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Summary

Pioneering studies aim to improve the everyday life of motor-impaired patients
by providing motor rehabilitation devices controlled directly by brain activity.
In order to use these neuroprostheses efficiently, patients need online sensory
feedback to guide and correct ongoing movements. It is known that precise
somatosensory information from the body parts, and not only visual infor-
mation, is vital for dexterous control. Thus, brain-machine interfaces (BMIs)
should both read neural activity from the brain and feed back sensory infor-
mation about the prostheses current state. Recent efforts in closed-loop BMI
systems are addressing this challenge promisingly. However, an understanding
of the neuronal mechanisms of sensorimotor integration will be necessary to
optimize sensory feedback delivery. In this thesis, we are using a low-latency,
closed loop brain-machine interface for head-fixed mice, which combines elec-
trophysiological recordings in M1 and optogenetic stimulation in the primary
somatosensory cortex (S1). We aim to reveal general rules about how the brain
uses spatio-temporal patterns of cortical activity in order to generate feedback-
corrected motor commands, and further understand the mechanisms behind
the computational rules for sensory-guided behavior. Firstly we showed that
taking into account the topographical organization of the whisker barrel cortex,
which highly reflects the organization of the whisker pad, favors the learning
of a sensory guided task. Secondly, we implemented an ultra-fast incremental
control algorithm to study the impact of latency in BMI learning. We expect
that mimicking the physiological intrinsic latency of the sensorimotor system

should promote learning.
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Foreword

This thesis aims to optimize the delivery of cortical feedback in a closed-loop
sensorimotor brain-machine interface. Of course, this theme in itself is ex-
tremely vast, as in this kind of device, there are a lot of variables that one can
play with. This thesis concentrates mainly on two aspects of this optimiza-
tion: First, the impact of the spatial distribution of the cortical stimulation.
Second, the importance of the closed-loop latency of the system, meaning the
time-lapse between the brain message generating the movement and the deliv-

ery of the corresponding feedback cortical stimulation.

To help the reader understand the context of the studies presented in the
methods and results section, I start by introducing the sensory motor system
in Part I, focusing on the cortex. In the first chapter of the introduction I
spend some time detailing the model used in the following studies, namely the
whisker system in rodents, and describe the interesting cortical topographi-
cal organizations in primary cortical areas. The second chapter describes the
plasticity mechanisms that could be at play during brain-machine interface
learning and their limits. As in the first chapter, I emphasize on plasticity
occurring at the cortical map level, and more specifically what happens for
the somatosensory cortex. In the last chapter of the introduction, I explain
how all of this is exploited with brain-machine interfaces, describe the recent
breakthroughs that were made in this field with a few examples, as well as the

main difficulties and challenges that the BMI community faces.

In Part II, the main results yielded by this PhD are presented, in the form
of a series of articles, each of them with a short presentation. The last study
aims to directly compare learning with different latencies, is still at its early
stage, and will be completed to achieve reproducible and well controlled re-
sults. Finally in the Discussion, we place our work in the general framework
and literature on the BMI field, and discuss the perspectives of this work. Two
additional articles to which I contributed but not directly related to my PhD
project are added in the Appendix.



Part 1

INTRODUCTION



Chapter 1

A spatio-temporal sensorimotor
integration

1.1 A natural closed loop system

Movement is continuously shaped by sensory information. To explore an envi-
ronment, find food and perform most actions, animals need sensory feedback
(Scott, 2016; Ahissar and Assa, 2016; Sauerbrei et al., 2020). In humans, pro-
prioception is crucial for limb positioning, while touch is critical for object
manipulation. In fact, loss of proprioception and touch can be disastrous,
as observed in somatosensory-impaired patients who do not ”feel” their body
(Sacks, 1985; Chesler et al., 2016; Cole, 2016). Sensorimotor closed-loop con-
trol is needed for maintaining posture and moving in space, but also for fine
dexterity to manipulate objects precisely (Johansson and Flanagan, 2009).
The human’s body thus permanently integrates in close-to-real time feedback
from the outside to correct motor commands. These adjusted motor com-
mands in the brain generate efferent copies who are then re-injected in the
loop and compared with sensory inputs to correct movement. To perform
this loop correctly, brain messages are not only timed very precisely, but are
also spatially constrained through topographical structures. In this first sec-
tion, the anatomy and functionality of this natural sensorimotor system will
be described non-exhaustively, with some examples of research conducted with

humans, monkeys and rodents.

1.1.1 From the exterior world to the cortex

Our body is filled with sensors which provide us information about the world
which surrounds us. Specifically, tactile information is encoded by somatosen-
sory neurons. The peripheral branches of these neurons innervate the skin and

transduce mechanical stimulus into action potentials. Very quickly, the mes-
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sage is transmitted by a chain of three neurons, going through the brainstem,
the thalamus and terminating in the parietal lobe, in the primary somatosen-
sory cortex (Figure 1.1 (A)). In the somatosensory cortex, a mapping of the
entire body emerges. This mapping was first observed with electrical micros-
timulations (Penfield and Boldrey, 1937). The ”"homunculus” described is a
deformed, continuous representation of the entire body (limbs, hands, face) as
if printed on the cortex (Figure 1.1 (B)). The representation of each part of
the body is roughly proportional in size to the complexity and diversity of the
sensory information that this body part is supposed to convey. For example,
the representation of the hand and fingers is highly disproportional compared
to its size in the exterior world. Apart from this anatomical description, the
exact use of the sensory cortex and the internal computations that it makes
remain unclear. While the standard view sees the somatosensory cortex only
as a sensory map, there is evidence that its function is not as simple (Brecht,
2017): First, lesions of the cortex in rats and humans have shown that the
cortex is not necessary to feel objects, at least for crude sensations. Second,
with some reorganization of intracortical connectivity, the cortex is capable of
generating “phantom limbs” even in the absence of peripheral nerves, going

beyond the role of a one to one sensory map.

As for the proprioceptive messages, which provide information about self move-
ment and body position, they rely on the activation of proprioceptors : muscle
spindles, Golgi tendon organs, and joint receptors. The message also ends up
in the somatosensory cortex. In particular, Brodmann area 3a of the human
somatosensory cortex responds mainly to the stimulation of these propriocep-
tors. For the mouse, this is less obvious and it is thought that proprioceptive

inputs are handled in a more diffuse manner.

1.1.2 The primary motor cortex and its role in motor commands

On the motor side, it is known that proper sensory and motor function involve
many cerebral areas as the cerebellum, the basal ganglia, the thalamus, and
several cortical areas... In particular, generating optimal sequences of move-
ment relies on higher order motor centers, including the primary motor cortex
(M1). Just like with the somatosensory cortex, Penfield mapped a ”motor

homunculus” through direct microstimulations of the cortex.

Even though the function of M1 is still hotly debated (Omrani et al., 2017),

there is ample evidence that motor cortex controls the initiation of voluntary
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Figure 1.1: Sensory pathway and cortical mapping in the primary somatosensory
cortex.

(A) Touch and proprioceptive sensory pathway adapted from 2011 Pearson education.

(B) Homunculus described by Penfield in 1937.

movement. For example, microstimulations of M1 elicit movement of body
parts in humans (Penfield and Boldrey, 1937), monkeys (Graziano and Aflalo,
2007) and rodents (Petersen, 2014), while inactivation of M1 blocks voluntary
movements (Guo et al., 2015). Analysis of the spiking activity of M1 neurons
shows that neurons are individually tuned to movement parameters, and that
distinct output patterns of subpopulations of M1 neurons take place during
distinct motor actions (Georgopoulos et al., 1986). These output patterns lead
to muscle activations via several direct and indirect pathways. As far as to
what exactly the M1 neurons are tuned best, although most agree that the
primary motor cortex is useful for complex motor commands (Lawrence and

Kuypers, 1968), there are still several approaches:

First, some researchers tend to correlate directly the activity of the primary
motor cortex with the subsequent contractions in the different muscles. In
2003, Sergio and Kalaska (Sergio and Kalaska, 2003) trained monkeys to exert
force, in a static fashion, with their arm in 8 different directions and from
eight different positions, while recording single neurons in the caudal part of
M1. Their main hypothesis was that if motor activity could depend on arm
posture, it could be implicated in the transformation of internal models of
motor commands into patterns of muscle activation. They showed that, while

the recorded neurons were broadly tuned to force in specific directions, this

12



was also the case for muscle activity as these two are intrinsically correlated
already. More importantly, just as muscle activity, they showed that neuronal
activity was strongly dependent on the arm position, in term of firing rates
and in term of direction tuning, supporting their theory. In fact, firing rates
in M1 were often shown to be correlated with movement parameters, such as

distance, speed or even curvature.

Second, other models put the primary motor cortex in control of higher level
movements, representing specific behaviors. Specifically, it has been show that
electrical stimulation of M1 with relevant, long time scales was accompanied
with complex, reproducible behavioral repertoires with similar final postures
(Figure 1.2). The postures surprisingly did not depend on the direction of the
movement (Graziano et al., 2002). One striking example of behavior induced
by stimulation was a combination of approaching a gripped hand to the mouth
while opening the latter at the same time. For each of these behaviors, the
monkey froze at the final position until the stimulation was over. Notably, it
was shown later that these movement could adapt to perturbations, material-
ized by added weight on the arm. (Graziano et al., 2005).

Third, it has been suggested that measuring the activity of individual M1
neurons was not enough to decode motor intent. Indeed, single neuron vari-
ability is often difficult to interpret, so more complex mathematical methods
analysing the activity of large amount of neurons are needed. Following this
logic, by looking at principal component projections of the neuronal activ-
ity to extract the most orthogonal informations out of the multidimensional
data, it was shown that the neural state of monkeys follows a rhythmic, ro-
tational and highly reproducible structure when doing a simple reaching task.
Interestingly, this rotational structure could not be seen when applying this
analysis on standard models, for which neural activity would encode direc-
tion, speed, or other kinematic variables (Churchland et al., 2012). Going
further, it was shown later with a novel decision task, during which a monkey
needed to spend some ”preparatory time” visualizing the movement that had
to be done, that M1 activity before movement could be decoded to predict the
latter. Analysing this activity with a linear classifier, even hesitation by the

monkey during the preparatory time could be detected (Kaufman et al., 2015).

13
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Figure 1.2: Action Zones in the Motor Cortex of the Monkey (Graziano and
Aflalo, 2007).

These categories of movement were evoked by electrical stimulation of the cortex on the
behaviorally relevant timescale of 0.5 s. Images traced from video frames. Each image
represents the final posture obtained at the end of the stimulation-evoked movement. Within
each action zone in the motor cortex, movements of similar behavioral category were evoked.
Action zones in the motor cortex of the monkey described in (Graziano et al., 2002, 2005)

Beyond movement generation, the role of M1 is especially prominent for learn-
ing a new motor skill (Kawai et al., 2015). Our brain can indeed learn to
generate complex motor commands while integrating seamlessly sensory cues
enabling us to reach an exquisite level of precision of our body movements. Re-
cent studies suggest that these procedural memory engrams first form in the
sensorimotor cortex, and later transfer to other parts of the brain as movement

become highly stereotyped.

1.1.3 Sensory-motor cortices connectivity

In most mammals, S1 and M1 are distinct but adjacent to each other. Their
topography is arranged in a mirror image and they are heavily and reciprocally
interconnected. In humans, the primary somatosensory cortex and the primary
motor cortex are connected through anatomical connections, short U-shaped
fibers beneath the central sulcus (Catani et al., 2012). These anatomical con-
nections are organized according to the topographical structure of these two

cortices. Beyond the anatomical descriptions, these connections clearly have a
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(A) VSD imaging after a single whisker deflection, adapted from (Matyas et al., 2010) and
similar to (Ferezou et al., 2007).

(B) Movement amplitude and latency evoked by ICMS of S1-C2, Ml-protract and MI1-
Retract (Matyas et al., 2010).

(C) Up : Injections in vS1 and projections to vM1. Image B1: AAV-tdTomato injected into
vS1 (asterisks) and projection to vM1 (arrowhead). Dashed lines correspond to the sections
containing the injection site in vS1 (inj) and the projection site in vM1 (proj). Image B2:
Coronal section through the vS1 injection site (asterisk). Image B3: Coronal section through
vM1. Down: injections in vM1 and projections to vS1. Image G1: AAV-eGFP injected into
vM1 (asterisks) and projection to vS1 (arrowhead). Dashed lines correspond to the sections
containing the injection site in vM1 (inj) and the projection site in vS1 (proj). Image G2:
Coronal section through the injection site (asterisk) and projection to contralateral vMI.
Image G3: Coronal section showing vS1. Adapted from (Mao et al., 2011)

(D) Non-exhaustive schematic of neuronal connections from the primary somatosensory to
the primary motor cortex in rodents. Descriptions coming from (Petersen and Crochet,
2013; Papale and Hooks, 2018; Chen et al., 2015b).



functional role: A study with Autism Spectrum Disorder patients, (Thompson
et al., 2017) suggests that this direct connection between S1 and M1 is neces-

sary to interact finely with the environment.

In rodents, this connectivity has already been exhaustively described (Ferezou
et al., 2007; Mao et al., 2011). There are direct axonal projections connecting
functionally the whiskers with S1 and then M1, while stimulating electrically
the primary somatosensory cortex (whiskers) generates whisker retraction with
low latencies (Matyas et al., 2010) (Figure 1.3 A, B, C)), suggesting that the
primary somatosensory cortex would send direct whisker retraction commands

to the muscles.

Interestingly, the anatomical connections between S1 and M1 are segregated.
From S1 to M1, most connections come from layer 2/3 and 5a in S1, from
extragranular cells vertically aligned with the layer 4 septa (Alloway et al.,
2004), and project mostly to layer 2/3 and 5a neurons in M1. From M1 to S1,
monosynaptic connections mainly originating from layer 2/3 and 5a neurons

project to deep layers neurons in S1 (5a and 5b) (Petreanu et al., 2009).

In the meanwhile, interneurons VIP (and other ionotropic serotonin receptor
expressing neuron), SOM and PV interact to play a role in shaping sensory in-
puts and motor output (Example connection in Figure 1.3 D). Although their
exact role remain unclear, several hypotheses have been suggested, beyond the
role of providing simple neuronal stability, such as influencing the timing of

signals through feed-forward inhibition.

On the behavioral level, these excitation/inhibition processes and sensory mes-
sages in the motor cortex are supposedly guiding motor behavior to initiate
movements (Zagha et al., 2015). Specifically, these connections are also re-
shaped by the learning of a sensorimotor task (Chen et al., 2015a). These

plasticity processes will be further explored in chapter 2.

1.1.4 Delays in the control system

Just like in any other system, sensorimotor communication between the mus-
cle and the central nervous system (CNS) takes time. While the somatosen-
sory system computes information, on average, faster than the visual system
(around 30 ms faster), sensorimotor information processing and sending cor-

rections to the CNS still takes a significant amount of time. On the motor
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side, the creation of an internal feedback model through efferent copies (sup-
posedly in the cerebellum (Wolpert et al., 1998)) may be useful to make the
computations faster, by comparing this efferent copy with sensory mismatches.
Nevertheless, the propagation of the information from the CNS to the muscle
still takes dozens of milliseconds. Of course, at least in lower mammals, most
casual sensorimotor tasks don’t require much use of the cortex and can rely
on computations made directly by the spinal cord and brainstem, just like

locomotion and most reflexes (DiGiovanna et al., 2016).

Sensorimotor tasks each run with its specific latency range, which depend
on the complexities of the computations needed to generate and correct the
appropriate movement (Scott, 2016). In this review, the author describes the
different computations and timings needed by the motor system to integrate
sensory feedback (Figure 1.4). In the muscles, three differentiable electromyo-
gram (EMG) signals can be recorded after inducing an external perturbation,
R1 signal being the first to arrive in around 25 ms, R2 in 50 and R3 in around
75 ms. On the other hand, after a cue to trigger a movement, the subject
needs to switch from a controlled postural static position to the initiation of
movement. In that case, it takes relatively longer to trigger EMG signals in
the muscles, starting from 120 ms for a simple reaction time. As such, a fast
stretch response will trigger after 25 ms (R1), while a motor response involving

a choice will take longer, around 170 ms.

On the behavioral side, the results are less clear, but also seem to strongly
depend on the task. With a reciprocal tapping task, it has been shown that a
delay in haptic feedback can be disruptive if it is above 200 ms, while delays in
the visual feedback are far more problematic starting from around 70ms (Jay
and Hubbold, 2005). However in a tracking task, it seems to be the opposite
with haptic feedback delays having an impact on performance as early as a 25

ms delay (Jay et al., 2007).

All in all, although these different timings and delays seem to be a mere con-
sequence of physiological constraints that are imposed on our central nervous
system to transfer and compute information, they could have a critical role in
the operation of the sensorimotor loop. As such, they should not be set aside
when studying sensorimotor mechanisms. This will be very important for the
last study of this thesis, in which we aim to evaluate the impact of latency in

a closed-loop sensorimotor brain-machine interface.
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Figure 1.4: Taxonomy of Bottom-Up Sensory Feedback Processing To Guide
and Select Motor Actions (Scott, 2016).

Timeline denotes the time from a sensory stimulus (mechanical or visual) to motor response
[electromyogram (EMG) signal onset] of arm muscles related to each factor. Somatosensory
and visual information support similar functional classes, although slightly delayed for the
latter because of retinal processing. Each color denotes a functional class of feedback pro-
cessing. Inset diagrams illustrate specific examples on the use of bottom-up sensory feedback
processing. Arrows for proprioceptive feedback reflect the load (and its size) applied to the
limb. Broken lines denote an unperturbed movement and an unbroken line denotes a move-
ment when a load was applied. Filled circles denote that a visual target was shifted during
movement (target jump) or when it was illuminated to initiate a movement [reaction time
(RT) tasks]. Arrows for visual feedback examples denote direction of hand movement. S
and F denote the start and final spatial goals, respectively. For online control of the goal, F1
is the initial target that is jumped to F2 during movement. Superscripts denote references
related to each class or type of corrective response.
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1.2 The whisker system in rodents

Although non-exhaustively, we described in the previous section some main
aspects of the sensorimotor system in mammals, as well as some questions
that remain unanswered. We shall now focus on the specific sensorimotor
system that will be at the core of our study, the mouse whisker sensorimotor
system, and describe more specifically its anatomical and functional aspects.
Mice have the reputation to have a poor visual system, and unlike humans, do
not have a fovea. To compensate for this poor vision, mice use their whiskers
to probe their environment. They use them to investigate new objects, for

navigation, as well as for social interactions (Sofroniew and Svoboda, 2015).

1.2.1 In the follicles

In rodents, whiskers are organized in rows (A, B, C, D and E) and columns (1,
2, 3, 4...). The most posterior column of whiskers is composed of the strad-
dlers (alpha, beta, gamma and delta), which are the biggest whiskers in the
pad (Figure 1.5 A). Each whisker emerges out of a follicle. By applying a force
on the whisker shaft, the whisker inside the follicle will bend in a S-shaped
fashion (Ego-Stengel et al., 2019; Luo et al., 2021), activating several sensory

mechanoreceptors.

Similar to the human, the sense of touch by mice whiskers starts with transduc-
tion by mechanoreceptors. Throughout the follicle, several types of mechanore-
ceptors can be found (Rice et al., 1993; Ebara et al., 2002, 2017): Merkel end-
ings mostly in the upper and middle parts of the follicle, Reticular endings in
the lower parts, club endings within the ringwulst of the follicle, and several
others (Figure 1.5 B). Some of these mechanoreceptors are useful for touch,
while others are designed for sensing stretch, pressure vibrations, or even orien-
tation (Tonomura et al., 2015). These follicles are innervated with two different
types of nerves, non-myelinated superficial ones and deep, mainly myelinated
ones. These nerves transfer the information from the mechanoreceptors to the

next step, the trigeminal ganglions (TG).

1.2.2 From the periphery to the cortex

After action potentials in TG neurons are triggered by these mechanoreceptors,
the information travels through 3 different pathways: the lemniscal pathway,
which is the major pathway, the extra-lemniscal pathway, and finally the par-

alemniscal pathway. Briefly, throughout the lemniscal pathway, information
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Figure 1.5: The rodent whiskerpad

(A) Organization of the whiskerpad.

(B) Schematic of the internal structure of the follicle with the different mechanoreceptors
and nerves, adapted from (Staiger and Petersen, 2021).

travels through the PrV nucleus in the brainstem, then the core part of the
ventro-postero-medial nucleus of the thalamus (VPMdm), and finally projects
mostly to the layer IV of the whisker primary somatosensory cortex, the bar-
rel cortex (vS1) (Figure 1.6 A). The extra-lemniscal pathway passes through
another nucleus of the brainstem, the SpV, and similarly also by the VPM
but this time in its "tail” part (VPMvl), before ending in vS1 and S2. Lastly,
the paralemniscal pathway travels through the SpV, then the postero-medial
nucleus in the thalamus (PoM), and at last vS1 and S2 (Figure 1.6 A) . These
3 different pathways are thought to have complementary roles in shaping sen-

sorimotor processes (Yu et al., 2006).

One striking feature of these different pathways is how the topographical or-
ganization of the whiskers in the snout is conserved while the sensory message
travels, and can be seen anatomically, in the form of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>