilitation training. These mice
showed a recovery of motor performances comparable to that achieved
via chemogenetic stimulation. These results indicate a pathway towards
clinical application of combined therapies for stroke rehabilitation in
human patients.

2. Materials and methods
2.1. Experimental design

All experiments respected ARRIVE guidelines and the EU Council
Directive2010/63/EU, and were approved by the Italian Ministry of

Health. hM3Dq double-floxed inverse open reading frame (DIO-hM3Dq)
(Giorgi et al.,, 2017) mice were used as control. DIO-hM3Dq were
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compared with hM3Dq/Petl-Cre (SER-hM3Dq) (Giorgi et al., 2017)
mice expressing Designer Receptor Exclusively Activated by Designer
Drugs (DREADD) in serotonergic neurons. For the Buspirone experi-
ments, wild type C57BL/6J mice were used. Animals were randomly
allocated to the experimental groups (robotic training, serotonergic
stimulation, robot+serotonergic stimulation, etc.). A small cohort (n =
11) of mice were excluded in advance because they failed to reach a
sufficient performance (40% of correct reachings) in the pellet grasping
task before stroke and were not subjected to photothrombosis. All mice
that received the ischemic lesion were included in the study. Before the
ischemic lesion, we tested mice for baseline measurements on motor
tests (Gridwalk test, Schallert Cylinder test and pellet grasping task).
Mice were then tested 2 days after stroke induction to assess the early
effect of the lesion before treatment. Five days after stroke, mice started
the robotic training for 4 days per week and received either CNO or
Buspirone (saline) 90 and 30 minutes before the robotic session,
respectively. All the behavioral tests were conducted in the same day of
the week, when no therapeutic treatment (robot, CNO, or Buspirone)
was applied.

2.2. Surgical procedures

Photothrombotic lesion was induced as previously described (Lai
et al., 2015). After stroke induction, a metal post was placed on the
occipital bone for head fixation (Spalletti et al., 2014, 2017; Lai et al.,
2015).

2.3. Motor tests

To assess general motor performance in mice, we selected the
Gridwalk and Schallert cylinder test since they display very little re-
covery to baseline performance in mice with CFA photothrombosis up to
30 days post-surgery (Clarkson et al., 2010; Lai et al., 2015; Spalletti
et al., 2017).Animals were tested on Gridwalk Test and Schallert Cyl-
inder test for 5 minutes once per week as previously described (Lai et al.,
2015). The video recordings were analyzed off-line, frame-by-frame by
means of a custom designed Graphical User Interface implemented in
Matlab. Percentage of foot faults in Grdiwalk Test was computed ac-
cording to Lai et al. (2015). Performance on the Schallert Cylinder Test
was evaluated analyzing the reliance on the ipsilesional forelimb (right
forelimb). The number of contacts (on the wall and on the floor) per-
formed by each paw of the animal was counted and the use of the right
forelimb is expressed as a % of total use. Skilled Reaching Test and Ki-
nematic Analysis of the whole reaching movements were performed as
previously described (Lai et al., 2015). Animals were trained for three
weeks to perform a skilled reaching task with their left paw until they
reached a plateau in the performance. The baseline value was obtained
using the average of the last 3 sessions prior to the stroke. After the
lesion, animals were tested once a week. Off ;-line reconstruction of paw
trajectories was performed as previously described in Lai et al. (Lai et al.,
2015). To ensure consistency, only trajectories from successful trials
were considered.

2.4. Robotic Rehabilitation

Mice were trained in daily sessions on a robotic platform (M-Plat-
form). The animals started the daily rehabilitative treatment at day 5
post lesion and continued for 4 days a week until day 37 (5 weeks). A
detailed description is provided in Spalletti at al. (2014). Briefly, the M-
Platform is a mechatronic device that allows intensive and highly
repeatable retraction movements. Each retraction movement is
composed by two phases: a passive one, when the actuator extends the
injured forelimb of the mouse, and an active one, when the animal has to
pull back the handle. In Supplementary Fig. 11, we show representative
examples of the position of the movable handle across several trial
during the active phase. Animals performed at least 10 cycles of
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extension/retraction during each sessions of the first week, and at least
15 cycles during the subsequent 4 weeks. The force threshold to over-
come to move the handle was 0.2 N. Position and speed signals were
subsequently extracted from video recordings and synchronized with
the force signals recorded by a load-cell. Example of speed, position,
force and acceleration during a single retraction task are shown in
Supplementary Fig. 1L. Different parameters about motor performance
were automatically computed. Computation and statistical analysis
were performed in Matlab.

2.5. PCA analysis

To identify the most important physiological variables for recovery
assessment in the retraction task and in the single pellet reaching task, a
multistep statistical process based on principal component analysis
(PCA) was implemented (Courtine et al., 2009; Takeoka et al., 2014).
After selecting all relevant parameters from kinetic and kinematic
measures according to the investigated task, a z-score standardization
was applied to set zero mean and standard deviation 1 for all parame-
ters. This operation set all data on the same scale, avoiding bias related
to the disparate ranges of different parameters. PCA was applied on data
from all single trials for all animals: the mathematical transformation
allowed the identification of a new orthogonal system where the vari-
ance is maximized on each axis. The correlation between parameters
and PCs was quantified by factor loadings. For each animal, the
Euclidian distance between different conditions along each individual
PC was computed.

2.6. Pharmacological treatments

CNO (Clozapine-N-Oxide; Sigma Aldrich, 0.5 mg/kg, 0.125 pg/ml
saline) was injected intraperitoneally one hour and a half before the
training from day 5 to day 37. Buspirone hydrochloride (Tocris, 8 mg/
kg, saline) was delivered daily 30 minutes before the training.

2.7. Immunohistochemical analysis

Anesthetized mice were transcardially perfused with 4% para-
formaldehyde (PFA). Brains were cut using a sliding microtome (Leica,
Germany) and cortical coronal sections (50-pm thickness) were used for
immunostaining. To quantify the lesion volume we used randomly
chosen mice from a cohort that was sacrificed at 37 days post-stroke and
were not included in the follow-up. We applied a stereological method:
one out of every six sections was stained with Hoechst (33258, Sigma
Aldrich, USA) and the ischemic area was contoured and measured using
a fluorescence microscope (Zeiss, Germany) with a 10x objective. The
lesion volume for each mouse was calculated by summing up all damage
areas and multiplying this by section thickness and spacing factor (6). A
total infarction volume in mma3 is given as the mean+standard error of
all analyzed animals. To quantify the number of Parvalbumin and So-
matostatin positive neurons, we acquired images with a fluorescence
microscope (Zeiss, Germany) using a 10x objective. To ensure consis-
tency, immunopositive cells were counted in all animals in a 200 pm-
wide cortical column spanning all layers at the lateral edge of the
ischemic tissue, following the methods reported in Alia et al. (2016),
using Stereolnvestigator software. Similarly, V-GAT, V-GluT1 and PV
fluorescence were assessed in regions of interest located at the lateral
edge of the ischemic lesion and acquired with a 63x objective and a 2.5
digital zoom, in deep regions (layer V) of the perilesional tissue. Layer V
hosts indeed output cells that most directly triggers body movements,
and any alterations in their synaptic inputs has a direct impact on
movement control. Three sections per animal were examined. For
V-GAT and V-Glutl, off-line analysis was performed with a custom
designed Graphical User Interface (Matlab). For the fluorescence of PV+
puncta, we imaged serial optical sections and generated maximum in-
tensity projections from 5 consecutive sections; each image was
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analyzed using Puncta Analyzer plugin (ImageJ; Caleo et al., 2018). To
perform immunohistochemical analyses, brain coronal sections were
exposed to antibodies against Parvalbumin (1:300, Synaptic Systems,
Germany), Somatostatin (1:400, Millipore, Germany), V-GAT (1:800,
Synaptic Systems, Germany), and V-GluT1 (1:1000, Synaptic Systems,
Germany). In situ hybridization (ISH) was performed following standard
protocols, as described in Pratelli et al. (Pratelli et al., 2017).

2.8. Patch-clamp electrophysiology

For mIPSC recordings, we used an adaptation of the method
described in Testa et al. (2019) to prepare acute slices comprising the
perilesional primary motor cortex. Mice were cervically dislocated and
the brain was quickly dissected out in ice-cold, oxygenated cutting so-
lution containing (in mM): sucrose 262, HEPES 20, glucose 10, MgCl,
10, Na-ascorbate 5, Na-pyruvate 3, KCI 2, CaCl, 0.5, pH 7.4. A Leica
VT1200S vibratome was used to cut 300 pm-thick coronal sections,
which were transferred to a recovery chamber filled with oxygenated
artificial cerebrospinal fluid (aCSF), containing (in mM): NaCl 119,
HEPES 10, glucose 10, NaHCO3 6.2, KCl 2.5, CaCl2 2, MgCI2 1.2
NaH2PO4 1, Na-ascorbate 1, pH adjusted to 7.4, held at 32 °C for 30
min. After an additional 60 min at room temperature, sections were
placed in a recording chamber continuously perfused with oxygenated
aCSF at 32 °C. Tetrodotoxin (1 pM), NBQX (10 pM) and D-AP5 (50 pM)
were added to the bath to block evoked synaptic activity, AMPA
receptor-mediated currents, and NMDA receptor-mediated currents,
respectively, in order to isolate miniature Inhibitory Post Synaptic
Currents (mIPSCs). Patch-clamp recordings were performed using bo-
rosilicate glass micropipettes having a 4-6 MQ resistance when filled
with an internal solution containing (in mM): CsCl 135, HEPES 10,
Na-phosphocreatine 5, Mg-ATP 2.5, EGTA 1.1, Na-GTP 0.25, CaCl; 0.1,
pH 7.3 with CsOH). Recordings were performed in whole-cell configu-
ration while holding the neuron at -70 mV.

2.9. Statistical analysis

All data are expressed as mean+standard error of the mean (s.e.m.).
Statistical tests were performed using Matlab (Mathwork, USA) and
SigmaPlot 11.0 (Systat Software Inc, USA). For the longitudinal assess-
ment of motor performance (Gridwalk test, Schallert Cylinder Test, M-
Platform) we used two way repeated measures ANOVA (followed by
Holm-Sidak test), or Kruskal-Wallis for datasets not normally distrib-
uted. For correlation analysis, Spearman correlation was applied. For
patch-clamp data, cumulative distributions were tested using
Kolmogorov-Smirnov two-sample test. All statistical analyses were
performed on raw data. The level of significance was set at *p 0.05,
##p < 0.01, ***p < 0.001.

3. Results
3.1. Combined therapy is required to boost motor recovery

The experimental design is summarized in Fig. 1A. Following the
induction of photothrombotic stroke in the motor cortex (caudal fore-
limb area, CFA, Fig. 1B), we trained adult mice to perform a retraction
task on a robotic platform: the M-Platform (Spalletti et al., 2014)
(Supplementary Fig. 1A, Supplementary Video 1). The M-Platform is a
simple, one-degree-of-freedom rehabilitation device that mimics one of
the first robots for rehabilitation in humans, i.e. the Arm-guide (Rein-
kensmeyer et al., 2000). We previously characterized this platform and
demonstrated that the retraction task is skill dependent (i.e., animals
progressively learn to perform better and faster) and that mice are
impaired in completing the task after a cortical ischemic lesion (Sup-
plementary Fig. 1B, C, Spalletti et al., 2014). Our rehabilitation para-
digm consisted of intensive training (4 days a week for 5 weeks) with
this robotic device that allows highly-repeatable retraction movements
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Fig. 1. Combined therapy is required to boost motor recovery. (A) Experimental time schedule. (B) Hoechst-stained coronal brain section showing the lesioned motor
cortex, 5 weeks after stroke. Bar graph shows no significant difference in lesion size between the 2 groups examined (DIO-hM3Dq/CNO/Robot group, n=4; SER-
hM3Dq/CNO/Robot group, n=7). (C) Motor assessment on generalized motor tests (Gridwalk, on the left and Schallert Cylinder test, on the right), measured
longitudinally (once per week) on DIO-hM3Dq/CNO/Robot and SER-hM3Dq/CNO/Robot mice. Percentage of contralesional forelimb faults in the GridWalk test pre-
lesion (Baseline), once per week until 37 days post stroke and during the Follow up (7 weeks post stroke). Only the SER-hM3Dq/CNO/Robot group showed significant
improvement of forelimb function compared to pre-lesion values (DIO-hM3Dq/CNO/Robot group, n=7; SER-hM3Dq/CNO/Robot group, n=7). Statistical analysis
was carried out with two way repeated measures ANOVA. Bar plot on the right shows the percentage of reliance on the ipsilesional forelimb on the Schallert Cylinder
test, measured pre-lesion (Baseline), once per week until 37 days post stroke, and during the Follow up (7 weeks post stroke) (DIO-hM3Dq/CNO/Robot group, n=12;
SER-hM3Dgq/CNO/Robot group, n=12). Statistical analysis was carried out with Kruskal-Wallis. (D) (Left) Retraction task on the M-Platform. (Middle) Principal
component analysis (PCA) applied on 19 quantitative parameters for DIO-hM3Dq/CNO/Robot mice, SER-hM3Dq/CNO/Robot mice and a group of mice with no
lesion (Healthy/Robot). Parameters are shown in the space defined by PC1 and PC2 for the first and fifth week of rehabilitation. (Right) Bar plots reporting the mean
distance between week 1 and week 5 of the 19 parameters of SER-hM3Dq/CNO/Robot and DIO-hM3Dq/CNO/Robot mice compared to the healthy group (DIO-
hM3Dq/CNO/Robot group, n=16; SER-hM3Dq/CNO/Robot group, n=23). (E) Bar graphs of average values (DIO-hM3Dq/CNO/Robot group, n=16; SER-hM3Dq/
CNO/Robot group, n=23) for four of the quantitative parameters (Time to target, Attempts, i.e. force peaks not overcoming the static friction force, Submove-
ments, i.e. the suprathreshold speed peaks, and Mean velocity) evaluated on the M-Platform. Statistical analysis was carried out with two way repeated measures

ANOVA. Data are presented as mean + SEM. Asterisks indicate significances: *p<0.05, **p<0.01, ***p<0.001.

of the impaired paw (Fig. 1A, D).

To selectively enhance serotonergic signaling, we employed a
transgenic mice (Giorgi et al., 2017) expressing a modified muscarinic
receptor (hM3Dq) selectively in serotonin (SER) neurons (Supplemen-
tary Fig. 1D). Previous studies have shown that delivery of an hM3Dq
agonist (clozapine-N-oxide, CNO) leads to sustained firing of raphe
neurons and robust activation of motor cortical areas in these mice
(Giorgi et al., 2017). As a control, we employed mice carrying hM3Dq in
an inverted, inactive orientation (hM3Dgq-double-floxed inverse open
reading frame, DIO-hM3Dgq; Supplementary Fig. 1D).

We first examined the effect of our combined robotic therapy against
each intervention administered independently. Neither robotic therapy
nor stimulation of serotonergic neurons alone had a significant impact
on post-stroke motor recovery (Gridwalk test and Schallert Cylinder test,
Supplementary Fig. 1E). In agreement with other studies (Clarkson
etal., 2010; Spalletti et al., 2017), we found that mice undergoing any of
the therapies independently remained impaired up to 37 days
post-lesion.

We then analyzed functional recovery in animals that underwent a
combined activation of serotonergic neurons and robotic training (SER-
hM3Dq/CNO/robot). Specifically, we administered CNO (0.5 mg/kg)
before each session with the M-Platform in both SER-hM3Dq and DIO-
hM3Dq mice. Mice were tested once per week during the course of the
rehabilitation paradigm on the Gridwalk and Schallert Cylinder test to
assess motor recovery in generalized motor tasks. Although lesion vol-
umes were superimposable across the two groups at the anatomical level
(Fig. 1B), longitudinal analysis of motor performance showed signifi-
cantly higher functional gains in SER-hM3Dq than DIO-hM3Dq mice
(Fig. 1C). Indeed SER-hM3Dq mice showed almost full levels of motor
recovery. Interestingly, these motor improvements emerged gradually
over time, suggesting a synergistic interaction between robotic training
and serotonergic activation (Fig. 1C). To verify that our results were not
biased by neuroprotective effects or inter-individual variability in lesion
volumes, we correlated the forelimb faults in the Gridwalk test at 37
days with stroke volume and found no correlation between these 2 pa-
rameters (Supplementary Fig. 1F). Next, we investigated whether the
beneficial effect of the combined treatment was retained over time. Mice
underwent an additional follow up performance assessment two weeks
after the end of the therapy (follow-up). In both the Gridwalk test and
Schallert Cylinder tests, SER-hM3Dq mice that underwent our combined
therapy retained their functional improvements (Fig. 1C) showing that
motor gains persisted beyond the window of treatment.

We then exploited the capabilities of the M-Platform to execute a
detailed movement analysis. We computed a principal component
analysis (PCA) on several movement parameters that provide a quanti-
tative assessment of a forelimb retraction movement (Fig. 1D). This
analysis revealed that motor recovery in SER-hM3Dq mice was accom-
panied by the restoration of several parameters such as the time required
to accomplish the task and the decrease in number of failed movements

(“attempts™). In the analysis we included these failed movements since
the corticospinal circuit is activated during sub-threshold force peaks as
well; indeed, clear cortical motor evoked potentials are detected also
during attempts (Pasquini et al., 2018). All animals rapidly learned the
retraction task, as shown by the reduction in the movement time over
training session (Fig. 1E). However, SER-hM3Dq mice exhibited a more
pronounced and quicker learning curve (reduced movement time,
decrease in number of attempts and submovements, enhanced velocity;
Fig. 1E). In contrast, DIO-hM3Dq mice did not show any significant
change compared to the first week of training (Fig. 1E). Overall, these
results highlight that robotic rehabilitation and enhanced serotonin
release in combination, but not individually, are beneficial for motor
recovery after stroke (Spalletti et al., 2017).

3.2. Evidence for “true” recovery

To further characterize whether improvements triggered by our
therapies were generated by the development of compensatory strate-
gies, we trained mice in a “Skilled Reaching Task” (Lai et al., 2015)
(Fig. 2A). The analysis of the paw trajectories during a reaching and
grasping movement is a useful tool to gain information about the
movement strategy and patterns (Zeiler and Krakauer, 2013; Lai et al.,
2015). Animals were pre-trained for 3 weeks pre-stroke and then tested
weekly after the lesion. We found that the percentage of correct reaching
movements (endpoints) was reduced 2 days after the cortical infarct and
remained persistently impaired in both SER-hM3Dq and DIO-hM3Dq
mice. Next, we computed a PCA on several movement parameters to
study the kinematic trajectory (Fig. 2B) of successful reaching move-
ments. This analysis shows that the kinematic of SER-hM3Dq mice is
closer to pre-lesion movement patterns compared to the control group
(Fig. 2C). These results suggest a regain of motor abilities that goes
beyond simple compensatory strategies and is near to what we can
define a “true recovery” (Zeiler and Krakauer, 2013; Spalletti et al.,
2017).

3.3. Combined treatment reduces neuroanatomical and
electrophysiological markers of GABAergic inhibition

To identify the molecular mechanisms underlying the improved
motor recovery observed in SER-hM3Dq mice subjected to combined
therapy, we quantified the expression of plasticity markers in the per-
ilesional cortex at the end of our rehabilitation paradigm (37 days post-
stroke). As the GABAergic system is one of the principal modulators of
post-stroke neuronal plasticity (Clarkson et al., 2010; Alia et al., 2016),
and is potently impacted by serotonergic stimulation (Vetencourt et al.,
2008), we carried out immunohistochemical analysis for Somatostatin
(SOM) and Parvalbumin (PV), which are markers of two key populations
of GABAergic interneurons (Deidda et al., 2015). We found a significant
decrease in SOM + cells density in SER-hM3Dq mice with respect to
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Robot group) performing the Single Pellet Retrieval task before the lesion (Baseline), 2 and 51 (Follow Up) days after the lesion. (C) Principal component analysis
(PCA) applied on 26 parameters for DIO-hM3Dq/CNO/Robot and SER-hM3Dq/CNO/Robot mice. Parameters are shown in the space defined by PC1 and PC2 for
three different time-points: baseline (before lesion), 2 days and 51 days (Follow up) after the lesion. On the right, bar graph reporting the mean distance between day
2 and Follow up of the 26 parameters of SER-hM3Dq/CNO/Robot and DIO-hM3Dq/CNO/Robot mice compared to the healthy group. Values are plotted as the mean
+ SEM. Statistical analysis was carried out with Kruskal-Wallis. Asterisks indicate significances: *p<0.05, **p<0.01, ***p<0.001. (DIO-hM3Dq/CNO/Robot group,

n=4; SER-hM3Dq/CNO/Robot group, n=4).

control mice (Fig. 3A). Though PV + cells density appeared unaltered
(Fig. 3B), when we analyzed PV expression in “puncta rings” sur-
rounding the soma of perilesional pyramidal neurons, we found a
decrease in the mean fluorescence in the SER-hM3Dqgroup (Fig. 3C). To
investigate the excitation/inhibition ratio in perilesional cortex, we
quantified the mean fluorescence of inhibitory and excitatory terminals
impinging on the soma of pyramidal neurons. Vesicular GABA Trans-
porter (V-GAT) significantly decreased in SER-hM3Dq mice compared to
DIO-hM3Dq mice (Fig. 3D). We next quantified the mean fluorescence of
Vesicular Glutamate Transporter 1 (V-GluT1) and found no changes
between the two groups (Fig. 3E). Overall, these neuroanatomical data
demonstrate significant reductions in GABAergic markers at the termi-
nation of therapy.

To test the idea that the combined treatment triggers an early
reduction of GABAergic signaling which allows rehabilitation-induced
remodeling of spared circuits, we used patch-clamp recordings to
analyze miniature Inhibitory Post Synaptic Currents (mIPSCs) of per-
ilesional pyramidal neurons 21 days after the infarct. We chose this time
point as it precedes the appearance of motor improvements in SER-
hM3Dq mice as observed in our behavioral data (Fig. 1C). We found
that the frequency of mIPSCs recorded in brain slices from SER-hM3Dq
mice was significantly lower than in DIO-hM3Dq mice (Fig. 3F, G).
These results indicate an early decrease of spontaneous inhibitory drive
onto pyramidal neurons in perilesional areas. Interestingly, the ampli-
tude of mIPSCs was significantly higher in SER-hM3Dq mice compared
to DIO-hM3Dq mice (Fig. 3F, H). Altogether, the anatomical and elec-
trophysiological data concur in indicating a downregulation of presyn-
aptic inhibitory markers in the perilesional cortex of SER-hM3Dq mice
compared to DIO-hM3Dq mice after the combined treatment.

3.4. Activation of serotonin 1A receptor during training promotes
recovery in a translational experiment

Finally, we sought to investigate whether the beneficial effects of this
approach could be reproduced using clinically relevant compounds
affecting specific neuromodulatory pathways. The serotonergic system
can be stimulated in humans with pharmacological treatments including
SSRIs (Pariente et al., 2001). To test a more targeted approach, we
focused on the 1A serotonin receptor (5-HTj4) which is known to play a
major role in the neuroplastic effects of serotonin (Vetencourt et al.,
2008; Maya Vetencourt et al., 2011). We confirmed expression of the
5-HT;4 receptor in peri-infarct tissue at 5 days (i.e., during the “critical
period” for post stroke plasticity (Zeiler and Krakauer, 2013); Fig. 4A),
suggesting its possible involvement in motor recovery. To test this hy-
pothesis, we engaged the serotonergic network pharmacologically by
systemic administration of the clinically approved drug Buspirone, a
5-HTjp receptor agonist. Wild type mice with CFA-targeted photo-
thrombotic lesion received daily Buspirone or Saline with
intra-peritoneal injections and underwent robotic training starting after
30 min (Lee et al., 2017). Administration of Buspirone in combination
with robotic rehabilitation resulted in enhanced motor improvement
after stroke compared to control groups, thus mimicking the effects that
we obtained in SER-hM3Dq mice (Gridwalk and Schallert Cylinder Test,
Fig. 4B and Supplementary Fig. 1G). Importantly, these functional gains
were maintained during a follow-up of two weeks in which therapeutic
treatments were suspended (Fig. 4B).

4. Discussion

Significant efforts are currently devoted to identify effective
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hM3Dq mice compared to DIO-hM3Dq mice.

rehabilitation strategies to improve motor recovery after stroke. Recent
studies provided important evidences that optimal functional repair
after brain injuries requires a combination of different therapies (Zeiler
and Krakauer, 2013; Spalletti et al., 2017) — such as pharmacologi-
cal/neuromodulatory approaches to increase cortical plasticity and
physical therapy.

Unfortunately, the approaches proposed to increase plasticity are
often difficult to translate to patient studies (Ward, 2017). Several
pharmacological treatments, tailored for different neurotransmitters,
have been explored as possible targets to augment neuroplasticity. In
particular, SSRIs have been proven to modulate neural excitability and
promote plastic changes that lead to an improved motor rehabilitation
after stroke (Chollet et al., 2011).

However, the specific mechanisms underlying these beneficial ef-
fects of serotonin have not been completely elucidated. To this aim, in
this study, we implemented a rehabilitation protocol based on the use of
a robotic platform (Spalletti et al., 2014; Pasquini et al., 2018) and a
targeted, chemogenetic mouse model able to selectively activate the
serotonergic system. This approach allowed us to achieve two very
important goals. First, we showed that a selective stimulation of the

serotonergic system results in robust recovery of forelimb function after
a focal cortical stroke, but only when combined with intensive (robot--
based) rehabilitation training. This combination has a synergistic effect
on motor recovery after stroke, resulting in an enhanced behavioral and
functional outcome. Indeed, mice undergoing the combined treatment
exhibited almost full restoration of forelimb function that persisted over
time. In contrast, as shown in Suppl. Fig. 1E, mice undergoing single
treatments showed no significant improvements in generalized motor
tests over the 5 weeks of treatment. These results demonstrate that
increased neuroplasticity is a supportive factor but it is not sufficient
alone to promote motor recovery after stroke. Our neuromodulation
strategy is able to boost the therapeutic effect of the robotic rehabili-
tation and, at the same time, robotic training channels plasticity of the
spared circuits towards a successful functional output. Moreover, our
kinematic analysis suggested the restoration of pre-lesion movement
patterns rather than the development of compensatory strategies. The
combined treatment is able to generalize the effect of the robotic
training, leading to significant improvements in untrained motor tasks
(Gridwalk and Schallert Cylinder tests). This is a key result that will
trigger further studies aimed at validating the application of our
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ceptor in perilesional areas at 5 days post stroke in wild type animals. (B) Stroke
animals were trained daily in the M-Platform. Those that received Buspirone
therapy (purple) performed significantly better in Gridwalk and in Schallert
Cylinder test than stroke animals injected with saline (yellow). Data are pre-
sented as means + SEM. Statistical analysis was carried out with Kruskal-Wallis
for the Gridwalk test and with two way repeated measures ANOVA for the
Schallert Cylinder test. Asterisks indicate significances: *p<0.05; saline group,
n=3; Buspirone group, n=8.

therapeutic paradigm into clinical practice where it is crucial to assure
motor recovery that translates to a broad spectrum of motor abilities.
Second, these experiments allowed us to dissect the pivotal role of
serotonin in the enhancement of plasticity that would be unachievable
with the delivery of unspecific pharmacological interventions. Here,
following up on previous observations (Chollet et al., 2011), we pro-
vided strong evidence that the serotonergic system is a valid target for
neuroplastic interventions. Interestingly, enhancing 5-HT signaling has
been shown to facilitate the recovery of locomotion after a spinal cord
injury in rodents (Courtine et al., 2009).0One possible explanation for
this result might be that one major function of the brain serotonergic
system is to facilitate motor output, suggesting that 5-HT administration
might be more efficient when paired with training (Jacobs and Fornal,
1997). We examined neuroplastic alterations in GABAergic neurons, a
major target of serotonin action (Vetencourt et al., 2008) in peri-infarct
regions, which are critical for functional restoration after stroke (Starkey
et al., 2012; Harrison et al., 2013). We found that the behavioral re-
covery triggered by the combined therapy was associated with a sig-
nificant downregulation of inhibitory GABAergic markers (i.e., SOM-+
interneurons, PV-+ boutons and VGAT-+ terminals), which act as
“plasticity brakes” (Zeiler et al., 2013). Specifically, a decrease in PV
labeling has been associated with improved behavioral outcome after
stroke (Hakon et al., 2018). These neuroanatomical findings were par-
alleled by functional data, showing a dampened mIPSC frequency in
perilesional pyramidal neurons. On the other hand, homeostatic
compensation can explain the higher mIPSC amplitude in animals sub-
jected to our combined therapy. The decrease in SOM-+ neurons, PV-+
boutons, VGAT-+ terminals and mIPSC frequency indicate that the
enhanced recovery in animals with combined treatment is accompanied
by modulation of GABAergic inhibitory neurotransmission. These
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results are in line with growing evidence that a decrease in GABAergic
inhibition may trigger brain plasticity of the spared areas and facilitate
motor recovery (Clarkson et al., 2010; Alia et al., 2016; Hakon et al.,
2018; Johnstone et al., 2018).

While the reduced GABAergic signaling is a likely mechanism un-
derlying recovery, modulation of inflammation and/or angiogenesis
may also play a role. Inflammation has a dual role in stroke patho-
physiology, since it may enhance infarct size but also contribute to
improved neurological outcomes (Lambertsen et al., 2019). On the other
hand, stimulation of angiogenesis is known to promote recovery after
stroke by enhancing neuronal plasticity and reorganization of synaptic
contacts. In line with this idea, our previous work has shown that a
combined rehabilitation regime enhances vascular density in the
peri-infarct zone (Allegra Mascaro et al., 2019).

Finally, this increased understanding of serotonin basic mechanisms
allowed us to design a clinically relevant approach to target the 5-HTja
serotonin receptor, which is one key regulator of neuroplasticity (Lesch
and Waider, 2012). One potential mechanism driving the
plasticity-promoting effect of this receptor is the disinhibition of pyra-
midal cortical neurons mediated by reduced firing of GABAergic in-
terneurons (Starkey et al., 2012). Specifically, our data demonstrate that
activation of this receptor, through the delivery of Buspirone, a clinically
approved 5-HTjp agonist (Harrison et al., 2013), in combination with
intense robotic rehabilitation promotes functional recovery, thus open-
ing perspectives for a targeted pharmacological intervention. Mice
receiving Buspirone in combination with robotic rehabilitation per-
formed better on the training task compared to control; moreover, their
regained skills were transferred also to non-trained, generalized motor
tasks. As already described for the experiments with transgenic mice,
also in this case only the combination of both, Buspirone and robotic
rehabilitation, was able to induce significant functional improvements 5
weeks after treatment, highlighting an important synergistic effect.

Challenges lie ahead. In fact, further translational studies are needed
to adapt our approach to humans, in particular to investigate specific
time windows, and drug dosing. However, the fact that this combined
treatment enhance generalized motor recovery could represent a very
important turning point for the development of more effective future
stroke therapies with great potential for clinical application. Overall our
results provide strong evidences about the therapeutic potentials of a
new combined protocol and open promising avenues to significantly
improve motor recovery in people with stroke.
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