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Introduction

When Neuroscience meets Engineering, the Neurotechnology field starts to grow. In the last decades,
various neurotechnologies are closing the gap between the nervous system and artificial devices. The
classification and terminology of all the different applications in the field of Neurotechnology can vary
depending on the authors. For this thesis, | will use the following classification for neurotechnologies

based on their final goal:

- Rectify. In this category we will include all the systems aimed at stopping a pathological
activity (e.g. tremor in motor disorders and epileptic seizures in epileptic patients)

- Replace. In this class, we will include all the devices that aim to substitute or bypass a non-
functional circuit or part of the body.

- Retrain. Here we will include all the systems aimed at “helping the brain” to help itself taking

advantage of neuroplasticity.

It worth noticing that the borderline among these classes is not always clear-cut. For instance, the
replacing and retraining goals can overlap in many cases thanks to the incredible adaptability of the

neural circuits to different environments and neural interfaces.

Many pathologies can benefit from electrical stimulation of the brain. Some of them, such as
Parkinson’s disease and epilepsy are currently the most studied but usually implement open-loop
stimulation (i.e. independent from the current activity) to perturb brain activity. Open-loop
stimulation can have several drawbacks and therefore the so-called closed-loop approach can be a
more natural way of delivering stimulation with less side effects. The term closed-loop, commonly
used in neuroscience, can be controversial when compared to closed-loop systems in the field of
control engineering. In Neuroscience, we usually call closed-loop systems all those systems that record
activity from the brain, process and deliver stimulation back to the brain in real-time. In the last years,
the interest towards the closed-loop paradigms has grown exponentially. The main advantages of
using a closed-loop stimulation include: the reduced number of stimuli when compared to the open-

loop ones and the close relationship of the stimulation with the current “state” of the brain.

In this context, the goal of this thesis is to study new ways to interact with the nervous system in case

of damage or pathology. In particular, | focused my effort towards the development of innovative,

closed-loop stimulation protocols in various scenarios, covering all the three kinds of applications

mentioned above.

In order to describe the work that | performed during my PhD, | organized this Thesis in five chapters.



The first one gives an overview of the state of the art of Neurotechnologies for reading and writing
the neural code; it also contains several innovative applications of these techniques, with a particular
attention to closed-loop applications, with a final paragraph concerning possible ethical issues
(Chapter 1). The second chapter describes a neuroprosthetic device applied to an in vitro model of
focal brain lesion. In that project, | used different stimulation protocols aimed at reconnecting or
replacing (by means of an artificial neural network) parts of a damaged neuronal network (Chapter 2).
Using cell cultures plated over Micro Electrode Arrays (MEAs) can be useful in many scenarios given
the high controllability of the entire neural network. The main limitation of this model is that it lacks
some of the relevant features of brain circuits. Therefore, in (Chapter 3), | describe the development
of a setup for real-time acquisition, processing and stimulation on ex vivo brain slices recorded through
MEAs. The goal of this stimulation protocol was aimed at reducing the occurrence of epileptic seizures
(rectify) thanks to the real-time activity dependent stimulation. In vitro and ex vivo models have both
many advantages but lack the behavioral outcome that is needed to assess the quality of the
neuroprosthetic approach. To overcome this limitation, in (Chapter 4) | describe the development of
a reliable spike detection on a commercial, fully open-source system to perform activity dependent
stimulation on behaving rodents or non-human primates. The main application of this activity
dependent stimulation is to retrain the brain after a lesion. The reduced quality of the signals while
the animal is moving or chewing are peculiar of these studies and are totally absent in the context of
in vitro and ex vivo recordings. Therefore, increasing the specificity in the detection is crucial to
improve the effectiveness of these kind of studies. Chapter 5 gives a perspective, related to human
recordings by means of non-invasive techniques that we recently started in our lab. The last chapter

provides a brief recap and the conclusion for this thesis (Conclusions).



Chapter 1: State of the art of Neurotechnologies and applications

Overview

Understanding how the brain works is probably the most exciting challenge of the XXI century.
Uncovering the underlying mechanisms of the brain is so complex because of the interactions between
elements at various spatial (from molecular to system level), temporal (from hundreds of ps of the
molecular scale to days and years for development studies) and topological scales (from single node

to the network as a whole (Figure 1.1).

To deal with this complexity, researchers are now using a multilevel approach involving many different
branches of biology (molecular and cellular biology, genetics, biochemistry, etc.) but also physics,

mathematics, engineering and related fields.
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Figure 1.1: The multi-scale brain in terms of Spatial, Temporal and Topological scales. From (Betzel and Bassett
2017)

Indeed, advancing our understanding of brain function involves innovations in both the experimental
methods, used to observe and perturb brain activity, but also in the computational tools used to
analyze the recorded data. Nowadays many recording and perturbation techniques of the human
brain are available. Depending on the research question, they differ in terms of temporal and spatial

resolution, the invasiveness, the risk and the feasibility of human application.

Here we will give an overview of the most widely used and promising methods, highlighting pros and

cons of each technique with respect to the others. First, we will list the main “reading” and “writing”
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techniques with a small paragraph dedicated to the most innovative techniques. Then, we will present
some of the main applications currently available both in clinical and preclinical practice. The last

paragraph will focus on the main ethical issues related to the misuse of neurotechnologies.

Techniques to interact with the brain

Reading the neural code

First, we will give a brief historical overview of recording techniques. Then, we will divide the
paragraph in terms of recording locations. We will list some of the main recording techniques from
outside the skull (non-invasive techniques) and from inside the skull (invasive techniques, Figure 1.2).
Within the invasive techniques paragraph, we will also include devices for in vivo recordings (in animal
models) and in vitro recordings (considering extracellular recordings as part of the invasive techniques

category).
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Figure 1.2: Types of brain interfacing electrodes and their location in the reference to the brain. Less invasive
systems (blue background) provide recordings of lower resolution in comparison to intracortically-implanted
electrodes. from (Szostak et al. 2017).

Brief historical overview on brain recordings

After the first intuitions attributed to the work of the Italian physician Luigi Aloisio Galvani (1737—-
1798), it took more than a century to have the first recording (Berger 1929) of electrical activity from
the brain performed by a German psychiatrist: Hans Berger (1873-1941). Berger was inspired by the
work done by Richard Caton (1842-1926) in England with animals like rabbits, dogs and monkeys. He
performed the first encephalogram (EEG) recording on human brain and identified different
oscillations present in both healthy and pathological (e.g. epileptic) brains. The number of electrodes
for these pioneering works was limited to two and therefore the spatial resolution and the quality of
recordings was low. Today commercial EEG systems can have up to 256 electrodes and many

techniques have been developed to increase the spatial resolution of such method but the basic
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principle of EEG is still the same. More than forty years after Berger’s work, a new technique based on
the magnetic fields was developed: magnetoencephalography (MEG) (Cohen 1972). Using MEG have
different pros and cons when compared to EEG as we will discuss in the next paragraph. Both EEG and
MEG are non-invasive techniques but different electrodes can be placed inside the skull to get signals
closer to the neuronal sources. Electrocorticography (ECoG) and intracortical recordings are two ways
of “reading” the neural code with higher signal to noise ratio and higher spatial resolution that non-
invasive techniques. It is worth noticing that several techniques for functional brain imaging currently
used in clinical practice like positron emission tomography (PET) and functional magnetic resonance

imaging (fMRI) do not use electrical or magnetic fields to infer the brain activity (Raichle 2009).

The list of neurotechnologies to “read” the neural code is growing exponentially and many of them
can be used not only to understand but also to interact in useful ways with the nervous system. Here
we divided the list of reading neurotechnologies in devices that record from outside and from inside

the skull (including extracellular recordings).

Recording from outside the skull

EEG (Electroencephalography)

EEG is a non-invasive, electrophysiological monitoring method to record electrical activity of the brain.
Electrodes placed along the scalp allow to measure voltage fluctuation resulting from ionic current
within the brain. To pick up electric fields from outside the skull, the activity needs to be coordinated
in time and spatially organized. In particular, pyramidal neurons of the cortex are arranged in a parallel
way and when active, intra- and extracellular currents flow; the longitudinal components of these
currents add, whereas their transverse components cancel (da Silva 2013). The number of sources
(generators of EEG activity) outnumbers the available sensors by several orders of magnitude and
therefore the source reconstruction is an ill-posed inverse problem where a unique solution can only
be obtained by making additional assumptions (Castafio-Candamil et al. 2015). EEG is probably the
most widespread technique to record electrical activity in a non-invasive way and therefore many
products are available on the market (Figure 1.3). Depending on the application, one can choose low-
cost, low spatial resolution products like Neurosky (http://neurosky.com/biosensors/eeg-sensor/),
Emotiv (https://www.emotiv.com/) and OpenBCl (https://openbci.com/) up to 16 electrodes as well
as middle-price solutions (up to 64 channels) and high-price, high-density products (up to 256
channels, https://neurosoft.com/en/catalog/view/id/2623/sid/1).
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Figure 1.3: Representative EEG systems with a different number of electrodes. A, EMOTIV EPOC+ 14-Channel
Wireless EEG Headset; B, R-net is available with 32, 64, 96 or 128 channels (brainproducts.com) C, 256-channels
Quik-Cap Neo Net — SynAmps 2/RT and Neuvo (compumedicsneuroscan.com).

MEG (Magnetoencephalography)

MEG is a non-invasive method to record magnetic field produced by electrical currents in the brain.
To detect the weak magnetic fields induced by synchronized neuronal currents, arrays of SQUIDs
(superconducting quantum interference devices) are currently used. The brain's magnetic field is 8-10
orders of magnitude smaller than the ambient magnetic noise in an urban environment, which is on
the order of 10 T (Braeutigam 2013). The distortion due to the different electrical properties and
complex geometry of the layers of tissue between neurons and electrodes has a stronger influence on
the EEG than on MEG. Moreover, MEG is more sensitive to the primary intracellular currents while
EEG reflects mainly extracellular currents (da Silva 2013). The main drawback of MEG when compared
to EEG is related to the portability of the system. So far to get meaningful magnetic fields reflecting
brain activity you needed a huge setup, where head movements can have devastating effects on the
quality of data (Gross et al. 2013). A MEG system that can be worn on the head during movement was
recently published (Boto et al. 2018) and can have disruptive effects on both research and clinical

practice.

Figure 1.4: Comparison between conventional and innovative MEG systems. Left: a conventional 275-channel
cryogenic MEG system. Weighing ~450 kg the system is fixed and cumbersome and subjects must remain still
relative to the fixed sensor array. Right, the portable MEG system helmet. The helmet weighs 905 g and is
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customized such that the sensors (which in this prototype only cover right sensorimotor cortex) are directly
adjacent to the scalp surface. The subject is free to move their head. adapted from (Boto et al. 2018)

fMRI (functional Magnetic Resonance Imaging)

fMRI is an indirect way of measuring brain activity by detecting changes in blood flow. This technology
was built on the earlier structural MRI brain scans after the discovery of the blood oxygenation level-
dependent (BOLD) contrast in 1990 (Kim and Ogawa 2012). BOLD-contrast imaging, is based on the
differences in magnetic properties of arterial (oxygen-rich) and venous (oxygen-poor, with
deoxygenated hemoglobin that is paramagnetic) blood. A variety of studies ranging from task to
resting state protocols and including memory, language, pain, learning and emotion take advantage
of fMRI. Multimodal brain imaging such as EEG-fMRI aiming to achieve both high temporal and spatial
resolution are rapidly evolving and are promising ways to get a complete picture of the human brain
(Huster et al. 2012). The main drawback of fMRI is the huge and expensive scanner that limits its
application to clinical environments. Moreover, is susceptible to movement artefacts (e.g., requires

rigorous head stabilization) and it has a low temporal resolution (in the order of 0.5 Hz).

fNIRS (functional Near-Infrared Spectroscopy)

fNIRS has emerged as an alternative hemodynamic-based approach that possesses a number of
strengths where fMRI is limited, most notably in portability and low-cost (Irani et al. 2007, Scarapicchia
et al. 2017). It detects neural activity by measuring blood flow patterns revealed by changes in near-
infrared light. Twenty devices are currently commercially available, with different numbers of
channels (from 1 to 496) and sampling frequencies (1-100 Hz). The majority of them implement

wireless data transmission and allow the synchronization of multiple devices (Pinti et al. 2018).

Figure 1.5: a wearable fNIRS device equipped with fibers (LIGHTNIRS, Shimadzu, Japan) measuring over the motor
cortices, where wires are connected to the control unit carried through a backpack (Photo courtesy of Shimadzu,
Japan) adapted from (Pinti et al. 2018).
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Recording from inside the skull

ECoG (Electrocorticography)

ECoG or intracranial electroencephalography (iEEG), uses electrodes placed outside the dura mater
(epidural) or under the dura mater (subdural). Avoiding the low conductivity of bone, ECoG spatial
resolution is much higher than EEG. The subdural ECoG technique has been applied in the majority of
clinical applications, such as identification of seizure foci (Luther et al. 2011), but it is associated with
significant complications especially for long-term recordings. Epidural recordings can provide a good
signal to noise ratio (no significant reduction when compared to subdural recordings) and lower risks
when compared to subdural ECoG (Martens et al. 2014) and therefore can be considered one of the

best solutions for very specific applications.

Extracellular electrodes

When placed closer to the cortical neurons, electrodes can record spikes of activity (extracellular
recordings of the action potentials) and local field potentials. Intracortical electrodes can be: bundles
of wires and Micro Electro-Mechanical Systems (MEMS) devices. Bundles of wires involve forming
individual electrode wires into structures for intracortical study. MEMS devices include two main
devices: the Michigan probe and the Utah array (Henderson 2015). Michigan arrays allow a higher
density of sensors for implantation. They record signals along the length of the shank, rather than just
at the ends of the shanks. Utah arrays are 3-D, consisting of 100 conductive silicon needles but signals
can be detected only from the tips of each electrode, which limits the amount of information that can
be obtained. One of the most successful projects using intracortical electrodes on humans, is the
BrainGate (https://www.braingate.org/about-braingate/). They used Utah arrays implanted in the
cortex and used to decode the intention to move a limb. Such probes consist of 96 fine tipped micro-

electrodes in a compact 4x4 mm array (Figure 1.6).

Pedestal connection

Figure 1.6: A, parts of the implant include the array, skull mounted percutaneous pedestal, and a 96 wire cable
that connects them. B, 10 x 10 array of electrodes, each separated by 400 um. C, scanning electron micrograph
one electrode showing its shape and pointed, platinum (Pt)-coated tip. from (Donoghue et al. 2007).
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The main problem related to intracortical electrode arrays regards their long-term viability. In some
cases, implants seem to last for years, but in other cases, they become unusable after just a few
months mainly because of immune responses (Henderson 2015). Researchers in the field of
biocompatible materials are studying innovative solutions to prevent such immune responses thus
allowing a larger use of such devices. Going deeper into the brain (usually in the sub thalamic nuclei)

deep brain stimulation (DBS) is used to deliver electrical stimulation and reduce movement disorders.

In parallel with human studies, in vivo and in vitro studies can provide more freedom to the

researchers working with neural interfaces.

In vivo MEAs (Micro Electrode Arrays)

Many electrodes are available with different layouts, different applications (Wise et al. 2008) and
different features (e.g. capacitive interface (Schroder et al. 2015)), here we will focus on the novel
high-density in vivo MEAs that were recently developed. Using CMOS technology (Gingerich et al.
2001), it is possible to achieve an incredible integration and thus allow to record from thousands of
neurons at the same time. Nowadays, Neuropixels (Jun et al. 2017) is probably the most widespread

fully-integrated silicon CMOS digital neural probe for research in small animals (usually rodents).
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Figure 1.7: a, lllustration of probe tip, showing checkerboard site layout (dark squares). b, Scanning electron
microscope image of probe tip. ¢, Probe packaging, including flex cable and headstage for bidirectional data
transmission. d, Example of r.m.s. noise levels of the AP band in saline, for 384 sites (switchable option).
Mean +s.d. =5.1+0.6 uV. e, Typical site impedance in saline, for 384 sites, measured for each site with sinusoidal
1 nA injected currents at 1 kHz (see Methods). Mean *+ s.d. = 149 + 6 kQ. from (Jun et al. 2017).

In a recent research (Stringer et al. 2018), eight Neuropixels probes where used to extract 2296, 2668,

and 1462 units stable across ~1 hour of ongoing activity in three mice. They were able to
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simultaneously record from frontal, sensorimotor, visual, and retrosplenial cortex, hippocampus,

striatum, thalamus, and midbrain.

Figure 1.8: Reconstructed probe locations of recordings in three mice from (Stringer et al. 2018).

Other attempts to build high-density CMOS in vivo probes are the SiNAPS Active Pixel Sensor CMOS
probe (Boi et al. 2019) and the NeuroSeeker project (Raducanu et al. 2016). All of these projects are
investing in the creation of high-density technologies to better understand how the neural circuits

work.

In vitro MEAs (Micro Electrode Arrays)

Non-implantable MEAs can be used to record and perturb neural networks in vitro. These arrays are
usually coupled with cell cultures (from cortex, hippocampus, retina etc.) or acute brain slices (from
mice or rats). In two of the projects described in this thesis, we used primary cell cultures and acute

brain slices on MEAs to explore novel neuroprosthetic approaches (cf. Chapter 2 and Chapter 3).

The most used devices are MEA with 60 electrodes and many different layouts are available on the
market depending on the application, with various electrode numbers and electrodes spacing (Figure

1.9).

\/s
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Figure 1.9: different MEAs from left to right with 60, 120 and 256 respectively (Multichannel Systems Inc).

In the last decade companies started to commercialize CMOS technology for in vitro application,
similar to the one used for the in vivo application. With this technology, it is possible to simultaneously

record from more than 4 thousands electrodes achieving single neuron precision which can be crucial
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for understanding how the neural circuits work. Moreover, it is possible to deliver electrical

stimulation and observe the propagation with a high spatial and temporal resolution.

Figure 1.10: left CMOS-MEA (multichannelsystem.com), right HD-MEA Area (3brain.com)

16



Writing the neural code

Brief historical overview on brain stimulation

Many researchers attribute to the roman physician Scribronius Largus the first hypothesis concerning
the therapeutic power of electric stimulation (long before any knowledge of electricity existed) for
alleviating headache and gout (Tsoucalas et al. 2014). He suggested that the live ray of an electric fish
(Torpedo nobiliana) to the head of a patient suffering from a headache had a therapeutic effect
(Schwalb and Hamani 2008). Many centuries had to pass before one could speak of a conscious use of
electricity in medicine. The birth of modern electrophysiology is attributed to the work of the Italian
physician Luigi Aloisio Galvani (1737-1798), a professor of medicine at the University of Bologna. His
most famous observation was that the dissected leg of a dead frog kicked as if it were alive when
touched with a metal scalpel bearing a charge (Guarnieri 2014). Such observation revealed the
existence of a relationship between electricity and biological activity paving the way for all future

electrophysiological studies.

In 1870 Gustav Fritsch and Edvard Hitzig showed that electrical stimulation of the cerebral cortex of a
dog produced movements. As stated by Charles Gross in (Gross 2007): “This was a crucial event in the
development of modern neuroscience because it was the first good experimental evidence for a)
cerebral cortex involvement in motor function, b) the electrical excitability of the cortex, c) topographic

representation in the brain, and d) localization of function in different regions of the cerebral cortex.”

Four years later, Robert Bartholow published a work reporting the first experiment in which
stimulating electrodes were used on a human cerebral cortex (Harris and Almerigi 2009). A
fundamental contribution to this newborn research field was given by an American-Canadian
neurosurgeon: Wilder Penfield (1891-1976). He invented a procedure (called “Montreal Procedure”)
in which he treated patients with severe epilepsy by destroying nerve cells in the seizure foci. Before
operating, he observed the response of patients (under local anesthesia) when an electrical pulse was
delivered to a particular location in the brain. In 1951 he published “Epilepsy and the Functional
Anatomy of the Human Brain” (Penfield and Jasper 1954) where he described the discoveries he made
with his colleague Herbert Jasper. He was the father of the cortical homunculus (Figure.11): a distorted
representation of the human body, based on a neurological "map" of the areas and proportions of the

human brain dedicated to processing motor and sensory functions, for different parts of the body.
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Figure 1.11: A 2-D cortical sensory homunculus. From Wikipedia (en.wikipedia.org/wiki/Cortical_homunculus)

From this landmark work, a huge series of experiments have been performed. Selimbeyoglu and
Parvizi (Selimbeyoglu and Parvizi 2010) published a review of experiential phenomena and behavioral
changes that are caused by electrical stimulation of the cerebral cortex (or subcortical nuclei) in awake
and conscious human subjects in the last 100 years. They reported perceptual phenomena including:
recall of past events, emotional feelings, sensory illusions, hallucinations, cessation of an ongoing
behavior such as speech, spontaneous lip smacking and so on. Although giant steps have been made

with respect to Penfield studies, there is still a multitude of scientific questions awaiting answers.

Here, similarly to the previous paragraph, we organized the list of stimulating techniques in: outside

the skull (non-invasive) technologies and inside the skull (invasive) technologies.

Stimulating from outside the skull

The first successful transcranial electric stimulation (TES) was presented in (Merton and Morton 1980)
by means of high-voltage electric stimuli through electrodes on the scalp. TES was a painful stimulation
and was quickly replaced by painless techniques called Non-invasive Brain Stimulation (NIBS)
(Bergmann et al. 2016). As reported in (Polania et al. 2018), the large variety of NIBS techniques cover
a wide range of spatial and temporal resolution and the number of publications using NIBS is growing

exponentially (Figure 1.12 panel B).
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Figure 1.12: a, The temporal and spatial resolution at which different causal brain interventions work. NIBS
methods work at the mesoscale level, and the temporal resolution varies between high and low depending on
the specific NIBS protocol. NIBS necessarily involves the relatively indiscriminate activation of large numbers of
neurons; the apparent temporal and spatial specificity seen in NIBS studies is thus unlikely to reflect the
anatomical and temporal specificity of the stimulation. Instead, it may indicate disruption of behaviorally
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b, The exponentially growing number of citations per year for TMS, tDCS and tACS (source:
http://ncbi.nlm.nih.gov/pubmed/; search dates from 1980 to 2016). from (Polania et al. 2018).

TMS (Transcranial Magnetic Stimulation)

In 1985 Barker and coworkers introduced TMS (Barker et al. 1985). TMS (supratreshold stimulation)
can focally excite assemblies of neurons and thus is well suited to quantify excitability and
connectivity, or to interfere with ongoing spontaneous or task-related neuronal activity (Siebner et al.
2009). TMS of the motor cortex leads to a twitch in the target muscle evoking motor-evoked potential
(MEP) on electromyography and this is usually used to assess the corticospinal tract excitability
(Klomjai et al. 2015). TMS can be applied as one stimulus at a time (single pulse), as trains of stimuli
delivered at a fixed frequency (rTMS) or in combination with the actual brain state (Zrenner et al.
2018). Paired-pulse TMS consists of 2 successive pulses through the same coil, delivered with a short
inter-stimulus interval (ISI) of a few milliseconds or a long ISI (from tens to hundreds of milliseconds)
(Klomjai et al. 2015). Paired-pulse TMS can reveal inhibitory cortical networks more easily than

excitatory networks, which are less investigated (Klomjai et al. 2015).
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The effect of a repetitive TMS (rTMS) depends on stimulation frequency and duration of the
stimulation period (Simonetta-Moreau 2014). It was reported that low-frequency stimulation (< 1 Hz)
has inhibitory effects, whereas higher frequency stimulation (> 5 Hz) leads to excitatory effects in the
brain (Klomjai et al. 2015). These protocols constitute the first step of non-invasive focal stimulation
with possible potentiation effects on the human brain. An important improvement with respect to
these studies consists in combining these protocols with the monitoring of the actual brain state which

goes in the direction of personalized medicine (Zrenner et al. 2018).

tDCS (transcranial Direct Current Stimulation)

Fifteen years after the TMS, Nitsche and Paulus (Nitsche and Paulus 2000) introduced tDCS
(subthreshold stimulation), the current flowing in the brain modulates the cellular excitability of
resting neurons by changing the membrane voltage (transmembrane polarization) (Nitsche and Paulus
2000). Reported effects have been generally promising but heterogeneous (Reato et al. 2013). tDCS
delivers low-amplitude direct currents to the brain via two surface sponge electrodes (anode and
cathode) attached to distinct areas of the scalp with a rubber headband (Wagner et al. 2007). The
temporal resolution of this technique is low: the neuromodulatory effects start to take place a few
seconds after the start of the stimulation (Polania et al. 2018). Anodal and cathodal tDCS have been
investigated in many studies with different results (Briickner and Kammer 2017), therefore further

studies are needed to asses and understand the real efficacy of this devices.

tACS (transcranial Alternating Current Stimulation)

tACS (Antal et al. 2008) (subthreshold stimulation) induce alternated currents between the anode and
the cathode (switching polarity) with a sinusoidal waveform. The predominant hypothesis of tACS
action is that alternating fields can increase or decrease power of endogenous brain rhythms in the
brain in a frequency-dependent manner by synchronizing or desynchronizing neuronal networks
(Reato et al. 2013) and modulation of spike timing dependent plasticity (Vossen et al. 2015). For
instance, tACS can be used to study the role of frontal gamma oscillations during logical reasoning
(Santarnecchi et al. 2013), the role of beta and gamma frequencies in motor behavior (Joundi et al.
2012, Moisa et al. 2016) and many other roles of oscillations in the human brain. Despite these works,
it is debated how tACS affects oscillatory activity in humans. One of the main limitations is due to
technical complications with recording during the application of electrical field. Additional efforts
need to be done in terms of artifact rejection methods in order to provide reliable recordings during

tACS application (Noury and Siegel 2017).

tRNS (transcranial Random Noise Stimulation)

tRNS was introduced in 2008 (Terney et al. 2008) and consists in delivering a random electrical

oscillation spectrum (instead of a sine wave as in tACS) over the motor cortex. It was reported an
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enhancement of motor cortex excitability (lasting 60 minutes) after only 10 minutes of tRNS
application (Terney et al. 2008). tRNS can be applied in the frequency range from 0.1 to 640 Hz offering
a wide spectrum of investigation both in the low and high frequency ranges (Miniussi et al. 2013) but

further studies need to be done.

As anticipated, the growing popularity of NIBS is accompanied by increasingly critical debates about
their effective usefulness. A recent study (Voroslakos et al. 2018) studied the real influence of
transcranial electric stimulation on brain circuits. The authors reported that ~75% of scalp-applied
currents are attenuated by soft tissue and skull and claimed that: “neuronal circuits are
instantaneously affected by intensity currents that are higher than those used in conventional
protocols”. Indeed in clinical practice, currents larger than 2mA are avoided because higher intensities
are associated with skin sensation, phosphenes, and other side effects (Nitsche and Bikson 2017). The
same authors, in previous studies (Ozen et al. 2010, Berényi et al. 2012) showed that: “1 mV/mm is
needed to affect neuronal firing consistently and even larger strengths may be needed to phase-entrain
brain rhythms to arbitrary stimulus frequencies”. In 2018 they demonstrated that scalp-applied
currents should exceed 4—6 mA to achieve 1 mV/mm voltage gradient in brain tissue. They concluded
that: “behavioral and cognitive effects reported in previous tACS studies have likely been achieved by
indirect mechanisms on brain activity, which needs to be explored in detail”. It is worth noting that
different researches (Chhatbar et al. 2018, Ruhnau et al. 2018) showed an effect of tDCS detectable
through DBS electrodes at the level of subthalamic nuclei. In (Chhatbar et al. 2018), the authors found
that: “the crude estimate of the generated electric field with 2 mA bitemporal tDCS was 0.12—
0.13 mV/mm (and 0.19-0.26 mV/mm when 4mA were applied)”; these values are lower than
1 mV/mm as suggested by Buzsaki. Their criticism was related to the fact that the value of 1 mV/mm
was based on rodent cortex patch clamp recordings in vivo, through a skull window, which may not
be representative of human anatomy/physiology. Moreover, they claimed that there is a strong
difference between pyramidal cells of the cortex (which typically remain silent) unlike neurons on
subthalamic nuclei (which have a regular firing pattern irrespective of movements and can be more

susceptible to even milder strengths of electric fields).

tFUS (transcranial Focused Ultrasound Stimulation)

tFUS was introduced in 2010 (Tufail et al. 2010) in a study on the mouse brain. It was reported a lateral
spatial resolution of approximately 2 mm which is higher than the other transcranial electrical and
magnetic stimulation methods. It was recently demonstrated on humans that tFUS targeted to the
primary somatosensory cortex (S1) enhanced performance on sensory discrimination tasks without
affecting task attention or response bias (Legon et al. 2014). This technique is growing in the last years

and is one of the most promising techniques available now (Tyler et al. 2018).
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Stimulating from inside the skull

DBS (Deep Brain Stimulation)

Nowadays DBS is the most widespread neuromodulation technique applied to drug-resistant patients
with motor disorders (Parkinson’s disease, dystonia and tremor) and it is tested and used in patients
with obsessive-compulsive disorders, chronic pain, depression and epilepsy. To date, approximately
160,000 patients have been implanted at over 700 centers world-wide (Harmsen et al. 2018).
However, the effect of DBS on brain networks remains unclear despite its use for almost 60 years.
Moreover, specific features of the stimulus train (such as amplitude, frequency and temporal
distribution) need to be tuned for a successful outcome. Optimal parameters often vary between
patients and even for the same patient in time. Nowadays, research institutions and medical

companies are attempting to create closed-loop adaptive DBS (cf. Neurotechnology applications,

Rectify).

ICMS (Intra-Cortical Micro-Stimulation)

One of the first examples of ICMS dates back to 1972 in a work of Asanuma and Rosén (Asanuma and
Rosen 1972). The authors inserted a microelectrode into the deep output layers and delivered low
amplitude stimulation (activating excitatory pyramidal projection neurons in layer 5 of the motor
cortex) producing contraction of contralateral distal forelimb muscles in a monkey. In contrast to
surface stimulation, ICMS was confined to the hand area thus producing localized contractions.
Starting from this work, ICMS became the gold standard to obtain motor maps. Recently ICMS was
used in the framework of the development of neuroprosthesis used in the restoration of sensory and

motor functions (Murphey et al. 2009, Guggenmos et al. 2013, Hussin et al. 2015).

Radically Innovative techniques

Almost all the following techniques can be defined as innovative but all of them have pros and cons.
In the last years, radically innovative techniques are trying to overcome some of the issues that limited

the diffusion of neurotechnologies. Here we list some of the most promising.

Endovascular recordings

The main drawback related to ECoG or intracortical and deep brain recordings is related to the access
to the brain, which requires invasive procedures, such as the removal of a portion of the skull or the
drilling of a burr hole. To overcome these issues, one possible frontier is related to endovascular stents
that can record cortical signals with a minimally-invasive interface (John et al. 2018). The endovascular
neural interface, known as the StentrodeTM, was recently used to focally stimulate the sheep motor

cortex in a minimally-invasive way (Opie et al. 2018) and is currently tested in an early feasibility study
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in humans with loss of motor function due to paralysis from spinal cord injury, motor neuron disease,

stroke, muscular dystrophy or loss of limbs (ClinicalTrials.gov Identifier: NCT03834857).

Figure 1.13: StentrodeTM from (https://www.synchronmed.com/stentrode/)

Neural dust

Among the most promising technologies for the future, the Neural dust is one of the most elegant.
Neural dust is a wireless, battery-free, ultrasonic neural interface platform. Wireless power and
communication are attractive features for next-generation neural interfaces. The technology was
developed by scientists at the University of California, Berkeley and is now implemented by a start-up
called lota Biosciences (https://iota.bio/). Researchers validated the first version of a neural dust
system in vivo in the rat peripheral nervous system (PNS) and skeletal muscle, reporting both
electroneurogram (ENG) recordings from the sciatic nerve and electromyographic (EMG) recordings
from the gastrocnemius muscle (Seo et al. 2016). Future developments seek to enable chronic

recording, stimulation, and CNS delivery (Neely et al. 2018).
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Figure 1.14: Neural dust system diagram showing the placement of ultrasonic interrogator under the skull and
the independent neural dust sensing nodes dispersed throughout the brain. From (Seo et al. 2013).
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Neural lace

Elon Musk recently founded Neuralink (https://www.neuralink.com/), a startup with ambitious goals
related to Neurotechnology. In a white paper recently published by Musk and co-workers, they
presented arrays of threads each much thinner than a hair, with as many as 3,072 electrodes per array
distributed across 96 threads. Moreover, they presented a neurosurgical robot capable of inserting six
threads together carrying 192 electrodes into a brain in one minute, avoiding blood vessels. Although
less innovative than endovascular stents and neural dust, this project can have an immediate return

of investment and will be tested soon on humans.

Smm

Figure 1.15: A packaged sensor device. A. individual neural processing ASIC capable of processing 256 channels
of data. This particular packaged device contains 12 of these chips for a total of 3,072 channels. B. Polymer
threads on parylene-c substrate. C. Titanium enclosure (lid removed). D. Digital USB-C connector for power and
data. from (Musk 2019).

Optogenetics

Optogenetic technology combines optical technology for imaging and control living neural circuits that
have been genetically modified to express light-sensitive ion channels (Deisseroth et al. 2006). Cells
are injected with viruses containing microscopic opsin proteins that can be activated by light (Tye and
Deisseroth 2012). The single cell resolution, high temporal precision and the possibility to excite or
inhibit neuronal activity makes it one of the most promising tools to understand how the neural code
works (Deisseroth 2015). Despite the obvious difficulties related to human applications, a small-scale,
phase /Il clinical trial is currently underway (ClinicalTrials.gov NCT02556736). The goal is to render
secondary and tertiary neurons of the retina light-sensitive in order to replace degenerate or
dysfunctional photoreceptors in people with inherited retinal disease (Simunovic et al. 2019). Despite
its presence since 2006, | decided to include this technique in this paragraph because | think that it
can continue to grow in the coming years and can have (in the mid-term) disruptive effects on human

applications.
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Sonogenetics

One of the problems related to optogenetics is the current invasive surgical procedure to deliver light
to target cells. An alternative solution, called Sonogenetics (Ibsen et al. 2015) can be a non-invasive
way of manipulating vertebrate neurons. It uses ultrasound waves (range are above the normal
threshold for human hearing but also that of bats and whales that use ultrasonic frequencies). The
efficacy of sonogenetics was proved in (lbsen et al. 2015), where it was applied in the nematode,

Caenorhabditis elegans and was able to modify its locomotory behaviors.

Many other techniques, not listed here, are trying to conquer space in this field and they include but
are not limited to: temporal interference of electric signals (Grossman et al. 2017), the use of magnetic
nanoparticles excited through alternating magnetic fields (Chen et al. 2015), the use nanoparticles

excited by near infrared stimulation (Chen et al. 2018).
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Neurotechnology applications
The classification of all the different applications in the field of Neurotechnology is complicated and
the terminology can vary depending on the authors. Here | designed three mail classes based on the

primary aim of each application:

- Rectify. In this category we will include all the systems aimed at stopping a pathological
activity (e.g. tremor in motor disorders and epileptic seizures in epileptic patients)

- Replace. In this class we will include all the devices that aim to substitute or bypass a non
functional circuit or part of the body.

- Retrain. Here we will include all the systems aimed at “helping the brain” to help itself taking

advantage of the neuroplasticity.

In this paragraph, we will follow this classification but it worth noticing that the borderline among
these classes is not always clear-cut. For instance, replacing and retraining the brain can overlap in
many cases thanks to the incredible adaptability of the neural circuits to different environments and

neural interfaces.

Rectify

Perturbing motor disorders

As described in a previous paragraph, DBS provides symptomatic motor benefit for patients with

essential tremor, dystonias and Parkinson’s disease (Antonini et al. 2018). The common DBS operates
in open-loop, delivering constant high-frequency stimulations with parameters that are manually set
by a trained clinician. The main drawback of this approach is the delivery of a lot of energy not needed
that can cause adverse effects such as dyskinesia (Habets et al. 2018). One possible solution is the so-
called adaptive DBS (aDBS) in which the stimulation depends on the neural signals detected in real-
time. In a recent work by Swann and co-workers (Habets et al. 2018), two patients with Parkinson’s
disease (PD) were implanted with a commercial system (Activa PC + S, Medtronic) an investigational
implantable pulse generator (IPG) that allows chronic recording as well as stimulation. Reading the
activity by means of ECoG over motor cortex in the gamma (60—90 Hz) range they were able to detect
whether dyskinesia was likely. If the signal was high (suggesting dyskinesia was likely) stimulation in
the ipsilateral subthalamic nucleus (STN) was reduced, and if it was low, stimulation was increased

(Figure 1.16). In this way, they were able to reduce the adverse effect of DBS in STN.
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Figure 1.16: Left, example of power spectral densities from motor cortex recorded with and without dyskinesia,
both during DBS. Inset shows raw motor cortex signal when DBS was off. Black arrow indicates narrowband
gamma signal used for feedback. Right, schematic of closed-loop algorithm. DBS voltage is decreased if
narrowband gamma exceeds a threshold and increased when below the threshold. from (Habets et al. 2018)

This is just one of the many papers in this field. There are various triggering options that are under
investigation: subcortical recordings (STN Local Field Potentials) with repeated reports of correlation
with rigidity and tremor and wearable sensors (accelerometer and gyroscope) correlated very well

with tremor (Figure 1.17). For a complete overview refer to (Habets et al. 2018).

Subcortical repeated reports repeated reports first reports first reports first reports
recordings small evidence reproduced evidence small evidence small evidence no evidence
(STN LFP) on debate starting consensus No consensus no CONsensus no consensus
L X NS [ X X J [_JORS) [ _Iele) ©0O0
Cortical recordings first reports repeated reports not possible yet* first reports not possible yet *
(ECoG) no evidence reproduced evidence small evidence
no consensus starting consensus
©O00 L X X J 000 [ _ieke} Q00
Wearable sensors repeated reports first reports first reports first reports not possible yet
(accelerometer, reproduced evidence small evidence small evidence small evidence
gyroscope) staning consensus no consensus No consensus No consensus
[ XX J [ _Jole} [ XORe [ _JOLe) 000
Mobile application first repons repeated reports first repons first reponts repeated repors
no evidence no evidence no evidence no evidence small evidence
no consensus no consensus no consensus NO consensus no consensus
COoo 000 OO0 ©00 L X IR®)

* In Parkinsonian patients, repeatedly reported with small evidence in other diseases.

Figure 1.17: Overview of published evidence of the feasibility of different input signals regarding different
parkinsonian symptoms for aDBS in PD. All input signals are scored on three categories per symptom. For each
category 0, 0.5, or 1 bullet is given and the sum of them is visualized. The first line indicates the amount of
publications: not possible yet (0), first reports (0.5), and repeated reports (1). The second line indicates the quality
of reported evidence: no evidence (0), small evidence (0.5), and reproduced evidence (1). The third line indicates
the amount of consensus on the use of an input signal for a symptom: no consensus (0), on debate (0.5), and
starting consensus (1). from (Habets et al. 2018).
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All reported aDBS systems in PD until now are based on automatic amplitude modulation (AM) and

can be summarized in three different ways (Habets et al. 2018) as depicted in figure 1.18:

- ON/OFF paradigm, that varies between periods during which stimulation is given with a
predefined amplitude and a set frequency and pulse width, and periods during which
stimulation is switched off

- Gradual paradigm, which increases or decreases stimulation amplitude stepwise when input
signal exceeds or does not exceed a certain threshold respectively.

- Continuous paradigm, which modifies stimulation amplitude according to strength of input

signal.
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Figure 1.18: Schematic overview of different amplitude modulation paradigms used in aDBS in PD. From (Habets
et al. 2018,).

In a recent study (Arlotti et al. 2018), it was found that aDBS is technically feasible in everyday life and
provides a safe, well-tolerated, and effective treatment in controlling PD motor symptoms.
Perturbing epileptic seizures

Epilepsy is a common neurologic disease, affecting 1,2% of the US population (Zack and Kobau 2017).

It is characterized by abnormal synchronized firing of a large number of neurons, causing seizures or
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periods of unusual behavior and sometimes loss of consciousness. Currently, anticonvulsant drug
therapies are the most common approach to alleviate seizures, but unfortunately up to 30% of
epilepsy patients do not respond to pharmacological treatment. Drug-resistant patients may be

subjected to:

- resective surgery (if a seizure focus is localized).
- electrical stimulation (if there are multiple seizure foci, the focus cannot be localized, or when

the seizure onset zone resides in a location that excludes a resective approach)

Responsive NeuroStimulation (RNS) system NeuroPace® was approved in the US for drug-resistant
focal epilepsy in 2013. This system consists of an implanted stimulator connected to one or two
subdural strips or depth leads, each containing four electrodes (Figure 1.19). These are placed at
seizure foci and deliver a stimulation in response to detected ECoG patterns. The pattern recognition

is programmed by the physician based on the patient’s ictal ECoG patterns (Heck et al. 2014).

Figure 1.19: Responsive neurostimulator (RNS): the top left image is the stimulator attached to subdural and
depth electrodes; the top right diagram shows placement of the stimulator in the skull; the bottom three images
are radiographic images of lead placement and wires. from (Hartshorn and Jobst 2018).

To recognize an incoming seizure, different algorithms have been implemented in the RNS
Neurostimulator. One of the simplest algorithms for the online detection of an ictal (or inter-ictal)
event is the line-length algorithm based on the comparison between the short-term and long-term
line length (Fitzpatrick 2014). The line-length is defined as the average of the absolute sample to
sample difference within a time window. The area algorithm is similar to an energy or power

measurement, comparing the area under curve in a short-term time window with a long-term time
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window. The half-wave algorithm finds local minima and maxima and measures the distance between

them and is thus representative of the frequency components of the signals (Luders 2008).

Another option available for epilepsy is the vagal nerve stimulator (VNS, LivaNova Inc., Houston, TX,
USA), responsive to tachycardia. The rationale behind this input signal is the observation that both
focal and generalized seizures are associated with tachycardia in up to 82% of patients (Eggleston et

al. 2014).

30



Replace

Hippocampal prosthesis

Several diseases (e.g. Alzheimer's disease and age-related dementia), brain injuries and drugs can
reduce memory in humans; therefore restoring memory function could have disruptive effects in the
society. A group of researchers, led by Theodore W Berger (USC), is trying to solve the problem by
means of neural electronics. The role of the human hippocampus in encoding and retrieval of retained
information is known from more than 70 years (Scoville and Milner 1957). Many researchers studied
the role of hippocampal CA1 and CA3 subfields but only few of them tried to restore memory by means
of a bypass of the damage. In different studies that range from rodents (Berger et al. 2011), nonhuman
primates (Hampson et al. 2013) and humans (Hampson et al. 2018), a prosthesis was used to facilitate
memory encoding. In all these studies, a nonlinear multi-input, multi-output (MIMO) model (Song et
al. 2015) of hippocampal CA3 and CA1 neural firing is computed. The model reads the activity of CA3
neurons and predicts activation patterns of CA1 neurons during a short-term memory task. Based on
this prediction, electrical stimulation in different CA1 locations was proved to facilitate memory. These
studies constitute the proof of principle that a memory prosthesis is feasible but much work needs to
be done in order to see these procedure implanted in humans to have an effective memory

restoration.

Cochlear implants
Cochlear implants are surgically implanted devices that provide a sense of sound to people with a
relevant hearing loss. They are the world’s most widely used neuroprosthesis with more than 400k

people using them (http://www.hearingreview.com). The implant consists of an external portion that

sits behind the ear and a second portion that is surgically placed under the skin (Figure 1.20). An

implant consists of:

- A microphone, which detects sound from the environment.

- Aspeech processor, which performs a signal processing.

- A transmitter and receiver/stimulator, which receive signals from the speech processor and
convert them into electric impulses.

- An electrode array, which is a group of electrodes that collects the impulses from the

stimulator and sends them to different regions of the auditory nerve.

It is worth noticing that an implant does not restore normal hearing but it can give a deaf person a
useful representation of sounds in the environment (https://www.nidcd.nih.gov/health/cochlear-

implants).
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Figure 1.20: Ear with cochlear implant Source: NIH/NIDCD from: https://www.nidcd.nih.gov/health/cochlear-
implants

Different stimulating strategies are implemented in commercial cochlear implants but the main
problem is related to the spatial resolution of the stimulation. The human ear has around 30,000
auditory nerve fibers, but only 16-22 electrodes can be implanted. This huge mismatch caused
researchers to focus on innovative stimulation strategies to encode the spectrum of the sound with

the highest resolution. For a complete review on monaural strategies, refer to (Wouters et al. 2015).

Visual prosthesis

Retinitis pigmentosa and age-related macular degeneration, can lead to loss of photoreceptor (PR)
cells, while generally preserving the inner retinal neurons (Bloch et al. 2019). Recent advances in
biotechnology have seen the first in-human trials, and in some cases market approval, of stem cell and

gene therapies as well as retinal prostheses (Bloch et al. 2019).

The most widely used retinal prosthesis, with over 250 patients estimated to have undergone
implantation to date (Bloch et al. 2019), is The Argus |l prosthesis (Second Sight Medical Products Inc.,
Sylmar, CA, USA). The external components consists of a glasses-mounted camera linked to a portable
visual processing unit, which processes the image for transmission to an external communication coil
(also glasses mounted). The signal processing is crucial to reduce the complexity of the visual field to
a set of features that are worth transmitting. This coil provides power induction and data transmission
via wireless radiofrequency (RF) telemetry to an internal matching coil, which is fixed to the sclera
with a silicone scleral buckle. Once received, the RF signal is decoded back to an electrical signal and

an application-specific internal circuit (ASIC) sets the output command, which passes directly to the

32


https://www.nidcd.nih.gov/health/cochlear-implants
https://www.nidcd.nih.gov/health/cochlear-implants

intra-ocular retinal stimulator, comprising a 60-microelectrode array, each 200 um in diameter,

covering a 20° field of vision (Bloch et al. 2019).

Electrode array

¥

a9

Coil Electronics case

Scleral band

N \ay

Camera Coil "
Electrode array 1
Glasses \ Y Q{“\ \\,_
W 3

S
: /" (
Suture tabs __

Figure 1.21: The Argus Il Retinal Prosthesis System. Adapted from Second Sight Medical Products, Inc., Sylmar,
CA, USA from (Bloch et al. 2019).
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Other epiretinal prosthesis are: The Intelligent Retinal Implant System (IRIS) Il and The EPI-RET3

Retinal Prosthesis System. For a complete review, refer to (Bloch et al. 2019).

A different class of devices, subretinal prosthesis are aimed at exploiting, the intrinsic signal processing
capacity of the retinal interneurons with less demand for image processing. Examples of these
innovative prosthesis are: The Boston Retinal Implant Project (BRIP), the artificial silicon retina by
Optobionics (Glen Ellyn, IL, USA), The Alpha IMS, the photovoltaic Retinal Implant (PRIMA) Bionic
Vision System. Some of these project are still active, some were acquired by medical companies but
in general, the world of retinal prosthesis is very dynamic given that no single approach has yielded

results that suggest a significant advantage over other systems (Bloch et al. 2019).

Recently, Second Sight Medical Products (the same company that developed the Argus Il) announced
the development and commercialization of its Orion Visual Cortical Prosthesis System. This prosthesis
converts images captured by a similar setup with respect to the Argus Il in electrical pulses delivered
through an array of electrodes implanted on the surface of the brain’s visual cortex. The goal in this

case, is to provide the perception of patterns of light (https://eyewire.news/). Given the increasing

electrode density, it is conceivable that this approach can have some mid-term success in many cases.
For a complete list of visual prosthesis and clinical trials in which they are tested, refer to (Mirochnik

and Pezaris 2019).

Limb prosthesis
Limb prostheses include both upper and lower-extremity prostheses. The upper limb prosthesis goal
is to allow a fine control of the movements, usually by means of surface Electromyography (sEMG)

that detects the intention to open and close, grasp objects etcetera (Cordella et al. 2016). On the other
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side, a crucial aspect regarding limb prosthesis is the lack of sensory feedback. Many techniques have
been developed so far: non-invasive sensory feedback systems such as mechanotactile (Schoepp et al.
2018), vibrotactile (Risi et al. 2019), electrotactile (Schweisfurth et al. 2016) and combinational
systems but also invasive techniques both extraneural and intraneural electrodes (Svensson et al.
2017). In the last years, direct neural stimulation through transversal intrafascicular multichannel
electrodes (Boretius et al. 2010) has enabled upper- and lower-limb amputees to feel touch sensations
from the missing hand, knee motion and the sole of the foot touching the ground (Petrini et al. 2019).
All these advancement require high performance signal processing, embedded on a device that needs

to reliably work on the long-term to improve the quality of life of amputees.
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Extending the output capabilities of the nervous system, allowing it to control an external device
In a complete review of control signals by Ramadan and Vasilakos (Ramadan and Vasilakos 2017) three

different brain computer interfaces (BCl) definitions are listed:

e Donoghue (Donoghue 2002) defined the BCl as Brain Machine Interface (BMI) in which its
major goal is to provide a command signal from the cortex that controls disabled body parts
or physical devices, such as computers or robotic limbs.

e Wolpaw and co-workers (Wolpaw et al. 2002) defined the BCl as a device that provides the
brain with a new, non-muscular communication and control channel.

e Schwartz and co-workers (Schwartz 2004) defined the BCl as “Microelectrodes embedded
chronically in the cerebral cortex hold promise for using neural activity to control devices with

enough speed and agility to replace natural, animate movements in paralyzed individuals.”

Summing up, a Brain Computer Interface (BCl) can be defined as a communication device, which, by
combining hardware and software, is capable of controlling an external agent such as a computer or
robotic arm. Typical pathologies that can have a benefit from such an approach include amyotrophic
lateral sclerosis (ALS), locked-in syndrome (LiS) and many others. In these cases, a direct reading of
patient’s intention to speak or move can be the key to improve their life and the communication with

the external word.

In a recent paper (Anumanchipalli et al. 2019), ECoG signals were used to decode the kinematic and
sound representations encoded in human cortical activity to synthesize audible speech. A bidirectional
long short-term memory (bLSTM) recurrent neural network, decodes articulatory kinematic features
from continuous neural activity (high-gamma amplitude envelope and low frequency component)
recorded from ventral sensorimotor cortex, superior temporal gyrus and inferior frontal gyrus (Figure
1.22). A separate bLSTM, decodes acoustic features from the decoded articulatory features from the

first stage. The decoded acoustic features are then used to synthesize the audio signal.
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Figure 1.22: a, The neural decoding process begins by extracting relevant signal features from high-density
cortical activity. b, A bLSTM neural network decodes kinematic representations of articulation from ECoG signals.
¢, An additional bLSTM decodes acoustics from the previously decoded kinematics. Acoustics are spectral features
extracted from the speech waveform. d, Decoded signals are synthesized into an acoustic waveform. e,
Spectrogram shows the frequency content of two sentences spoken by a participant. f, Spectrogram of
synthesized speech from brain signals recorded simultaneously with the speech in e (repeated five times with
similar results). from (Anumanchipalli et al. 2019).

This work advances the clinical viability of using speech neuroprosthetic technology to restore spoken
communication for patients with paralysis and can be listed as one of the most promising speller BCI

to date.

Controlling robots using signals acquired with intracortical implants is possible but is limited by the
substantial amount of medical and surgical expertise required to correctly implant and operate these
systems. A noninvasive approach (based on EEG recording, Figure 1.23) was recently able to control a
7-degree of freedom robotic arm for continuous random target tracking (Edelman et al. 2019). This
work represents an example of the research interest towards the creation of non-invasive robotic arm

control that can help patients with various types of paralysis.
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Figure 1.23: Robotic arm CP BCl setup. Users controlled the 2D continuous movement of a 7—degree of freedom
robotic arm to track a randomly moving target on a computer screen. from (Edelman et al. 2019).
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Retrain

Corticocortical prosthesis

Taking advantage of neuroplasticity it is possible to imagine the use of neuroprosthesis aimed at
retraining a damaged part of the brain (or spinal cord). Stroke and Traumatic brain injury are among
the leading causes of disease (Peeters et al. 2015, Béjot et al. 2016) affecting the central nervous
system. Here we list the few cases founded in literature that reported the efficacy of corticocortical
stimulation to reconnect or retrain a part of the brain. All these studies, in accordance with Hebbian
principles (Hebb 1949) regarding plasticity, can strengthen specific connections between neurons. The
first report of long-term motor cortex plasticity induced by and electronic corticocortical prosthesis
was presented by Jackson and coworkers (Jackson et al. 2006). In this work, they demonstrated that
a stable reorganization of motor output could be induced by an artificial connection between two sites
in the motor cortex of freely behaving primates. They developed an implantable electronic circuit
(Neurochip) that detected action potentials on one site and delivered an intracortical
microstimulation (ICMS) to another site (Figure 1.24). The implant was able to function continuously

over days of unrestrained behavior.
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Figure 1.24: a, Diagram of the artificial connection. Action potentials detected in the signal recorded from the
Nrec (recording) electrode triggered electrical stimuli delivered to the Nstim (stimulating) electrode after a
predefined delay. b, Experimental setup for testing output effects of ICMS on the right wrist. ¢, Experimental
sequence of ICMS testing and conditioning with the Neurochip. from (Jackson et al. 2006).

After one or more days of continuous operation, the output evoked from the recording site shifted to
resemble the output from the corresponding stimulation site. Changes persisted in some cases for
more than one week, whereas the output from sites not incorporated in the connection was

unaffected (Jackson et al. 2006).
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Starting from this work, many researchers tried to take advantage of synaptic plasticity at the cortical
level by means of electrical stimulation. In 2013 Guggenmos and coworkers, used a similar strategy to

speed-up the recovery in a rat model of traumatic brain injury (further details in Chapter 4).

In 2018, Zanos and coworkers (Zanos et al. 2018) demonstrated that electrical stimulation triggered
from cortical beta oscillations induces synaptic plasticity. They also confirmed the importance of the
oscillatory phase in determining the potentiation or depression effect of the stimulation. The effects
of cycle-triggered stimulation in primate cortex were investigated under two conditions: intracellular
recordings of evoked excitatory postsynaptic potentials (EPSPs) and epidural recordings of cortically
evoked potentials (CEPs). For the latter, they used minimally invasive, epidural electrocorticography
(ECoG) electrodes to record ECoG. The strength of their synaptic connections was measured by the
size of the cortically evoked potentials (CEPs) evoked at the triggering site by test stimuli at the
stimulated site. When closed-loop stimulation was triggered from a negative oscillatory potential at
the triggering site (depolarizing-phase stimulation, DPS), the CEP responses to test stimuli following a
conditioning burst were larger than those to test stimuli preceding the burst (Figure 1.25A, top). This
occurred only for conditioning bursts with three or more consecutive cycle-triggered stimuli; bursts
with two stimuli were typically not associated with significant changes in CEP amplitude. To control
for the possibility that this potentiation could be due to the stimulation sequence itself they delivered
an identical stimulation sequence in open-loop with no evidence for CEP amplitude potentiation
(Figure 1.25A bottom). When triggering from the positive oscillatory potentials (hyperpolarizing phase
stimulation, HPS), they observed depression of the CEP response following the conditioning burst

(Figure 1.25B, top). This change was not present in open-loop control conditions (Figure 1.25B,

bottom).
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Figure 1.25: (A) Depolarizing phase stimulation produces synaptic potentiation. Top: Conditioning stimulation
was triggered from the negative (depolarizing) phase of oscillatory beta cycles (red vertical bars, C) and test
stimuli (T) were delivered before (orange) and after (blue) conditioning episodes. Cortically evoked potentials
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(CEPs) elicited by test stimuli were registered at the triggering site. Traces show the average CEP elicited by test
stimuli preceding conditioning episodes with at least three cycle-triggered stimuli (orange) and the CEP elicited
by test stimuli following the episodes (blue). The amplitude of the first component (downward arrows) of the
post-conditioning CEP was 116% larger than that of the pre-conditioning CEP. See also Figure S3. Bottom:
Delivering the same sequence of test and cycle-triggered stimuli at a later time in open-loop mode produced no
significant changes in the CEP amplitude. (B) Hyperpolarizing phase stimulation produces synaptic depression.
Top: Post-conditioning episode CEPs was 27% smaller than pre-conditioning episode CEPs. Bottom: No significant
changes were seen in CEP amplitude in the control experiment. Red horizontal bars with asterisks indicate the
portions of the CEP during which contiguous samples are significantly different in the pre- versus post-
conditioning comparison (at the p = 0.001 confidence level). from (Zanos et al. 2018)

Regarding the duration of the plasticity effect, they demonstrated that the potentiation effect (with
DPS) lasted for up to 2 seconds after the end of conditioning, whereas the depression effect (after
HPS) lasted up to 1.5 seconds. It is worth noticing that their results were limited to few seconds,
meaning a short-term plasticity, and not long-term plasticity as in the works by Jackson and others
(Kuba and Kumamoto 1990, Jackson et al. 2006) but are still relevant in the context of a possible

rehabilitation paradigm.

Beyond work in animals, for applications such as stroke rehabilitation in humans, recent work has
reported LTP-like motor plasticity using the negative p-rhythm phase as trigger for a rTMS protocol
(Zrenner et al. 2018). Zrenner and coworkers built a Simulink Real-Time model (Mathworks Ltd, USA,
R2015a) to isolate the p-oscillations (Figure 1.26). To overcome the algorithmic delays introduced by
the FIR filters, they used and autoregressive model estimation to perform a 128 ms time-series
forward-prediction in order to predict the actual phase of the signal (Zrenner et al. 2018). Based on
this clever technique, they were able to deliver a stimulation based on an estimation of the actual
brain state, providing a new way to control efficacy of plasticity induction in humans in a non-invasive
way. The stimulation used was a 100 Hz TMS triplet triggered when a negative peak was estimated. It
was delivered in M1 (orthogonal to the central sulcus) in a way that is considered highly effective in

trans-synaptically activating the corticospinal neurons (Rossini et al. 2015).
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Figure 1.26: u-oscillation phase-triggered brain stimulation apparatus. (a) Scalp EEG raw data derived from a 5-
point sum-of-difference operation centered on the C3 EEG electrode (Hjorth-C3) over left sensorimotor cortex is
streamed to a real-time system with 3 ms latency where the processing algorithm is computed at a rate of 500
Hz. (b) A 500 ms sliding window of data is 8-12 Hz bandpass filtered forward and backward and edge artefacts
(shaded) are removed. (c) Coefficients for an autoregressive model are calculated from the filtered data. (d) The
signal is forward predicted (red trace), phase is estimated at time zero (t = 0) using a Hilbert transform and the
TMS stimulator is triggered when a pre-set phase condition is met. (e) TMS of the hand area of left primary motor
cortex produces a motor evoked potential (MEP) in right hand muscles recorded with surface EMG. (f) Recovery
of the u-oscillation ~300 ms after the TMS pulse. from (Zrenner et al. 2018)

They reported an LTP-like increase in corticospinal excitability, while no change occurred if the same
rTMS protocol was triggered at the low-excitability state, or at random p-rhythm phase (Zrenner et al.

2018).

The rationale behind this study is the same of the studies on monkeys by Fets anz Zanos but, given its
non-invasive approach, this can have a disruptive effect in clinical practice towards the development

of a corticocortical prosthesis.

Spinal cord injury prosthesis

The World Health Organization (WHO) approximates that between 250,000 and 500,000 people suffer
from a spinal cord injury (SCI) each year (Fehlings et al. 2017). As stated by Courtine (Courtine and
Sofroniew 2019): “a cure that could repair the injured spinal cord is unforeseeable, recent advances in
biological and engineering strategies have opened promising avenues for improving function after
SCI”. Starting from the observation that lateral hemisection of the spinal cord (Brown—-Sequard
syndrome) triggers reorganization of intraspinal (Takeoka et al. 2014), brainstem and corticospinal
tract projection circuits (Hilton et al. 2016) that supports remarkable levels of spontaneous recovery
(Friedli et al. 2015), researchers are trying to help such a spontaneous mechanism. This plasticity
within the spinal cord leads to a remapping of motor cortex output to spinal circuits; therefore, motor

cortex can play a crucial role after SCI. The research group led by Dr. Courtine is studying a strategy
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that comprises both biological and technological approaches to improve functionality in people with

SCI. On the biological side, to restore connectivity across spinal lesions researchers are focusing on

stimulating endogenous axon regrowth through the lesions or grafting new neurons into lesions to re-

establish communication through new relay circuits (Courtine and Sofroniew 2019). On the

neurotechnological side, many options are available, each one with different pros and cons. After SCI,

sensorimotor circuits embedded in the spinal cord lack the supraspinal sources of modulation and

excitation essential for enabling their functionality. Starting from these observations, researchers

implemented neuromodulation of circuits below and above the injury.

The figure below, from (Courtine and Sofroniew 2019), summarizes the main neurotechnological

strategies related to SCl restoration therapies.
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Figure 1.27: Neurotechnological strategies related to SCI restoration therapies. From (Courtine and Sofroniew

2019).

On the recording side, many options are available, such as:

- EEG, which is the less invasive but with the lower spatial resolution to record movement

intention;

-  ECoG (both Subdural and Epidural) with an higher spatial and temporal resolution but

sometimes it is not enough to decode intention with high accuracy;

- intracortical microelectrode array, have the best spatio-temporal resolution (the easier

decoding) accompanied by the highest risks (e.g. immune response);

On the neuromodulation side, other options with different aims are available such as:
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- Surface or deep brain stimulation, which can help improving the functionality of the spinal
cord after injury (Bachmann et al. 2013).

- Somatosensory cortex stimulation protocols, which allowed a paralyzed person to recognize
pressure-like sensations in individual fingers of a robotic hand (Flesher et al. 2016).

- Epidural electrical stimulation over specific spinal cord locations with a precise timing (related
to cortex activity), which was able to modulate the degree of leg extension and flexion in rats
(Bonizzato et al. 2018) and non-human primate models of SCI (Capogrosso et al. 2016).

- Functional electrical muscle stimulation, which was used in a 24-year-old male with stable,
non-spastic C5/C6 quadriplegia from cervical spinal cord injury (SCl) sustained in a diving
accident 4 years previously conferring on him the critical abilities to grasp, manipulate, and
release objects (Bouton et al. 2016). A similar proof-of-concept study was performed on a 53-

year-old man with tetraplegia (cervical level 4) (Ajiboye et al. 2017).

Taken altogether, these evidences constitute the most promising applications of neuroprosthesis

aimed at retraining the human body to bypass an injury and improve its functionality.

Extending the input capabilities of the nervous system

Few researchers so far presented augmentation studies where a sensory prosthesis was used to “give
the brain an additional sense”. In different works lead by the group of Nicolelis (Thomson et al. 2013,
Hartmann et al. 2016) a microstimulation-based neuroprosthesis was used to discriminate among
infrared (IR) light sources (Figure 1.28 A). They demonstrated that the adult mammalian neocortex
can readily absorb completely new information sources into its representational repertoire, and use
this information in the production of adaptive behaviors (Hartmann et al. 2016). Thirteen animals
quickly learned to discriminate IR sources using the ICMS delivered to S1 in which the amplitude

intensity of the IR signal was encoded in terms of stimulation frequency (Figure 1.28 C)
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Figure 1.28: Methods for rat IR discrimination training. A, Schematic of the behavioral chamber used for the
task.B, Topographical organization of information from four IR detectors in rat S1. C, Stimulation frequency
depended on IR intensity in each sensor. The intensity of each IR light was translated into different stimulation
frequencies, in real time, in its corresponding stimulation channel. adapted from (Hartmann et al. 2016)
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These works can have important consequences both in basic neuroscience and in rehabilitation after
a brain injury. It is worth noticing that so far, they used an invasive approach (ICMS) to convey precise
spatio-temporal information to the brain but a non-invasive replication of these studies could open

exciting avenues for the future.

Ethical issues

In a recent Perspective, the Royal Society encouraged the development of a Neural Interface
Ecosystem to accelerate the development of neural interfaces in the UK but also to use an “early and
often” approach to address the ethical considerations in the field. It might take years of even decades
until some of the Neurotechnologies presented here will be part of our daily lives but it is never too
early to anticipate the possible ethical issues related to it. Possible futuristic misuse of

neurotechnologies include:

implanting fraudulent memories;
- control the behavior of a person;
- control the desires of a person;

- exacerbate social inequalities;

- reduce freedom;

- and many others

Excising ethics guidelines are insufficient (Yuste et al. 2017), given the exponential grow of
neurotechnologies. Different documents deal with these issues, such as: the Declaration of Helsinki
(Association 2014), the Belmont report (Health and Services 1979) and the Asilomar artificial
intelligence statement of cautionary principles. The Morningside Group which included
neuroscientists, neurotechnologists, clinicians, ethicists and machine-intelligence engineers, recently
suggested four ethical priorities in this direction (Yuste et al. 2017). Regarding “privacy and consent”,
they suggested that citizens should have the ability to keep their neural data private and sale,
commercial transfer and use of neural data should be strictly regulated. They also encouraged the use
of blockchain techniques to avoid the need for a centralized authority and open-data formats to
improve transparency (Yuste et al. 2017). Another critical point regards “identity”. It was recently
reported a case of a man treated with DBS for depression who said: “It blurs to the point where I'm
notsure... frankly, who I am”. It is worth noting that DBS is still poorly understood and it may modulate
aspects of personality and emotion (Klein et al. 2016). Therefore, protecting individual identity and
the ability to choose our actions as basic human rights will be crucial in the near future. The authors
of the declaration (Yuste et al. 2017) recommended adding clauses protecting such right (namely

“neurorights”) to international treaties, such as the Universal Declaration of Human Rights and others.
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The “augmentation” is another point to study. Following what is happening for gene editing in humans
(Scheufele et al. 2017), the authors (Yuste et al. 2017) recommended paying particular attention to
the use of neurotechnologies for military purposes usually aimed at augmenting soldiers and analysts
mental abilities for combat settings and data streams decoding. Regarding gender and racial bias,
neurotechnologies, similarly to artificial intelligence can be prone to such discrimination and therefore

it is crucial to pay particular attention to this problem for the near future.

Taken altogether, these considerations should be taken seriously by national and international

associations but also by neuroscientist, in order to protect human rights.
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Chapter 2: Replace: in vitro neuroprosthesis

Overview

One of the greatest challenges of modern neuroscience is to find reliable and sustainable treatments
for the disabling effects caused by many chronic and incurable brain conditions. With the greatest
impact carried by stroke (Feigin et al. 2017) and traumatic brain injury (Maas et al. 2017), brain
disorders are among the leading causes of disabilities worldwide. One of the most peculiar properties
of the brain is the capability to exploit plasticity to allow performing cognitive or motor task even
when there is a damage. This is because the brain is redundant and intrinsically modular, being
composed of local networks that are embedded in networks of networks (Meunier et al. 2009),
sparsely connected to each other (Levy et al. 2012): the connections can reorganize bypassing the

damage or reinforcing weak connections (Nudo 1999, Guggenmos et al. 2013).

Indeed, understanding the intricacy of brain signals, what is the effect of a damage on signal
generation (Bassett and Bullmore 2009), and how this impacts on the electrophysiological behavior of
brain networks and on their reorganization, has a twofold importance: from one side it is necessary in
order to shape suitable intervention strategies (Kleim and Jones 2008) based on novel bioelectronic
devices (Guggenmos et al. 2013); from the other side it will help in designing novel ‘neurobiohybrid’
technologies (Vassanelli and Mahmud 2016) which can exploit the brain self-repair capability in case
of a damage. To reach the above goals it is fundamental to deeply characterize and understand how

a damage affects the electrophysiological behavior of a network.

Within this framework, simplified in vitro models of cell assemblies can provide useful insights to
investigate the interactions between networks of neurons, both in physiological and in pathological
conditions. In vitro systems, by overcoming the limits of in vivo models imposed by the complexity of
the surrounding networks and by the consequent low level of reproducibility, can thus serve as test
bed for innovative solutions ranging from neuropharmacological to electroceutical applications
(Tessadori et al. 2012, Bonifazi et al. 2013, Colombi et al. 2013). Moreover, in silico models, either
software or hardware, of the electrophysiological behavior of such reduced networks can be used to

replace neuronal functionalities in the framework of novel neuroprosthetic devices.

In this chapter, | will briefly introduce cell cultures with a particular focus on cell cultures plated over
micro-electrode arrays (MEA). | will then introduce the BrainBow project, a European project aimed

at creating an innovative neuroprosthesis to be tested on cell cultures over MEAs. | will describe the
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methods used and the result obtained, together with a final discussion and conclusion. Large part of

this chapter, related to the BrainBow project, is part of the following publications:

Buccelli S, Bornat Y, Colombi I, Ambroise M, Martines L, Pasquale V, Bisio M, Tessadori J,

Nowak P, Grassia F, Averna A, Tedesco M, Bonifazi P, Difato F, Massobrio P, Levi T,
Chiappalone M. A neuroprosthetic system to restore neuronal communication in modular
networks. iScience (2019). Vol 19, P402-414. Doi: https://doi.org/10.1016/j.isci.2019.07.046
Averna A, Caré M, Buccelli S, Semprini M, Difato F and Chiappalone M. A multimodular system
to study the impact of a focal lesion in neuronal cell cultures. Lecture Notes in Computer

Science (2019), 11705, pp. 5--19, 2019. Doi: https://doi.org/10.1007/978-3-030-28042-0_1
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In vitro cultures

In vitro development

In the early 1900s scientists explored the possibility, until then relegated to science fiction, of culturing
and growing neural cells under controlled conditions (Carrel and T BURROWS 1910, Harrison 1912).
These pioneering works have brought a growing interest in the study of cell cultures outside the body

(Peterson and Murray 1955, Nakai and Kawasaki 1959).

We can divide in vitro cultures in two main categories: cell lines and primary cultures. Cell lines are
mostly derived from tumor cells (Giard et al. 1973, Liu et al. 2017). These cells express a reasonably
stable phenotype and can be sub-cultured repeatedly being highly proliferative. Primary cultures, on
the other hand, derive from cells taken directly from the animal. Primary neuronal cell cultures can be
an ideal model for investigating interconnected neurons for different purposes ranging from
neuropharmacological tests to improvements in bioelectronics interfaces. These cultures retain some
of the physiological characteristics of in vivo neurons in a highly controlled environment. Under
favorable conditions, it is possible to maintain such cultures for months, thus making them an ideal
tool for basic research. The most widespread protocol for culturing primary cultures of neurons
involves the dissection of specific regions of the brain, such as the hippocampus or cortex, from young
rats (or mice), either embryonic or neo—natal. The main drawback is that they have a limited expansion

capacity, and thus for every preparation one animal has to be sacrificed.

In the last years, neurons derived from human induced Pluripotent Stem Cells (hiPSCs) have emerged
as a promising tool (Zhang et al. 2001). The greatest advantage in using this new technique lies in the
possible translation of results obtained in vitro to humans (Frega et al. 2017). Many protocols for
differentiating hiPSCs into neurons have been developed (Frega et al. 2017), each one with different
pros and cons. The main drawback of such cultures is that they require more time for differentiation
with respect to rodent cell cultures. In the near future, it is easy to imagine that this type of
preparation can replace animal cell cultures for many applications but currently, rodent cell cultures

still have many advantages and therefore were used in the present work.

Despite their simplicity, neuronal networks represent an excellent in vitro model used in many fields
of neuroscience. Potter and DeMarse (Potter and DeMarse 2001) demonstrated that cultures on MEAs
can survive for over a year in vitro which makes these preparations ideal for a large number of
applications. Several factors must be taken in account when studying cell cultures: i) the animal model

(e.g. mouse, rat or even human-derived cells can be very different); ii) the brain region from which

56



you take neurons (e.g. hippocampus, cortex etc.); iii) the cell density (which affects the network
connectivity); iv) the environment (e.g. the medium composition and temperature can affect the
system). All of these characteristics are not static but evolve over time due to the maturation

processes of neurons and networks (Chiappalone et al. 2006)

To characterize and understand changes in morphological and electrophysiological aspects of
neuronal networks several techniques can be used: from immunostaining to calcium imaging, from
single cell patch clamp to multisite multi-site electrophysiological techniques. All these techniques

have different purposes and all of them are needed to understand the brain a step at the time.

As described in (Ben-Ari 2001), during different phases of development there is a sequence of events
that are needed to form a functional network connectivity and thus a healthy electrical activity (Figure

2.1).
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Figure 2.1: Patterned spontaneous activity in the developing hippocampus. (a) In the neonatal rat hippocampus,
neuronal activity is synchronized in spontaneous network discharges (GDPs). Simultaneous recordings of CA3
pyramidal cell (i) and extracellular field in CA3 pyramidal cells layer (ii) in postnatal day (P) 6 hippocampal slice.
Single GDP is shown on the expanded time scale on the right. (b) Principal events in the development of the rat
hippocampal network. Principal pyramidal cells are generated before birth and differentiate during the first
postnatal month. Hippocampal neurons start to establish synaptic connections around birth [birth occurs at
embryonic day (E) 21, indicated by arrow] and during the two postnatal weeks, most synaptic activity is
synchronized in immature patterns — GDPs. Adult hippocampal patterns and hippocampal dependent integrative
functions emerge later, during the second to third postnatal weeks. Asterisk indicates P6. From (Ben-Ari 2001)
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In the present work (and in almost every work involving neuronal cell cultures over MEA), dissociated
neuronal cultures are prepared from the neocortex of 18-day-old (E18) embryonic rats. Once plated
over MEA, neural networks start to grow creating connections and thus changing both the
morphological and electrophysiological features of the network (Van Pelt et al. 2004, Chiappalone et

al. 2006, Cotterill et al. 2016).

Chiappalone and co-workers (Chiappalone et al. 2006) clearly showed that between the second and

the third week of culture, the network changed in terms of electrophysiological patterns (Figure 2.2).
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Figure 2.2. Two representative traces of two channels from MEA at four developmental phases 7-14-21-28 DIV.
from (Chiappalone et al. 2006)

A more recent study by Cotterill and co-workers (Cotterill et al. 2016) used multiwell MEA plates over
the first 12 days in vitro (DIV) to confirm previous results (Van Pelt et al. 2004, Chiappalone et al. 2006)
by means of several parameters summarized in (Figure 2.3) focusing their attention to the very first
12 DIV. In particular they found that spiking activity was sporadic and unorganized at early DIV,
becoming more and more organized over time in terms of bursting parameters (both at single channel
and network levels). To characterize synchrony they used a feature called network spike (defined as
short time intervals with a number of active channels above threshold). They found an increase in the
frequency of network spikes and they confirmed this with a pairwise cross correlation measure (spike

time tiling coefficient, described in (Cutts and Eglen 2014)).
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Figure 2.3 Mean firing (A) and burst rates (B) increase with development. Box plots showing median and
interquartile range are shown for n = 16 plates. (C) Burst duration. (D) Fraction of bursting electrodes. (E) Within-
burst firing rate. (F) Percentage of spikes in bursts. (G) CV of IBI. (H) CV of within-burst ISI. () Network spike rate.
(J) Network spike duration. (K) Network spike peak. (L) Mean pairwise correlation. From (Cotterill et al. 2016)

Other works studied the neuronal network for longer periods (covering the usual DIV when cultures
are recorded). In (Van Pelt et al. 2004) the authors studied network bursts with age-dependent firing
rate profiles, and durations significantly increasing in the 3rd week in vitro and decreasing after about

1 month in vitro, when they evolved into short events (Figure 2.4).
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Figure 2.4 Mean duration in milliseconds of network bursts at different ages in vitro, as calculated for five
longitudinal experiments on the basis of half width values of the averaged amplitude/time profile, obtained by
summation of all detected bursts on each day of recording. ‘left’ — rising phase to the ‘center’ of the burst ‘right’
— falling phase from the center; ‘total’ — total burst. From (Van Pelt et al. 2004)

In (Wagenaar et al. 2006), the authors investigated the importance of different plating densities on
development. They also showed that cortical cells exhibited a much richer repertoire of activity
patterns than previously reported that changed over time. These results were confirmed by a more
recent study (Biffi et al. 2013) where spiking and bursting activity were characterized by a functional
peak during maturation, followed by a stable phase (for sparse and medium density cultures, i.e. 900
and 1800 cells/mm? respectively) or by a decrease phase (for high dense neuronal cultures, i.e. 3600

cells/mm?).

Starting from these findings, for the experiments showed in the present work, we plated cell cultures
with medium cell density and we focused our attention to periods of mature development, starting

the recordings from the third week in vitro.

Modular cultures

In the last decade, different groups have started to realize in vitro modular structures (Shein-ldelson
et al. 2011, Bisio et al. 2014, Forro et al. 2018, Yamamoto et al. 2018). In particular, (multi) modular
cell cultures plated over Micro Electrode Arrays (MEAs) represent an interesting bio-artificial
experimental model for studying neuronal networks at the mesoscale level for different reasons. First,
cell cultures on MEA can be manipulated in several ways (ranging from pharmacological to electrical,

optical and other kinds of perturbations) and can survive longer with respect to other preparations
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(Potter and DeMarse 2001). Second, recording from multiple sites is crucial for investigating neural
information processing, in case of neural networks and in particular when dealing with multimodular
cell assemblies. Third, the high temporal resolution of MEAs allow characterizing the neuronal activity

at a time scale that is critical to understand neuronal dynamics.

In (Bisio et al. 2014), modular networks consisting of two confined active and inter-connected sub-
populations of neurons were realized and recorded from three up to eight weeks after plating over
MEA (Figure 2.5). Although globally less correlated than uniform cultures, modular networks exhibited
higher intra-cluster than inter-cluster correlations, thus demonstrating that segregation and

integration of activity coexisted in this simple yet powerful in vitro model.
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Figure 2.5: A. 10-s raster plots of spontaneous activity of a representative uniform network, recorded by 60
electrodes at four different developmental phases: 16—25 DIV, 26-35 DIV, 36—45 DIV and 46—55 DIV, respectively
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from top to bottom. Each black dot represents a detected spike. A zoomed network burst is reported above the
raster plot at the first developmental period (DIV 16-25). B. 10-s raster plots of spontaneous activity of a
representative modular network, recorded by 60 electrodes at four different developmental phases: 16—25 DIV,
26-35 DIV, 36—45 DIV and 46-55 DIV, respectively from top to bottom. Each black dot represents a detected
spike, and the network confinement is highlighted by the grey shaded area, which corresponds to the top
compartment. A zoomed network burst is reported above the raster plot at the first developmental period (DIV
16-25). from (Bisio et al. 2014).

A recent paper by Yamamoto and co-workers (Yamamoto et al. 2018) investigated the impact of
modular organization on dynamical richness. They used fluorescence calcium imaging to record the
activity of single neurons in a modular configuration consisting of four spatially segregated areas (200
pm by 200 um squares) connected either by zero, one, or three lines. By means of a graph theoretical
analysis, they showed that modularity (the tendency to exhibit distinct communities or modules
(Fortunato 2010), increased as connections between the four areas were reduced. They also used
dynamical richness to measure the spatiotemporal variability in modular cultures (Zamora-Ldpez et
al. 2016). This quantity, as well as similar ones termed “complexity”, reflects the ability of a neuronal
network to exhibit a broad range of dynamical states. They defined richness as the combination of
two measures: 1) the variability among the activity patterns of firing neurons; 2) the variability among
the size of global network activations (GNAs). Values close to zero are related to small variability

among activity patterns, higher values are related to a larger variability (i.e. richness or complexity).

In a different work, Okujeni and coworkers (Okujeni et al. 2017) investigated the role of clustered
connectivity for the generation, maintenance and variability of spontaneous activity dynamics in
neuronal networks. Computational works already addressed this issue (Klinshov et al. 2014) but a

detailed analysis at the biological level was needed.

Taken altogether, the results showed in Yamamoto and Okujeni suggest the usefulness of modular
cultures as testbed for different applications ranging from neuropharmacology to network dynamics.
Both these applications can be exploited in silico, taking advantage of the newest computational

models, but testing the scientific hypotheses on a biological substratum is still indispensable.

Introduction to the BrainBow project

The European Project BrainBow was a Future and Emerging Technologies (FET) project aimed at
creating an innovative neuroprosthesis to be tested on cell cultures plated over MEAs. The project
was coordinated by the Istituto Italiano di Tecnologia and involved the University of Genova, Tel Aviv

University and Centre National de la Recherche Scientifique (CNRS, Bordeaux).

In this project, we first characterized the electrophysiological activity of both spontaneous and
electrically evoked activity in the modular cell cultures confined in 2, 3 or 4 modules. Neuronal

modules, during development, projected to each other and therefore self-organized themselves in a
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network with intricate functional and anatomical connectivity to mimic at least a part of the modular
properties of the neuronal tissue of origin. We then used a custom-made laser setup (Difato et al.
2011) able to produce a focal lesion between modules, thus affecting the anatomical connectivity

among the neuronal modules. We thus observed the changes in connectivity between modules.
Starting from these results, we asked ourselves: how can we help the brain help itself?

Due to recent advances in bioelectronics and in neural and neuromorphic engineering, direct
interfacing of artificial circuits with large neuronal networks is possible to develop novel
‘neurobiohybrid’ systems (such as neuroprostheses (Vassanelli and Mahmud 2016)), which are

envisaged as potentially interesting clinical applications for brain lesions (Broccard et al. 2017).

Modern neural interfaces are mainly designed to restore lost motor functions in only one direction,
i.e., from the brain to the body (Abdulkader et al. 2015) or from the body to the brain (Flesher et al.
2016). Additionally, recent neuroprosthetic developments have shown the enormous potential of
neural interfaces to aid and accelerate functional recovery (Rosin et al. 2011, Bouton et al. 2016).
However, a major obstacle in developing novel neuroprostheses for bidirectional communication with
and within the brain is the complex nature of interactions among different brain areas, which in turn
presents a challenge for the development of appropriate stimulation protocols as well as for testing

such devices using in vivo models (Kohler et al. 2017).

Starting from the control experiments anticipated above, we interfaced the biological element (the
bimodular culture) following the lesion with a neuroprosthetic prototype. Our hardware
neuroprosthesis could perform low-power computations in hard real-time (Pirog et al. 2018),
collecting the inputs coming from neural recordings, processing those signals and generating suitable
electrical stimulation triggers as an output. With this experimental setup, we tested two specific
applications, namely, bidirectional bridging (BB) to artificially reconnect two disconnected neuronal
modules and hybrid bidirectional bridging in which a real-time spiking neural network (SNN) replaced
the activity of one of the two modules in real-time while implementing bidirectional connectivity with

the remaining neuronal module.

The motivation of our research is to provide a new technological instrument as a novel form of
neuroprosthesis aimed at treating disabling brain pathologies. The hardware choice (field-
programmable gate array, FPGA) maximize the real-time performances of the system and allows for a
faster development of a future implantable device for biomedical applications. The adoption of
bidirectional communication allows the development of a generalized non-specific approach that is

applicable to the central nervous system (CNS) or peripheral nervous system. In particular, prostheses
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for the CNS should restore the communication between two or more neuronal assemblies whose

functional and anatomical path could be distributed and sparse and not necessarily known a priori.

Indeed, our idea to develop a generalized approach comes from the future perspective of creating a
cerebral neuroprosthesis for direct implantation in the brain that could be used by patients affected

by stroke or brain injury.
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Methods
The following schematic provides an overview of the main elements involved in the project that will

be described in detail in this paragraph.
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Figure 2.6 Schematic of the BrainBow project interaction after lesion. On the left: a schematic representation of
a patterned culture (with 4 modules) plated over a 60-electrodes MEA after a focal lesion aimed at isolating the
top right module. Proceeding clockwise, a real-time spike detection (red lines representing thresholds) and a real-
time Network Burst (NB) detection are applied to the recorded BNN. If a spike count in a time window exceeds a
certain threshold a stim pulse is delivered to the SNN model implemented on the neuroprosthetic device. Another
NB detector, applied to the SNN, triggers an electrical stimulation to the BNN thus closing the loop. The aim of
the SNN s to interact with the rest of the BNN and behave like the isolated module.

| will start describing the experimental methods needed to perform the experiments. Then, | will
describe the neuroprosthesis in terms of online processing and Spiking Neural Network (SNN) and

then | will describe the offline processing.

65



Experimental methods Online processing

Multi-modular Neuronal Spike Network
confinement preparation detection burs-t
detection
Focal lesion E.Iectric.al Closed-loop
stimulation . "
implementation
SNN Offline processing
Neurons Synapses
LR Pre- Cross
. rocessin correlation
Short term Synaptic P &
plasticity noise

Prob. Single module

Axonal delay Network Burst

Figure 2.7. Schematic of the Methods described in this paragraph.
Experimental methods

Multi-modular confinement

The polymeric structure for the physical confinement of neuronal cultures on conventional MEAs has
been realized in polydimethylsiloxane (PDMS) by soft lithography and by using a photolithographically
defined EPON SU-8 master on a silicon substrate. PDMS is an elastomer widely used for biomedical
applications because of its high temperature, chemical and oxidation resistance; biocompatibility;
transparency; and permeability to gases (Mata et al. 2005). These features also render PDMS
particularly suited to the culture of primary neurons (Taylor and Jeon 2010). In addition, PDMS can be
easily micro-structured by soft lithography, thus obtaining several low-cost replicas from a single
master (Whitesides et al. 2001, Weibel et al. 2007, Habibey et al. 2015). In our case, replicas were
produced for single use even if they could in principle be sterilized and re-used. In particular, PDMS
stencil fabrication consisted of the following consecutive steps: i) structure design; ii) in silico wafer
fabrication through a photolithographic technique; and iii) fabrication of PDMS replicas (for details,
see (Bisio et al. 2014)). The developed bimodular neuronal networks were composed of two 3x2 mm
modules that were interconnected by 25 channels 390 um long and 10 um wide with an inter-channel
distance of 50 um. The developed multi-modular neuronal networks were composed of 3 or 4
modules, 600 x 600 um each. Once the PDMS masks were ready, they were positioned on the MEA
substrates to include all the electrodes within the two modules. Next, the MEAs underwent the

coating procedure for promoting cell adhesion, and the following day, the PDMS mask was removed
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immediately before the plating procedure, thus allowing neurons to slowly move only towards the

promoting adhesion areas.

Neuronal preparation

Dissociated neuronal cultures were prepared from the neocortex of 18-day-old embryonic rats
(pregnant Sprague-Dawley female rats were obtained from Charles River Laboratories Italia, Milano,
Italy). All experimental procedures and animal care were conducted in conformity with institutional
guidelines in accordance with the European legislation (European Communities Directive of 24
November 1986, 86/609/EEC) and with the NIH Guide for the Care and Use of Laboratory Animals.
Culture preparation was performed as in (Bisio et al. 2014, Colombi et al. 2016). First, we coated MEAs
overnight with poly-D-lysine and laminin to promote cell adhesion (Figure 2.8 Al). We washed the
MEA devices at least 3 times with sterilized water before plating (Figure 2.8 A2). The neocortex of 4—
5 embryos was dissected from the brain and dissociated first by enzymatic digestion in trypsin solution
0.125% (25—-30 minutes at 37°C) and subsequently by mechanical dissociation with a fire-polished
pipette. The resulting tissue was resuspended in Neurobasal medium supplemented with 2% B-27, 1%
Glutamax-Il, 1% Pen-Strep solution and 10% Foetal Bovine Serum (Invitrogen, Carlsbad, CA) at a final
concentration of 500 cells/ul (Figure 2.8 A3). Cells were then plated onto 60-channel MEAs and
maintained with 1 ml nutrient medium (i.e., serum-free Neurobasal medium supplemented with B27
and Glutamax-I). Then, cells were placed in a humidified incubator with an atmosphere of 5% C0O,-95%

air at 37°C. Half of the medium was changed weekly.

Immunofluorescence staining and image analysis

The cultures on coverslips were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS)
for 30 minutes. After permeabilization with 0.1% Triton X-100 in PBS for 10 minutes four times, the
cultures were incubated with PBS containing 5% goat serum and 0.1% Triton X-100 for 1 hour. The
permeabilized cultures were incubated with primary antibodies (anti-microtubule associated protein
2 [MAP2] mouse IgG; 1:100; Sigma-Aldrich) in PBS containing 5% goat serum overnight at 4°C and
were rinsed with PBS for 10 minutes four times. Then, the cultures were incubated with a secondary
antibody (Alexa Fluor 488-labelled anti-mouse IgG; Molecular Probes) in PBS containing 5% goat
serum, for 2 hours at room temperature and rinsed four times. The coverslips were removed from 12-
well plates and mounted on glass slides with mounting media containing DAPI for nuclear staining.
Fluorescence images (Figure 2.8 C) were captured using a fluorescence microscope (Nikon eclips80).

More details on the procedure can be found in (Ito et al. 2010).

Focal lesion procedure and laser setup
The laser dissection system (Difato et al. 2011) allowed for focal ablation of the sample in a three-

dimensional confined volume due to the sub-nanosecond pulsed UVA laser source, which required
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delivering very low average power, thus confining the material breakdown to the focus spot. The setup
was configured in an upright optical layout to allow optical surgery of neuronal networks plated on
thick and non-transparent support such as the MEA chip. Therefore, simultaneously monitoring
network activity using the MEA device and fluorescence calcium imaging during optical dissection of
the connection of neuronal assembly was possible. The system was equipped with a custom micro-
incubator (Aviv et al. 2013) maintaining the physiological parameters of the neuronal cultures (pH,
osmolarity and temperature) to carry out long-term network activity recording before and after laser

injury (Soloperto et al. 2016).
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Figure 2.8. Bimodular neuronal network preparation steps and morphological characterization. A1 MEA surface
coating using poly-D-lysine (PDL) and laminin (LAM) to promote cell adhesion. A2 Three consecutive surface
rinsing steps using sterilized water and 3 hours of waiting before plating cells. A3 Dissection and dissociation
procedures of E18 rat neocortex followed by resuspension of the resulting tissue in Neurobasal medium (see
‘Methods’). A4 Cellular solution plating onto a 60-channel MEA surface. B1 A 60-channel MEA (Multichannel
Systems MCS, Reutlingen, Germany) with square layout (4Q) plated with a bimodular pattern. C1
Immunofluorescence micrograph of MAP2 of a representative bimodular culture on a coverslip at DIV 25 with
magnification of the connections between modules. C2, C3 Immunofluorescence micrographs of MAP2 of a
representative uniform culture and of one corner on a coverslip at DIV 25. Scale bar = 200 um. D1 Magnification
of the connections between the two modules before performing the laser cut. D2 Magnification of the cut
connections between the two modules.

Micro-electrode array recordings

MEAs (Multi Channel Systems, MCS, Reutlingen, Germany) consisted of 60 TiN/SiN planar round
electrodes (electrode diameter: 30 um; inter-electrode distance: 200-500 pm). One recording
electrode was replaced by a larger ground electrode. Each electrode provided information on the
activity of the neural network in its immediate area. A microwire connected each microelectrode of
the MEA to a different channel of a dedicated amplifying system with a gain of 1100. The signals from
the biological neural network (BNN) were amplified by a commercial system (MEA1060-Inv-BC

amplification system, Multi Channel Systems, MCS, Reutlingen, Germany).
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To reduce the thermal stress of the cells during the experiment, we maintained MEAs at 37°C with a
controlled thermostat (MCS) and covered them with a custom PDMS cap to avoid evaporation and
prevent changes in osmolarity (Blau et al. 2009). Additionally, we used a custom chamber to maintain
a controlled atmosphere (i.e., gas flow of 5% CO, and 95% O; + N;) during the entire recording time

(Frega et al. 2012).

Electrical stimulation

All electrical stimuli were delivered by a commercial stimulator, STG 4002, Multi Channel Systems,
MCS, Reutlingen, Germany. That system can be triggered by software (for regular stimulation) or by a
TTL pulse (delivered by our neuroprosthetic device). The basic electrical stimulus was a biphasic
voltage pulse, 300 us in the half-length phase and 750 mV of half-amplitude (in accordance with the

literature (Wagenaar et al. 2004)).

Experimental protocols and databases

The general protocol included at least 30 minutes of no recording immediately after the culture was
moved from the incubator to the amplifier to ensure the stability of the network in recording
conditions. For control experiments (on bimodular cultures) without lesions, the four hours were
recorded continuously. In controls with lesions, after the first hour of recording, we took the culture
from the amplifier system, and we moved it to a separate room for laser ablation. The entire
procedure usually took 20 minutes. After the lesion, the culture was moved back to the amplifier
system where we immediately started the recording. The total number of experiments performed
with these protocols was 9 for controls without lesions (26.8 + 0.8 days in vitro, DIV) and 4 for controls
with lesions (26 = 0.6 DIV). For the bidirectional bridging (BB) protocol and hybrid bidirectional
bridging (HBB), we performed similar protocols. We recorded 20 minutes of spontaneous activity
before the lesion. Next, we performed laser ablation as described above and then waited for two
hours to achieve stable activity in both modules, as shown by the results of control experiments
(Figure 2.13). Then, we recorded 20 minutes of spontaneous activity after the lesion. To choose the
best parameters that allowed us to reliably detect NBs in both modules, we performed offline NB
detection. Next, we set these detection parameters on the FPGA with a custom-made MATLAB code
and performed a 20 minute session of BB or HBB. The final step consisted of recording 20 minutes of
spontaneous activity. The total number of experiments performed with these protocols was 9 for BB
(26 £ 0.8 Days in vitro, DIV) and 7 for HBB (26 + 1.5 DIV). In one HBB experiment, we did not record
the last spontaneous phase because of a technical problem. For control experiments (on multimodular

cultures) we used 8 multimodular cultures with a reduced protocol as described in the dedicated

paragraph.
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Online processing

Real-time spike detection

The custom experimental system retrieved analogue data from MEA1060-Inv-BC pre-amplifiers
through a standard MCS connector. Analogue input signals were packed in subgroups of 8 signals. For
each subgroup, the signals were connected to the input of an analogue multiplexer that switched from
one signal to the next one at a frequency of 80 kHz (each 12.5 ps) as shown in Figure 2.9 A. Then, the
output signals were amplified. The amplification gain ranged from 1 (no amplification) to 100.
Multiplexed signals were finally converted to digital with 16-bit accuracy at a frequency of 80 kHz to
provide one sample each time the multiplexer switched to a new input. Then, each of the 8 inputs of
each multiplexer was sampled at a frequency of 10 kHz. The system relied on the antialiasing filters

embedded in the pre-amplifier.

The spike detection module of the neuroprosthetic device was based on a threshold principle. A
detection system was available for each input channel of the system. The first step of the detection
was to increase the signal to noise ratio (SNR) of the input signal. The second step was to determine
the appropriate threshold to perform the detection; this part of the processing is illustrated in Figure
2.9 B. To emphasize the amplitude of spike shapes and improve SNR, we used the wavelet
decomposition technique — SWT (Quotb et al. 2012). This technique consisted of applying two

orthogonal filters (one highpass and one lowpass) tailored to the characteristic shape of a spike.

Because of the impedance variation phenomenon, the input gain was expected to be different from
one electrode to another and from one experiment to another. Therefore, we needed automatically
set thresholds to avoid setting this parameter for each input channel individually. We determined
these thresholds as a multiple of the standard deviation (o) of the first detail level from the SWT
outputs. The module that computed o was referenced as an amplitude estimator (AE) in Figure 2.9.
The correspondence factor to determine the threshold was set system-wide by the experimenter
depending on the experimental conditions. To compute o, we used a continuous evaluation to avoid
characteristic steps that occurred when performing computation on windows. To reduce computation
resources, we digitized a method from analogue computing (Harrison 2003). With the hypothesis that
the signal distribution was constant, we knew the proportion of samples below and above the
standard deviation, and the system used this property to determine ¢ with a regulation loop. The
signal distribution may change from experiment to experiment, but the estimated o will always be
relevant to the signal amplitude. Then, variations are compensated by adjusting the multiplier that

determines the final threshold. Harrison (Harrison 2003) showed that in addition to its computation
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efficiency, this method was much more immune to accidental phenomena such as spike residues or

stimulation artefacts.

As previously stated, the threshold was applied to the chosen output detail level of the SWT. The final
step was to filter glitches that may come from noise around the threshold value and to change a spike-
length pulse to a single event. This step was performed by a state machine that, as far as the threshold
had been crossed, provided a detected spike event and remained silent during a user-configured
refractory period. Then, the output event was available as a spike event for the remaining

computation modules of the system.
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Figure 2.9. Schematic view of the hardware computation architecture. A, Integrated circuit data flow on the
device (Multiplexer: ADG1408, amplifier: LTC6912, analogue to digital converter: AD7686, FPGA: XC65LX150).
Each flow makes it possible to sample 8 channels at 10 kHz (80 kHz multiplexing), eight equivalent structures are
connected to the FPGA to sample 64 inputs, and 60 of these inputs are connected to the MEA. B, Hardware spike
detection architecture embedded in the FPGA. SWT represents the wavelet-based signal enhancement
(stationary wavelet transform). The SWT consists of a series of FIR filters. The first two filters (on the left) are on
the 8th order, and the following filters are on the 16th order with 8 null coefficients. AE represents the signal
amplitude estimator used to set the final threshold. The loop estimates the standard deviation as the value above
15.9% of samples. The comparator and lowpass filter measure the ratio of samples above the estimated standard
deviation; then, the target value is subtracted to identify the relative error. The regulator is composed of an
amplifier and integrator to update the estimation of the standard deviation. After the final threshold, an event
filter drops each second event too close to the previous one. C, Hardware network burst detector, incoming
sources are events produced by the spike detector or the ISI-based burst detector, and the event count is stored
in the accumulator (z*-1) and cleared according a timer (the accumulator is not actually cleared, but its value is
updated without considering the number of accumulated events thus far, which results in data clearance). The
number of events counted since the beginning of the time window is compared with the user-defined threshold
to decide whether the network is in a burst state.

Addressing the signal to noise ratio (SNR) with the stationary wavelet transform (SWT)
The Stationary Wavelet Transform (SWT) technique we used is composed of a set of orthogonal filters
(one high-pass, one low-pass). The output of the high-pass filter (detail level) was used as an output

of the decomposition. The output of the low-pass filter (approximation level) was downsampled, and
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the filters were applied to provide the next detail and approximation outputs. The process is repeated
as long as necessary. From the theoretical point of view, this method split the noise among the
different detail outputs but restricted the spike contribution to one or two outputs, which improved
the SNR for these specific outputs. The drawback is that the downsampling generated non-stationary
behaviours and resulted in sub-optimal detection when the spike time corresponded to dropped
samples. To avoid this phenomenon, we chose to replace signal downsampling by filter upscaling
(transforming an 8™ order filter to a 16" order filter containing 8 interleaved null coefficients). With
the stationary wavelet transform (SWT) (Pesquet et al. 1996), we kept the best performance for all
samples with a price of computational requirements twice as high, and memory requirements 4 times
higher. This change in requirements was not an issue since we used hardware computing, and we
added the computing resources according to our needs. Although our hardware was able to compute
8" order mother wavelets (high-pass/low-pass filter couples), experience showed that the Haar
mother wavelet (2" order) was sufficient (Quotb et al. 2012). An empirical study showed that the third
detail level provides the best performance for detection. As the first detailed output was expected to
receive very few contributions from the spikes, it was used to determine the comparison threshold

for spike detection.

Real-time network burst detection

The network burst detector (NBD) was based on the number of action potentials. Although this
module was usable on a single channel, it was intended to gather events from multiple channels at
the network scale as the preliminary experiments raised the necessity. Therefore, this module was not
part of the computation flow build for each channel. There were 16 NBDs. Each NBD received events
produced by all the incoming channels. Whether the input channels contributed to any of the 16 NBDs
was user-defined. During a predefined time window, events on the selected channels were counted.
At the end of the time window, the number of events was compared to a user-defined threshold to
determine if an activity burst was occurring or not, and the counter was reset. The detector constantly
kept track whether a burst was pending or not. Depending on user choice, each NBD could be
independently configured to produce a single event when a burst started, a single event when a burst
stopped, one event at each end of computing window detecting a burst, or continuously while the
detector was in burst mode. The NBD could receive any event coming from the inputs on the system,
including ISI-based burst detection events. It was possible to weight the event contributions such that
an event coming from an ISl-based detected burst might have a much higher weight than an action
potential on a single channel. The 16 NBDs worked on 1 kHz sampled signals because the application
they fed was sampled at that frequency. Input events (10 kHz) were combined with a logical OR by

group of 10 to produce the downsampling.
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An offline version of the NBD module was written in MATLAB to expedite the choice of parameters
for reliable NB detection during experiments. By running the offline NBD with a combination of
different windows in the range 1-50 ms and different thresholds in the range 1-250, we looked for a

combination of parameters that could reliably detect NBs.

Closed-loop implementation

To close the loop, we chose to deliver a stimulation either to the BNN or the spiking neural network
(SNN) based on the detection of a network burst (NB). The time to propagate the NB event depended
on the source on which it is computed (BNN or SNN) and the stimulation destination (BNN or SNN).
To follow the computation rhythm of the SNN, all events were processed at a frequency of 1kHz (so

an event might have to wait for 900 us until the next step occurs).

NBs were computed within 37.4 us (including spike detection) and were available for processing 1.3
ps later. Therefore, the BNN to SNN latency was 38.7 us. After a computation step of the SNN, the
stimulator was eventually activated after a delay of 3.9 ps. As we measured the stimulator delay to be

85 us, the SNN to BNN latency was 88.9 ps.

The BNN to BNN latency was composed of the BNN to SNN latency, the time to wait for the next
computation step (Tw), and the BNN to SNN latency. Tw was time dependent; values were equally

distributed between 61.3 ps and 961.3 ps with a mean value of 511.3 ps.

The choice to use an FPGA allowed a fine closed-loop performance that can be defined as “hard real-
time”. Having a control in the sub-millisecond timescale is crucial especially when the number of
recording channels increase. In this scenario, a fine control of the computational time needed to
perform a task is mandatory. Depending on the type of closed-loop and time constraints that one
wants to achieve, even less advanced implementations (e.g. CPUs and real-time operating systems)
can be a good choice. For instance, closing the loop based on the power of LFP signals (you can check
it in time windows of hundreds of ms) have fewer constraints and can be implemented on CPUs. In
our case, the closed-loop activity was based on spikes (events that last less than a ms) and network

bursts (which lasts in tens of ms) and therefore the real-time performances were crucial.

Spiking neural network

The biomimetic SNN is a neuromorphic system with a most detailed level of analogy with the nervous
system. The SNN is a network of silicon neurons connected via excitatory and inhibitory silicon
synapses and plasticity rules. The characteristics of the systems for bio-hybrid experiments are

compatible with the time constants of the real biological systems, complex neuronal models and
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plasticity that reproduce spatio-temporal patterns of activation. The hardware real-time

implementation needs a low-resource neuron model.

Neuron model

The (Izhikevich 2003) IZH model is composed of two equations (1) and (2) in which the state variables
‘v’ represents the membrane potential of a neuron and ‘v’ represents the regeneration of the
membrane potential, which takes into account the activation of ionic currents K* and the inactivation
of ionic currents Na*. /;;» describes the input current from other neurons. The integration time stamp

dt of the IZH model is 1 ms.

N 0.04v? +5v+140—u + ln
dt (1)
((jj—l: =a(bv—u) (2)

with the after-spike resetting conditions:

. V<« C
if v230mV:>{ (3)
u<«u+d

In this model, parameter a describes the time scale of the regeneration variable u(t). Lower values of
a indicate slower regeneration. Parameter b describes the sensitivity of the regeneration variable
influencing the under-threshold fluctuations of the membrane potential. Parameters c and d are the
reset values of the membrane voltage and regeneration variable after an action potential,
respectively. The IZH model can reproduce the behavior of all known cortical neurons by changing

only 4 parameters (a, b, c and d).

The detailed model and its implementation in digital hardware (Ambroise et al. 2013) are described

below (see SNN implementation on FPGA).

Synapse

Synaptic transmission includes both excitatory and inhibitory models. In particular, the proposed
model takes into account AMPA (i.e., an excitatory neurotransmitter) and GABA (i.e., an inhibitory
neurotransmitter). Depolarization or hyperpolarization are represented by a positive or negative
contribution to synaptic currents /s,. Following the effects of AMPA and GABA, all excitatory or
inhibitory synaptic currents tend to zero out, exponentially decreasing (Ben-Ari et al. 1997). These two
synaptic currents obey the same law of exponential decay 75, (3 ms for excitatory decay and 10 ms
for inhibitory decay). According to the literature (Izhikevich 2004), whenever a pre-synaptic neuron

emits a peak, a synaptic weight (Ws,,) is added to the synaptic current of the post-synaptic neuron.
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To connect the BNN to the SNN, we added external synapses to the SNN. Each neuron of the SNN was
connected to one external synapse which can be tuned to be excitatory or inhibitory. Each event
detected in the BNN could be used to stimulate the SNN through these external synapses. The SNN
stimulation was performed through current stimulation via the external synapses. The stimulation
duration depended on the type of synapses (excitatory or inhibitory) and the amplitude depended on
the weight applied to the synapses. In our case study, excitatory synapses with 3ms exponential decay
and with a weight of 9 are used for connection with BNN. We stimulated a maximum of 20 neurons

to avoid over stimulation of the SNN.

Short-term synaptic plasticity model
To improve the biological behavior of the synaptic model, we added short-term synaptic plasticity,

which modified the synaptic weight according to the activity of pre-synaptic neurons.

Short-term plasticity is a biological phenomenon that modifies and regulates connection weights as a
function of network activity. The model used in this work was proposed by (Izhikevich and Edelman
2008). This model is called "short-term plasticity" because the facilitation as well as the depression of
a synapse is reabsorbed when no action potential has been emitted during a time constant. The
implementation of the short-term plasticity and synapses are described below (parameters: xs», P and

tsyn, see SNN implementation on FPGA).

Synaptic noise and axonal delay

To enable spontaneous activity and the activity of our network, we added stochasticity by a source of
current noise for each neuron in the neuron model. We used the Ornstein-Uhlenbeck (OU) process
(with parameters: mean value = 0; degree of volatility = 35; dissipation rate = 1), which is a suitable
model for modelling synaptic noise in a neural network (Rudolph and Destexhe 2005). The OU process
Xt is a prototype of a noisy relaxation process and an example of a Gaussian process that has bounded
variance and a stationary probability distribution. The process is stationary, Gaussian and Markovian.

It satisfies the following stochastic differential equation:

dX, = 6(u — X,)dt + odW, (4)
Where 6 >0, uand o > 0 are the parameters, and W is the Wiener process.

The parameter W represents the equilibrium or the mean value of the process. The stationary variance

is given by:

var(X;) = g (5)
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This form of current may represent an approximation to that resulting from the random opening and
closing of ion channels on a neuron’s surface or to randomly occurring synaptic input currents with

exponential decay (Tuckwell et al. 2002).

Figure 2.10 C represents the dynamic behavior of the neuron model (tonic bursting neuron) family in
which the parameters are set for tonic bursting activity. This figure represents the same neuron in
which we add the stochastic input currents. We noticed that the current noise source caused
variability in the timing of action potentials. The digital implementation of this OU process is described

in (Grassia et al. 2016) (see also SNN implementation on FPGA).

The synapse computation core also manages the axonal delay. The axonal delay is the phenomenon
according to which an action potential emitted at time t arrives at time t + t1 to the post-synaptic
neuron. In our implementation, the axonal delay was implemented by a 50-bit delay (shift register)
vector, a D value and a multiplication factor. We stored the action potential (1 bit) in this vector delay
at the position indicated by the value D. We can have a delay from 0 to 49 ms if the multiplication
factor is equal to 1. We can increase this time by tuning this factor. The axonal delay makes it possible
to describe a superposition of a network of neurons in 2D and consequently design pyramidal or 3D

networks.

Neural network architecture

Our architecture of the neural network was based on blocks of RAM (storage of the parameters
necessary for the definition of a network), two computing cores (a neuron and synapse), a block to
manage the state machine and addresses and an "RS232 Communication" block (which will allow us
to configure/modify the parameters of our system from a configuration file). Figure 2.10 A shows the
interaction between these blocks. To simplify the figure, we did not represent the clock signal, but the
entire architecture is synchronous. The limitation of the number of neurons is due to the following
factors: 1) the clock frequency used to maximize the number of neurons in parallel and 2) the size of
the RAM, which allows the storage of the parameters, especially the synapses. The resources used are

presented in Table 2.2.

One of the advantages of our architecture was that each neuron and synapse were independent. A
network configuration file was sent to the FPGA to select the connections and set the number of
neurons, synapses, and used options. We could also define multiple networks with different

connectivity between networks and within each network.
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Figure 2.10. Hardware system organization, pipeline implementation and synaptic noise results. A, Organization
of the SNN system with two computation cores, the neuron and synapse. A state machine allows communication
between the different blocks. The RAM stacks all the parameters and updates all values every 1 ms. RS232
communication allows communication with a computer to send the initial neural network topology. Spikes to the
neural network block are for hybrid experiments where all detected spikes from the neuron culture are sent to
the SNN via external synapses. B1, B2, Architecture of v, and ‘w’ and ‘I’ pipelines for digital implementation. The
computation cycles are separated by dotted lines. Each of these dotted lines represents a rising clock edge on
which the result of each operation is saved. For the sake of clarity, we have not shown the sequences of the flip-
flops. ‘u” and v’ need 7 clock cycles (140 ns), and ‘I’ needs 5 clock cycles (100 ns). The synaptic noise current ‘I’ is
modelled using an Ornstein-Uhlenbeck process, which makes the neuron implementation more biologically
plausible, as shown in C. The parameter u represents the equilibrium or mean value for the process. We set this
value equal to 0 with a bias current value necessary for tonic bursting activity without noise. For the other
parameters, o represents the degree of volatility around the mean value caused by shocks, and & represents the
rate by which these shocks dissipate and the variable reverts towards the mean. The stationary variance depends
on that parameter. Therefore, in our case, we can set the stationary (long-term) variance with o and &
parameters (neuron bursting activity) of 35 and 1, respectively. C, SNN output of the tonic bursting neuron in
which the parameters are set to obtain tonic bursting activity with and without synaptic noise. The synaptic noise
allows for better biomimetic dynamics.

Network configuration

To add flexibility to our system, we added the ability to communicate with the FPGA via serial links to
send the configuration, topology, and neural network options. Several options were possible
depending on the desired application as follows: axonal delay, short-term plasticity, and synaptic
noise. Then, we chose the family of neurons (excitatory, inhibitory), the percentage of connectivity
between neurons, the inhibitory/excitatory ratio k, synaptic weight distributions, and the amplitude

of the OU noise. From a library of configuration files, we could select the desired network for the given
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application and particularly in terms of frequency of NB. Figure 2.21 (cf. Results, HBB) describes SNN
library processing. Table 2.1 shows some metrics relative to the bursting features of the implemented

artificial networks as well as the mean values of the excitatory and inhibitory weights.

#NB NB/min Mean exc Meaninh Addexc Addinh

SNN_1 39 1,95 0,99 -2,02 0,00 0,00
SNN_2 55 2,75 1,00 -2,02 0,01 0,00
SNN_3 73 3,65 1,02 -2,02 0,03 0,00
SNN_4 90 4,50 1,03 -2,02 0,04 0,00
SNN_5 111 5,55 1,04 -2,02 0,05 0,00
SNN_6 128 6,40 1,01 -1,22 0,02 0,80
SNN_7 136 6,80 1,00 -1,02 0,01 1,00
SNN_8 159 7,95 1,01 -1,03 0,02 0,99
SNN_9 164 8,20 1,02 -1,22 0,03 0,80
SNN_10 186 9,30 1,02 -1,04 0,03 0,98
SNN_11 208 10,40 1,08 -2,02 0,09 0,00
SNN_12 227 11,35 1,03 -1,05 0,04 0,97
SNN_13 239 11,95 1,08 -1,92 0,09 0,10
SNN_14 265 13,25 1,06 -1,22 0,07 0,80
SNN_15 295 14,75 1,07 -1,37 0,08 0,65
SNN_16 303 15,15 1,08 -1,52 0,09 0,50
SNN_17 329 16,45 1,07 -1,22 0,08 0,80
SNN_18 384 19,20 1,08 -1,22 0,09 0,80
SNN_19 420 21,00 1,09 -1,22 0,10 0,80
SNN_20 597 29,85 1,12 -1,14 0,13 0,88
SNN_21 743 37,15 1,15 -1,22 0,16 0,80
SNN_22 842 42,10 1,16 -1,18 0,17 0,84
SNN_23 968 48,40 1,18 -1,20 0,19 0,82
SNN_24 1080 54,00 1,20 -1,22 0,21 0,80
SNN_25 1303 65,15 1,24 -1,26 0,25 0,76
SNN_26 1510 75,50 1,27 -1,29 0,28 0,73
SNN_27 1882 94,10 1,34 -1,36 0,35 0,66

Table 2.1. Library of SNN, Related to Figure 4. SNN database was created to cover a wide range of NBRs from
1.95 NB/minute (SNN 1) to 94.1 NB/minute (SNN 27). To obtain such variability, we kept the same connectivity
matrix with an average degree of 25% for all networks. The main parameters that we tuned to obtain such
variability were the mean synaptic excitatory and inhibitory weights. Starting with SNN 1, we added a variable
number to each synapse, maintaining separated excitatory (add exc) and inhibitory synapses (add inh). This SNN
database can provide a wide range of activities and allows for a better choice of SNN for HBB experiments.

The SNN library has been populated with network implementations sharing a fixed number of neurons
(i.e. 100), the same topology (i.e. random connectivity) but with different synaptic weights (cf. Figure

2.11), necessary to reproduce different bursting behaviors.
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Depending on the FPGA board, the maximum number of neurons varies. For instance, in a Spartan 6
FPGA board, we implemented 512 neurons, 66048 synapses with synaptic noise, axonal delay and
synaptic plasticity. Table 2.2 describes the resources used. This biomimetic digital SNN worked in real-
time, was tunable and reproduced complex biological neural networks due to the biophysically neuron

model, synapses, plasticity, axonal delay and synaptic noise.
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Figure 2.11. SNN connectivity matrix, Related to Figure 4. The matrix represents the connectivity matrix of one
of the 27 SNNs (SNN 11) belonging to the SNN library. Pre-synaptic neurons are on the y-axis and post-synaptic
neurons are on the x-axis. Each element of the matrix represents the synaptic weight between the pre- and post-
synaptic neuron. If the pre-synaptic neuron is excitatory (i.e. one of the first 80 neurons), the synaptic weight will
be positive. Conversely, if the pre-synaptic neuron is inhibitory (i.e. one of the last 20 neurons), the synaptic
weight will be negative. We set the outdegree (i.e., the number of post-synaptic neurons) to 25 for all neurons in
the network, while the indegree (i.e., the number of pre-synaptic neurons) followed a normal distribution with a
mean value of 25 and a standard deviation of 4.3 (Figure S6, R-Square=0.806).

SNN implementation on FPGA

Digital implementation of the Izhikevich model

The mathematical equations must be modified to implement the IZH model in digital hardware. To
make the IZH neural network more biorealistic, we split the current /;;; into the following currents: /s,
lexc, and linn. Istar is the biasing current, lex is the positive contribution due to excitatory synapses and

linn is the negative contribution of inhibitory synapses.

We also used the methodology developed in (Cassidy and Andreou 2008) by multiplying the equation
of the membrane voltage by 0.78125 such that all parameters are decomposable with powers of 2,

which allows easier digital implementation.
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bias+ Iexc + Iinh

% - %sz +4v+109.375—u + |

du

— =a.(bv—u)

dt (6)
dv _ v[n+1]-v[n]

And dt At knowing that the computation time of the IZH model is 1 ms (At = 1):

v[n+1]= }ézv[n]2 +5v[n]+109.375 —u[n]+ 1. [n]+ 1. [n]+ 1,..[n]

u[n +1]=u[n]+a.(b.v[n]-u[n]) (7)

Using a calculation pipeline, we can compute different neurons in parallel. All model parameters are

stored in RAM. Figure 2.10 B1 describes the calculation pipelines for v and u.

Digital implementation of synapse and synaptic plasticity
Synapse model: When W, is positive, the synapse is excitatory, and when Wi, is negative, the
synapse is inhibitory. The current l. is always positive, and the current /i, is always negative.

However, these two synaptic currents obey the same law of exponential decay Tyn. sy, the synaptic

current:

iyn(£) = ~Toyn I sy () = —Tgyp 22000 (@)
on(€+1) = (1=5) 1 (©)
Where computation time T is 1 ms:

Lyn(t + D) = (1= ) Lgn(®) (10)
In digital implementation:

IgynIn + 1] = Igynln] — ——. Igyn[n] (11)

Tsyn
The Short-term synaptic plasticity model is defined by 3 parameters:

e a scalar factor x,,, which indicates the state of the synapse (depression or facilitation) and
computes the synaptic weight.

e apercentage P, which will be multiplied by the factor xs,, after each emission of a pre-synaptic
action potential. If this percentage is larger than 1, this synapse will describe a short-term

facilitation. Otherwise, if this percentage is less than 1, this synapse will describe a short-term
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depression. In facilitation (or depression), the value added to the stimulation current of a post-
synaptic neuron will increase (or decrease) with each emission of action potential.

e atime constant t,,, of exponential decay (or growth) in facilitation (or depression).

When a pre-synaptic spike occurs:
1
Isyn[n+1]: Isyn[n]__' Isyn[n]+Wsyn[n] (12)
syn
Where W, the synaptic weight, is defined by:
W, [n] = Xeyn [N] Weyn (13)
Xsyn [N+1] = P Xsyn[N] (14)

Parameters Wiyn, Xsyn, P, Tsyn are stacked into RAM.

The digital implementation of the synaptic noise (cf. equation (4)) in the stimulation current of the

neuron is given by:
I[n+ 1] =1I[n] + 0(u — I[n])At + AW [n] (15)

Where n is the iteration step, and At = T/N is the time step after the partition of the interval [0, T] into
N equal subintervals. Note that the random variables AW/[n] are independent and identically
distributed normal random variables with expected value zero and variance At, thus AW/[n]~N(0, At) =

VAt * N(0,1).

Figure 2.10C represents the dynamic behavior of the neuron model in which the parameters are set

for tonic bursting activity.

i bit registers LUTs ] RAM blocks | multipliers |
fnumb. iProject |Device inumb. |Project {Device numb. |Project {Device ‘numb. {Project |Device |
Signal processing 4753 31% 3% 6274 31% % 11 5% 4% 3 % 2%
SNN 3433 23% 2% 5747 29% 6% 82 39% 31% 42 93% 23%
Environment 6993 46% 4% 7996 40% 9% 118 56% 44% 0 0% 0%
Total 15179 100% 8% 20017 100% 22% 211 100% 79% 45 100% 25%

Table 2.2. Hardware resource usage for the different functions of the hardware board. The signal processing part
includes filters, spike detection, and burst detection (for events from electrodes and from the SNN). The SNN is
considered a part by itself, and the environment part includes the necessary engineering to interface the system
to the real world. This part includes analogue front-end management, computer interface, VGA display
management and SD-card storage management. Bit registers (referenced as flip-flops in digital computing) are
used to synchronously store local values or module states. Look-Up tables (LUTs) are asynchronous devices used
to implement arbitrary 6-input logic gates. Random Access Memory (RAM) blocks are mostly used to store
indexed values (e.g., channel samples for filters, and waiting queues). Multipliers are hard-coded embedded
multiplier circuits that are available to increase both performance and density since multiplications are resource-
demanding functions in hardware. The high majority of RAM blocks are required by the environment for VGA
display and SD-card data buffer. The SNN part uses RAM blocks extensively to address the individual parameters
of neurons and synapses. The SNN also requires many hardware multipliers because of the original mathematical
formalism. Resources for signal processing are more focused on bit registers and LUTs because of pipeline
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structures that implement computations structures close to the device that stores data. The environmental cost
in terms of resources is heavy, but this cost is constant and should not increase if implementing new signal
processing features.

Offline data analysis

Offline data analysis was performed by custom scripts developed in MATLAB (MathWorks, Natick, MA,
USA).

Preprocessing

To characterize the activity level of BNNs, we used the percentage of active channels and the mean
firing rate (MFR). To compute the former, we considered active electrodes only those presenting a
firing rate higher than 0.01 spikes per second (spikes/s), while the latter was defined as the mean
number of spikes per second, computed over the total recording time, of the active channels. The low
threshold guaranteed excluding only those electrodes that were not covered by cells or with very few
spikes, keeping all the others (Bisio et al. 2014). In stimulation phases, the activity of stimulated

channels was deleted.

Cross-correlation

To quantify the level of synchronization among multi-unit recordings, we applied correlation analysis
(Chiappalone et al. 2007) to the spike trains. Cross-correlograms were built according to the method
of the activity pairs described by (Eytan et al. 2004) as follows: given two trains (i.e., X and Y), we
counted the number of events in the Y train within a time frame around the X event of =T (T set at 500
ms), using bins of amplitude At (set at 1 ms). The CC function C,,(t) was obtained by a normalization
procedure, according to the following formula (Pasquale et al. 2008):

Coy(T) = JN—lszT(j)_)

X(ts —t) (16)

where ts indicates the timing of an event in the X train, Nx and N, are the total number of events in the
X and Y trains, respectively, and At is the bin size. Equation (16) yields the symmetry between Cy(t)

and Cy«(t) (i.e., Cy(Tt)=Cy(-7)) (Eytan et al. 2004).

To evaluate the amount of correlation between two modules, we performed the computation
between the collapsed spike trains for each module. A collapsed spike train is the result of a logic OR
operation between the spike trains recorded on all the electrodes belonging to the same module. For
control experiments and BB experiments, the modules were modules of the BNN. In the HBB protocol,

we collapsed the activity of the entire SNN to a single spike train. We applied a locally weighted linear
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regression to smooth the curve. The area of the CC was the integral of the curve in the range from -

500 to 500 ms.

Offline network burst detection

The offline NBD was performed using a software implementation of the NBD algorithm running online
on the neuromorphic device, called the “fixed window accumulator”. Similar to the online version, the
algorithm summed all the spikes fired from the neurons of the networks during a given time interval,
and it detected a NB if this sum overcame a threshold. Each NB was highlighted by the generation of
an event. The input parameters were the window time (i.e., time interval within which the spikes were
summed), the threshold (i.e., the number of spikes to overcome to identify an NB event) and the

source (i.e., the channels on which the analysis was performed).

Depending on the specific protocol we wanted to analyze, the source could be the whole BNN (in
controls without lesions or pre-lesion spontaneous activity), a part of it (for example, to compute the
NBR in only one module or to exclude stimulated electrodes), the SNN (for example, to characterize
the SNN) or a hybrid network formed by both the SNN and whole BNN or part of it (in HBB). The offline
version was also useful during the experimental protocols to set the best parameters (window time
and threshold) to obtain a reliable NB detection and to choose the most suitable SNN, referring to

NBR, for the HBB experiment.

Probability single-module network burst

To quantify the confinement of the electrophysiological activity in a single module, we used the single-
module NB probability parameter. This parameter represented the probability that NBs were
composed of spikes belonging to a single module (i.e., one of the modules of the BNN or the SNN).
This parameter was computed by counting the number of spikes that belonged to each burst, followed
by the percentage of spikes that belonged to each module. If this percentage was higher than 85%,
we assumed that the burst was generated in a single module. Setting 85% as the threshold percentage
allowed us to consider the possibility of having random spikes in the other module at the same time
as the NB. To perform this analysis, we modified the NBD by adding start and stop thresholds. For each
NB identified, the algorithm looked for an empty time window (i.e., a time window in which the
number of spikes was equal or lower than the threshold) before and after the window in which a NB
was detected. This was useful to identify the first and last spikes of that event as the first spike in the
first window and the last spike in the last window belonging to the NB, respectively. We set the start
and stop thresholds to zero and 5, respectively, for BNN and SNN (the SNN threshold was higher

because of the presence of fast spiking neurons).
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Statistics

Statistical tests were employed to assess significant differences among different experimental
conditions. The normal distribution of experimental data was tested using the Shapiro-Wilk normality
test. We performed one-way repeated measures ANOVA to compare data from the same group at
different time points. When ANOVA gave a significant (p < 0.05) result, the post hoc Bonferroni test
was employed to assess differences between all phases. When normality was rejected, we used
Friedman’s repeated measures ANOVA on the ranks test to compare data from the same group at
different time points. To compare data from two different populations (Figure 2.13), we performed
the Mann-Whitney test. Statistical analysis was carried out by using OriginPro (OriginLab Corporation,

Northampton, MA, USA) and Sigma Stat (Systat Software Inc., San Jose, CA, USA).
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Results

Neuroprosthetic architecture

To create bimodular in vitro systems, we developed PDMS masks with two connecting compartments
that constrained the growth of neuronal cells in two precise areas over 60-electrode MEAs (cf. Figure
2.8). The obtained bimodular neuronal culture constitutes the biological neuronal network (BNN) of
our system (Figure 2.12A). The signal from the BNN was amplified by a commercial system and
acquired by a custom-developed FPGA-based neuromorphic board (cf. Figure 2.9) previously
configured by a custom-made MATLAB code (MathWorks, Natick, MA, USA) running on a general
purpose personal computer. The neuromorphic board triggered a commercial stimulator to close the
loop with the BNN. The general protocol designed for this study involved three steps. First,
spontaneous activity in both neuronal modules was recorded (‘pre-lesion condition’). Then, laser
ablation of the biological connections between the two modules was performed (cf. Methods),
followed by recording of spontaneous activity in both modules (‘post-lesion condition’) to assess the
viability of the networks. Finally, we tested our neuroprosthetic device using two experimental
frameworks. In the first case, we applied a reconnection strategy using a bidirectional activity-
dependent stimulation (‘bidirectional bridging’, BB), whereas in the second case, we interfaced a
hardware-implemented biomimetic SNN with one of the two neuronal modules (‘hybrid bidirectional
bridging’, HBB) to simulate a ‘replacement’ strategy that utilizes the bidirectional interaction between
the biological system and its artificial counterpart (Figure 2.12B). The sequence of algorithms (e.g.,
spike detection, network burst detection) implemented on the board to realize both experimental

approaches (BB or HBB) is schematically depicted in Figure 2.12C.
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Figure 2.12. Interfacing a biological neural network and neuromorphic neuroprosthesis. A, Schematic
representation of the main elements of the setup: cartoon of an MEA coupled with a BNN; picture of the
amplification system; picture of the custom FPGA board; picture of the stimulus generator. Out of the loop, we
used a PC to configure the board. B, Schematic representation of the different phases of two experimental
approaches which share a pre-lesion, a lesion (performed through laser ablation, not shown) and a post lesion
phase. The final experimental phase can be either bidirectional bridging (BB) or hybrid bidirectional bridging
(HBB). C, Schematic of real-time data processing performed by the board: the first step is spike detection followed
by network burst (NB) detection monitoring module 1. After NB detection, delivering stimulation to module 2 of
the BNN (BB approach) or to the SNN is possible. In the second modality, there is also NB detection of the SNN,
which can result in stimulation delivered to the BNN (HBB approach).
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Control experiments

Bimodular

To evaluate the stability and effect of the focal lesion on bimodular BNN activity, we first performed
two sets of control experiments. In the first set defined as ‘experiments with no lesion’ (Figure 2.13
A1), we recorded 4 consecutive hours of spontaneous activity (51-S4, n=9 cultures). In the second set
defined as ‘experiments with a lesion’ (Figure 2.13 A2), we recorded one hour of spontaneous activity
(S1), followed by laser ablation of the connections between the two modules, which usually took less
than 20 minutes. Next, we recorded 3 hours of spontaneous activity post lesion (SPL1-SPL3) to quantify
the effects of laser ablation (n=4 cultures). As depicted in the raster plot of one representative
experiment (Figure 2.13 B1), bimodular neuronal networks exhibited spontaneous, synchronized,
multi-unit activity composed of network-wide bursts (NBs) spreading over the two modules. Following

laser ablation, the propagation between compartments was disrupted, as shown in Figure 2.13 B2.

With no lesion, the percentage of active channels with respect to the first hour of recording (S1) was
higher than 98% and was maintained for the entire duration of the experiment (Figure 2.13 D1, light
blue bars). The mean firing rate (MFR) was stable for all control experiments with no lesion (from S1
to S4, Figure 2.14 A). Alternatively, control experiments with lesions showed a reduced number of
active channels (close to 73%) during the first hour after ablation (SPL1). During the following two
hours (SPL2-SPL3), this value increased and reached 93% at the end of the recording (Figure 2.13 C1,
dark grey bars). No significant differences were found. The MFR was quite stable for all control
experiments with lesions except between S1 and SPL1 (Figure 2.15 A). The activity level with respect
to the S1 phase, expressed by the MFR ratio with respect to S1, was stable during the control
experiments without lesions (Figure 2.13 D2, light blue bars). The lesion produced a clear decrease in
activity in most cultures, especially during the first two hours (SPL1-SPL2, Figure 2.13 D2). We found a
significant difference between the two experimental sets during the first two hours after S1 but not
during the last hour. This result suggests that two hours after a lesion, almost complete spontaneous

recovery occurred in terms of the firing rate for the two neuronal modules.

To evaluate changes in the synchronicity between the two modules, we performed cross-correlation
(CC) analysis between the collapsed spike trains of each module. The shape of the CC function was
stable throughout the entire recordings in experiments without lesions, as reported in Figure 2.13 C1
for a representative experiment. After a lesion, the CC function collapsed to zero and did not recover
during the experiment (Figure 2.13 C2: representative experiment). To quantify this difference, we
integrated the CC function in a range of 500 ms to obtain the CC area. We did not find any significant

change in the CC area values for all experiments with no lesion (Figure 2.14 B). By contrast, the CC
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area values showed a marked decrease following the lesion (SPL1). This decrease was due to the lack
of anatomical connections between the compartments and did not recover by itself (Figure 2.15 B).
Comparing the CC area ratio between later phases and S1 resulted in a significant difference between
matching periods in ‘lesion’ and ‘no lesion’” experiments (Figure 2.13 E1). We also computed the
correlation coefficient (i.e. Pearson Correlation, PC) among all the active channels both intra module
and inter module (Figure 2.13 E2). The intra-module PC was constant across experimental phases for
controls with no lesion (light blue bars). On the other hand, for controls with lesion (dark grey bars)
there was a drop in the intra-module PC, related to the reduced firing rate following the lesion, but no
statistical difference was found (Figure 2.13 E2, left panel). The inter-module CC was stable for
controls with no lesion. On the other hand, following the lesion the inter-module PC collapsed and
never recovered by itself (Figure 2.13 E2, right panel) as already demonstrated with the previous

analysis.

The network bursting rate (NBR) was stable during all experiments with no lesions (Figure 2.14 C). For
the experiments with lesions, this parameter was less stable but with no significant differences
between phases (Figure 2.15 C). When comparing the two experimental protocols with the NBR ratio
with respect to S1, we found significant differences during the first and the second hour post lesion
(Figure 2.13 F1). The mean probability to have NBs composed of spikes belonging to a single module
(i.e. Prob smNB, cf. Methods) was close to 0.2 in the experiments without lesions (Figure 2.14 D),
meaning that the majority of NBs in an intact bimodular network involved both modules. Alternatively,
following the lesion, the probability became close to 1 (Figure 2.15 D), meaning a total loss of
functional communication between the two compartments. Using the Prob smNB ratio with respect
to S1 (Figure 2.13 F2), we found significant differences between the two experimental groups during
all phases post lesion (Mann-Whitney test; p < 0.05). Thus, for the no lesion experiment, the Prob
smNB remained very similar to the initial values, while for the lesion experiments, it changed abruptly
due to the lesion. This result further confirmed that the lesion was effective in functionally

disconnecting the two modules.
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Figure 2.13. A laser ablation-induced lesion can disconnect two neuronal modules. A1, Schematic of the first
experimental protocol. Experiments with no lesion: we recorded four consecutive hours of spontaneous activity
(51-S4). A2, Schematic of the second experimental protocol. Experiments with lesion: we recorded one hour of
spontaneous activity (S1) followed by laser ablation and three consecutive hours of spontaneous activity post
lesion (SPL1-SPL3). The grey-shaded area indicates 20 minutes of no recording due to the execution of the lesion.
B1, A 20 s raster plot of the network bursting activity of one representative experiment during the S1 phase. B2,
a 20 s raster plot of the network bursting activity of one representative experiment during SPL3. C1, Cross-
correlation (CC) function for one representative experiment during the S1-S4 phases. The CC profiles between the
spike trains of each module (light blue) in the four phases of the experiment were high and stable (lines shifted
for the sake of clarity). Time axis [-500, +500] ms. C2, CC profile between the spike trains of each module for one
representative experiment with lesion. Before the lesion (light blue profile), CC was high; following the lesion
(dark grey), CC collapsed to zero (lines shifted for the sake of clarity). Time axis [-500, +500] ms. D1 Percentage
of active channels with respect to S1 for the experiments with no lesions (light blue columns, n=9) and with lesions
(n=4, dark grey columns). No significant difference was found using the Mann-Whitney test (S2 VS SPL1 p =
0.2042; S3 VS SPL2: p=0.31608; 54 VS SPL3: p=0.70769). D2, Mean firing rate (MFR) ratio with respect to S1 for
experiments without (light blue bars) and with lesions (dark grey bars). No significant difference was found during
the last hour using the Mann-Whitney test (S2 vs SPL1: p = 0.0028; S3 vs SPL2: p = 0.01119; 54 vs SPL3: p =
0.10629). E1, Comparison of the CC area ratio with respect to S1 for the experiments without (light blue bars)
and with lesions (dark grey bars) (Mann-Whitney test; S2 vs SPL1: p =0.0028; S3 vs SPL2: p = 0.0028; 54 vs SPL3:
p =0.0028). E2, On the left, comparison of the intra-module correlation coefficient (i.e., Pearson Correlation, PC)
ratio with respect to S1 for the experiments without (light blue bars) and with lesions (dark grey bars). No
significant difference was found using the Mann-Whitney test (S2 VS SPL1 p = 0.71049; S3 VS SPL2: p= 0.14825;
5S4 VS SPL3: p= 0.07552). On the right, the same comparison regarding inter-module PC that showed clear
differences between experiments without and with lesion (Mann-Whitney test; S2 vs SPL1: p =0.0028; S3 vs SPL2:
p = 0.0028; S4 vs SPL3: p = 0.0028). F1, Network burst rate (NBR) ratio with respect to S1 showing significant
differences during the first and second hour after the lesion (Mann-Whitney test; S2 vs SPL1: p = 0.0028; S3 vs
SPL2: p = 0.01119; S4 vs SPL3: p = 0.26014). F2, Probability of single-module NB (Prob smNB). The ratio with
respect to S1 shows stability for experiments without (light blue bars) and with lesions (dark grey bars) (Mann-
Whitney test; S2 vs SPL1: p = 0.0028; S3 vs SPL2: p = 0.0028; 54 vs SPL3: p = 0.0028).
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Figure 2.14. Control no lesion. Mean firing rate (MFR) was stable for all control with no lesion experiments for all
experimental phases (from S1 to S4). No significant difference was found (Friedman’s repeated measures analysis
of variance on ranks; n=9; p=0.04, DF=3, Chi-square= 8,333 but no significant difference between rank sums was
found by the Tukey test). B, Cross-correlation (CC) area (obtained integrating the CC function of the collapsed
spike trains from module 1 and 2 in a range of #+500 ms) was stable for all control with no lesion experiments for
all experimental phases (from S1 to S4). No significant difference was found (Friedman’s repeated measures
analysis of variance on ranks; n=9; p=0.833, DF=3, Chi-square= 0.867). C, Network burst rate (NBR) was stable
for all control with no lesion experiments for all experimental phases (from S1 to S4). No significant difference
was found (one-way repeated measures analysis of variance. n=9; p=0.308, DF=3, F= 1.267). D, Probability of
single-module network burst (Prob smNB) was stable for all control with no lesion experiments for all
experimental phases (from S1 to S4). No significant difference was found (Friedman’s repeated measures analysis
of variance on ranks; n=9; p=0.789, DF=3, Chi-square= 1.050).
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Figure 2.15. Control with lesion, Related to Figure 2. A, Mean firing rate (MFR) was almost stable for all control
with lesion experiments. The only significant difference was found between the first spontaneous phase (51)
before the lesion and the first spontaneous phase post lesion (SPL1). Starting from the second hour post lesion,
no significant difference was found between SPL2 and S1 and SPL3 and S1 (one-way repeated measures analysis
of variance. n=4; p=0.037, DF=3, F=4,386; all pairwise multiple comparison procedures (Bonferroni t-test): S1 vs.
SPL1: p=0.036; S1 vs. SPL2: p=0,282; S1 vs. SPL3: p=0.376; SPL3 vs. SPL1: p=1; SPL3 vs. SPL2: p=1; SPL2 vs. SPL1:
p=1). B, Cross-correlation (CC) area (obtained integrating the CC function of the collapsed spike trains from
modules 1 and 2 in a range of # 500 ms) collapsed following laser ablation. We found significant differences
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between all phases post lesion and the pre-lesion phase (one-way repeated measures analysis of variance. n=4;
p<0.001, DF=3, F= 16,555, All Pairwise Multiple Comparison Procedures (Bonferroni t-test): S1 vs. SPL1: p=0.001;
S1vs. SPL2: p=0.002; S1 vs. SPL3: p=0.002; SPL3 vs. SPL1: p=1; SPL3 vs. SPL2: p=1; SPL2 vs. SPL1: p=1). C, Network
burst rate (NBR) was stable for all control with lesion experiments (from S1 to SPL3). No significant difference
was found (one-way repeated measures analysis of variance. n=4; p=0.142, DF=3, F= 2.331). d, Probability of
single-module network burst (Prob smNB) before the lesion (S1) was on average close to 0.2, meaning that the
majority of NBs involved both modules. Following the lesion, the probability increased to an average value higher
than 0.85, meaning that the large majority of NBs involved only one module or the other. We found significant
differences between SPL1 and S1 (one-way repeated measures analysis of variance. n=4; p<0.001, DF=3, F=
109.911; all pairwise multiple comparison procedures (Bonferroni t-test): SPL1 vs. S1: p<0.001; SPL1 vs. SPL3:
p=1; SPL1 vs. SPL2: p=1; SPL2 vs. S1: p<0.001; SPL2 vs. SPL3: p=1; SPL3 vs. 51: p<0.001).

Multimodular

In a similar set of control experiments, we used multi-modular cultures (instead of bimodular ones) to
characterize the effect of the lesion. For these experiments, we did not used the neuromorphic device.
We used a commercial system for both recording and stimulating cultures. The experimental dataset
consisted of 8 modular networks (Figure 2.16 B) and the general protocol consisted of 5 consecutive

phases:
i) Basall: one-hour recording of spontaneous activity;

ii) Stim1: stimulation session |, which consists of serially stimulating at least two electrodes per

module using a train of 50 positive then negative pulses at 0.2 Hz;

iii) Cut: laser ablation of inter-cluster neural connections, whose aim was to isolate a cluster

which was physically and functionally connected to at least another one (Figure 2.16 C);

iv) Basal2: one-hour recording of spontaneous activity after performing the lesion;
v) Stim2: stimulation session I, from the same electrodes of phase ii.
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Figure 2.16. Setup and protocol description. A) Schematic description of the setup. A personal computer equipped
with MC-Card (Multichannel System, MCS) records the activity from the MEA 1060 Amplifier system. A

91



commercial stimulator (STG 4002, MCS) delivered open-loop regular stimulation to the MEA amplifier. B)
Schematic of the experimental protocol, consisting of 60 minutes of basal (spontaneous) activity followed by 5
minutes of stimulation delivered to one electrode. Stimulation was delivered to different electrodes to test the
propagation of the signal across modules. One of the clusters was then isolated by means of a laser cut. Following
the laser ablation, the protocol was repeated as before cut. C) Optical micro-graphs depicting a corner of a
modular culture before (left) and after (right) laser cut.

Spiking activity of multi-modular networks appeared well synchronous for the entire duration of the
experiment with no lesion condition, as it can be qualitatively appreciated by looking at the raster plot
of Fig. 2.15 A. On the other hand, the laser dissection of a cluster induced a strong desynchronization
of spiking activity between the isolated cluster and all the others (Figure 2.17 B).
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Figure 2.17. Network activity in two representative experiments. A) Control experiment. On the left MEA modules
are graphically depicted, black dots representing the channels, where the active ones have background colored
according to the module they belong to. In the center, a raster plot of the activity recorded during the Basal 1
phase is colored according to modules as on the left. In the right a raster plot of the activity recorded during the
Basal 2 phase is colored according to modules as on the left. B) Same as in A, for experiments with laser ablation
(i.e. between Basall and Basal 2, a laser ablation — Cut phase - was performed).

It is worth underlying that for this set of experiments, we recorded only one hour after the lesion and

this can be the reason why we found a decrease in terms of some parameters.

Indeed, we observed a significant global decrease in the network mean firing rate, both inside the
isolated cluster (Isolated, p<0.05), and in all the other clusters (Others, p<0.001) that were previously
connected to the isolated one (Wilcoxon signed-rank test, Figure 2.18 A). No changes of firing rate
were found in the control condition (Figure 2.18 A). Moreover, the analysis of the pairwise correlation
indicated a stable level of synchronicity for the activity of the electrodes belonging to the same cluster
(Intra, Figure 2.18 B, left), while a dramatic drop was observed between the electrodes of the isolated

cluster and all the other ones (Inter, Figure 2.18 B, right).
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Figure 2.18. Changes in spontaneous activity. A) MFR variation in control experiments (CTRL, no-lesion) and in
modules belonging to experiments with laser ablation (Isolated and Others). B) Cross-Correlation pre and post
lesion calculated in the same cluster (Intra) and among the isolated cluster electrodes and the other clusters
(Inter) for the experiments with laser ablation. C) Normalized cross-correlations pre and post lesion both for the
lesioned (Lesion) and control (CTRL) experiments. ** p<0.01, *p<0.05 Wilcoxon signed-rank test.

Figure 2.18 C underlines this effect by showing the Cross-Correlation peaks normalized over the
average value of correlation found before the laser dissection, calculated both in the same cluster
(Intra) and among the isolated cluster electrodes and the other clusters (Inter). While correlation
remained rather stable in the no-lesion and in the lesioned intra condition, it significantly dropped in

the lesioned intra condition (p<0.001, Wilcoxon signed-rank test).

We also observed the effect of electrical stimulation in the different conditions. Before performing
the lesion, electrical stimulation (Figure 2.19 A) was able to evoke activity both within the cluster

hosting the stimulation channel and in the connected modules (Figure 2.19 B). After laser dissection,
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the evoked activity remained confined within the isolated cluster without spreading towards the other

ones (Figure 2.19 C).
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Figure 2.19. Network response to stimulation. A) Graphical representation of the stimulation site over the MEA.
Stimulation was a sequence of 50 stimuli delivered at 0.2Hz through an electrode in the top left module before
lesion. B) Stimulation effects in the pre lesion condition. Each graph represents the 60-electrodes MEA response
at different time points with respect to the stimulus: ranging from -10 ms before the stimulation to 30 ms after
the stimulus onset. Each pixel represents, in grey level, the probability to detect a spike in 1 ms bin. Around the
stimulus onset, the spike detection algorithm identifies artifacts on all electrodes that were then blanked to avoid
false positive detections. Stimulation site is highlighted in red. C) Stimulation effects in the post lesion condition.
Same as in A, but after lesion.

Taken altogether, these results further confirmed that the lesion was effective in functionally
disconnecting two or more modules and thus constitutes a starting point for a neuroprosthetic

strategy as will be described in the following paragraphs.

Bidirectional Bridging (BB)

The goal of this experiment was to restore communication between two neuronal assemblies after
lesion-induced separation (only bimodular cultures were used here). To achieve this goal, we designed
and implemented a stimulation reactive paradigm inspired by the ‘activity-dependent stimulation’

(ADS) described in (Guggenmos et al. 2013) in our neuromorphic board. In contrast to the control
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experiments, the general protocol (Figure 2.20 A) included 20 minute recordings of spontaneous
activity before the lesion (S1). Upon the lesion execution, we waited for two hours to reach stable
activity in both modules, as shown by the results of control experiments (cf. Figure 2.13). Then, we
recorded 20 minutes of spontaneous activity (SPL3). The raster plot of a representative experiment is
reported in Figure 2.20 B. Before the lesion (S1), the bursting activity involved both modules (Figure
2.20 B1), whereas after the lesion (SPL3), the activity was characterized by single-module NBs (Figure
2.20 B2). To choose the best parameters (threshold and window time, see Methods) that allowed us
to reliably detect NBs in both modules, we performed offline NB detection. After the FPGA update
with these parameters, a 20-minute session of BB was conducted. The BB approach implemented a
reactive paradigm: every time a NB was detected in one module, a stimulation pulse was delivered to
an electrode in the other module (cf. Methods) in both directions. During the BB phase, the bursting
activity involved both modules similar to the intact condition due to the bidirectional stimulation
pulses (Figure 2.20 B3, blue and red lines represent electrical stimulation pulses delivered from
module 1 to module 2 and vice versa). The last phase of the protocol involved 20 additional minutes
of spontaneous activity (SPL4), which showed the same activity as SPL3 (Figure 2.20 B4). We did not

observe significant changes in spiking activity (i.e., MFR) throughout the recordings (Figure 2.20 C).

Next, we evaluated the effect of this configuration in terms of CC (Figure 2.20 D1 and D2). During
spontaneous activity before the lesion (S1), the CC peak was high and stable due to the functional and
anatomical connections between the two modules, which was also reported for the control
experiments. After the lesion (SPL3), there was a decrease in CC that was not expected to recover
without external intervention, as we demonstrated before (see, Figure 2.13 D). The bidirectional
stimulation at least partially recovered the CC area and consequently the communication between
modules (Figure 2.20 D2), as demonstrated by statistical analysis. Regarding the number of NBs, we
did not find any significant difference between the experimental phases (Figure 2.20 E1). However,
the probability of isolated NBs was not uniform; it reached the maximum value after the lesion, as we
previously observed in the control experiments with lesions (see, Figure 2.13 D2). During bidirectional
stimulation, these values became closer to the spontaneous recording (Figure 2.20 E2), meaning that
NBs mainly involved both modules. This finding further confirmed that the BB protocol could
reconnect two disconnected modules though a real-time ADS acting in both directions (from module

1 to module 2 and from module 2 to module 1).
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Figure 2.20. Bidirectional bridging is effective in reconnecting functionally and anatomically disconnected
neuronal modules. A, Schematic of the experimental protocol. We recorded 20 minutes of spontaneous activity
(51) followed by laser ablation. The grey-shaded area indicates 20 minutes of no recording during ablation. Dots
represent two hours of no recording after the lesion to maintain a stable activity in both modules. Then, we
recorded 20 minutes of SPL activity (SPL3) followed by 20 minutes of the bidirectional bridging (BB) protocol and
another 20 minutes of spontaneous activity (SPL4). B1-4, The 20 s-long raster plots of representative experiments
(respectively, from phases S1, SPL1, BB and SPL4). In B3, Blue and red lines represent electrical stimulation pulses
delivered from module 1 to module 2 and vice versa, respectively. C, MFR during the 4 experimental phases was
stable (colour code as in panel a: S1: light blue dot; SPL3, SPL4: dark grey dots; BB: red dot). No significant
difference was found (one-way RM ANOVA, p=0.469, DF = 3, F=0.872) D1, CC function during the 4 experimental
phases. Small arrows indicate the blanking period of 8 ms following each stimulation. Colour code the same as
that in panel a. Note that during BB, the cross-correlation function (red) recovers even if not completely with
respect to the initial profile (light blue), while it stays at zero during the spontaneous activity phases post lesion
(SPL3 and SPL4, dark grey profiles). D2, CC area was highly reduced during the post-lesion phases. The CC area
partially recovered during the BB protocol and collapsed again when stimulation was switched off (one-way
repeated measures analysis of variance; degrees of freedom=3; F=101,832. S1 vs SPL3 p=5.67E-13; S1 vs SPL4
p=7.54E-13; S1 vs BB p=1.60E-07; BB vs SPL3 p=1.77E-06; BB vs SPL4 p=2.81E-06; SPL4 vs SPL3 p=1). E1, NBR
remained stable during the experiments. No significant difference was found (one-way repeated measures
analysis of variance: p=0.501, DF=3; F=0.810). E2, Probability of the single-module NB (Prob smNB) was close to
one after the lesion. During the BB protocol, the probability was similar to the pre-lesion condition. (Friedman’s
repeated measures analysis of variance; p<0.001, DF=3, Chi-square=24.3. SPL4 vs S1 and SPL3 vs S1: p<0.001).
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Hybrid bidirectional bridging (HBB)

With an injury causing damage to an entire neuronal subnetwork, a reconnection strategy such as the
BB illustrated above would not be feasible. For this reason, we developed a second reconnection
strategy based on the use of a hardware SNN that can interact in real-time with its biological
counterpart, HBB (see Figure 2.12). We created a set of SNNs (i.e., SNN library) by tuning the mean
value of the synaptic weight distributions of our models to cover the variability of the BNNs (i.e., BNN
library, Figure 2.21 A). The biomimetic SNN (see Figure 2.10), working in hardware real-time to allow
bidirectional communication with living neurons, was modelled as a network of 100 Izhikevich (IZH)
neurons (lzhikevich 2003), with 80 excitatory and 20 inhibitory neurons (cf. Methods), according to
the biological composition of dissociated cultures (Hayashi et al. 2003, Bonifazi et al. 2005). Synaptic
noise (Grassia et al. 2016), inhibitory and excitatory synapses (Izhikevich 2004), short-term plasticity
(Izhikevich and Edelman 2008) and axonal delays were included in the model to recreate the network
dynamics (cf. Methods and Figure 2.22 Al and A2). Regarding the connectivity rules, we set the
outdegree (i.e., the number of post-synaptic neurons) to 25 for all neurons in the network, while the
indegree (i.e., the number of pre-synaptic neurons) followed a normal distribution with a mean value
of 25 and a standard deviation of 4.3 (Figure 2.22, R-Square=0.806). The goal of creating an SNN library
was to cover a wide range of NBRs because NB was chosen as the triggering event for our reconnection
paradigm, as explained above. To this end, we tuned only the mean value of the normal distribution
of synaptic weights (the standard deviation was kept constant at the value of 0.3). By increasing or
decreasing the mean synaptic weights, we tuned the NBR. For excitatory synapses, the mean value
ranged from 0.99 to 1.34 (Figure 2.21 C left), while that for inhibitory synapses ranged from -2.02 to -
1.02 (Figure 2.21 Cright and Table 2.1). As previously stated, our goal was to cover the NBR variability
and not the MFR. The MFR variability in our BNN library was higher than that obtained with our SNN
library (Figure 2.21 E and F1). Nevertheless, the BNN variability in terms of NBR was completely
covered by our SNN library, which also contains networks with a much higher NBR than that in the

BNN library (Figure 2.21 F2).
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Figure 2.21. Spiking neural network (SNN) design and characterization. A, Schematic of the procedure used to
create a library of SNNs. Starting from the Izhikevich model implemented on the FPGA and a library of 34 BNNs
with a large spectrum of activity, we tuned the mean value of the synaptic weight distribution to obtain and
select from a collection of SNNs (SNN library, comprising 27 different configurations). B, Representative 20 s-long
raster plots of different BNNs showing different NB rates. C, Left, distribution of excitatory synaptic weights from
the 27 SNNSs. In red, the slower SNN of the library (SNN 1). The blue arrow indicates the shift of the mean value
(from 0.99 to 1.34) of the normal distribution with standard deviation = 0.3 to obtain increasing NBR values.
Right, distribution of inhibitory synaptic weights from the 27 SNNSs. In red, the slower SNN of the library (SNN 1).
The blue arrow indicates the shift of the mean value (from -2.02 to -1.02) of the normal distribution with standard
deviation = 0.3 to obtain increasing NBR values. D. Representative 20 s-long raster plots of different SNNs
showing different NB rates. E, Left, cumulative MFR profile for the BNN library. Right, cumulative MFR profile for
the SNN library. F1, Comparison between BNN and SNN libraries in terms of network MFR (i.e., the mean value
of all active electrodes for BNN and neurons for SNN). F2, Comparison between BNN and SNN NBR, showing that
the SNN library covers the BNN variability and contains networks with a higher NBR.
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Figure 2.22. SNN model parameters, Related to Figure 4. A1, Parameters ‘a’ and ‘b’ of the Izhikevich model (see
Methods) for excitatory (red circle) and inhibitory (blue circles) neurons. All excitatory neurons have the same
parameter a=0.02 and b=0.2. All inhibitory neurons have different parameters a (from 0.02 to 0.1) and b (from
0.2 to 0.25). A2, Parameters ‘c’ and ‘d’ of the Izhikevich model for excitatory (red circles) and inhibitory (blue
circles) neurons. All inhibitory neurons have the same parameter c=-65 and d=2. All excitatory neurons have
different parameters c (from -64.97 to -50.17) and d (from 5.04 to 7.99). B, Distribution of the indegree (i.e., the
number of pre-synaptic neurons) with a Gaussian distribution superimposed (red curve). Mean value = 25,
standard deviation = 4.3, R-Square = 0.806 (fit converged, Chi-square tolerance value of 1e-9 was reached).

The general HBB protocol (Figure 2.23 A) is similar to the BB protocol. The HBB procedure included a

20 minute recording of spontaneous activity before the lesion. This recording was used to quantify
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activity in terms of the NB rate of the network. This feature was used to choose one SNN from the
SNN library that had an NB rate closer to its biological counterpart. We waited two hours after the
lesion to allow activity in both modules to stabilize, as shown by the results of control experiments
(e.g., Figure 2.13). Then, we recorded 20 minutes of spontaneous activity. After setting FPGA detection
parameters, we performed a 20-minute HBB session (see, Figure 1B and C for the description of the
HBB protocol). As anticipated, the HBB approach also implemented an ADS paradigm; every time a NB
was detected on the “surviving’ module (i.e., when one of the two modules was completely damaged),
a stimulation pulse was delivered to the SNN. The board implemented the corresponding paradigm in
the opposite direction. Detection of NBs occurred in the SNN, while stimulation was delivered to the
‘surviving’ module, thus avoiding the imposition of any predefined unidirectional communication.

Next, we recorded 20 additional minutes of spontaneous activity.

We did not observe significant changes in terms of spiking activity (i.e., MFR) throughout the
recordings (Figure 2.23 C). Then, we evaluated the effect of this configuration in terms of CC (Figure
2.23 D1 and 2). During spontaneous activity before the lesion (S1), the CC peak was high and stable
due to the functional and anatomical connections between the two modules, which was also reported
for the control experiments. As expected, with no external intervention, CC decreased sharply after
the lesion (SPL3), as we previously observed. One of the two modules was damaged, while the
correlation was evaluated between the SNN and the surviving module during the HBB phase. The
bidirectional stimulation created a relevant correlation area between SNN and the surviving module,
as demonstrated by statistical analysis. Regarding the number of NBs, we did not find a significant
difference between the S1 and HBB phases (Figure 2.23 E1). However, the probability of isolated NBs
was not uniform; it reached the maximum value after the lesion, as we previously observed in the
control experiments with lesions (see, Figure 2.20 E2). During the hybrid bidirectional stimulation,
these values became closer to the spontaneous recording (Figure 2.23 E2), meaning that NBs mainly
involved both modules. This finding further confirmed that the HBB protocol created a hybrid system
with the surviving biological module though real-time ADS acting in both directions (from BNN to SNN
and from SNN to the BNN).
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Figure 2.23. The hybrid bidirectional bridging approach is effective when a neuronal assembly must be replaced.
A, Schematic of the experimental protocols. We recorded 20 minutes of spontaneous activity (S1) followed by
laser ablation. Grey-shaded area indicates 20 minutes of no recording during ablation. Dots represent two hours
of no recording after the lesion to obtain stable activity in both modules and to test different stimulation
channels. Then, we recorded 20 minutes of SPL activity (SPL3) followed by 20 minutes of a hybrid bidirectional
bridging (HBB) protocol and another 20 minutes of spontaneous activity (SPL4). B1, Top, 20 s-long raster plot
depicting the BNN bursting activity involving both modules before lesion. Bottom, activity of SNN uncorrelated
with the BNN. The networks are not linked. B2, Top, 20 s-long raster plot after lesion showing uncorrelated
bursting activity on BNN modules 1 and 2. Bottom, same as that in B1. B3, 20 s-long raster plot during HBB
depicting two hybrid events. The first event on the left was an NB detected on module 1 of the BNN. The detection
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resulted in a stimulation pulse delivered to 10 excitatory neurons of the SNN (blue line, bottom). An NB on the
SNN was detected 18 ms after the stimulation and triggered the delivery of a stimulation pulse to module 1 of
the BNN (grey line, top). B4, 20 s-long raster plot depicting the uncorrelated activity of BNN modules (top) and
SNN network (bottom). C, MFR during the 4 experimental phases was stable (colour code as in panel a: S1: light
blue dot; SPL3, SPL4: dark grey dots; HBB: red dot). No significant difference was found (one-way repeated
measures analysis of variance. p<0.001, DF=3, F=3,16; Bonferroni test: all comparisons with p>0.05). D1, CC
function during the 4 experimental phases. Colour code the same as that in panel A. Note that during BB, the
cross-correlation function (red) recovers even if not completely with respect to the initial profile (light blue). D2,
CC area was highly reduced during the post-lesion phases. The CC area partially recovered during the BB protocol
and collapsed again when stimulation was switched off (one-way repeated measures analysis of variance.
p<0.001, DF=3; F=70,448; S1 vs SPL3: p=5.80E-10; S1 vs SPL4 p=2.72E-09; S1 vs HBB: p=9.16E-04; HBB vs SPL3
p=1.16E-07; HBB vs SPL4 p=1.02E-06; SPL4 vs SPL3 p=0.73643). E1, NBR did not change during HBB with respect
to the S1 phase (one-way repeated measures analysis of variance. p=0.005, DF=3; F=6,069; S1 vs SPL3 p=0.02482;
S1vsSPL4 p=1;S1vs HBB p=1,; HBB vs SPL3 p=0.01022; HBB vs SPL4 p=1,; SPL4 vs SPL3 p=0.00674). E2, Probability
of a single-module NB (Prob smNB) was close to one dafter the lesion. During the HBB protocol, the probability
was similar to that in the pre-lesion condition (one-way repeated measures analysis of variance. p<0.001, DF=3;

=453,439; S1 vs SPL3 p=4.96E-13; S1 vs SPL4 p=1.03E-12; S1 vs HBB p=0.22606; HBB vs SPL3 p=1.94E-12; HBB
vs SPL4 p=4.30E-12; SPL4 vs SPL3 p=1).
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Discussion

We presented an innovative neuromorphic prosthesis based on a FPGA board and demonstrated two
successful reconnection paradigms for a lesion interrupting the communication between two

neuronal populations in vitro.

According to previous reports, in vitro systems constitute a successful experimental model of neuronal
dynamics (Johnson et al. 2010, Javier et al. 2013), thus providing an excellent test bed for adaptive
closed-loop neural interfaces (Potter 2010). Starting from our recently developed methodology
(Kanner et al. 2015), we created custom bimodular cultures with the goal of reproducing two
interacting neuronal populations, thus mimicking the intrinsic modularity of the brain (Bonifazi et al.
2013). Our bimodular cultures were highly temporally stable in terms of firing properties at the whole
network level as the activity between the two populations remained highly correlated for the entire
duration of the recording. A lesion produced via laser ablation was employed to physically cut the
connections between the two modules. This methodology was proven to be safe because it produced
localized damage by selectively ablating subcellular compartments without damaging adjacent
structures (Difato et al. 2011, Habibey et al. 2015, Soloperto et al. 2016). We assume that such a focal
damage, allowing to specifically cut few connections among those available in the network, together
with possible intrinsic compensatory mechanisms of synaptic scaling (Turrigiano 2008, le Feber et al.
2017), were responsible of the spontaneous recovery of the firing rate on a timescale of two-three
hours. This demonstrates the effectiveness of our technique in preserving the functionality of the two

modules while decoupling their activity, as proven by the loss of correlation of bursting behavior.

Two different applications of our neuroprosthesis, BB and HBB, were tested. Our neuromorphic
prosthesis, independently of the stimulation paradigm, works according to a closed-loop reactive
policy as follows: each time a condition is met (i.e., an ‘event’ is detected), a stimulus is delivered. The
hardware architecture was designed to be flexible enough to allow the implementation of different
experimental paradigms and the definition of different triggering events. In our study, we chose ‘NBs’
as trigger events (see Methods). The choice to deliver a stimulation depending on a network-wide
event has two main advantages as follows: first, NB frequency is low enough to avoid inducing
plasticity phenomena by electrical stimulation in our cultures (Wagenaar et al. 2006), which could
confound the final results and effectiveness of neuroprosthetic reconnection. The second point is
anticipation of the following major issue that will emerge during in vivo recordings: monitoring single
neurons presents problems at both theoretical (Guggenmos et al. 2013) and practical levels. Namely,
how much information on complex functions can be obtained by single-neuron observation remains
unclear (Luczak et al. 2015, Panzeri et al. 2017), while tracking the activity of the same neuron for

extended periods of time is problematic (Kozai et al. 2015). Taking multiple input sources into account
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was also used in the work of Berger (Berger et al. 2012), but they employed a neuroprosthetic strategy
different from ours. In particular, these authors used a generalized linear model to predict the CA1
activity from spikes in CA3 of the hippocampal circuit. Our system is considered more flexible and
adaptable to networks with different connectivity, not just feedforward similar to that in the
hippocampus. Moreover, we were interested in mimicking the overall spiking activity of the network

and not mapping an input-output transformation.

Another important novelty of our system regards directionality. To our best knowledge, this
neuroprosthetic system is the first to implement a truly bidirectional interaction with a SNN through
a hard real-time interface. We recorded activity from the first module (via multiple sources); when a
criterion was met, the device stimulated the second module (this is how a ‘typical’ closed-loop in
neuroscience works, for a review see (Greenwald et al. 2016)). The novelty is simultaneously
monitoring multiple sources from another module and delivering the stimulation when the triggering
event is detected. To date and as far as we are aware of, only Jung and colleagues (Jung et al. 2001)
have performed a bidirectional interface to a neuromorphic device, but their models were not precise
at the spike level (modelling neuron populations) and they used non configurable analogue
electronics, which resulted in an experiment-specific setup. The other neuroprosthetic devices that
have been proposed in the literature can implement a ‘unidirectional’ artificial link only from one area
to another (or maybe the same) but not doubling it. Here, we are not imposing any preferred
directionality to the communication; networks are self-organizing on the basis of their intrinsic natural
relationship (we are not imposing who is driving whom). This approach has the main advantage of
informing both brain regions (i.e., neuronal modules, in our case) that an event occurred in the other
region, given that interaction in the brain is intrinsically bidirectional (Roelfsema and Holtmaat 2018).
For example, in the sensorimotor system, sensory simulation can help motor recovery (Cuppone et al.
2018), and motor learning can enhance sensory functions (Ostry et al. 2010, Takeuchi and 1zumi 2013).
Applications of our neuroprosthetic systems to conditions where the sensorimotor interaction is
impaired would allow restoration of both communication channels, suggesting improvements in
current rehabilitation therapies. Moreover, although tested on a bimodular system, the neuromorphic
FPGA board can be easily upgraded to play the bridging role on an arbitrary number (within reason)
of different neuronal circuits. A recent work (Forré et al. 2018) developed directional networks of
primary hippocampal neurons on MEA and compared the information flow of these networks with
respect to bidirectional networks (similar to our bimodular preparations). They found that without
physically imposing a unidirectional configuration, there is a continuous back and forth
communication between nodes thus suggesting the importance of a bidirectional communication in a

healthy network.
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The second paradigm we tested was based on the use of a biomimetic SNN to ‘substitute’ a
missing/damaged neuronal population. Currently, SNN applications span different fields, including
computational neuroscience (Markram 2012, Melozzi et al. 2017), and very recently, they were used
for sensory encoding in hand prosthesis for amputees (Osborn et al. 2018, Valle et al. 2018). SNNs can
be simulated in software (Goodman and Brette 2009) and/or neuromorphic hardware (Thakur et al.
2018). As time and energy consumption are fundamental in neuroprosthetic applications for

translational purposes, the use of hardware-based computing systems becomes mandatory.

In general, hybrid systems composed of in vitro BNNs coupled to SNNs are rare. In one approach, the
SNN served as a self-organizing classifier of activity patterns exhibited by the BNN, with output of the
SNN being subsequently used to control the behavior of a robot (Pizzi et al. 2009). Other studies
focused on the unidirectional or bidirectional influence of the two networks, investigating the
dynamics of the interaction between the BNN and SNN in which the SNN played a role of an artificial
counterpart of its biological original (Bruzzone et al. 2015, Chou et al. 2015). However, closed-loop
effects in those hybrid networks were not thoroughly determined. In one of these studies, only
unidirectional connectivity was considered with input from the SNN to the BNN, which was also
simulated beforehand (Bruzzone et al. 2015). In this study, we established hybrid communication in

the case of an entire neuronal population that needed substitution.

A study by Chou et al. (Chou et al. 2015) implemented a bidirectional interface between an SNN and
a retinal slice obtained from an adult rat and recorded by an MEA. This system is quite interesting, but
there is a 1 s delay between the BNN and SNN interactions. Therefore, this delay is 3 orders of
magnitude larger than that in our work, where the sampling of biological activity is never interrupted,
and the step size of the SNN is 1 ms. The difference between the two systems is radical; bidirectional
communication in real-time allows actual clinical application, whereas delays in the range of seconds

prevent (or at least seriously reduce) the possibility of meaningful control of a biological system.

A recent study, inspired by a previous work (Hogri et al. 2015), implemented a hybrid interaction (Xu
et al. 2018) between the cerebellum of a rat and an SNN implemented on FPGA. Their model involved
10k leaky integrate and fire (LIF) neurons and did not integrate other biomimetic behaviors, such as
axonal delay, short-term plasticity and synaptic noise, unlike the IZH neurons implemented in our
system. Both the hard real-time processing and simplified neuronal model (which allow mimicking the
richness of the electrophysiological patterns in vivo) are mandatory for reproducing the biological

dynamics of living neural networks and for performing useful real-time hybrid experiments.

A limitation of the present work is that we deliberately chose to downsample both the number of

biological neurons recorded through a low density MEA and the number of artificial neurons
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implemented on the FPGA. For the purpose of detecting network-wide activity, this oversimplification
of biological complexity can be acceptable to test the functionality of the device and the feasibility of
the approach, but if the goal is to functionally replace a biological network, a higher resolution would
be preferable. It is worth underlying that this hardware implementation is not exploiting the full
resources of the FPGA, thus in follow-up studies, also thanks to the flexibility of our system, we foresee
to scale up the number of neurons and synapses and to upgrade the computational algorithms to deal
with more complex experimental designs. From a technological point of view, the current state of the
art makes possible the use of devices with a large number (thousands) of recording electrodes
(Berdondini et al. 2009, Frey et al. 2009). Such an improvement would also allow to have more
information about functional connectivity of the biological network (Pastore et al. 2018) and thus
developing more realistic, in terms of topology, artificial models. In this work, we arbitrarily modeled
the network connectivity with a random adjacency matrix since the use of MEAs with 60 electrodes
made impossible to correctly identify the topological properties (e.g., hubs, recurring connections,

modules, etc.) of the network under investigation.

In this work, we demonstrated the possibility to design a neuromorphic all-hardware prosthesis
capable of artificially reconnect two disconnected neuronal networks or artificially replacing one
entire neuronal sub-network. We are aware that the road is still long to target human applications.
Despite this, we think that the extensive work performed represent an important milestone to start
from. The next fundamental (and critical) step would be to test the neuromorphic prosthesis in vivo,
for example on animal models affected by ischemic or traumatic lesions (Guggenmos et al. 2013). Even
if the adaptation to the new experimental setups will require time, we believe these are necessary
steps to further push the translational potential of our system, which will be able to create real

innovation in the clinical therapeutics.

Personal contribution
To achieve the results presented in this chapter we implemented a teamwork, including all the
partners belonging to the BrainBow project. To better appreciate my contribution to the project, here

| specify all the tasks that | performed.

| joined the BrainBow project at the time of the first release of the neuroprosthesis developed by our
collaborators in Bordeaux (in particular Dr. Yannick Bornat and Dr. Timothée Levi). My first task was
to test and validate the device and interface it with cell cultures (with both uniform and modular
cultures) for electrophysiological experiments in vitro. To successfully test the device, | configured the
electrophysiological setup, which included: the MEA commercial system, an electrical stimulator (to

be triggered by the neuroprosthesis), a general purpose computer and the neuroprosthesis itself.
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During testing and validation of a new device many practical issues can raise and therefore a tight
collaboration with the developers in Bordeaux was needed. As a beta tester, | contributed to the
development of a robust device that is still working with very rare issues. | implemented all the Matlab
scripts, functions and classes to handle all the experimental phases on the fly. Regarding the offline
signal processing, | designed all the methods to assess the performances of the system. | also
implemented the scripts to send the parameters to the SNN on the FPGA with an intuitive approach
in order to sweep parameters and obtain a library of SNNs. | designed and personally conducted the
experimental sessions and | supervised a Master student involved in part of the experimental
activities. | designed and performed the statistical analyses; | prepared most of the original figures and

wrote almost entirely the main manuscript (which is the main reference of this chapter).

Conclusions

Our neuromorphic prosthesis and the paradigms implemented herein represent the first example of
a successful real-time next-generation neurobiohybrid system (Vassanelli and Mahmud 2016),
implementing bidirectional reconnection between two neuronal networks with clear-cut potential for
applications to brain injury (Broccard et al. 2017). The implemented SNN reproduces in real-time the
biological neural network dynamics. The use of a fully integrated hardware computing system allowed
hard real-time performances and low power consumption, which are crucial for translational purposes

related to therapeutic applications in humans (Kipke et al. 2008, Wang et al. 2010).
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Chapter 3: Rectify: ex vivo neuroprosthesis

Overview

In this chapter, | will describe the development of a Simulink (Mathworks) model for real-time activity
dependent stimulation of mouse brain slices (recorded through MEA) in order to suppress ictal-like
events. The advantage of using ex vivo electrophysiological techniques consists in preserving, at least
in part, the original architecture and connectivity of the brain regions of interest (ROI).This work was
part of the Marie Sktodowska Curie project Re.B.Us (Rewiring Brain Units) granted to Dr G. Panuccio

(https://www.rebus-project.eu/). One of the project’s aims was to suppress ictal-like activity of brain

slices with specific patterns of electrical stimulation (cf. Chapter 1, Rectify). For that purpose, |

developed a closed-loop system, implemented in Simulink, which functionally reconnects two

disconnected brain areas in order to prevent or reduce ictal-like discharges.

Introduction

Epilepsy is a common neurologic disease, affecting 1,2% of the US population (Zack and Kobau 2017).
In the majority of patients, epilepsy can be controlled with anti-epileptic drugs, but approximately one
third have drug-resistant disease (Salanova et al. 2015). One option consists in the resective surgery;
this procedure can be particularly useful if the seizure focus is well localized in a part of a brain that
can be removed with minor side-effects. Another option uses electrical stimulation. This procedure is
a promising approach if multiple seizure foci are present, the focus cannot be easily localized or when
removing brain tissue is not possible due to the localization. It is worth noticing that brain stimulation

can be applied either within or outside the seizure focus.

Non-focal stimulation assumes that stimulation applied to a critical location can suppress seizures in
a wide brain region (Chiang et al. 2013) (possible targets studied are: the thalamus (Hamani et al.

2008), cerebellum (Davis 2000), sub-thalamic nucleus (Lado et al. 2003) and others).

Focal stimulation assumes that the electrical stimuli can suppress seizures originating at that location

(Wyckhuys et al. 2007).

Besides the location, the stimulation frequency, current amplitude and pulse-width can be also crucial.
Both low (<10 Hz) and high (>50 Hz) regular, open-loop stimulation has been shown to generate a
reduction of seizure frequency. Low frequency regular stimulation (below 10Hz) has been shown to
generate a reduction of seizure frequency in-vitro (Jerger and Schiff 1995, D'Arcangelo et al. 2005) and
in vivo (Weiss et al. 1995, Wozny et al. 2017). High frequency stimulation is mainly used in DBS where
it was proven in different studies to reduce the likelihood of ictal discharges (Chang 2018) by means

of a desynchronization of the background activity. The main drawback of high frequency stimulation
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is the amount of stimuli and thus the electric charge delivered to the patient that can have negative
side effects. In a recent study on non-human primates (Wozny et al. 2017), low frequency stimulation
was studied. In this study, the authors identified the combination of 2 Hz hippocampal stimulation,
with a pulse width of 150 ps and 4mA amplitude as the one that maximally suppressed local
hippocampal activity. After a series of chronic experiments, they pointed out that low-frequency

hippocampal stimulation:

e diminish when delivered continuously but are maintained when stimulation is cycled on and
off,
e depends on circadian rhythms,

e do not necessarily confer seizure protective effects.

They concluded that high frequency stimulation have a suppressive effect in acute and is capable of
aborting seizure activity while low-frequency stimulation can be useful to reduce the likelihood of
those events. Therefore, they suggested a possible synergistic stimulation fashion in which low-
frequency can be chronically delivered decreasing the likelihood of seizure occurrence whereas
targeted HFS may terminate any epileptiform activity (Wozny et al. 2017). This kind of stimulation
paradigm is somehow implemented in the NeuroPace RNS system (Hartshorn and Jobst 2018,
Sisterson et al. 2019), and in the Medtronic Activa PC+S and Activa RC+S, where a stimulation train is
delivered in response (responsive stimulation) to an epileptic seizure detected in real-time through an
ECoG array (cf. Chapter 1). Taken altogether, these observations point out that there is a need to find
a way to reduce the likelihood and possibly abolish epileptic seizures, which implies the restoration of

the healthy circuit.

Regarding ex vivo studies, changing the ionic composition of the artificial cerebrospinal fluid (ACSF)
can acutely induce seizure-like activity in brain slices. More than thirty years ago, Rutecki and co-
workers (Rutecki et al. 1987) demonstrated that continuous perfusion of brain slices with the
convulsant drug 4-aminopyridine (4AP), a K" channel blocker, enhances both excitatory and inhibitory
neurotransmission. This was crucial to allow the study of acute ictogenesis while keeping overall
synaptic activity intact (Rutecki et al. 1987). The mouse hippocampus-entorhinal cortex (EC) slice is a
functional model of epileptiform-like activity, induced by 4-AP and generated in the EC. The
hippocampus and the EC (brain structures located in the medial temporal lobe) play a special role in
the development of seizures, especially in the case of temporal lobe epilepsy. In a series of works, the
group of Dr Avoli discovered that in combined mouse enthorinal cortex (EC)-hippocampus slices,
superfused with 4AP or Mg?* -free medium, the CA3-driven interictal activity inhibits the EC propensity
to generate ictal discharges (Barbarosie and Avoli 1997, Barbarosie et al. 2002). Moreover, they

discovered that when this inhibitory control is removed by cutting the Schaffer collaterals (which
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represent the main output pathway for CA3 pyramidal cells), electrical stimuli delivered in the
subiculum at frequencies similar to those of CA3-driven interictal discharges are capable of depressing
EC ictogenesis (D'Arcangelo et al. 2005). The same authors tested different, repetitive subicular
stimulation protocols in a range between 0.2 to 10 Hz and they identified 1Hz as the best frequency

to reduce the intensity and likelihood of ictal events (D'Arcangelo et al. 2005).
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Figure 3.1: Repetitive subicular stimulation reduces ictal-like discharges generated, during 4AP application, by
EC networks in response to local single-shock stimulation of the deep layers at 0.01 Hz. (A) Field potential activity
recorded from the EC middle layers under control conditions and during repetitive stimuli delivered in subiculum
at frequencies ranging from 0.1 to 1 Hz. Stimuli delivered in the EC and subiculum are identified by arrows and
filled circles, respectively. (B) Normalized reduction of the duration of the epileptiform responses induced by EC

stimulation in 8 slices that were studied during different subicular stimulation protocols. from (D'Arcangelo et al.
2005)

In this context, the idea behind the Re.B.Us (Rewiring Brain Units) project was to forward the CA3
interictal activity (after cutting the Shaffer collaterals) to the cortex. In order to do this, we designed
a model within the Simulink Desktop Real-Time (The Mathworks) environment, capable of recording

the activity, process the incoming signals and deliver stimulation in real-time to the Subiculum area.
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Materials and Methods

Dissection procedure

Adult (4-6-week-old) male CD1 mice were perfused intracardially with ice-cold (0-2 °C) ACSF under
deep isoflurane anesthesia and then decapitated. The brain was quickly removed (within 60 seconds,
Figure 3.2) and placed in a small bowl containing equilibrated ice-cold (0-2 °C) cutting ACSF; the ACSF
was continuously bubbled with a gas mixture (5% CO, and 95% 0O,) to set it at pH 7.35-7.40. The brain
was allowed to chill for 90-120 seconds (Figure 3.2 right panel). The cerebellum was removed, and a
straight cut was made along the coronal plane to remove the frontal third of the brain. The isolated
tissue block was glued with cyanoacrylate to the specimen disc of the vibratome (VT1000S, Leica,
Germany) with the entorhinal cortex facing the blade and immediately placed in the slicing chamber
containing carbogenated (5% CO, and 95% 0,) cold (0-2 °C) cutting ACSF (Figure 3.2 D). Hippocampus-
EC slices (400 um thick) were cut in the horizontal plane. Tissue sections were discarded until the
hippocampus was clearly visible (usually ~900 um). The two hemispheres were separated using a
scalpel blade. The brain slices were gently transferred to a beaker using an inverted Pasteur pipette
and rinsed twice with standard ACSF solution. The slices were then transferred to a commercial
holding chamber (KF Technologies) containing carbogenated ACSF solution and incubated for

approximately 20 minutes at 32 °C and then for at least 1 hour at room temperature (Figure 3.2 F).
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Figure 3.2: Schematic representation of the brain slice preparation. A) Once the head is cut, the scalp is removed
using scissors (left panel, 1-2). Using the scissors, two mediolateral cuts are made above the eyes (middle panel,
1); subsequently, two more cuts are made at the base of the head (middle panel, 2). Then, by a postero-anterior
cut in the midline of the skull, two skull flaps are formed (middle panel 3). The brain is exposed using scissors,
and a small spatula is used to gently extract it from the skull (left panel). C) The brain is immersed in ice-cold
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ACSF for at least 2-3 min. C) The brain is placed in a cold Petri dish, and the cerebellum and one third of the
frontal brain (along the coronal plane) are removed. D) The isolated tissue block is glued with cyanoacrylate to
the specimen disc of the vibratome (VT1000S, Leica, Germany) with the entorhinal cortex facing the blade. E) The
brain slices are gently transferred to a beaker using an inverted Pasteur pipette and rinsed twice with standard
ACSF solution. F) The slices are then transferred to a commercial holding chamber (KF Technologies) containing
carbogenated ACSF solution and incubated for approximately 20 min at 32 °C and then for at least 1 hour at
room temperature. From (Colombi 2019)

Custom chamber and perfusion control system for brain slices

To keep the brain slices active for the MEA recording, we used a customized recording chamber
inspired by the design of the patch-clamp recording chamber; this provides stable and reliable laminar
flow (Figure 3.3). The use of this chamber allows the use of brain slices with a thickness up to 400 um,
making it possible to achieve a fair trade-off between tissue viability and intrinsic connectivity. The
use of recording chambers with relatively small volume (~1.5 mL) and a high perfusion rate (~ 2
mL/min) allows adequate exchange of the perfusion medium. The customized chamber can be
obtained from commercial sources (e.g., Crisel Instruments) at an affordable price or produced in-

house using 3D printing technology.

Figure 3.3 Left, custom recording chamber. in: inlet reservoir to accommodate the heating cannula and the
reference electrode; out: outlet reservoir to accommodate the suction needle; rec: recording chamber. Right,
final assembly of the recording chamber mounted on the MEA chip (60MEA500/30iR-Ti-w/o, Multichannel
Systems). A brain slice rests on the bottom and is held in place by the anchor. The red arrow indicates the PTFE
tubing covering the heating cannula; the red circle indicates the reference electrode, a saturated KCl pellet
submerged in ACSF in the inlet reservoir. The blue arrow indicates the suction needle in the outlet reservoir From
(Colombi 2019).

Results

The setup depicted in (Figure 3.4) is made of:

e a 60-electrodes MEA (Multichannel Systems, MCS, Reutlingen, Germany). Planar
microelectrodes are arranged in an 8x8 layout, excluding corners and one reference
electrode, for a total of 59 TiN/SiN planar round recording electrodes (30 um diameter; 200
um center-to-center inter electrode distance);

e a MEA1060 amplifier (Multichannel Systems, MCS, Reutlingen, Germany);

e acustom made breakout box that makes possible the connection between the MEA amplifier,
the MCRack commercial acquisition software (MCS) and the NI PCI-6255 acquisition card

(National Instruments) accessible from Simulink.
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e acommercial stimulator (STG4002, Multichannel system) is triggered by the Simulink model,
if all the criteria are met. The pulse-width, the amplitude and the number of stimuli delivered
for each TTL pulse were set before starting the experiment by means of the commercial

software associated with the stimulator.

Simulink model
| Yes
Acquisition
No

. o>

EC\ SU’B ")
DG C?i

Stim subiculum ’
MEA and Amplifier Stimulator

Figure 3.4. Setup for closed-loop experiment. Data is first acquired and amplified through the commercial MEA
system. The signal goes to Simulink thanks to a custom-made breakout box and a National Instrument card. Once
in Simulink, signal from a CA3 electrode passes a threshold condition. If the Inter Event Interval (IEl) is higher
than a threshold (th) a TTL pulse is delivered to a commercial stimulator that closes the loop by stimulating an
electrode in the Subiculum area.

Building a real-time system can be tough when using a procedural or object-oriented programming
language (like C and C++). Implementing such systems by means of a graphical programming
environment (like Simulink or LabView) can speed up the process. Simulink® Desktop Real-Time™
provides a real-time kernel for executing Simulink models on a Windows® or Mac laptop or desktop.
Using a model-based design tool like this allows the user to focus on the algorithm and therefore
reduces the development time (which is crucial especially in a lab environment where testing different

prototypes is mandatory).
The Simulink model (reported in Figure 3.5) has different building blocks:

e Analog input. We recorded activity from 3 electrodes at a sampling rate of 1 kHz. The
electrodes were usually choose from CA3 (the trigger channel), from EC (Entorhinal cortex)
and from PC (Perirhinal cortex). All 60 electrodes could be contemporary recorded through
the commercial McRack software (Multichannel Systems) to have a complete picture of the

ex vivo tissue (an additional element, the Y-Box from Multichannel Systems is required in this
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Analog
Input

case). We decided to limit the number of electrodes recorded by Simulink in order to reduce
the computational effort made by the general-purpose PC used to run the software and
equipped with the National Instruments acquisition card.

Event detection subsystem. Before starting the stimulation phase, we set a threshold on the
trigger electrode (from CA3) to detect inter-ictal events which triggered an electrode
stimulation back to the Subiculum area.

Time since last event subsystem. A digital clock runs at the same sampling rate of the entire
system (1 kHz). Every time an event is detected (i.e. threshold crossed) by the previous
subsystem, a triggered subsystem (Figure 3.6) allows the digital clock to be reset to zero, thus
implementing a time to last event counter.

A memory block. This is necessary to get the value at the previous time step. If this block was
notincluded, in case of detection, the time since last event would be always zero (as described
in the previous block). Including it in the model allows to get the value of the clock one sample
before the new detection (i.e. the real time since last detected event).

The enabling condition. To deliver a stimulation the time since last event must be greater
than the threshold. We usually set the enabling condition to 0.25s (i.e. 250ms of minimum
distance between two consecutives stimuli) to avoid high-frequency stimulations.

The stimulation subsystem. This is an enabled and triggered subsystem. When the enabling
condition is true, it enables this subsystem but the output of the subsystem is true only when
an event is detected (trigger event) and the enabling condition is true.

The digital output. This block is triggered by the previous subsystem and delivers a TTL pulse,

which triggers a commercial stimulator (STG4002, Multichannel system) that closes the loop.

D1 D1 D1 D1 | Digital
—In outt In1 out >0.25 Output

Analog Input1

D1

D1 Event detection Time: since last event Memaory Enabling Digital Output
condition
D1
D1 D1 —

‘ Stimulation

| [ ]

Scope

Figure 3.5: Schematic of the Simulink Desktop Real model for real-time activity dependent stimulation. The
sustem also includes a Scope block to monitor the activity in real time.
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Figure 3.6. Schematic of the “Time since last event” subsystem within of the main model. Each time a trigger
event arrives (i.e. an interictal event is detected) the output starts counting from zero.

So far, we performed only few successful tests. In the preliminary experiment that we present here,
we used a brain slice depicted in Figure 3.7. We recorded 30’ of spontaneous activity and recorded 8
ictal-like discharges. After a series of tests, we found the best parameters for the stimulation by visual
inspection. The parameters that we choose were: biphasic pulse (100 ps per phase), bipolar (positive
electrode 32, negative electrode 42) with an amplitude of 250 pA. Electrode 12 was connected to

ground because of noise, electrode 15 was the ground electrode.

Figure 3.7: Picture of the brain slice recorded during a preliminary experiment with the MCS electrode
nomenclature superimposed.

A screenshot from the scope block that we used to monitor the model performance shows the
stimulation triggers (i.e. the digital output on the Simulink model that generates a TTL pulse on the
National Instrument acquisition card and thus triggers the stimulator), the traces of 3 recorded

channels (from CA3, EC and PC) and the time since last event.
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Scope

Stim triggers

3 Recorded analog channels
- 1st CA3 (ch 35 trigger)

- 2nd EC (ch 44)

- 3rd EP(ch 74)

Time since last event

Figure 3.8. Screenshot of the scope during a stimulation protocol. The first (top) panel represents the stimulation
triggers (i.e. detected interictal CA3 activity). The amplitude is arbitrary set to 150 (but it is a binary type, true or
false). The second panel (in the middle) represents the raw data acquired from 3 electrodes placed respectively
in CA3, Entorhinal cortex and Perirhinal cortex. The third panel (bottom) represents the time since last detected
event.

From the preliminary results obtained so far, there was a promising reduction of the ictal discharge
but we would need to perform additional and systematic experiments to prove the efficacy of this
protocol. In (Figure 3.9), we show different zooms of the same recording to better appreciate how the
inter-ictal activity detected in CA3 resulted in a stimulation of the subiculum, causing a reduction of

the ictal discharge in EC and PC.
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Figure 3.9: 20 minutes of CA3 to Subiculum stimulation. First row (top) represents the detected events which
correspond to the delivered stimuli. The following 3 rows represent the CA3, EC and PC traces. The last row
represents the time since last detected event. B, a zoom of the first panel in the range 0-90 s; C a zoom of the
first panel in the range 0-10 s.
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A different overview of two attempts to generate an ictal discharge (Figure 3.10).
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Figure 3.10: Two ictal attempts during stimulation. A, ictal attempt between 90 and 120 seconds; B, ictal attempt
between 550 and 570 seconds.

A representative comparison between an ictal discharge during the spontaneous phase (Figure 3.11

panel A) and during stimulation (Figure 3.11 panel B).
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Figure 3.11: Comparison between spontaneous and stimulated. A, 5 minutes of spontaneous activity with a clear
ictal event that lasted almost one minute. The first and the last subplot are empty because we were not
stimulating the brain slice (they are present just to allow an easier comparison with the stimulation phase). B, 5
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minutes of activity during stimulation. There is a clear attempt to generate an ictal discharge but reduced in time
and amplitude with respect to the control. Y axes during spontaneous and stimulation are different because of
the different scaling made by the MCRack commercial system (during spontaneous) and the National Instrument
acquisition card (during stimulation).

As anticipated, these represent preliminary and qualitative results that need further investigations
and analysis to understand the real value of this stimulation protocol. It is worth noting that open-
loop stimulation was proved to be useful in reducing ictal-events (D'Arcangelo et al. 2005) and thus
dedicated experiments comparing open-loop and closed-loop experiments should be implemented
extensively. Nevertheless, the Simulink model was proved functional and can be a good starting point
for different experimental protocols and can provide a personalized stimulation targeted to the actual

state of the brain.

Various different scientific hypothesis can be tested with a similar Simulink model. For instance, a
question could be: what is the optimal delay between the detection and the stimulation? This should
match the delay of the interictal propagation from CA3 to EC through the Shaffer’s collaterals.
Modifying the described model would be trivial: it would require the drag and drop of a “delay”

Simulink block that waits a certain amount of time before delivering the TTL pulse.

Assuming that the forward of CA3 interictal activity is a good model of the Shaffer’s collateral and thus
is able to suppress ictal event in a consistent way, we can ask: Can we mimic a non-functional CA3
activity that is not able to suppress ictal events? To answer this question, | implemented a modified
version of the original Simulink model to mimic the failure of the CA3 to EC propagation. To reach this
goal, | added a counter (activated every time a new stimulation would be delivered) that counts just
“0” and “1”. Every time the counter outputs a “1”, the stimulation is effectively delivered, reaching a
failure rate of 50% (Figure 3.12). This would serve as a testbed to understand how many pulses one
would need to have an effective reduction of epileptic discharges. Counting up to “3” and delivering
the stimulation only when “3” is the output of the counter would result in a 75% failure rate (i.e. it

delivers 1 stimulation out of 4 CA3 events, when the counter starts at 0).
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Figure 3.12: modified model to mimic a failure in the process of forwarding the CA3 events. A counter reduces

the amount of stimuli effectively delivered to back to the brain slice.

Such hypothesis was tested thanks to the implemented model of failure as depicted in the following

figure. 20 minutes of stimulation with a 75% failure rate (or, equivalently 25% efficacy of CA3 forward)

were tested. As can be seen from the first subplot of all the panels, the number of detected events is

four times the number of delivered stimuli. The CA3 trace clearly shows that 3 out of four interictal

events were not forwarded in EC and PC thus confirming that the model was running as expected.

With this simple improvement to the original Simulink model, one can test several scientific question

in a rapid and functional way.
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Figure 3.13: A, 90 seconds of recording with 75% failure rate. First row represents the detected events (y-value is
arbitrary equal to 150 but it is a binary value 0 or 1). The second row represents the delivered stimuli (25% of the
detected ones, again they are arbitrary values). The other 3 rows represent the CA3, EC and PC traces. The last
row represents the time since last detected event. B, a zoom of the first panel in the range 0-20 s.

Implementing advanced closed-loop strategies is also possible; for instance, adding a feedback, that
monitors the actual ictal discharge and decides whether to increment the stimulation frequency. This
improved version would be implementable in a reasonable amount of time given the rapid-

prototyping environment.

Conclusion

Despite its simplicity, this Simulink model provides a user-friendly solution to perform basic closed-
loop experiments. The model-based design approach implemented here, allows non-experts to
perform activity dependent stimulation in a reliable way, without spending too many resources on the
optimization of the computational speed with a procedural or object-oriented programming language
(like C or C++). This rapid-prototyping approach can serve as a starting point towards the validation of
innovative neuroprosthetic approaches. Moreover, once the algorithm is ready, it is possible to deploy
it to an embedded system (like RaspberryPi, Arduino etc) or to a field-programmable gate array (FPGA)

or system on a chip (SoC). In conclusion, using such development environment can be the right choice
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to test the embedded devices that can constitute the first step towards the development of
implantable devices. Indeed, this project was useful to learn how to code in this environment, Simulink
(which is more commonly used in mechanical engineering and in control systems) and allowed me to

use it also for in vivo applications (cf. Chapter 4).
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Chapter 4: Retrain: in vivo neuroprosthesis

Overview

In this chapter, | will describe some of the results of the MAECI project, a bilateral project between lIIT
and Kansas University Medical Center (KUMED). The aim of the project was to study the effect of
intracortical microstimulation (ICMS) when applied in open and closed-loop in a model of brain injury
(e.g. stroke and traumatic brain injury). Recording and stimulating in vivo is obviously different from
working on cell cultures or brain slices over MEAs. but some of the concepts and tools used in the
previous projects were useful here. Being closer to a real-word scenario adds complexity to these
recordings (e.g. artifacts caused by movement, chewing and whisking) which must be taken in

consideration when developing closed-loop algorithms.

One of our collaborators from KUMED, Dr. Guggenmos, recently published a work (Guggenmos et al.
2013) investigating the feasibility of ICMS in promoting rehabilitation after brain injury. In that work,
they performed a traumatic brain injury to the caudal forelimb area (CFA) which shares many
properties with primary motor cortex (M1) of primates. As previously reported by the same authors,
a controlled cortical impact centered on the CFA of rat motor cortex caused forelimb deficits in the
limb contralateral to the injury (Nishibe et al. 2010). The substantial output that M1 provides to the
spinal cord and thus the limb has been thought to play a central role in the deficit. However, M1 is
strongly connected with the primary somatosensory cortex (S1), as can be seen in Figure 4.1 (panel
A). M1 gets critical information about the position of the limb in space thanks to the long-range
corticocortical fibers. Starting from these observation, the authors tested the hypothesis that
functional recovery can be facilitated by an artificial bridging between premotor cortex (PM) and S1

(as depicted in Figure 4.1, panel B).

A Normal B Injured

Cerebral cortex BMBI

r‘ " Functional connection l}
| M
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Spinal Spinal

cord cord
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Figure 4.1: Theoretical model of neuroprosthetic treatment approach after brain injury. (A) Normal connectivity
of M1, S1, and PM. Both M1 (CFA in rat) and PM (RFA in rat) send substantial outputs to the spinal cord via the
corticospinal tract. Also, extensive reciprocal connections exist between M1 and PM, as well as between M1 and
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S1. (B) Effects of focal M1 injury on brain connectivity and the hypothetical effect of a BMBI to restore
somatosensory-motor communication. An injury to M1, as might occur in stroke or brain trauma, results in a
focal area of necrosis, as well as loss of M1 outputs to the spinal cord. Corticocortical communication between
M1 and S1 (and between M1 and PM) is also disrupted, further contributing to functional impairment. Because
the uninjured PM also contains corticospinal neurons, it might have the ability to serve in a vicarious role. The
dotted line indicates the supposed enhanced functional connection between PM and S1 after treatment with a
BMBI. (C) Location of target areas in rat cerebral cortex. A topographic map of the somatosensory representation
in S1 is superimposed on the cortex. from (Guggenmos et al. 2013)

The rostral forelimb area (RFA) is a premotor area and the large majority of its output fibers project
to motor area. Few, long range corticocortical connection with S1 are also present but weak compared
with M1’s connections with S1 (Dancause et al. 2005). Therefore, performing an activity dependent
stimulation based on spikes detected in PM and stimulation delivered in S1, after a damage in M1,
could facilitate the rehabilitation process. To test this hypothesis, the authors developed a
microdevice, able to detect spikes and deliver stimulation with a fixed delay (as depicted in the figure
below); this protocol was named BMBI which stands for Brain Machine Brain Interface, a different

name for activity dependent stimulation (ADS).

The microdevice delivered ADS 24 h per day up to 28 days post-injury. Behavioral recovery in ADS rats
was compared with recovery in rats with open-loop stimulation (OLS), in which S1 stimulation was

uncorrelated with spikes in PM, and with control rats that had no microdevice implanted.
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Figure 4.2: Stimulation protocol. After injury to the CFA, a recording microelectrode was placed in the RFA,

whereas a stimulating microelectrode was placed in the distal forelimb field of S1. A BMBI discriminated action
potentials in the RFA, and after a 7.5-ms delay, it delivered a low-level electrical current pulse to S1. (A) Sketch
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of a rat retrieving a food pellet with a BMBI attached to the skull. (B) Sample traces of recordings from the RFA
showing action potentials and stimulus artifacts from an ICMS current delivered to S1. Time-amplitude window
discriminators are indicated by red boxes. A total of 100 superimposed traces are shown. From (Guggenmos et
al. 2013)

The main result of this work was related to a behavioral assessment of the skilled reaching task. Rats
were pre-trained to achieve a minimum criterion score of >70% successful pellet retrievals. After the
lesion, rats were tested on the task on post-lesion days 3, 5, 8, 14, 21, and 28. During each post lesion
assessment session, rats were tested under two conditions: first with the stimulation OFF and then
with the stimulation function turned ON. Rats in each of the three groups demonstrated a severe
deficit on the skilled reaching task in the first few days after the injury (Figure 4.3) with no significant
differences between groups. By post-lesion day 8, rats in the ADS group showed a statistically
significant behavioral improvement in reaching success compared with rats in the other groups in the
ON condition. It is worth noting that by post-lesion day 21, no statistical difference was found between

OLS and ADS even though the reaching success was overall higher in ADS.
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Figure 4.3: Performance of rats on a skilled reaching task after injury to M1 (ON condition). The dotted line
indicates the average pre-lesion performance of all animals in the study. The bounded area indicates the 95%
confidence interval. Regression lines are based on an linear mixed model (McCulloch and Searle 2001). Error bars
represent 95% confidence intervals. *P < 0.05 (pairwise difference between the ADS and OLS groups). Only one
rat in the ADS group had a microdevice that was functional by post-lesion day 28; thus, figures are presented
through post-lesion day 21 Diamonds, squares, and triangles represent individual animal data points. #,
microdevice not functional. From (Guggenmos et al. 2013)

In this proof-of-principle study, it was demonstrated that an activity dependent stimulation could
enhance functional connectivity between distant cortical locations and generate rapid improvement
in motor function after cortical injury in M1. This kind of approach can pave the way for future

implantable systems aimed at rehabilitating in case of severe stroke or traumatic brain injury.

One of the main problems related to the device used for that work is that it is expensive and non-
flexible. If one want to change the detection algorithm, for instance, it would imply the design of a

new device with all the related problems. This technology drastically limits the number of people that
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can modify the device and thus slows down the development of innovative neuroprosthetic devices.
Devices based on field programmable gate array (FPGA) have a much higher flexibility and thus allow
high-performance and flexibility in a single device. In this chapter, | describe the implementation of a
window-discriminator spike detection algorithm. Large part of this chapter, is part of the following

publication:

e Murphy M*, Buccelli $*, Bornat Y, Bundy D, Nudo R, Guggenmos D, Chiappalone M. Improving
an open-source commercial system to reliably perform activity-dependent simulation. Journal

of Neural Engineering (2019).- Doi: https://doi.org/10.1088/1741-2552/ab3319

Introduction

As anticipated in the previous paragraph, recent preclinical work has investigated the feasibility and
efficacy of intracortical microstimulation (ICMS) coupled to neural activity to promote rehabilitation
after brain injury (Azin et al. 2011, Azin et al. 2011, Guggenmos et al. 2013). In brain-injured rats,
constraining the timing of ICMS to within a few milliseconds of a detected extracellular action
potential recorded in a second area improves motor skill beyond that achieved by randomly timed
stimuli (Guggenmos et al. 2013). This ICMS paradigm, known as activity-dependent stimulation (ADS),
has also been used in healthy macaques to pair sites within motor cortex and alter evoked EMG output
(Jackson et al. 2006). The efficacy of these protocols relies both upon the accuracy of the spike
detector and upon the reliability of subsequent low-latency (<10 ms) delivery of ICMS. Furthermore,
because the invoked strengthening of connections between sites is thought to be generated by a
Hebbian mechanism, low jitter in the delivery of stimuli (<1 ms) is critical; for example, the difference
in timing between invoking maximal potentiation and maximal depression of synaptic efficacy in
hippocampal cultures is <5 ms (Bi and Poo 1998). Depending upon the distance, type, and number of
synapses that are putatively involved between the targets of ADS, it is also possible that the <10 ms

latency constraint may be restricted to as low as <3-4 ms.

Historically, spike detection has been performed by applying a monopolar voltage threshold to the
amplified and filtered neurophysiological signal, counting each rising edge of the resultant logical
signal as the onset of a spike (Cheney and Fetz 1985). However, spike detection done in this way tends
to conflate signals generated by movement and chewing with spikes from neural units when used in
awake animal experiments, due to the similar frequency characteristics and larger amplitude of the
former. For ADS, which relies upon the specific pairing of neurophysiological activity between two

sites, non-specific stimulation due to biological noise sources would be obviously problematic.

Although many algorithms that are superior to monopolar voltage thresholds now exist and are easily

implemented in various software packages for spike detection and sorting, the latency required in
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communicating with a host device can be prohibitive for ADS. Previously, ADS had been implemented
in lightweight telemetric devices using an application-specific integrated circuit (Azin et al. 2011, Azin
et al. 2011). However, for a long-term neurophysiological data acquisition solution, a more flexible
architecture that can simultaneously acquire signals from hundreds of channels would be desirable.
In addition, due to the timing constraints mentioned previously (<10 ms latency between detection
and stimulation; <1 ms jitter in stimulus delivery), software solutions that involve a USB chain cannot
be used. Therefore, the most tenable solutions need to be implemented algorithmically in hardware,
such as through a field programmable gate array (FPGA), a PCle card interfaced through an ethernet

connection, or some other comparable digital signal processing unit.

Recently, the commercial availability of high-gain, high-resolution custom amplifier integrated circuits
(Harrison and Charles 2003, Harrison 2007), which interface to a host device through a serial parallel
interface (SPI) has made it possible to construct relatively inexpensive neurophysiological acquisition
systems that scale to high numbers of recording channels. These systems, such as the acquisition
system provided by Intan or the Open-Ephys acquisition board (Siegle et al. 2017), use an FPGA to run
the SPI that controls the amplifier chip while maintaining a buffer for USB communication with a host
computer. Several proposed spike detection and spike sorting techniques take advantage of the FPGA,
an integrated circuit that the end-user can reconfigure (Biffi et al. 2010, Gibson et al. 2013, Park et al.
2017, Vallicelli et al. 2017). Implementing the detection and sorting circuit on an FPGA allows the use
of neurophysiological spiking as a reliable control signal in real-time, with low-latency; however, most
implementations require custom integration with respect to the design of the full data acquisition

circuit, which typically varies from laboratory to laboratory.

Here, we implemented a spike detection state machine designed to provide multiple threshold
windows, reducing the likelihood of activity from sources other than spiking neural units on a single
channel leading to the delivery of stimulation. The algorithm reduces the erroneous detection of
spikes during biological noise in awake animals using an intuitive algorithm that requires minimal
computational power. The implementation is conveniently designed to work as a modification to the
existing open-source code provided by Intan for use in conjunction with their low-cost commercial
platform for neurophysiological data acquisition and stimulus delivery. Importantly, the system allows
the application of ADS with a fixed minimum latency <1 ms and has the potential to scale to a high

number of channels in future design iterations.
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Methods

Hardware architecture

The hardware architecture of the acquisition system and spike detector consists of three core

components (Figure 4.4):

Headstage FPGA Host
‘1) Software
SPI Memory USB Interface

Registers

Data

Storage
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Figure 4.4: Overview of system architecture and implementation. An amplifier chip is interfaced to the field-
programmable gate array (FPGA), via a serial-parallel interface (SPI). N electrode channels are routed to a high-
gain amplifier. On board the FPGA, amplifier data from the FIFO buffer are piped to the host device via a USB
interface. The digitized signals from any selected combination of amplifier channels (blue) can also be routed to
up to 8 digital-to-analog converter (DAC) channels, where threshold comparator logic can be applied with sub-
millisecond latency. In this example, 4 threshold windows are applied to the filtered data stream from amplifier
channel 1.

1. Headstage: an amplifier circuit connected to a microelectrode array with an arbitrary number
N of physical microelectrode leads placed near the neural substrate of interest;

2. FPGA: an interface that allows the amplifier circuit to multiplex both the incoming
microelectrode signals and any outgoing stimulation commands to the appropriate
microelectrodes;

3. Host: a general-purpose computer that provides an interface to the system, allowing the user
to select the desired microelectrode channels and how a closed-loop stimulation scheme will

be implemented.

This implementation used a commercially available integrated circuit and pre-assembled headstage
(RHS2116; Intan Technologies, Los Angeles, CA, USA) to connect to the microelectrodes. To interface
with this circuit, we used the Intan Stimulation/Recording Controller, which consists of an FPGA
evaluation board (XEM6010-LX45; Opal Kelly Inc., Portland, OR, USA), equipped with a Xilinx Spartan
6 FPGA (XC6SLX45-2; Xilinx Inc., San Jose, CA, USA), a 128-Mbyte SDRAM chip, a 100-MHz clock source,

I/0 connectors, and a USB 2.0 interface chip capable of streaming data to a host computer at rates
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exceeding 20 Mbyte/s. A desktop personal computer (Z230; Hewlett-Packard, Palo Alto, CA, USA)

running Windows 7 (Microsoft, Redmond, WA, USA) was used to control the USB chain.
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Figure 4.5: Spike detection state machine implementation. A) Left: Example of a spike that would be included
(black) and waveforms that would be rejected (grey) by the three state machine levels depicted (L;, L,, and Ls,
denoted by corresponding thresholds a;, a,, and as). The dark-grey waveform exceeds the red exclusion threshold
(as), while the light-grey waveform does not meet the second blue inclusion threshold (a,). The black spike is
included because the absolute value of its negative component does not exceed the absolute value set by as,
while the absolute value of its positive component exceeds the level set by the second blue inclusion level a,. The
parameters (a-e) are defined by the user during acquisition and are illustrated for the red exclusion level shown.
Right: state flow diagram for the spike detection state machine. By default, the detector is in the idle state (grey),
but transitions to active (black) as soon as the data stream fulfils the parameters for the earliest window
(magenta). If the waveform meets all criteria specified by the defined levels, the state switches to trigger
(orange), then automatically reverts to idle. B) Threshold logic in the DAC module. For each of the 8 DAC channels,
the corresponding parameters determine if the machine is within the start and stop points of the window,
relative to when the counter started, as well as whether it crossed the threshold (depending on threshold
polarity). C) Active and idle counter incrementing logic. If the data stream meets criteria of each enabled level
that applies to the current counter value, the counter is advanced by 1.

Intan provides a hardware design that embeds the open-source USB/FPGA interface developed by
Opal Kelly. This design makes it possible to read and modify registers of the RHS2116 from a host
computer. It consists of verilog Hardware Description Language (HDL) code written for the XEM6010-
LX45 evaluation board. This code is synthesized using the free Xilinx ISE WebPack software. The
resulting bitfile is locally stored on the board in a dedicated Flash memory and can be updated through
the USB interface. It is loaded on the Spartan-6 FPGA at each power-up, allowing the FPGA to interpret

commands and parameters issued by the user from the USB chain.
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At its core, the USB/FPGA design provided by Intan is a state machine that controls SPI buses on up to
eight peripheral RH52116 amplifier circuits. The interface also contains a module that implements a
short-latency threshold comparator on up to eight channels of digitized amplifier data streams routed
to 16-bit digital-to-analog converters (DAC; AD5662; Analog Devices, Norwood, MA, USA) mounted
on the evaluation board. The comparator logic state is routed to a TTL output wire that corresponds
to the DAC channel number. The DAC module also implements a single-pole high-pass filter (HPF) on

the selected amplifier data stream.

A second module, also included in the existing Intan USB/FPGA interface, contains a state machine
that controls the delivery of ICMS to a selected amplifier channel. The module can be configured
through the GUI to deliver stimuli on the rising or falling edge of a TTL input signal. Thus, by physically
connecting pairs of TTL inputs and outputs, “closed-loop” stimulation based on the detection of
threshold-crossing events (in this case, extracellular action potentials, or spikes) is already possible

using the USB/FPGA interface as provided by the vendor.

The main contribution described herein is the addition of a state machine for spike detection that
offers improved artifact rejection, while taking advantage of the short-latency comparator in the DAC
module of the existing USB/FPGA interface. Importantly, we sought to make as few changes as
possible to the existing toolkit provided and validated by the commercial vendor, in the hopes that
any changes we introduced could be more easily integrated to existing workflows. Overall, the changes
amount to an increase of 408 flip flops compared to the originally synthesized architecture, well within

the bounds of the available resources on the XEM6010-LX45.

Software interface

Software was modified from the original open-source C/C++ code provided by Intan Technologies for
use with the RHS2116 amplifier IC, retaining many similarities with the original. The software
implements a GUI, which provides a front-end to the USB/FPGA interface. Modifications described in
the present study were added using Qt (version 5.8). Applications were compiled for Windows 32- and
64-bit operating systems using compilers for Microsoft Visual Studio 2015. This modified GUI includes
a tab that allows configuration of the DAC (Figure 4.5 A, left panel) and the popup window for
visualizing spikes is altered to accommodate online specification of each of the four parameters for

each DAC channel used in the state machine detector, as described in Figure 4.5 A.
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Spike detection state machine

The core of the spike detection state machine is a simple logic cycle that runs in the main module of
the USB/FPGA interface (Figure 4.5 A, right). The state machine allows up to 8 threshold levels (Li,

where i is an integer from 1 to 8) with the following user-defined parameters (Figure 4.5 A, left):

o Threshold, a; refers to the voltage value (uV) that the signal must pass through to count as a
crossing. If the threshold is negative, then a crossing occurs when the signal value is less-than
or equal-to the threshold value (Figure 4.5 B, multiplex logic). If the threshold is positive, then
a crossing occurs when the signal is greater-than or equal-to the threshold value. This number
is an unsigned 16-bit integer, which is limited between -5,000 puV and +5,000 pV, based on the
dynamic range and scaling of the amplifier and DAC.

e Start, b;, refers to the (inclusive) onset sample of the window L. If the state machine counter
is less than this value, the threshold conditions for the specified window will not be considered
in the state machine logic. The state machine switches from idle to active (as defined below)
once the filtered amplifier data stream routed to DAC channel i meets the criteria for L, if b; =
0.

e Stop, ¢, refers to the (exclusive) end sample of the window L.. If the state machine counter is
equal or higher than this value, the threshold conditions for the specified window will not be
considered in the state machine logic. The maximum stop value, cma, defines the total
duration of the spike detection state machine.

e Type, d, refers to the amplitude bounding for window L.. It depends upon the polarity of the
threshold. A value of zero corresponds to an “include” type window, which means that the
signal must be less than a negative threshold or greater than a positive threshold while the
state machine counter is within the range defined by the start and stop samples (Figure 4.5
C). A value of one corresponds to an “exclude” type window, which enforces the opposite
conditions (signal must be greater than a negative threshold or less than a positive threshold).

e Enable, e; refers to whether window L; is involved in the decision circuit for the state machine.

The state machine can run with as few as 1 and as many as 8 windows enabled.

In the specific example of Figure 2A, we have defined three levels (e.g. L1, L2, and L3), where al and
a2 are the blue ‘inclusion’ thresholds (d1 = d2 = 0) and a3 is the red exclusion threshold (d3 = 1).
Therefore, the dark-grey spike, which crosses threshold a3, is excluded, but the black spike is not.
Likewise, the light-grey spike, which does not cross the a2 blue ‘inclusion’ threshold is also excluded.
In total, the state machine runs for cmax samples, starting whenever the state is ‘idle’ and the filtered

signal is less than al.
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The state machine increments a counter on the rising edge of the sample clock depending upon its

current state, which is always in one of these three conditions:

e idle, when one or more of the level criteria is not met or no DAC channel is enabled (Figure
4.5 A, grey);

e active, when the criteria for each enabled DAC with a start value less than or equal to the
current sample index and a stop value greater than the current sample index channel is true
(Figure 4.5 A, black); or,

e trigger, when the counter equals the largest enabled DAC window stop value (Figure 4.5 A,

orange).

The counter increments only when the state machine is in the active state, and resets to zero any time
it enters the idle state (Figure 4.5 A; right). If the state machine reaches the trigger state, it returns to
the idle state on the ensuing sample clock cycle. Each state of the machine is reported by the high

state on a unique pair of TTL output and input wires (cf. Appendix).

Surgical implant and recording for in vivo testing

All protocols for animal use were approved by the Kansas University Medical Center Institutional
Animal Care and Use Committee in compliance with the Guide for the Care and Use of Laboratory
Animals (Eighth Edition, The National Academies Press, 2011). Briefly adult male Long Evans rats were
anesthetized using a combination of ketamine and xylazine as described previously (Nishibe et al.
2010). A laminectomy was performed to minimize edema during the procedure. Five 00-80 stainless
steel skull screws were fixed around the perimeter of the skull to improve attachment of the dental
acrylic cap. Using stereotaxic coordinates, a craniectomy was made over sensorimotor cortex of the
left hemisphere. Microwire arrays were positioned to span the rostral forelimb area (RFA), caudal
forelimb area (CFA), and forelimb sensory cortex (S1), which was confirmed by a brief ICMS mapping
procedure before insertion to a depth of approximately 1500 um. An external silver wire on each array
was tied to the same skull screw placed in the interparietal bone, which acted as a common ground.
In the rat used for session A (recording sessions described below), the microwire array was a custom
in-house design consisting of 32 channels of 33 um diameter polyimide-coated tungsten wire
(California Fine Wire Co., Grover Beach, CA), which were distributed throughout RFA, CFA, and Slina
non-uniform grid pattern. The rat used for sessions B and C was implanted with a commercial
microwire array (MicroProbes for Life Science, Gaithersburg, MD) consisting of 16 channels of nickel-
chromium alloy 50 um diameter wires arranged in a 4x4 grid with 250 um site spacing implanted in
S1. Qualitatively, spiking activity from both datasets was similar, but session A contained a few

channels with large, stereotyped spikes, while spikes tended to be smaller in amplitude for sessions B
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and C. Prior to each recording, the rat was placed under anaesthesia via isofluorane induction, and
subsequently one channel located within RFA was used for recording, while a single S1 channel was
used in any stimulation sessions Electrode impedances ranged from 750 — 1,500 kQ at recording sites.

Recordings were made in 3- to 5-minute blocks during and after recovery from anaesthesia.

Recordings were made during three separate sessions. Recording sessions were assigned the codes
‘A ‘B, and ‘C.” The main features and how these data were used within the current work are
summarized in Table 4.1. Session A was taken from a first rat, three days after implantation, and

contains a single epoch in which no stimulation was performed,

which was used for subsequent offline characterizations due to the presence of large, stereotypical
spike waveforms and low noise floor (RMS 18.6 uV, rectified median 11.3 pV). Sessions B and C were
taken from a second rat approximately three months after the implantation. Session B tested the
latency between spike detection using the state machine and onset of stimulation. Session C tested
the online performance of the spike detection state machine using ad hoc parameters selected while
the experiment was ongoing (e.g. to mimic a typical use case). Specific parameters for each recording

session are reported in detail in

Name Stim? Feature Use

A No Large stereotypical spikes; low noise Offline performance

B Yes Stimulus artifacts Test latency of
stimulation

C No Typical use case; synchronized video Online performance

Table 4.1: Summary of recording data sets taken from rats. Recordings were taken from awake, ambulatory rats
implanted in RFA and S1. Columns describe whether stimulation was used, the main feature that distinguishes
that recording dataset from the others, and the reason the recording was used in this study.

Table 4.2; sub-indices indicate identical recording data that was re-run offline using a simulated test
bench to characterize performance. To identify chewing periods (which bias performance toward false
positive spike detection due to the presence of high-amplitude biological noise), a simultaneous video
stream was synchronized with the neurophysiological data from session C through co-registration of

a flashing LED that was tied to a digital input on the acquisition board.
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Date ID Duration Start Stop Threshold Type Vid Stim Simulated
2018-04-27 AO 304.2 sec 0 1 -70 pv Include No No Yes
2018-04-27 Al 304.2 sec 0 1 -70 pv Include No No Yes
0 5 -200 pv Exclude
1 2 -90 v Include
8 15 -50 pv Exclude
2019-01-31 BO 181.1 sec 0 1 -46 pv Include No Yes No
1 7 -66 pV Exclude
5 8 -13 pv Exclude
5 9 39 pv Exclude
2019-02-01 co 162.3 sec 0 1 -40 pv Include Yes No No
1 6 -149 uv Exclude
4 11 -25pv Exclude
3 15 13 v Exclude
2019-02-01 Cc1 162.3 sec 0 3 -25 pv Exclude Yes No Yes
4 24 -110 pv Exclude
6 7 -40 pv Include
7 8 -30 pv Include
13 15 -45 pv Exclude
18 21 -5 v Exclude
19 24 60 pv Exclude
22 24 15 pv Include
2019-02-01 c2 162.3 sec 0 1 -40 pv Include Yes No Yes
2019-02-01 Cc3 162.3 sec 0 1 -100 pVv Include Yes No Yes — Ground
Truth
Synthesized
2019-02-01 c4 162.3 sec 0 12 -70 uv Include Yes No Yes — Ground
Truth
1 10 -600 pVv Exclude Synthesized

Table 4.2: Parameters used during in vivo recordings. Three recordings (‘A’, ‘B’, and ‘C’) were taken during
separate recording sessions from channels within RFA. Each column details parameters used online or during
simulations. For recordings using the spike detection state machine, sub-rows within the ‘Start,” ‘Stop,”
‘Threshold,” and ‘Type’ columns correspond to parameters given for each DAC channel. Recording A was used for
simulated performance due to the low noise floor and large, stereotypical spike waveforms. Recording B was
used to evaluate the latency from spike detection to stimulation. Recording C was used to evaluate performance
in a “typical use” scenario, where online parameters were set quickly by the operator (CO) and compared to both
a more stringent parameterization (C1) as well as a monopolar threshold simulation (C2). In addition, recording
C contains asynchronized video record, that allowed the verification of manually identified epochs of biological
artifact, such as chewing, so that qualitative performance of the different spike detector parameterizations could
be assessed. Two additional recordings (C3 and C4) were artificially generated by superimposing large spike
waveforms onto an amplifier channel that did not generate much spiking activity. These recordings were used to
allow for a known ground truth regarding spike times (Figure. 4.9).
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Offline performance testing

Performance of the spike detection state machine was evaluated by comparing offline detection of
spikes from the in vivo data from session A, either using a monopolar threshold detector or the state
machine detector. To ensure that the analyses accurately captured online performance, we first
validated the fidelity of the reconstructed recorded signals by ensuring that the DAC amplifier data
stream and digital logic state streams recorded in vivo during session C matched those generated by
the offline DAC filter and state machine simulation. Simulations were performed using test benches
compiled in verilog, MATLAB (R2017a+), and Simulink (R2018b), as described in the Appendix. The test
benches are included in the online code repository along with the modified software and hardware
code. Once we verified that there was no difference in the simulated digital logic state signals and the
recorded ones, we used the DAC amplifier data stream recorded from session A to simulate the spikes
detected using both a single-threshold detector (A0) as well as all events that entered the active and
trigger states using the state machine detector (Al). For the monopolar threshold detector, spikes
were only counted on the logical rising edge of the threshold crossing. Selection of a monopolar
threshold was fixed at 40 pV, which was initially determined online by visual inspection of the spike

scope to set a level that appeared qualitatively to reject noise while accepting most multi-unit spiking.

To characterize the ability of the spike detection state machine to reject artifact while still detecting
viable spikes we calculated accuracy, defined as the ratio of the sum of correctly classified spikes (true
positives; TP) and correctly classified artifacts (true negatives; TN) to the total number of spikes and
artifacts detected. To determine whether spikes or artifacts detected during a simulation were
correctly classified, a set of target classifications for spike and artifact waveforms were obtained
offline using manual sorting to group similar waveforms. This consisted of a cluster cutting technique
in which the spikes and artifactual waveforms were assigned iteratively through the manual selection
of waveforms from the candidate set of waveforms detected as either spikes or artifacts by the
detector, similar to the technique described in (Harris et al. 2000). While this method of classifying
multi-unit spike waveforms has limitations depending on the amplitude of units under consideration
(Harris et al. 2000), the purpose was to illustrate the ability of the spike detection state machine to

reject artifactual waveforms, a situation for which an experienced operator is well-suited.

To verify our results on a dataset in which the ground truth spike times are already known, we
synthesized an additional set of recordings (C3, in which a threshold detector was applied, and C4, in
which the state machine detector was applied; parameters in Table 4.2). In these simulations, known
spike waveforms were added to a non-spiking recording channel at 1,500 uniformly sampled random

samples throughout the duration of the sample record. It should be noted that in these simulations,
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identical recordings can yield slightly different numbers of total detected spike and artifact waveforms
depending on which spike detection procedure was simulated even if the initial inclusion threshold is
the same. This because the state machine has a minimum duration that requires multiple samples in
order to detect the spike, probabilistically there are more opportunities to identify candidate spike
and artifact waveforms when using a single-threshold detector, potentially leading to a slightly higher

number of total event classifications when using the monopolar threshold detector.

After either sorting the detected spike and artifact waveforms to obtain the target classifications or
using the a priori known ground truth spike times as targets, performance was obtained using
confusion matrices to compare the detected outputs (e.g. spikes or artifacts) against the target
outputs (e.g. spike or artifact classifications of the detected outputs using offline sorting). Sensitivity
(or true positive rate; TPR) was estimated as the ratio of correctly classified spikes to the sum of
correctly classified spikes (true positives; TP) and outputs given as artifacts that were determined to
be spikes by offline sorting (false negatives; FN). True negative rate (TNR) was estimated as the ratio
of correctly classified artifacts (true negatives; TN) to the sum of correctly classified artifacts and
outputs given as spikes that were determined to be artifacts by offline sorting (false positives; FP).
Precision (positive predictive value) was estimated as the ratio of true positives to the sum of true
positives and false positives. The false discovery rate (FDR) was estimated as the ratio of false positives
to the sum of true positives and false positives. The false negative rate (FNR) was estimated as the
ratio of false negatives to the sum of true positives and false negatives. These last two metrics (FDR

and FNR) were of special interest, as we aimed to reduce FDR while maintaining a low FNR.
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Results

Ability to detect waveforms of interest

An important feature of the spike detector state machine is the ability to identify relatively low-
amplitude spikes during epochs that contain periods of relatively high-amplitude biological artifact.
Biological noise, such as arises from mechanical vibration and EMG that occur during chewing and
whisking, leads to large-amplitude, high-frequency (>300 Hz) deflections in the signals observed on
electrodes embedded within cortex. To illustrate this, we isolated a short exemplar epoch from
recording session C in which the presence of chewing was verified by synchronizing the
electrophysiological data stream with video of the rat moving freely in the recording chamber. While
these epochs of activity are likely generated by biological sources, they may still be undesirable during
motor recordings designed to study neurophysiological spiking of units related to other motor
behavior (i.e. forelimb movement during pellet retrievals). Unfortunately, the simple threshold
detector produces many false-positive spike detections during such epochs (Figure 4.6 A, red
highlighting). By contrast, the state machine detector is still able to correctly detect spikes (Figure 4.6
B, blue highlighting) during the noisy periods without mistakenly triggering from the same waveforms

that are problematic for the threshold detector (Figure 4.6 B, green highlighting).

Even within a single recording session and on a single recording amplifier channel, it was possible to
distinguish between substantially different spike waveforms by customizing the parameters sent to
the spike detection state machine online. Parameters that were selected online (recording CO, table
S1) captured the smaller multi-unit activity (Figure 4.6 C), whereas offline adjustment of parameters
led to the ability to isolate waveforms from the larger of the two units (Figure 4.6 D). Importantly, the
ability to set the level parameters in real-time, thanks to the modified GUI (Figure 4.6), improved ease-
of-use compared to existing systems, in which a “training” recording must first be obtained and
analysed offline before allowing parameters to be set (Azin et al. 2011, Azin et al. 2011, Guggenmos

et al. 2013).
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Figure 4.6: Qualitative performance of the implemented spike detection. A) 200ms of high-pass filtered data from
session C during single-threshold (-40uV; simulation C2) spike detection. Red box represents a 130ms epoch of
chewing. Red highlighting (false positive) indicates spikes that were wrongly detected. Blue highlighting (true
positive) shows spikes that were correctly identified. B) Same data as in panel A with superimposed detections
from the state machine spike detector. Green highlighting (true negative) indicates artifacts that were correctly
rejected by the state machine. Grey highlighting (false negative) indicates a case of true spike not detected by
the state machine. C) Random sub-sampling of 250 detected (magenta) and 250 rejected (grey) waveforms using
the spike detection state machine in real-time (recording CO), using the digital outputs from the online state
machine. Flat lines represent threshold levels. Black spots represent inclusive samples that must meet the
threshold criteria, while ends of lines are open to represent the non-inclusive threshold criterion. Cyan thresholds
must be exceeded, whereas red thresholds must not be exceeded. D) An offline reconstruction (recording C1) was
used to simulate the state machine using different window parameters. This random sub-sampling of 250
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detected and 250 rejected waveforms indicates how the parameters could be set differently to isolate spikes from
a different unit. Note that increasing the duration of the state machine also increases the total time to detection.
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Figure 4.7: Modifications to the graphical user interface (GUI). A) The original DAC tab was modified to create
a new Discriminator tab. Parameters for the currently-selected DAC channel (i) are set using the spin box for
start (b) and stop (c) samples, dropdown box that sets the type (d) as either “Include” or “Exclude,” threshold
(a) spin box, and check box to enable (e) the current DAC channel. Other elements, such as the button to “Set to
Selected,” are used in the same way as the previous interface (e.g. to route the selected amplifier channel to the
highlighted DAC channel as indicated by the radio buttons on the left). B) (Left) The spike scope was modified
as well, to accommodate the additional parameters described in A. (Right) Each enabled DAC channel has a
corresponding window that is either blue (“Include”) or red (“Exclude”). Window amplitude for the current
channel can be set by clicking within the white window, which places the level for the currently selected DAC
channel at the mouse cursor’s current amplitude within the spike plot on the right.
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Performance in awake ambulatory rats

To quantify the online performance of the state machine we performed manual offline sorting of spike
and artifact waveforms (from session C). We considered the offline sorting as ground truth, which
allowed us to compute confusion matrices comparing the online classification (e.g. spike or artifact)
to the offline sorted classification for the same waveform for each monopolar threshold crossing

(Figure 4.8). The number of spikes correctly detected by the online spike detector state machine was

A) B)
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N =37,414
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Figure 4.8: Typical performance compared to offline sorted spikes. A) Confusion matrix for comparison of online
spike detection state machine performance after manual offline sorting of spike and artifact waveforms
(recording CO). The blue box contains the number of true positive spikes and the percentage of the overall
detected events that fit this category. The salmon box contains the number of false positive spikes detected by
the algorithm, as determined by manual sorting. The grey box indicates the number of rejected spikes (which
entered but did not complete the state machine) that were scored offline as spikes. The green box represents
waveforms that were rejected by the state machine and were also classified manually offline as artifact. The top
row on the far-right column show the positive predictive value (PPR) in blue and false discovery rate (FDR) in red.
The second row on the far-right column shows the negative predictive value (NPV) in blue, and the false omission
rate (FOR) in red. The first column on the bottom of the matrix show the sensitivity (or true positive rate, TPR) in
blue and the false negative rate (FNR) in red. The second column on the bottom of the matrix shows the true
negative rate (TNR) in blue and the false positive rate (FPR) in red. The box in the bottom right of the plot shows
the overall accuracy (ACC) in blue and its complement (the error percentage, ERR) in red. B) Offline sorting used
for comparison. Lighter regions indicate a higher density of waveforms passing through those voltage values.
Spikes were manually sorted using cluster cutting to separate units into characteristic waveforms. Magenta
outline indicates spike profile used for offline sorting in panel A. Bottom two panels (FP-1 and FP-2) are
characteristic waveform types that sometimes passed the state machine conditions, contributing to the number
of false positives.

2,163 out of 2,582 (meaning a sensitivity, or true positive rate, of 83.8%). The number of true negative
(i.e. artifacts not detected as spikes) was 40,188 out of 40,835 (meaning a specificity, or true negative
rate, of 98.4%). The number of artifacts incorrectly classified as spikes was 647, resulting in a 23% false
discovery rate (FDR) for the online spike detector state machine. Artifacts that led to false-positives
contained qualitative similarities with the spikes of interest, which may account for this value (Fig. 4.8

B, FP-1 and FP-2). Overall, the online accuracy of the spike detector state machine was 97.5% (Fig. 4.8
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A; recording CO0), which is inflated by a high number of true negative samples due to the relatively
large number of artifacts passed by the monopolar threshold. In practice, this could be mitigated using
a monopolar threshold set to a much higher value; however, while increasing the threshold could
reduce the number of artifacts falsely detected as spikes, it would also reduce the number of true
positive spikes and is therefore not a feasible solution. Indeed, even the synthetic insertion of large-
amplitude (-150uV peak) spikes at known times to a non-spiking channel results in an FDR of 90.5%
for a monopolar threshold of -100 uV, while the state machine detector yielded an FDR of 29.3% and

overall accuracy of 72.2% (Fig. 4.9).

148



A Non-spiking Channel
T T

%‘_ 100
3 o
%-WUG
£ 200
B =00 1l]0I 05 10:]1 IUDI 15 IUIIJ 2
Inserted Spikes
100,
g 1oe)
-150% et
100.05 100.1 100.15 100.2
oo Synthesized Data
— T T T T
33; 100
§ 0
s T 1 ]
< 300 1 1 1 |
100.05 1001 Time (sec) 10015 1002
B FSM-Detected Spikes Threshold-Detected Spikes
< <
a =
v wv

Online Detected Class
Artifact

Online Detected Class
Artifact

Spike Artifact Spike Artifact
Offline Sorted Class Offline Sorted Class

Figure 4.9: Performance on simulation using non-spiking channel with known spike profiles inserted. A) Overview
demonstrating original data (top), spike waveforms (inset) and blue bars indicating times of negative peak onset to
superimpose (middle), and generated waveform with known spike times (bottom). Red line on the bottom panel
denotes the threshold (-100uV) used in panel B (for the threshold-detected spikes, right panel). In total, 1,500 known
spike waveforms were added to the synthetic dataset. B) Confusion matrix for performance of both the state machine
detector (left) and standard threshold detector (right). The state machine detector is much more robust in picking
out the spike waveform from noise. Parameters for both detectors are listed in table S1; although the initial inclusion
threshold for the state machine detector is lower (-70uV), it still has a much lower false discovery rate (FDR; 29.3%
vs 90.5%). The threshold detector was only allowed to detect spikes on the rising edge of a signal, but still identified
many more candidate waveforms despite sharing the same initial inclusion threshold, since the state machine
detector is longer (12 samples to completion). Note that the threshold detector only detects spikes (it cannot classify
waveforms).
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Using a channel selected for its low noise floor and large-amplitude spike waveforms recorded in vivo
(session A), we computed the same performance measures used in the previous case (Figure 4.10 A).
Performance overall was comparable (97.1% accuracy) due to the large number of correctly rejected
waveforms. However, careful parameter selection also yielded an improved FDR (6.9%) and FNR
(2.8%) for the state machine spike detector under these ideal conditions. We compared the best-case
performance of our state machine detector to a monopolar threshold detector. Using identical
recordings, there is a dramatic improvement in the FDR when using the state machine detector (189
artifacts characterized as spikes, of a total 2,075 spikes detected online, Figure 4.10 B) compared to
the monopolar threshold detector (2,770 artifacts characterized as spikes, of a total 7,075 detected
spikes, Figure 4.10 B). This improvement results from the rejection of artifactual waveforms, such as

occur during epochs of biological noise (cf. chewing, Figures 4.6 A, 4.6 B).

A) B)

mTrue Spikes
10 ==False Spikes

2,770

Spike

4,305

State Machine Threshold

Online Detected Class
Artifact

Spike Artifact
Offline Sorted Class

Figure 4.10: Ideal performance compared to offline sorted spikes and monopolar threshold detection. A)
Simulated performance using an ideal in vivo recording with large spikes (recording A1). Although the simulated
performance is applied to a channel with high-amplitude spike waveforms, the overall accuracy effectively
remains consistent. This is due to the relatively large proportion of waveforms that are correctly rejected (middle
box). B) Manual offline sorting performed for recording A1 (presented in panel A), as well as a comparison to
performance of true (blue) to false (salmon) discoveries for the state machine detector and a simple threshold
detector for the same dataset (recordina AO).

Mean latency from spike peak to stimulus delivery

The total latency for an activity-dependent stimulus can be considered as the sum of the algorithmic
latency (to reliably detect an event) and the computational latency (due to the system). Algorithmic
latency, in this case, depends on the maximum number of samples needed to detect a spike. In this
work, spikes were detected using state machines that varied between 300us (session B; 9 samples at

30 kHz sample frequency) and 800us (session C; 24 samples at 30 kHz sample frequency). Therefore,
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the exact algorithmic latency is specific to the parameterization of the user-defined threshold levels.
Our work did not alter the computational latency between the event detection and the delivery of the
stimulus. During session B, the Intan Stimulation/Recording Controller stimulation sequencer module
delay was set to zero milliseconds, allowing us to estimate the computational latency as the minimum
latency between the rising edge of the virtual TTL input corresponding to the trigger state of the spike
detection state machine and the onset of stimulus artifact. The computational latency obtained in this
way was 167us (5 samples at 30 kHz sample frequency; Figure 4.11). Therefore, the total latency of
the system during spike detection was reliably less than 1 ms, mainly due to the algorithmic latency,
and indicates that the detector is responsive on a timescale that is both fast and reliable enough to be

used for performing ADS.
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Figure 4.11: Random sub-sampling of 250 triggered stimuli from recording BO. The Intan RHS
Stimulation/Controller system has a built-in stimulation sequencer state machine, which limits the minimum
latency from detection to stimulation to 5-samples, or 167 us when sampling at 30 kHz. The trigger spikes used
for stimulation are highlighted in blue. Red indicates the stimulus artifact (60 uV biphasic pulse, 100us per phase),
and rebound from amplifier saturation.

Discussion

We developed a modified version of an open-source commercial system to implement closed-loop
stimulation with sub-millisecond latency. The main improvement is the implementation of a spike

detection state machine with an interface that allows the application of eight reconfigurable
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thresholds to any combination of different or identical amplifier channels. The implemented state
machine slightly reduces sensitivity (i.e. true positive rate, Figure 4.8 A), but drastically improves
specificity (i.e. reduced FDR; Figures 4.10 A, 4.10 B), which may be critical in designing closed-loop
electrical stimulation paradigms in the central nervous system in vivo. This improvement in selectivity
is particularly important when the stimulation paradigm must be implemented during ongoing natural

behavior, such as chewing or whisking (Figure 4.6).

Although the focus of this study was on applying the improved detector for use in ADS, we envision
that this type of low-latency, highly-selective discriminator could be useful in a range of closed-loop
applications. For example, feedback needs not be delivered in the form of stimulation pulses but could
instead be incorporated as a part of the experimental design itself, such as the delivery of a reward
contingent upon the discrimination of a unique spike waveform (Koralek et al. 2012). However, the
context of developing closed-loop neuroprostheses for applications such as neurorehabilitation
provides important constraints. For example, a critical aspect of the ADS paradigm is the timing of
stimuli based on the detection of a stereotyped waveform that represents a small group of cells near
the recording microelectrode (Guggenmos et al. 2013). Therefore, it is desirable to minimize the FDR
while maintaining a detection algorithm that can be implemented with low latency and customizable
sensitivity to maximize the chances of invoking Hebbian mechanisms of plasticity between cells at the
detection site and those at the stimulation electrode (Bi and Poo 1998). It is possible that such a
stimulation regime could be augmented by incorporating multiple stimulation sites at offset latencies
from a single trigger source; this is also possible using the system presented in this study. Similarly,
although not tested here, the modifications presented can apply simultaneous thresholds to several
spatially distributed sites simultaneously. This provides a practical way to mitigate the large, non-
neural sources of noise that result from a failure in the common-mode rejection, which are typically
present on multiple channels simultaneously. Future versions of the discriminator presented here that
scale to an arbitrarily large number of thresholds could then be useful in sorting using tetrodes or

other high-density arrays.

With the rising interest in applications of closed-loop technologies for stimulation of the central
nervous system (Levi et al. 2018), a number of methods for implementing closed-loop stimulation
have been made openly available. These include software packages, such as Falcon (Ciliberti and
Kloosterman 2017), the Open Ephys GUI (Siegle et al. 2017), and NeuroRighter (Newman et al. 2012);
however, software implementations of online spike detection and triggered stimulation typically
suffer from the latencies imposed when performing serial communication with the host computer.

One exception is the Real-Time eXperiment Interface (RTXI, (Patel et al. 2017)); however, because the

152



system is designed to operate using a National Instruments Data Acquisition card (NI-DAQ), it may be
difficult to scale to a very high channel architecture. On the other hand, the ADC of the RHS2116 is
scalable, and because digitization occurs very close to the source (on the headstage), yields improved

noise characteristics.

Hardware implementations, such as the synthesized bitfile that can be readily uploaded to effectively
transform an FPGA into a commercial neurophysiological acquisition system, are not as widely
distributed. Because hardware implementations typically have very specific design constraints and are
optimized to meet those constraints, it is impractical to develop and distribute open-source hardware
for closed-loop neuroprosthetics. Just as the RTXI system is not readily compatible with the Intan
amplifier chips, hardware implementations (Buccelli et al. 2019) are designed to interface with in vitro
microelectrode arrays that interface to an FPGA with different input and output pin configurations,
making it difficult to provide a ubiquitous hardware bitfile for every experimental setup. Alternatively,
moving from a hardware implementation in an FPGA to a custom application specific IC (and

subsequent commercialization) becomes more practical for individual applications.

To minimize changes to the existing open-source software provided by Intan, the spike detection state
machine was implemented in the DAC module. This imposes the limitation that only one spike
detection state machine can run at a time. At a maximum, up to eight different amplifier channels
could be polled for synchronous or near-synchronous events, or eight threshold criteria could be
applied to the waveform of a single amplifier channel. Making substantial modifications to the existing
FPGA might allow scaling of a spike detection state machine module to any arbitrary number of
thresholds on different channels. A natural extension of this work would be to scale up the number of
trigger sources for multi-stream ADS, particularly as FPGA evaluation boards with increased on-board
resources become available. Generalizing the state machine to a higher number of independent
channels by running it as a module that is independent of the DAC, automating the process of setting
threshold levels (e.g. using spike “templates”), and integrating independent state machines to allow
concurrent detection of events in multiple frequency ranges are currently being investigated to
improve their application in closed-loop neuroprosthetic interfaces. Automating the process of setting
threshold levels, especially as channel counts scale up, will be important, as the improved rejection
may also reduce sensitivity, depending upon the ad hoc parameters set by the operator.
Algorithmically, the state machine is fundamentally similar to the one implemented in (Azin et al.

2011); however, the state machine described here allows more flexibility in the parameterization of
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each threshold level by allowing the end-user to set each of the four parameters while the application

is running.

We have provided modifications to an existing interface for conducting electrophysiological
experiments using closed-loop stimulation. These improvements allow spike detection to be
performed with a higher selectivity at the expense of a reduced sensitivity. This trade-off is dependent
upon the ad hoc selection of parameters, which can be adjusted by the experimenter in real-time. The
architecture in which this improved spike detection state machine is implemented has the possibility
to scale to a very high number of channels in the future, improving current and future functionality.
Our contribution to the original design improves the accessibility of investigating of closed-loop

stimulation paradigms, which may be necessary for effective, therapeutic neuroprosthetic systems.
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Chapter 5: Perspective on humans

The first step towards a successful delivery of brain stimulation in humans is to compare the resting
state brain activity in physiological pathological conditions. Several studies are looking for biomarkers
in neurological (Wang et al. 2010) and psychiatric (Drysdale et al. 2017) disorders by recording the
brain activity through fMRI, EEG and MEG. Resting state functional connectivity is one of the most
studied conditions in humans and can give an overview of the brain organization at the macro and
meso-scale. Recent advancements in computational methods for source reconstruction starting from
EEG and MEG recordings allow to study even deep brain regions starting from non-invasive techniques
(Liu et al. 2018). One of the most elegant ways of studying brain networks implies the use of graph
theory (Bullmore and Sporns 2009) where each node represents a brain area and each link represents
a relationship between brain areas (e.g. correlation, anatomical connection etc.). The classical
separation between functional (i.e. statistical association) and effective (i.e. causal interaction from
statistical association) connectivity is going to be surpassed by a unified framework (Reid et al. 2019).
Indeed, none of the existing methods can be considered superior (in all conditions) to all the others in
assessing a connectivity between brain areas and therefore all the methods can be informative in
different scenarios; for a complete review, see (Reid et al. 2019). In this context, studying the
dynamical changes of functional connectivity after a stroke can help to understand the cortical
reorganization that takes place during the first months after stroke onset (Wang et al. 2010).
Understanding the critical issues related to this process can be crucial for the design of a personalized
treatment based on non-invasive brain stimulation. To this end, in our lab we recently started to study
the resting state connectivity of the human brain by using high-density EEG in healthy subjects
(actiCHamp 128 ch, Brain Products, Germany), sampled at 1kHz. Using such a high density setup
allowed us to reconstruct the sources by means of the exact low-resolution brain electromagnetic
tomography, eLORETA, algorithm (Pascual-Marqui et al. 2011). Per each subject, we map the sources
onto the 384 regions of interest (ROIs) of the AICHA (Atlas of Intrinsic Connectivity of Homotopic
Areas) atlas (Joliot et al. 2015). AICHA includes 192 homotopic region pairs (122 gyral, 50 sulcal, and
20 gray nuclei) and is well suited for intrinsic/effective connectivity analyses. Once we have these
time-series we can start applying spectral analysis, correlation measures and graph theory to

understand the brain organization at different levels of complexity.

To study the importance of different frequencies, we are using the generalized Morse wavelets
superfamily (Lilly and Olhede 2008, Lilly and Olhede 2012) because of the best time-frequency tradeoff
(thanks to the minimum Heisenberg area) of these wavelets with a particular choice of its parameters.

The convolution of the 384 time-series with the Morse wavelet with central frequencies ranging from
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2%°t0 2° Hz in quarter steps (f = 2 ) Hz) allows a fine analysis in the time/frequency domain. The

following figure shows a Morse Wavelet with a central frequency of 8Hz (Figure 5.1, Panel A).
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Figure 5.1: A, real part of a Morse Wavelet with a central frequency of 8Hz (blue line) with the envelope
superimposed (red line). B, different Gaussian shapes in the frequency domain (FFT of the wavelets in the time
domain) for the 23 central frequencies, ranging from 2°° to 2° Hz. Top, bandpass normalization (meaning that
all the frequencies have the same peak value equal to 2 and therefore can be compared). Bottom, energy
normalization (meaning that the time-domain energy value is 1 for all frequencies).

One of the aspects to be considered, when using Generalized Morse Wavelet, regards the
normalization factor for each scale (i.e. frequency) as depicted in Figure 5.1, Panel B. A bandpass
normalization (i.e. L1 normalization) is the best solution when it is necessary to compare different
frequencies in terms of amplitude since the amplitude is not scaled for different frequencies. Energy
normalization, on the other hand, preserves energy in the time domain and scales the amplitude
depending on the frequency (Figure 5.1, Panel B, bottom). All of these technical considerations are

crucial when dealing with similar data analysis and can have a critical impact on the final result.

If, on the other hand, we want a broad picture of the activity that is present at different locations in
the brain, with no particular focus on specific frequency bands, we can run analysis on the wideband

signals.

Single-subject resting-state functional connectivity can be defined as the Pearson’s correlation
coefficient (r) between the time series of each ROIs (note that many other measures have pros and
cons when compared to the Pearson coefficient). An adjacency matrix from a representative healthy

subject is reported below.
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Figure 5.2: Left, representative adjacency matrix, subject 03. Each position represents one of the 384 ROIs on the
AICHA atlas. Right, histogram of the values of the adjacency matrix on the left.

Starting from this representation, one can apply several different algorithms to find communities of
different sizes, representing a coherent activity in different regions of interest. This can be crucial to
find a different organization following an injury or in case of neurological pathologies. For instance,
the application of the Louvain community detection algorithm (with symmetric treatment of negative
weights) resulted in three communities in this case (parameter gamma = 1), separated by red lines, as

depicted in the following figure.

reordered ROI
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Figure 5.3: reordered adjacency matrix (same as in Figure 5.2) with 3 clearly separated clusters (separated by red
lines) found by Louvain Modularity algorithm.

The modularity algorithm is by nature biased towards the assortative community structure, as the goal
is to maximize the connectivity within each community while minimizing the connectivity between
communities. Other algorithms, like the core-periphery algorithm divide the network in a core group
and a periphery group, in a way that maximizes the weight of within core-group edges and minimizes

the weight of within periphery-group edges as depicted in the following figure.
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Figure 5.4: reordered adjacency matrix (same as in Figure 5.2) with 2 clearly separated clusters (separated by red
lines) found by Core-Periphery algorithm. The core is the largest cluster (staring at the 80" reordered ROI), the
periphery is the smallest cluster, the one with the lower within cluster weight.

A possible way to overcome these biases is to use the weighted stochastic block model (WSBM).
WSBM is as an unsupervised learning algorithm for the identification of networks communities that
group together network nodes that have similar group-level connectivity pattern (Aicher et al. 2014).
The WSBM can work without the need of thresholding the adjacency matrix which might have a
negative impact onto the identification of the real structure of the connectivity (Aicher et al. 2014).
The main drawback is the fact that the user must set the number of clusters. In the following figure,

we set k =5 (as reported in literature).

WSBM - k=5 - $-03
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Figure 5.5: reordered adjacency matrix (same as in Figure 5.2) with 5 clusters (separated by red lines) found by
WSBM algorithm.

It is worth underlying that the choice of the number of communities can dramatically change the

results. We are now working towards the definition of a reliable way of selecting the best k based on
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different metrics such as the Normalized Variation of Information (NVI) (Meila 2007) and the Adjusted

Rand Index (Hubert and Arabie 1985).

Itis crucial to say that these methods were not built to run online; they usually need large amounts of
data, many iterations and therefore are computationally expansive. Nevertheless, these studies can
help to highlight a critical network or a critical aspect of the connectivity that can be studied in detail.
Several metrics such as the Small World Propensity (Muldoon et al. 2016) will be used to find a
biomarker in terms of graph properties. Once we found a solid metric, we can work towards the
implementation of a strategy to counterbalance that pathologic behavior. One of the available options
is to stimulate the brain by means of a non-invasive technique (for a complete list refer to Chapter 1).
Transcranial alternate current stimulation (tACS) is one of the most promising, non-invasive
techniques, especially when a specific rhythm (which can be found by means of the wavelet analysis
described before) shows a deficiency with respect to the healthy cohort. The main drawback related
to tACS regards the huge stimulation artifacts recorded through the EEG electrodes. This issue reduces
our understanding of the real effect of tACS on the brain. To overcome this issue, we recently
investigated the possibility to reduce the stimulation artifact and we compared the efficacy of
different algorithms in both real and synthetic data (Barban et al. 2019). We found that independent
component analysis (ICA) was the best performing artifact removal algorithm but still lot needs to be
done in this direction to extract meaningful data while stimulation is delivered. Other non-invasive
stimulation options, like tDCS and TMS must be considered depending on the insight we will get from

the current and future experiments.
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Conclusions

Taken altogether, the results described in this thesis, show the importance of the three steps needed
to understand and interact with the nervous system: reading, processing and writing the neural code.
These three steps are the building block of all the projects described above that covered the three “R”
of neurotechnologies: rectify, replace and retrain. Depending on the scientific question, these three
steps can be implemented on different models with different techniques, as described in (Chapter 1).
The closed-loop, or activity dependent stimulation, paradigm is the most promising approach for

innovative neurotechnologies to date.

In this work, | showed various projects with a clear scale up of closed-loop applications from in vitro
to ex vivo and in vivo models. The first project was based on modular cell cultures plated over Micro
Electrode Arrays (MEAs). Correlation analysis showed a strong connection between modules
(integration) which is crucial for the information flow. Resection of the anatomical connections
between modules (by means of a custom-made laser setup) caused a permanent drop of the
information flow between modules that resembles and exaggerates what happen after a focal brain
lesion. The main advantage related to the use of cell cultures is that you can record and control the
entire network with a fine detail when compared with an in vivo study. One of the main limitations of
cell cultures studies is that you only have an electrophysiological measure and not a behavioral
outcome. Nevertheless, it is a convenient testbed for innovative stimulation paradigms like the ones
described in (Chapter 2). In that chapter, | described the use of a Field Programmable Gate Array
(FPGA) to perform two different approaches following the lesion. The first approach was the
Bidirectional Bridging, which consists in a real-time monitoring of the network activity on the first
module and whenever a network burst was detected, the system delivered an electrical stimulation
to the second module. In parallel, monitoring the activity from the second module we delivered a
stimulation to the first one. This real bidirectional approach has the main advantage of not imposing
any unidirectional communication but depends on the activity still present after lesion. As a proof of
principle, in case of disruption of an entire module, | implemented the so called hybrid bidirectional
bridging (HBB). Here, the term hybrid is due to the spiking neural network that we implemented on
the FPGA to resemble the activity of the damaged module. In this set of experiments, the interaction
is between the biological module survived after lesion and the artificial network (a mathematical
model) implemented on the so-called neuroprosthesis. Once more, the main advantage of using
simplified models like these lies in the freedom of testing ambitious solutions in a controlled

environment.
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Increasing the complexity, for the second project (Chapter 3) | used ex vivo brain slices, recorded
through MEAs. In this case, the neuronal circuits in the region of interest are almost intact and this
allows the study of stimulation protocols in a more complex scenario. The goal was to reduce the
occurrence of epileptic-like seizure by means of activity dependent stimulation recording in the
hippocampal area CA3 and stimulating the subiculum. For that project, | realized the computational
architecture to deliver electrical stimulation at the right time. The use of the graphical environment
for rapid prototyping (Simulink, Mathworks) allowed the implementation of a reliable detection and
stimulation protocol in a rapid way. The first experiments where successful in assessing the feasibility

of these protocols and can be a promising starting point for the future.

One step forward towards the application of activity dependent stimulation on behaving animals was
the topic of the third project (Chapter 4). There we implemented a reliable spike-detection algorithm
on a low-cost commercial, fully open source setup for recording and stimulating on up to 128 channels.
The spike detection implemented on the FPGA is more robust in rejecting stimulation and movement
artifact thanks to multiple thresholds that can be adjusted to fit the desired spike shape. We released
the code in a fully open source way (both the software for the graphical interface and the code for the
FPGA implementation). The open source release, in this case, opens new avenues for the development
of high-performance algorithms and fits the aim of the open science movement. Next steps, along the
same line, will include the implementation of different spike detection algorithms to be tested on all
the 128 channels or even local field potential (LFP) analysis in real time. The multi-frequency analysis
in real time, including both spikes and LFP is going to be crucial in the near future to better understand

and interact with the brain.

A similar approach can be carried out on humans with obvious limitations. The first clinical trials of
intracortical activity dependent stimulation on humans are starting now in US. In five years from now,
| expect the widespread diffusion of radically innovative techniques like endovascular recordings,

Neural dust and Neural lace (see Radically innovative techniques) that will allow an unprecedented

detail of human brain recordings. The closed-loop approaches described in this thesis can serve as a
starting point towards the development of innovative neuroprosthesis both for classical, as well as for
innovative neurotechnologies. Nevertheless, non-invasive stimulation techniques are a much easier
and safer option nowadays and | believe that an integration of multi-frequency analysis, together with
concepts like modularity and graph theory (Chapter 5) will be part of a unique framework aimed at

ameliorating the quality of life in various neurological conditions.
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Appendix
Chapter 4 Appendix

Verilog testbench

This is the main testbench, developed within the same environment used to program the FPGA. It
accurately simulates all registers and wires used in the in vivo FPGA implementation. This was
particularly useful to reduce the need to synthesize the entire FPGA configuration every time changes

occurred.

The core of the original Verilog code is the “main.v” module implementing a state machine that cycles
through a pattern of 140 repeating states (managing all the communication from the RHS2116 to the

USB and vice versa).

We implemented a testbench “main_mod_tb.v” that acts as the RHS2116 chip streaming data to the
“main_reduced.v” module (a reduced version of the huge “main.v” module). This reduced module
contains only 7 states, that are enough to communicate to the module “DAC_modified.v”. The
“DAC_modified.v” module is a modified version of the original “DAC_output_scalable_HPF.v” module
that filters the data and compares each sample with a user-defined threshold (for the single threshold
spike detection). In addition to the original function of that module, our modified version checks
whether the current counter of the spike detection state machine falls within the user-defined window

limits for that specific module.
The testbench performs the following steps:

1. reads a binary file (16-bit words) encoding the amplifier data of a previous recording (or
synthetic data);

2. Cycles through a reduced number of repeating states (with respect to the original 140 states);

3. During one of these states, it sends data to the module deals with filtering and comparing with
voltage and window thresholds;

4. Writes a binary file (16-bit words) encoding the filtered data;

5. Writes a binary file (32-bit words) encoding the spike detection state machine counter

(FSM_counter);

One can easily modify the testbench to write additional files for debug purposes or can simply inspect
the output of the simulator (ISim in our case) during development. Once saved, the binary files can be
inspected and compared with the real results with a different software package, such as MATLAB (see

available code).

168



Simulink testbench

To provide a graphical depiction of the verilog implementation, a Simulink version of the spike
detection state machine was first developed. The model-based design can help in understanding the
algorithm implementation on the FPGA. We implemented the state machine and not the filtering that
is implemented on the FPGA, therefore the input for this testbench is the already high-pass filtered

data. The high-pass filter is a single-pole, 300-Hz state filter, as contained in “HPF.m”
Detailed description:

1. Data is loaded from the workspace in double precision (even though it’s uintl6 precision
multiplied by the ADC step size of 0.195uV/bit within the RHS2116 chip);

2. Each sample clock the model checks a series of parameters (the same used in the FPGA
implementation) including voltage and window thresholds;

3. Spike detection results are saved for each simulation and allow comparison with actual FPGA

recordings or running completely new offline tests;

All intermediate values can be easily accessed and viewed during or after simulation making it a

perfect tool to design and test different algorithms.

MATLAB testbench

The last testbench is implemented in MATLAB. It is faster than the other testbenches and can be used
after a first spontaneous recording and before the activity-dependent stimulation session to choose
the best parameters for a reliable spike detection. For example, an initial recording is made, with an
ad hoc parameterization set by the operator. Subsequently, the data (likely only a few minutes long
in order for there to be enough spikes) is simulated using the MATLAB testbench to evaluate how the
spiking would look for a given set of threshold and sample start and stop values for each DAC to which

a state machine level has been applied.

Validation

For each test bench, we compared the simulated result from running the testbench to those obtained
when running the model online using identical parameters. First, we measured the difference
between the filtered DAC waveform and the simulated filter applied to the raw data. The maximum
sample-wise error was always within a tolerance of 1-bit (the least significant bit), which was
considered sufficiently accurate for using the testbenches to generate any subsequent comparisons.
Next, the algorithmic implementation of the testbench was compared to verify that the output state

(‘Idle,” ‘Active,” or ‘Trigger’) was identical between the output of the testbench and the online
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recording with identical parameters. Once this validation was performed, we considered the results
of simulations using the testbench effectively equivalent to those obtained online, and therefore

suitable for making comparisons of different algorithms on the same test data.

Code Availability

Code is freely available at https://github.com/m053m716/Intan-DAC-State-Machine-Detector. The

modified source code to run the graphical user interface, as well as the new main.bit file and
associated executable and dll files are located in the same repository. It should be noted that this
implementation uses Digital-Input and Digital-Output Channels 13, 14, and 15 to track the state

machine detector trigger, complete, and idle states respectively.
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