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Abstract

Neuro-electronic interfaces, which can be used for stable communication between neurons-computers over long
periods of time, would be valuable for understanding and interacting with the nervous system. A major challenge
has been to overcome the tissue reactions towards implanted electrodes. Flexible microelectrodes that cause less
implantation injury and which can follow the micromotions of the brain have been considered as a solution to achieve
stable neuronal recordings and stimulations. The aim of this thesis work was therefore to develop and evaluate
biocompatible neuro-electronic interfaces, as well as introduce new implantation methods which together allow
stable recordings and spatially precise stimulation of the brain

To this end, we have developed a new generation of ultrathin flexible electrode arrays based on 12.5 ym thin wires
embedded in a gelatin vehicle providing structural support during implantation. The gelatin embedded electrodes
were implanted in rat brains via a narrow track line and spread out as a cluster in the target area. In the first study,
we evaluated the performance of the neural recordings for eight weeks with respect to impedance, signal amplitudes
and noise levels. We found impedance, and signal to noise ratio of single units to be quite stable, suggesting high
biocompatibility. In the second study, we developed a gelatin embedded microelectrode array consisting of 16
microelectrodes, distally equipped with silicone cushions to reduce vascular damage. This array was implanted
medial to the subthalamic nucleus, in 6-hydroxydopamine lesioned rats (a classical animal model for Parkinson’s
disease), and the effects of deep brain stimulation were evaluated for 6 weeks. Stimulation with subsets of 4-8
electrodes evoked specific motor behaviors in all the tested rats. Depending on the exact electrode combination,
stimulation elicited either improvement of locomotion, or grooming and rearing, increased turning, dyskinesia, or no
movement. These results suggest that improved stimulation specificity can be obtained by choosing the right group
of electrodes from the cluster. In the third study, we hypothesized that reducing the tissue resistance during the
insertion of the electrodes would minimize the implantation injury. To address this problem, we coated gelatin
embedded needles with a layer of ice, which on melting, provided a super slippery surface during insertion into the
brain. The addition of a layer of melting ice decreased the insertion force by approximately 50%, significantly
reduced neuronal loss, as well as the astrocytic response, but did not have any obvious effect on microglial
activation.

In conclusion, this thesis presents a novel design for implantable and biocompatible neuro-electronic interfaces
comprising highly flexible microelectrodes rendering stable recording properties and improved stimulation
specificity. In addition, a novel implantation vehicle was developed to reduce the acute tissue reactions in response
to the implantation
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Popular scientific summary

Neurons communicate with each other by sending electrical signals. To understand
the brain during normal conditions or during neurological disease, these electrical
signals can be recorded by inserting electrodes into the brain. In some disease
conditions, the electrical communication between different parts of the brain is
compromised. In such cases, electrical signals can be modulated by sending
electrical current from an external source, via implanted electrodes. However,
currently used electrodes employed for communication with the brain are relatively
large and thus cause substantial damage during implantation. Because of the injury,
the brain recognises the implanted electrodes as an invading “foreign body” and
sends “police cells” (glial cells) to combat the invasion. These police/glial cells
progressively surround the implanted electrode, isolating it from the rest of the
tissue, thus making it hard to record or modify neuronal signals stably. The size of
the team of police cells surrounding the implanted electrode is dependent on the
magnitude of injury, i.e., the bigger the injury, the bigger the team of police cells
called in. Thus, it is important to reduce the injury and to minimize this tissue
response which obstructs communication (stimulation and recording) with neurons
at close range. In addition, large sized electrodes prevent precise stimulation of
specific and limited target areas and will instead affect a larger volume of tissue
surrounding it, e.g. resulting in unspecific stimulation of unintended neurons or
neuronal signals which may in turn cause side effects. The small, and ultra-flexible
microelectrode arrays has the advantages of causing less injury upon implantation
into the brain due to their reduced size. The smaller injury induces recruitment of
fewer police cells with less isolation of the neurons, and thus the potential for
communication with surrounding neurons is improved. The reduction in size of the
microelectrodes, increase their stimulation specificity, as they will only affect the
neurons or neuronal signals nearby, and thus reduce the side effects due to
unspecific stimulation of larger tissue volumes. In addition, flexible microwires
have been put forward as a solution to achieve better integration and stability of
electrodes in the tissue, and thus more stable stimulation/recordings. However,
flexible microelectrodes are difficult to implant in the brain tissue, as their low
stiffness make them prone to bend during implantation. This thesis was aimed at
developing and evaluating micro-size electrodes and improving the methods to
implant them.

We have developed a new type of brain implantable electrode array, which contains
many, very thin (20 um), microwire electrodes embedded in gelatin. In comparison,
a human hair has a thickness between 50-80 um. Gelatin, when dry, provides the
necessary stiffness/support to microwires to avoid bending during implantation. In
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our first study, we recorded neuronal signals from rat brain for eight weeks. The
neuronal signals were of high quality, with good signal strength during the whole
test period, indicating improved integration of the implanted electrodes in the tissue.
In the second study, we evaluated modulation of neuronal signals, in rats with
induced motor deficits (a rat model mimicking the motor symptoms seen in
Parkinsonian patients), by delivering electrical current via the implanted electrode.
Electrical stimulation through implanted clusters of microelectrodes was able to
reduce the motor deficits in the rats, indicating that it is possible to modulate brain
signals using microelectrode clusters. In addition, by selecting the specific
microwire electrodes which evokes normal walking behaviour, and by not using the
microwire electrodes which evoked side effects, we were able get beneficial effects
with reduced side effects. Furthermore, neurons were found within <10 micrometers
(1/1000 of a mm) distance of the implanted microwires, indicating reduced tissue
damage and presence of neurons very close to the electrodes. The loss of neurons in
the close vicinity of electrodes is a common problem which obviously impede
communication with neuronal tissue. In the third study, we evaluated the tissue
effects of reducing the roughness of electrodes, i.e. the surface coming into contact
with the tissue during implantation. To accomplish a less rough surface, we coated
gelatin needles with a super slippery coat of melting ice. The addition of a melting
ice-coat reduced the force, required to insert them into the brain, by half. In addition,
it reduced the loss of neurons in the insertion track, as compared to the same type
of implants but without the slippery ice-coat. This indicates that a reduced
force/friction inflicted on the tissue by electrodes during implantation is important
to minimize injury.

In conclusion, this thesis presents a novel design of implantable microelectrode
arrays containing multiple microwires, as well as a new method to implant such
constructs with reduced insertion forces. The new techniques proved to minimize
tissue damages and increase the stimulation specificity, thus achieving more stable
and precise electrode-neuronal communication, something which is important
within research as well as for treatment of neurological diseases.
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Introduction

History and potential of neuro-electronic interfaces

Alan Hodgkin and Andrew Huxley explained the concepts of membrane current and
the mechanisms of an action potential [1]. Jose Delgado in 1965 displayed the most
stunning demonstration of the power of brain stimulation when he successfully
stopped a charging bull by electrical stimulation of thalamo-basal ganglia circuitry
[2]. These discoveries laid the foundation for recording and stimulating of the brain,
not only for functional understanding but also for therapeutic purposes.

Elwin Marg and John Adam were the first to use multielectrode arrays in humans
for recordings [3]. These recording techniques became valuable tools to analyze
information processing in complex neural circuitries as they allow recordings from
relatively large numbers of neurons during various behavioral tasks [4]. The
techniques were further improved to the point where the recorded signals can be
used to control robotic arms, leading to the development of Brain-Machine
Interfaces (BMI) [5]. The first breakthrough in the usage of BMI's was achieved
when amyotrophic lateral sclerosis patients, with impaired voluntary movements,
were able to successfully move a cursor on a computer screen via a brain implant in
the motor cortex connected to a computer [6].

Neuro-electronic interfaces can also be used for chronic brain stimulation to produce
symptomatic relief in untractable neurological disorders. Ugo Cerletti introduced
modern-day brain electrical stimulation to treat psychosis in 1940 [7]. Heath and
Mickle electrically stimulated the septal area using intracranial electrodes for
controlling pain [8, 9]. Benabid et al. reported that stimulation of the ventral
intermediate nucleus of thalamus ameliorated tremor in Parkinson’s diseases (PD)
and essential tremor patients [10]. Pollak et.al. were able to mitigate motor akinesia
in Parkinson's disease patients by stimulating the subthalamic nuclei [11]. These
studies initiated and established a framework for the field of deep brain stimulation
(DBS) for treating various neurological disorders. The US food and drug
administration authority has approved DBS for treatment of chronic pain (1989) [12],
essential tremor (1997), motor symptoms of PD (2002), and dystonia (2003) [13].
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Together, the electrophysiological recording and stimulation techniques have
proved valuable in both brain research and for symptomatic relief of neurological
diseases. However, there are significant hurdles to overcome before neuro-
electronic interfaces will reach their full potential.

Current state of the art

Implantable electrodes for neuronal recordings

Due to considerable international efforts, a plethora of microelectrodes are currently
available for recordings of neuronal signals [14, 15]. The most commonly used
electrodes for recordings can be broadly divided into three types briefly described
below.

Metal wire electrodes

Metal wire electrodes are one of the simplest and most commonly used type of
recording electrodes, and it's usage dates back to the early twentieth century [16].
Such electrodes consist of an insulated, electrically conductive wire with a diameter
in the range of 25-75 pm and can, due to their stiffness, be inserted into soft tissue
without structural support. While useful for many applications, there are well known
problems with deterioration of electrode performance over time, probably due to
their relative stiffness causing tissue reactions (see below). More recently, ultrathin
and therefore highly flexible wire electrodes embedded in stiff gelatin providing
structural support during implantation, have been introduced for cortical recordings
showing very promising results with respect to signal quality and stability [17, 18].
To meet the need to record from many neurons simultaneously, current efforts are,
to a large extent, directed towards development of multichannel devices, comprising
microwire bundles or arrays held together by connectors or printed circuit boards
[19-21]. One potential disadvantage of the multichannel microwire-based electrodes
is that manual assembly of wire electrodes has hitherto been necessary, leading to
reproducibility problems and reduced production capacity. Nevertheless, ultra-
flexible wire electrodes remain an interesting option also in the future, if effective
manufacturing can be achieved.
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Micromachined microelectrodes

Photolithographical methods are used to microfabricate a pattern on a photoresist
polymer that can be transferred into the underlying substrate by chemical etching
[22-25]. The invention of photolithography led to the development of a new
generation of neural electrodes. Various designs and shapes in two or three
dimensions of neural interfaces have been manufactured using
micromachining/photolithography techniques and have been tested in experimental
animals with variable success [26, 27]. The Michigan electrode array and the Utah
electrode array are typical examples of electrodes fabricated using micromachining
techniques [28, 29]. Micromachining has undoubtedly enhanced the reproducibility
of the manufacturing process, and also improved the ability to record from a larger
number of neurons. However, stable long-term recordings, from the same neurons
over time, are usually not obtained with such electrodes, indicating poor positional
stability in the tissue and/or low biocompatibility[30].

Thin-film polymer-based microelectrodes

Thin-film polymer-based electrodes are made by sandwiching metal between layers
of polymeric substrates like benzocyclobutane, polyamide, polydimethylsiloxane
(PDMS), parylene, etc. The polymer layers (< 10 pm thickness) are used as the base
material. Conductive materials, such as Au, Pt, or Ir are deposited on the polymer
base either by sputtering or evaporation. Polymer-based electrodes are quite flexible
and overcome to some extent the disadvantage of stiffness, thereby increasing
biocompatibility by reducing tissue inflammation [30-32]. However, the insertion
of such ultra-flexible electrodes into soft tissue requires some form of structural
support, which can cause injuries and when extracted may dislocate the implanted
electrodes [17, 31, 33, 34]. Moreover, it is not entirely clear whether these electrodes
remain stably positioned in the tissue after implantation [35, 36].

Implantable electrodes for electrical stimulation

Although electrodes for recordings can also be used to stimulate nervous tissue, their
small contacts, necessary for recording neuronal signals, permit only very weak
stimulation currents to be safely delivered. To be able to deliver sufficient current
for inducing noticeable behavioural effects or therapeutic effects, electrodes used
for stimulation tends to be much larger than those for recordings. Typically, stiff
metal electrodes with a diameter in the range of 50-100 pm are used for brain
stimulation in rodents and non-human primates.

In the clinic, the size of the electrodes and contacts used are in the millimetre scale
[37], which limits possibilities for spatially precise stimulation. In comparison to
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the development of recording electrodes, little development has been made with
regards to stimulation electrodes [38] . However, more recently, several novel
designs with more electrode contacts have been developed and are being tested to
improve the control of current spread in the tissue (“Model 6180” by Abbott,
“Cartesia” by Boston Scientific)[39]. However, the individual electrode contacts are
still placed on the same physical entity, which limits the precision of spatial
stimulation.

Tissue reactions to implanted neuro-electronic interfaces

A common problem of all electrodes is that the tissue react to the implanted foreign
body in a complex, and still not fully understood, way [40]. These reactions can be
broadly divided into two main categories: 1) reactions due to acute injuries caused
by the insertion procedures and ii) tissue reactions to the implanted object.

Insertion induced tissue reactions

The insertion of a neuroelectronic interface into the brain causes variable degrees of
physical tearing of the tissue, thereby rupturing connections between neurons, glia
cells, and also of blood vessels which results in a breach of the blood brain barrier
(BBB) [41]. Rupture of blood vessels likely create an ischemic milieu in the vicinity
of the implant, which may be harmful to neurons which are critically dependent on
a constant blood supply [42, 43]. Moreover, the rupture of the BBB contributes to
local increase in haemoglobin from degraded red blood cells, leading to an increase
in reactive oxygen species (ROS) and reactive nitrogen species (RNS) [44, 45].
Increase in ROS and RNS may, in turn, cause secondary damage by oxidation of
lipids, proteins and by inducing upregulation of proinflammatory cytokines [44, 46].
Force measurements also show that significant forces, termed residual forces,
possibly introduced through dimpling of meninges and friction between the implant
surface and tissue, persist for a long time after completion of the insertion [47, 48].
Therefore, there is a need for development of improved insertion methods reducing
friction during implantation.

Acute and chronic foreign body reactions

After implantation, neighbouring microglia rapidly extend their processes towards
the injury [49-51]. These activated microglial cells begin to encapsulate the implant
with lamellipodia within 30 min and release proinflammatory cytokines such as
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interleukins (IL-o,1IL-1B, IL-6) [49, 52, 53]. Additional microglial cells and
macrophages are mobilized after release of ILs [54]. Within roughly one day, the
microglia transforms into a mobile stage and their cell bodies begin to travel towards
the implant forming a thin layer, ensheathing the implant [55], which directly affects
the communication potential of the implanted neuroelectronic interface. Thereafter,
astrocytes proliferate around the implant and usually form a dense capsule around
the microglia sheath within 1-3 weeks. The astrocytic encapsulation limits the flow
of ions in the area [56], leading to increased impedance and a decline in recording
and stimulation quality [57, 58] which further hinders communication between the
implant and neuronal tissue. In addition to the acute and chronic inducers of the
foreign body response mentioned above, micromotions between the implant and
tissue further aggravates the glial reactions [35, 59]. Micromotions arise due to
mechanical mismatch between the electrode and tissue during pulsating blood flow,
breathing movements and also movements of the body [35]. It is thus of importance
to reduce micromotions, to achieve effective integration of implanted devices and
improvement of the electrochemical signaling at the electrode-tissue interface.
Recent studies have shown that the formation of glial encapsulation and the
ubiquitous loss of neurons nearby can be substantially mitigated by increasing the
flexibility and reducing the weight of the microelectrodes, as well as by
coating/embedding the microelectrodes in gelatin [17, 59-64]. While these and other
studies have focused on implantation into cortical (more superficial) tissue, there is
a lack of neuro-electronic interfaces that can be precisely implanted in deep brain
tissue and reside stably in the tissue.

Parkinson's disease and Deep Brain Stimulation

A common clinical application for DBS is for treatment of symptoms of PD. PD is
the second most common neurodegenerative disorder. It is caused by the loss of
dopaminergic neurons in Substantia Nigra (SN) pars compacta, and is characterized
by slowness of movement, rigidity, postural abnormality, and tremor [65-68].
Dopamine (DA) replacement using the DA precursor levodopa is still the golden
standard treatment for relieving the motor symptoms of PD [69, 70]. However, in
later stages of PD, one-third of patients treated with levodopa develop motor
fluctuations and dyskinesia, which substantially decrease quality of life [71-73].
These patients can still benefit from DBS in the basal ganglia region [74].

However, while current DBS can effectively restore motor functions in PD in many
cases, side effects like gait ataxia, speech disturbances, behavioural changes like
aggression, depression, and restlessness, changes in blood pressure, and paresthesia
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are frequently reported [75-77]. The adverse effects are assumed to be, at least
partly, due to spread of current to undesired areas within or outside the stimulated
nuclei, which is in turn due to the large size of the currently used electrodes [78,
79]. Other reasons for the adverse effects of DBS include the size of the injury
caused by implantation, inaccurate choice of stimulation parameters, and the
inability of rigid electrodes to follow micromotions of the brain. All these factors,
can cause tissue reactions, which in turn lead to inflammation, astrocytic responses
and microglial activation [80]. Notably the scarring around an implanted DBS
electrode may extend almost a millimetre from the electrode surface which has a
diameter of 1.2—1.4 mm [81, 82]. Thus, there is a need for developing miniaturized
neuroelectronic interfaces which can stimulate locally and also reduce implantation
induced injury and tissue reactions. However, as mentioned above, single
microelectrodes may not suffice to provide therapeutic effects. A conceivable
approach is therefore to make use of multiple microelectrodes that together can
provide efficient stimulation.
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Aims of the thesis

The purpose of this thesis was to develop novel biocompatible neuro-electronic
interfaces, and implantation methods, which allow stable recordings and spatially
precise stimulation of the brain. The specific aims were to:

1. Develop a novel gelatin embedded array of microelectrodes, for deep brain
recording and stimulation, and evaluate its electrophysiological and
biocompatibility properties.

2. Clarify if multichannel microelectrode based micro-stimulation can be used
to obtain high stimulation specificity and to reduce stimulation-induced side
effects.

3. [Evaluate a novel low-friction insertion vehicle with respect to implantation
induced brain trauma and acute tissue reactions.
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Methods and rationale

A brief description of the methods will be given in the following sections. Please
refer to the individual studies (appendix) for a more detailed description of methods.
The Malmé/Lund animal ethics committee on animal experiments pre-approved all
the animal experiments. Adult female/male Sprague-Dawley rats weighing about
200-250 g were used. Animals received food and water ad libitum and were kept at
a controlled environment of 21°C and 65% relative humidity, 12-hour day-night
cycle. In Paper-III, the day-night cycle was reversed for the animals.

Electrode bundles embedded in gelatin

In Paper-1, we used bundles of 29 platinum (Pt) wires (Advent Research Material,
England), with an individual wire diameter of 12.5 um plus an insulating layer of
parylene C (4 um). To enhance the quality of soldering, the proximal ends of the Pt
wires were de-insulated and gold plated before soldering them to the gold plated
pads of the printed circuit board. For recording purposes, the distal parts of the
electrodes were de-insulated (25 = 5 um from the distal end), using a UV laser (wave
length 355nm, energy density 1.89 J/cm?) (Standard micro-milling system, New
Wave Research Class 1, USA). To decrease the impedance of the recording sites,
the effective surface area of the recording sites was enhanced by briefly exposing
them to high power UV laser (wavelength of 355 nm, energy density 6.9 J/cm?).
The microwires were then embedded in gelatin by slowly dipping (1.2 cm/min) in
a solution of 27.5% gelatin (120 Bloom strength, VWR international, Sweden),
6.9% polyethylene glycol 400 (PEG) (Sigma-Aldrich Chemie GmbH, Germany),
and 1.4% glycerol (VWR, BDH Prolabo, France) dissolved in deionized water.
Glycerol and PEG were added to create a smooth surface of the gelatin probe and
to reduce tendencies to bend during drying. Finally, the electrode bundle was placed
in a mold, and additional gelatin solution was injected through a side-channel to
form a probe with a stiff shaft and a conical tip. The construct was allowed to slowly
dry at room temperature (RT), 21% relative humidity. To delay the dissolution time
of gelatin when inserted into the brain, the shaft of the gelatin probe was dip-coated
(speed 6 cm/min) with two layers of 5 % Kollicoat TM MAE 100P (Sigma Aldrich
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Sweden AB) dissolved in absolute ethanol. An un-insulated silver wire (150 pm in
diameter, Advent research material, UK) was soldered to the PCB and served as
animal ground.

In the second study (Paper-I1), preceded by extensive pilot testings, a number of
adjustments of the gelatin techniques and also of the microelectrodes themselves
were introduced. Medical grade gelatin (Gelita, Medella Pro 1500, USA) was used
without any additives. Bundles consisting of 16 Pt/Iridium (Ir) alloy (90% Pt/10%
Ir) wires with a diameter of 12.5 pm (California Fine wires, USA), insulated with 4
um layer of parylene C, were used. The assembly of the probe is outlined in Fig. 1.
The distal part of the wires was de-insulated for a length of 600 um by focused low
power UV laser (wave length 355 nm, energy density 1.89 J/cm?) and then briefly
exposed to high power UV laser (wave length 355 nm, energy density 3.3 J/cm?) to
create a roughened contact surface with low impedance. The microwires were then
cut at both ends, and the proximal ends (to be attached to the contact) were de-
insulated using a butane flame and pre-tinned to facilitate soldering.

Fig. 1. Various steps in development of a microelectrode probe. (A) Pt/Ir single microwire (diameter 12.5 pm)
insulated with Parylene C. The distal end of the wire is de-insulated 600 pm, and has a silicone cushion at its tip. (B)
Gelatin flake containing four microwires (C) Four flakes stacked together and molded in gelatin to produce a 16
microelectrode cluster array. Reprinted (adapted) with permission from Paper-II.
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Silicone cushions in a range of 50-100 pm were manually attached to the distal part
of the electrodes under a microscope. The silicone cushions were added to minimize
the risk of tissue injury and puncturing of blood vessels during insertion of the
microelectrodes. After curing the silicone, the microwires were dipped in 30%
gelatin solution (289 Bloom strength) at 50°C to a length of 1500 um from the distal
end.

Groups of four gelatin dipped microwires were aligned in parallel, using a fine brush
and 90% ethanol, on an non-adherent plastic surface (Polypropylene copolymer,
Gillbert Curry Industrial Plastics Co Ltd, UK) for a length of 1 cm from the distal
end. The aligned microwires were kept on dry ice for 20 min and then sprayed with
10%, 50°C low Bloom gelatin (101 Bloom strength) using an airbrush (Iwata gravity
feed dual-action airbrush, Anest Iwata-Medea Inc, Portland, USA), to create frozen
flakes of gelatin (Fig. 1B) fixating the wires. The gelatin flakes were allowed to dry
at RT for 1h and then removed from the polypropylene sheet. Four gelatin flakes
were stacked and aligned in custom-made plexiglass molds (Prototech AB,
Helsingborg). Gelatin, 30% (101 Bloom strength) at 50°C, was injected into the
mold for embedding the stacked electrode flakes and allowed to slowly dry at RT
with 50% relative humidity in a temperature and humidity-controlled chamber
(Rcom, Kingsuro Max 20 digital Incubator). The non-embedded proximal de-
insulated tips were soldered to 16 pins on a male Omnetics connector (Plexon,
CON/32m-VA8828-001, USA) under a stereomicroscope (Olympus, Szx7 0.5-4X,
Japan). A non-insulated Pt wire (25 um, PT005114, Goodfellow Cambridge Ltd,
UK) was soldered to a pin dedicated to ground on the Omnetics contact and served
as animal ground during stimulations. The proximal parts of the electrodes and the
animal ground wire, along with the un-insulated pins of the contact board were then
covered with Epoxy (Epoxy Technology, Epotek OG198-54 and 55, USA) and
cured with UVB light (Honle, Blue Point Eco Led, Germany). Finally, the electrode
bundle was removed from the mold and stored at -20 °C until implantation.

Gelatin embedded needles

In Paper-111, stainless steel needles (diameter 100 um) were embedded in 30%
gelatin (101 Bloom strength, Gelita, Medella Pro 1500, USA) dissolved in de-
ionized water, using custom made molds (inner diameter 350 pm). The gelatin
embedded needles were allowed to dry at RT for four hours followed by drying in
a vacuum chamber for six hours. One group of gelatinized needles were frozen on
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dry ice and then dipped twice in 4°C de-ionized water to form an ice-coat. The ice-
coating of the gelatinized needles was done just before implantation surgery.

Anesthesia and Surgery

Surgeries were done under deep anesthesia. Types of anesthesia used in Paper-1, -1
and -III are outlined in Table.1. After shaving the rats” head, the animals were
mounted in a stereotactic frame and a midline incision was made. Connective tissue,
bone and dura mater were removed thus exposing the cortical surface.

In Paper-I, the implantation of the electrode array was done in three steps: i)
insertion of the probe to pre-target (1 mm above target) with a speed of 100 um/s,
i) waiting for 10 min allowing swelling of gelatin to separate the microwires and
iii) slow insertion (10 um/s) into the target area.

Table.1. Summary of the types of anesthesia used in Papers I, Il and Il

Implantation Surgery Neuronal recording 6-Hydroxydopamine lesions
Fentanyl (0.3 mg/kg) + A mixture of 1% Isoflurane,
Paper -l Medetomidine 30-40% oxygen, Not applicable

hydrochloride (0.3 mg/kg) 60-70% nitrous oxide
A mixture of 1.2-2 %

Fentanyl (0.3 mg/kg) +
Isoflurane, ) S .
Paper-ll 30-40% oxygen, Not applicable Medetomidine hydrochloride

0.3 mg/k
60-70% nitrous oxide (0.3 mg/kg)

A mixture of 1.2-2 %
Isoflurane, ) .
Paper-lll 30-40% oxygen, Not applicable Not applicable

60-70% nitrous oxide

In Paper-1II, a unilateral lesion of dopaminergic neurons were made by injecting 6-
Hydroxydopamine (6-OHDA; 3-3.5 pg dissolved in 0.02% ascorbic saline) in the
medial forebrain bundle [83]. The animal was then allowed to wake up and recover.
Two weeks later, the electrode probe was implanted using a robotic stereotactic
instrument (Neurostar, Robot Stereotaxic instrument, Germany). A faster three-step
insertion procedure, guided by preceding in vitro tests in saline, was used as
compared to that in Paper -1, and comprised: i) insertion of the probe to pre-target
(3mm above target) with a speed of 1 mm/sec, ii) waiting time of 4 min, and iii)
slow insertion (50 pm/s) to the target area.

In Paper-I1I, four stab wounds were made, two in each hemisphere, using gelatin
coated stainless steel rods with or without a coat of ice: The needles were inserted
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into striatum to a depth of 5 mm with a speed of 1000 um/s. After a waiting time of
10 min, the central, stainless steel rod was retracted at a speed of 100 pm/s.

Characterization of electrodes in vivo

In Paper-I and -I1, in vivo electrical impedance was regularly measured at 1 kHz
frequency for 6-8 weeks either using a Plexon stimulator 2.0 (Paper -1, Plexon Inc,
Texas, USA) or a NanoZ impedance tester (Paper-III, Plexon Inc, Texas, USA).
This was made to assess the integrity of the implanted electrodes and the stability
of the electrode-tissue interface.

In Paper-1, extracellular electrophysiological signals were acquired in anesthetized
rats, starting 1-day post-implantation. The implanted probes were connected to the
Plexon acquisition system (Plexon Inc, Texas, USA) via a head stage connected to
a pre-amplifier. The acquisition of neuronal recordings was made once per week for
up to 8 weeks post implantation. A band-pass filter (250-8000 Hz), excluding low
frequency local field potentials, was used for neuronal recordings. Spike detection
was performed by applying a negative threshold equivalent to four times the
estimated noise level of the bandpass-filtered signals. Noise level estimation was
performed by using median absolute deviation (MAD) estimator, given by:

_ median(|v(n)l)
N =TT 06745

where oy is the estimated noise level and |v(n)| is the absolute value of the band-
pass filtered signal. Detected spike-waveforms were sorted using principal
component analysis (PCA) for feature extraction and Gaussian mixture models
(GMM) for clustering [84].

The signal to noise ratio (SNR) of single units was calculated as peak to peak
amplitude divided by twice the standard deviation of the residuals of spike
waveforms after subtracting the mean waveform.
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Behavioural tests

In Paper-II, we evaluated the effects of DBS on motor behavior in 6-OHDA lesioned
rats using the open field setting and limb use asymmetry/cylinder tests.

Open field

An open-field setting (essentially a container of 80x80 cm) was used to assess
exploratory behavior and general activity level before and during DBS. The animal's
movements were monitored using a camera (Logitech HD pro webcam c920,
Logitech Inc), and a head-mounted 3D-axes accelerometer (ADXL337, Analog
devices Inc.). An in-house developed program in Matlab (MATLAB, 2019, Natick,
Massachusetts: The MathWorks Inc., 2019) was used to analyze the animal
movements offline. Two LEDs (blue towards nose and red towards neck), were
mounted on the accelerometer attached to the rat’s head stage, permitting
recognition of the head-position and direction of movement. The total displacement
of the head after stimulation-onset was taken as the displacement of the rat.

Limb use asymmetry/cylinder test

In the cylinder test, the rat was put in a clear glass cylinder (40 cm high and 20 cm
wide), and as the rat explores and leans against the cylinder wall, the number of
touches using the left or right paw were counted and used to quantify usage
symmetry. Mirrors were mounted behind the cylinder test to facilitate the visibility
of the rat from all sides. The test was video recorded and counting of usage of left
and right paws was done offline using an in-house developed software in Matlab
(MATLAB, 2019, Natick, Massachusetts: The MathWorks Inc., 2019). To evaluate
the effects of DBS on limb use asymmetry, the cylinder test was performed both
with stimulation off and stimulation on.

Deep brain stimulation protocol

DBS was performed using an implanted 16 channel electrode array connected to a
constant current Plexon stimulator (Plexon Inc, Texas, USA) via an Omnetics
connector, and a commutator which allow unrestrained animal movement. The
experimental protocol for the 6-weeks DBS evaluation is outlined in Fig. 2.
Stimulation was performed once a week, using biphasic charge-balanced pulses
with a pulse width of 60 psec and a frequency of 160 Hz. All stimulations were
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controlled via programs written in Matlab (MATLAB, 2019, Natick, Massachusetts:
The MathWorks Inc., 2019).

For identifying optimal parameters for stimulation current, all working electrodes
in the probe were initially stimulated simultaneously with increasing current
intensities in steps of 2 pA starting from 10 pA. The lowest current power, at which
clear changes in motor behavior were evident, was taken as the base threshold
current.

Open field Open field Open field Open field session 4
session 1 session 2 session 3 (4 electrodes
combination)

Week 3

Limb use Limb use
assymetry test assymetry test
(Cylinder test ) (Cylinder test )

Fig. 2. Experimental design and timeline followed during DBS expirement for each rat. Search strategy-I, to find
the most effective electrodes, was evaluated in open field session 1, 2 and 3 using combinations of eight active
electrodes. In addition, synergetic effects, of using multiple electrodes, on threshold current were evaluated in session
1-3. Search stratergy-Il, to find the most effective electrodes, was evaluated in open field session 4, where combinations
of four active electrodes were tested. During week five and six, effects of stimulation on limb use assymetry were
evalauted in cylinder tests. Reprinted (adapted) with permission from Paper-II.

Strategy-1

To determine which combinations of electrodes improves the motor behavior, 26
combinations (out of 12870) of 8 electrodes were arbitrarily defined, such that each
electrode was included an equal number of times. The stimulation current was fixed
to 1.1 times the base threshold current. Real-time monitoring of rat movements was
performed using a head-mounted accelerometer and video tracking of the LEDs
attached to the head stage of the animal. Stimulation commenced automatically
when the head-mounted accelerometer detected no movement for 1 sec. The
stimulation continued for 10 sec, then the software automatically stopped the
stimulation and continued to the next combination. The software automatically
determined the displacement score for each electrode in a given session using video
tracking of the LEDs attached to the accelerometer on the rat’s head stage. Based
on the summed displacement scores, resulting from the 26 combinations, the
electrodes reaching the highest total scores were determined.
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Synergy testing

For evaluating the synergy effects of increasing the number of active electrodes
(from one to four) on the threshold current per electrode, we started by using the
highest ranked electrode and increased the current in steps of 2pA starting from
10 pA until apparent changes in motor behavior were observed. Following this, the
initial current was decreased to 10 pA, the second-highest ranked electrode was
added, and the current was again increased until apparent motor behavioral changes
were observed, and so on.

Strategy-1I

In a second search strategy to determine which combination of electrodes was most
efficient in inducing motor behavior, 42 (out of 1820 possible) combinations of four
active electrodes were used and displacement scores were calculated. The
combination was selected in such a way that each electrode was used 10-11 times
for stimulation. The stimulation current was kept at 1.1 times the threshold current
found during the synergy test using four electrodes.

Limb use asymmetry test/ Cylinder test

Baseline testing (for 2 min) with no stimulation was done at the start of the cylinder
test. After that, the stimulations were delivered using the four electrodes, with the
highest displacement scores in open field tests (Strategy-I). The stimulation current
used was the average threshold current found in synergy testing. In the events where
a symmetry of paw usage was not reached, the stimulation current was ramped up
in steps of 3pA. In the second cylinder test, the stimulations were delivered using
the four electrodes which got the highest displacement scores in the four-electrode
combination open field (week 6, see Fig. 2).

Insertion force measurement

In Paper-I11, the insertion force during implantation was compared between gelatin
embedded stainless steel needles with or without a coat of thawing ice. Insertion
forces were measured using a Micro Load Cell (0-100g, CZL639HD), in
combination with a PhidgetBridge 4-Input analog-to-digital USB interface (both
from Phidgets, Inc., Canada), attached to the micromanipulator.
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Histology

Tissue preparation

Rats were killed by an overdose of sodium pentobarbital after 8 weeks (Paper-I), 6-
8 weeks (Paper-11), 1 and 7 days (Paper-I1I) post-surgery. After confirmation of loss
of reaction to a painful stimulus, transcardial perfusion, with 80-150 mL of 0.9%
saline, was performed. This was followed by 300-320 mL of ice-cold 4 %
paraformaldehyde (PFA) in 0.1M phosphate buffer, pH 7.4 and finally with 80 mL
of saline prior to dissection of the brains. The brains were subsequently
cryoprotected in 20% sucrose solution, snap-frozen and sectioned using a cryostat
(Microm HM 560, Microm GmbH, Walldorf, Germany). The sections were 30 pm
thick coronal sections in Paper-1 and 16 um thick horizontal sections in Paper-II and
-III. The sections were mounted on glass slides (Super Frost plus, Menzel-Gléser,
Germany).

Staining of the tissue

Nissl staining, using cresyl violet, was performed to evaluate the location of the
electrodes (Paper-I). Immunohistochemical fluorescent staining was performed to
examine neuronal density (NeuN staining Paper-II and -III), microglia activation
(ED-1 staining Paper-II and -III), astrocytic response (GFAP-staining Paper-II and
-1II), and changes in blood vessel distribution (RECA staining, Paper-III). The
sections were also evaluate with regards to the extent of the 6-OHDA lesion
(Tyrosine hydroxylase (TH) staining, Paper-I11).

Cresyl violet staining

Tissue sections were recovered from the freezer, air-dried and immersed in
ethanol/chloroform (1:1) overnight, followed by rehydration through baths of
decreasing concentrations of ethanol (100%, 95%, 2 min). After washing the
sections in distilled water, the sections were stained with cresyl violet (Sigma) for 5
min (0.1% in 0.3% acetic acid in destilled water, Life Science products & services
company), after which sections were rinsed in destilled water and dehydrated
through increasing concentrations of ethanol (95% and 2x100% ethanol, 5 min/bath)
and xylene (2x, 5 min). Finally, the slides were coverslipped using DPX mounting
media (Fluka, Germany).
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NeuN, ED1, GFAP and RECA staining

Defrosted sections were rehydrated in phosphate-buffered saline (PBS, 3 x 10 min),
followed by blocking for 60 min with 5% normal goat serum in 0.25% Triton X-
100 in PBS to avoid nonspecific binding of antibodies. After the blocking step,
sections were incubated at RT overnight with primary antibodies (see Table.2., for
list of antibodies). This was followed by rinsing the slides in PBS and incubation
with the secondary antibodies goat anti-rabbit Alexa 594 (1:500, Invitrogen, USA)
and goat anti-mouse Alexa 488 (1:500, Invitrogen, USA) for 2h at RT in light sealed
containers.

Table.2. Summary of primary antibodies used in this thesis.

Antibody Host Expressed in Clonality Dilution Supplier

NeuN Rabbit Neurons polyclonal 1:500 Abcam, USA
égt“i-CDSSI Mouse Activated microglia Monoclonal 1:250 AbD Serotec, UK
GFAP Rabbit Astrocytes Polyclonal 1:5000 Dako, Denmark

Endothelial cells
RECA Mouse lining blood Monoclonal 1:1000 Bio-Rad, UK
vessels

Dopaminergic
TH Rabbit neurons and Polyclonal 1:1000 Pel-Freez, USA
neurites

Finally, all slides were rinsed in PBS and coverslipped using polyvinyl alcohol
mounting media with 1,4-diazabicyclo [2.2.2] octane (PVA-DABCO, Merck
/Sigma Aldrich, Sweden). The slides were stored at 4°C until analyzed.

TH staining

Evaluation of TH staining was performed to determine the extent of the 6- OHDA
lesions. Sections were allowed to defrost, washed in PBS (3x 10 min), and then
endogenous peroxidase activity was quenched by application of 0.3% hydrogen
peroxide for 15 min. After this, sections were rinsed in PBS, subsequently blocked
with 5% normal goat serum in 0.1% Triton X-100 in PBS for 60 min, and incubated
with primary antibody (See, Table.2.) overnight in the fridge. The following day,
sections were rinsed in PBS, incubated with a biotinylated goat-anti-rabbit
secondary antibody for 1 h (1:200, # BA-1000, Vector Laboratories, USA) at RT,
again rinsed in PBS, and incubated with VECTASTAIN Elite ABC Reagent in PBS
(avidin-biotin-HRP complex; Vectastain™ ABC Elite kit, #PK-6100, Vector
Laboratories, Burlingham, CA) for 1h at RT. After this, sections were rinsed and
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the antigen-antibody reaction was visualized using 3,3’ diaminobenzidine (DAB
Peroxidase substrate kit, #SK-4100, Vector Laboratories, USA). Finally, slides were
rinsed in distilled water and coverslipped using PVA-DABCO.

Image acquisition and analysis

Images were acquired using NIS-Elements BR software and a Nikon camera (DS-
Ril) mounted on a Nikon microscope (Eclipse 80i). Images were photographed at
10x and 2x and the settings for the gain, contrast and exposure time were kept
constant, for each specific marker within the separate studies, to enable
comparisons.

In Paper-1, light microscopy images were taken to confirm the location and examine
the spread of the electrodes. In Paper-11, the tissue was screened along the depth of
the electrode array, and images were captured within the electrophysiological active
depth range (stimulation site, 100-500 wm from the distal end of the microwires) to
assess the effects of implanted electrodes on the tissue. The proximity of neurons to
single wires was measured, changes in RECA and GFAP response were examined
and quantification of microglial activation around single microwires was performed
by measuring the thickness of the ED-1 immunoreactive ring around the wires.

In order to quantify the extent of the 6-OHDA lesions, low magnification images of
the whole section were obtained using an Olympus camera (SDF PLAPO 1X PF,
Olympus corporation) connected to a microscope (Olympus SZX2-TR30, Olympus
corporation). NIH ImagelJ software was used to measure the optical density of TH
fibers in the striatum. The corpus callosum in which TH-positive fibers are absent
was used as background. This background was subtracted before calculating the
variations in staining between the lesioned and non-lesioned side and the data is
presented as the proportion of TH loss on the lesioned side compared to the non-
lesioned side.

In Paper-III, images from sections in cortex (900-1300 um depth) and striatum
(3500-4200 pm depth) were captured. Neuronal density (NeuN density) was
evaluated in regions of interest (ROIs) beginning from the center of the insertion; 1)
ROI 1 =0-75 pm, ii) ROI 2= 75-150 um, iii) ROI 3 = 150-250 pum, and iv) ROI 4
= 350—450 pm (ROI 4 was located distantly from the stab injury and used for
normalization of the neuronal density). The NeuN detection limit was set at 3.3
times the mean background intensity. The neuronal density was expressed as the
fraction of NeuN stained area above threshold in relation to the total ROI area. To
determine the extent of neuronal loss at the insertion site, the area devoid of neurons
(neuronal void), in relation to this location, was encircled and measured.
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For microglia (ED1) and astrocytic (GFAP) staining, pixel intensity-profiles were
calculated using software written in Matlab. The pixel intensity-profiles along the
36 lines, 450 um long, radiating symmetrically from the center of the stab wound,
were calculated and averaged for each captured section. The data was binned into
four ROIs and normalized as described above for neuronal density estimation, with
the exception that the fourth ROI was moved further out to make sure that it was not
affected by any injury induced glial reaction. In sections containing part of a
ventricle inside the ROI, the ventricular area was subtracted from the quantified ROI
area.

For comparisons between the groups, the data was normalized to ROI 4, but for
comparisons within the gourps, i.e. between ROI 1-3 and ROI 4, non-normalized
data was used.

Statistics analysis

In Paper-1, all the comparisons were performed using the Mann-Whitney U test in
Matlab. GraphPad Prism 8.1.2 software (GraphPad Software Inc., USA) was used
to perform analyses in Paper-II and -III. In Paper-1I, one-way Anova with Tukey’s
multiple comparisons was used for all comparisons. In Paper-I11, the Friedman test
with Dunn’s multiple comparisons was used for comparing ROI 1, 2 and 3 with 4.
For comparing cold with RT or ice-coat, in Paper-III, either Friedman (where
matching values were present) or Kruskal-Wallis (where matching values were
missing) tests with Dunn’s multiple comparisons were used. For comparison of
insertion force measurement, Student’s t-test was employed. P-value < 0.05 was
considered statically significant.
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Results and Comments

Development of a novel probe for deep brain recording
and stimulation

One of the primary aims of this thesis was to develop a novel flexible
neuroelectronic interface with improved biocompatibility for achieving stable
recordings and increased stimulation specificity. To this end, we developed a
technique that involves embedding very thin, flexible microelectrodes in a
dissolvable gelatin needle, providing the required mechanical support to reach the
target tissue for recording (Paper-I) and stimulation (Paper-1I). Before reaching the
target area the insertion was paused in a pre-target area to let the gelatin body swell
and to separate the microelectrodes before advancing the last distance to the target.
This novel implantation procedure allowed implantation of all microelectrodes
through a relatively narrow track and subsequent separation into a cluster in the
target area. The procedure was calibrated in vitro by implanting the probe in an
agarose gel (0.5% in distilled water) and then the same insertion parameters were
used in vivo (Fig. 3A, B). To reduce the risk of injuring the tissue and puncturing
the blood vessels during insertion, we added silicone cushions to the distal ends of
the microwires in Paper-II (Fig. 1A).
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Fig. 3. Light field image of the spread electrode array in agarose (in vitro) and in the tissue showing the narrow

track-line and spread of the array in the target area (in vivo). (A) Spread of individual microelectrodes after
implanatation in agarose at 37°C (B) Cresyl violet staining of a brain tissue section visualizing spread of microelectrode

tips in vivo, (Scale bar: A= 250 pm, B

200 pum). Reprinted (adapted) with permission from Paper-I.
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Assessing the quality of deep brain recordings

We analyzed the quality of neuronal recordings of the developed probe (Paper-I) in
vivo with respect to noise levels, impedance and signal to noise ratio of single units
for 6-8 weeks (Fig. 4). Over the entire recording period, we were able to get high-
quality neuronal recordings with multiple single units from some of the electrodes
(Fig. 4A). As shown in Fig. 4B, while the median noise level increased significantly
over week 1-4 (from about 4 to 8 uV), the median signal to noise (SNR, 2.77 with
1.50 IQR) (Fig. 4C) and median impedance (Fig. 4D) (median 276 kQ, IQR= 522
kQ) remained stable. Hence, signal amplitudes increased over time. Together these
findings suggest a progressive normalization of the tissue around the implanted
microelectrodes.
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Fig. 4. In vivo characterization of electrode performance. (A) Typical sample of neuronal recordings (band pass
filtered). (B) Distribution of noise levels (median and interquartile range (IQR) throughout the recording period (N= total
number of working channels). (C) Distribution of SNR (median and IQR) of recorded channels (N= number of channels)
with identified single units. (D) Distribution of impedance (median and IQR) of recorded channels (N= the number of
working channels on which impedance was measured each week). The difference in N of (B-D) is largely due to a
difference in number of animals recorded per week. * =p<0.05, ** =P<0.01, *** =P<0.001. (Mann-Whitney test).. *
=p<0.05, ** =P<0.01, *** =P<0.001 (Mann-Whitney test).
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Assessing the effects of micro-stimulation via
microelectrodes

The effects of DBS via microelectrodes were evaluated in the 6-OHDA lesioned rat
model of PD using open field and limb use asymmetry test in a glass cylinder.

Open field test

The underlying hypothesis was that by selecting subgroups of implanted micro
electrodes that produce beneficial effects and not using electrodes producing side
effects, improved DBS would be accomplished. To evaluate this hypothesis we
developed two statistical search strategies to find an appropriate combination of
electrodes that are most effective in evoking displacement. Strategy-I (based on
combining 8 electrodes in each test) and Strategy-II (based on combining 4
electrodes in each test). In addition, we evaluated possible synergistic effects on the
stimulation threshold by using multiple electrodes to provide an idea of how many
of the cluster electrodes need to be used.

Strategy-I, The stimulation current was fixed to 1.1 times the threshold current for
evoking movements when using all microelectrodes. The mean threshold
current/microelectrode was 20.2 = 5.3 uA (mean + SD). We tested 26 combinations
each including eight electrodes during weeks 2, 4 and 6 (Fig. 2) and each
combination was tested 3 times, therefore 78 trials per session. Different
combinations of electrodes evoked different behavioral responses. Some
combinations evoked fairly similar behavioral outcomes. Behaviors elicited ranged
from increased locomotion, grooming and rearing, dyskinesia and increased
rotations. Movement trajectories (forward movement), during stimulation, when
using different sets of microelectrodes are shown in Fig. 5A, B.

Strategy-I1, The stimulation current was kept at 1.1 times the threshold current
found during the synergy test (see below) using four electrodes. 42 combinations
each including four electrodes (week 6) were tested. The average threshold
current/microelectrode was 36.6 + 3.5 pA (mean + SD), that is distinctly higher than
when using 8 electrodes (see above). Stimulation with combinations of four
electrodes evoked a similar plethora of behaviors as evoked when using a
combination of eight electrodes (Fig. 5C, D). The four-electrodes which scored high
in search Strategy-I varied to a certain degree from the best four electrodes found
in the search Strategy-I1, indicating that multiple combinations of electrodes can
provide beneficial effects.
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Fig. 5. Effects of different combinations of electrodes in the same rat. (A) Trajectory of movements during
stimulation with combinations of eight electrodes consistently evoking forward displacement (T1,T2 and T3 represent
trial 1, 2 and 3 in session 1. (B) Example of combination of eight electrodes,which evoked no movements in session 1.
(C) Example of movement trajectory evoked using combination of four electrodes in session 4. (D) Example of rotational
activity elicited using another combination of four electrodes in session 4. The electrode cluster is represented by the
dots in the right corner of each panel. Active (stimulating) electrodes are represented by pink dots, while blue dots
represent the inactive electrodes (not being used for stimulation). Reprinted (adapted) with permission from Paper-II.

Interestingly, very similar behavioral changes were evoked using the same set of
electrodes in separate sessions of the experiments. For instance, the set of electrodes
that evoked locomotor activity or rotation or no movement in one session, continued
to evoke similar behavior in the following sessions. These results show that, by
choosing an appropriate group of electrodes, a highly specific behavior can be
elicited indicating that a high level of stimulation specificity can be achieved.

Synergy testing

We evaluated the synergistic effect, of using multiple electrode combinations, on
the threshold of stimulating current (per electrode) for evoking motor changes when
increasing the number of electrodes from 1 to 4. The four electrodes which got
maximum displacement scores in the search Strategy-I were chosen for analyzing
the synergistic effects of multiple electrodes. As can be seen in Fig. 6, the
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threshold/electrode was significantly reduced when using more than one stimulating
electrode. The threshold current when using four electrodes together was
approximately 50% lower than the threshold current of a single electrode
(P<0.0001).
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Fig. 6. Mean threshold current (horizontal line) and individual threshold values (black dots) when using 1-4
electrodes. When using multiple electrodes, the mean thershold current per electrode was significantly reduced as
compared to using a single electrode (**P<0.01; ***P<0.001, ****P<0.0001). Reprinted (adapted) with permission from
Paper-Il.

Limb use asymmetry test/ Cylinder test

We then moved on to evaluate the effects of stimulation on the usage of the impaired
forelimb, selecting microelectrodes on the basis of their beneficial effects on
locomotion (using search Strategy-I and -II). During the baseline testing, when no
stimulation was applied, the rats either exhibited no movement or mostly used the
unimpaired forelimb (ipsilateral to lesion) while rising up and leaning against the
glass wall. In three of five animals tested, a combination of the four electrodes which
got the highest displacement scores using search Strategy-I, significantly improved
the usage of the impaired forelimb, reaching close to equal usage. In the fourth
animal, the stimulation current had to be increased in order to reach symmetry in
the usage of the forelimb. The fifth animal, which only had a partial lesion of the
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dopaminergic neurons exhibited symmetry in the usage of the paws already prior to
stimulation and did not further improve during stimulation. By contrast, in the
second cylinder test in which the four electrodes which showed the highest
displacement scores in search Strategy-II were used, this often did not restore the
forelimb asymmetry in the cylinder test. It thus appears that while many
combinations of microelectrodes could produce beneficial effects on locomotion not
all of them help restore motor control of the impaired forelimb.

Effect of the implanted electrode on surrounding tissue

We evaluated the effects of the implanted electrodes on surrounding neurons, glial
activation and blood vessels appearances in Paper-I1.

NeuN (red)/ ED1 (Green)/ DAPI (blue) NeuN (red)/ ED1 (greén)

Fig. 7. Inmunofluorescent staining of tissue reactions to an implanted microelectrode cluster. (A) NeuN (red),
ED1 (green) and DAPI (blue). Rectangular box delineates the area magnified in B. (B) NeuN and ED1 staining near a
single microelectrode in an area with high neuronal density. (C) GFAP and (D) RECA-staining of the same area 80 um
below the section in A . Scale bars= 50 um. Reprinted (adapted) with permission from Paper-II.
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Neuronal cell bodies were found in close vicinity (<10pum) of the individual
microwires (Fig. 7A, B), at the depth corresponding to the stimulation site in all
animals. Examination of GFAP staining revealed a diffuse astrocytic response
around the single channels, with no apparent signs of condensed glial encapsulation
(Fig. 7C). In addition, the response of the activated microglia was quantified around
the single wires at electrophysiological relevant depth. Minute rings of activated
microglia were observed around the voids left in the tissue after pulling out the
microelectrodes. The average thickness of these rings was 8.9 + 5.8 um (Mean £SD,
Fig. 7B). Evaluation of RECA staining revealed no obvious changes in blood vessels
density around the wires in the area of implantation (Fig. 7D).

Effects of hypothermia and ice-coat on the tissue
response

To evaluate whether lowering the temperature of gelatinized probes to near 0°C has
an effect on the tissue response, we compared the tissue response to implanted RT
and cold (near 0°C) gelatinized needles. The tissue reactions were evaluated in
cortex and striatum 1, and 7 days post stab with respect to neuronal density, neuronal
void, microglial and astrocytic responses. No significant differences were observed
between the two groups indicating that a mere reduction of temperature of the
implant to ~0°C (from room temperature) does not affect neuronal survival or glial
reactions.

To evaluate the effects on the tissue of adding a low friction ice-coat (thawing during
insertion and therefore reaching near 0°C) around the gelatinised needles, the
neuronal density, neuronal void as well as microglia activation and astrocyte
response in the ice-coated needle group were compared to the cold needle group.
The comparison was done in the cortical and striatal tissue at 1, and 7 days post stab
in ROI 1, 2 and 3. Also, the neuronal densities in ROI 1, 2 and 3, were compared to
their respective ROI 4. No substantial effects were seen on the glial reactions.
Therefore, only the results on neurons are accounted for below.

One day post stab, the neuronal density in ROI 1 and 2 (i.e. within the track), in the
ice-coated needle group was significantly higher than in the cold needle group (Fig.
8A, B) (ROI 1: 394% higher, P <0.05; ROI 2: 116% higher, P<0.001). When
comparing, ROI 1, 2 and 3 to their respective ROI 4, there was a significant
reduction in neuronal density for the cold needle group in ROI 1 (95%; P <0.0001)
and ROI 2 (69%; P <0.01), but only in the ROI 1 (79%; P < 0.01) for the ice-coated
group. In the striatum, a marked reduction in neuronal density in comparison to ROI
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Fig. 8. Neuronal density 1 day after stab wound injury. (A) Representative immunohistological images of NeuN
staining both in the cortex and the striatum one day post stab injury, comparing injuries due to cold gelatinized needles
(~0°C), gelatinized needles at RT and gelatinized needles with a thawing ice-coat. (B) Neuronal density expressed as
the ratio between the NeuN-stained area above the threshold and the total ROI area (In cortex; n = 10 for all groups. In
striatum; n = 8 for cold and RT and n = 9 for ice-coated needles (Kruskal-Wallis Test, *P<0.05, **P<0.01). Reprinted
(adapted) with permission from Paper-Ill.
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4 was found in the cold needle group only, and this was also limited to ROI 1. By
contrast, in the ice-coated needle group, there was no significant reduction in
neuronal densities of ROI 1,2 and 3 when compared to ROI 4.

Seven days post stab, there was no significant difference between the neuronal
densities of the ice-coated needle group when compared to the cold needle group in
either cortex or striatum. When comparing ROI 1, 2 and 3 to ROI 4, the neuronal
density in the cortex was significantly reduced in ROI 1 in both groups (67% for
ice-coat, 87% for cold; P <0.05). In the striatum, the neuronal density was, however,
only reduced in the cold needle group, and confined to ROI 1 and 2 (52% and 40%
respectively; P <0.01).

One day post stab, the size of the neuronal void was significantly smaller in the
cortex for the ice-coated needle group compared to the cold needle group (P <0.01).
There was no significant difference between the groups with respect to neuronal
void at 7 days post stab, in cortex or striatum. These results together indicate that
reducing the relative resistance between the implant and tissue by coating the probe
with a super slippery ice-coat can mitigate the initial injury caused during
implantation.

Effects of ice-coat on insertion force

After having found a major difference in tissue response when comparing ice-coated
gelatinized needles with cold gelatinized needles, we further measured and
compared the insertion forces exerted by these two groups during implantation.

As can be seen in Fig. 9, the insertion force when implanting an ice-coated needle
was markedly reduced as compared to the insertion force when implanting a cold
gelatinized needle. The mean insertion force during the initial part of the insertion
(0-5 sec, penetration of meninges and brain) of ice-coated needles was 6.1 £2.3 mN
which was 45% (P < 0.01) lower than the mean insertion force for cold gelatinized
needles (11.1 = 3.9 mN). The mean total force during the first 5 min of implantation
(penetration + resting force phase) when using ice-coated needles was 3.2 = 1.4 mN,
which was 56% (P < 0.01) less than the mean total force for cold needles (7.2 + 3.0
mN). The mean resting forces, at 8-10 min post-insertion, were similar and almost
negligible (~0.4 mN, less than 5% of maximum) for both needle groups.
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Fig. 9. Mean insertion force during insertion of cold gelatinised needles and Ice-coated gelatinized needles.
Mean represented by solid lines and 95 % confidence interval (dotted lines) plots for ice-coated gelatinized needles
(black, n = 8), and cold gelatinized needles (red, n = 8) inserted to a 5 mm depth at 1 mm/s speed, shown for t = 0—1
min and t = 0-10 min. Yellow shaded region denotes the 5 s penetration phase. (Student’s t-test, P<0.01). Reprinted
(adapted) with permission from Paper-Ill.

It can thus be concluded that the reduction in insertion force resulting from ice-
coating is accompanied by beneficial effects on neuronal density.

45






Discussion and future perspectives

In the present thesis, novel microelectrode array designs and processes of
manufacture, as well as implantation methods, were developed to mitigate injury
and tissue reactions and to allow clusters of ultrathin microelectrodes to be
implanted in deep brain targets to be used for stable neuronal recordings and highly
specific stimulation in awake freely moving rodents.

Novel implantation technique for improving
biocompatibility

Implantable neuroelectronic interfaces have contributed significantly to our general
understanding of brain physiology during normal and pathological conditions.
However, their very insertion inflicts mechanical injury which leads to an immune
response. This changes the normal physiochemical milieu of the tissue [41]. Acute
changes in the neuronal environment includes tissue strain, blood-brain barrier
rupture, signaling blockade, and loss of perfusion and formation of a microglia/
astrocytic capsule around the implant [41]. As a consequence, a reduction of the
acute injury is of key importance. For this reason, many previous studies have
analyzed parameters such as insertion speed and tissue resistance [47, 85].

Previous studies have shown that thin and flexible microelectrodes are more
biocompatible [17, 60, 61]. However, they are prone to mechanical buckling and
consequent deviation from the intended track during implantation. Therefore,
various methods have been developed to implant flexible microelectrodes. For
example, methods adhering flexible electrodes to a stiff guide during implantation
and removal of the stiff guide once electrodes are in place [86], or passing
microwires through a guide tube [87], have been used. However, the insertion of a
stiff guide or guide tube causes tissue damage due to their bigger size (than the
electrodes). In addition, their subsequent removal from the tissue may displace the
implanted microelectrodes. Other methods that have been used to implant flexible
electrodes is coating them with sugar [88], or PEG [89]. One problem with these
types of coating is that, the glue dissolves fast when in contact with body fluids,
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making it difficult to implant in deep brain tissue and reach the intended target depth
with accuracy. Given that the highest insertion resistance during implantation occurs
at the meninges, topical application of collagenase enzyme has been tried to open
them and reduce the resistance [90]. However, these latter implantation techniques
still depend on sufficient inherent stiffness of the electrode. It should also be noted
that most flexible microelectrodes have been developed for cortical recordings. The
problem of instability during insertion of flexible electrodes is much bigger when
implanting in deeper targets.

In this thesis, we were, for the first time able to implant ultrathin microelectrodes in
deep target structures, without the support of stiff guides or cannulas, by embedding
them in dry gelatin. Gelatin is known to be highly biocompatible, non-allergenic,
and after implantation in the brain, it is degraded to amino acids by resident matrix
metalloproteinases (MMP-2 and MMP-9) [62]. Previous studies in our laboratory
have also shown that gelatin significantly decreases microglial reactions, enhances
neuronal survival, and helps in faster reparation of the blood-brain barrier near the
implantation site [17, 62, 64].The gelatin material is thus not only a vehicle but also
significantly contributes to an improved situation in the tissue after implantation.
The finding in this thesis of relatively high amplitude neuronal signals (Paper-I),
low stimulation thresholds (Paper-1I), neurons in close vicinity (<10 pm), and
minimal microglial and astrocytic responses (Paper-1I), confirms a high
biocompatibility of the gelatin. However, the mechanisms behind the beneficial
effects of gelatin are still not entirely clear. One possibility is that gelatin provides
a relatively low friction outer layer when hydrated and that low friction during
insertion reduce damage to the neuronal tissue. This “mechanical injury” theory is
in line with the idea that neurons are exquisitely susceptible to microforces [59]. To
further analyze the role of friction, we developed a super slippery coating on the
gelatin vehicle, i.e. the addition of an ice-coat. Indeed, the reduction of insertion
forces, despite a larger diameter of the probe, was accompanied by a significant
reduction of the acute loss of neurons and notably minute residual forces 8-10
minutes after insertion. These result thus supports the idea that friction (tearing
forces) during insertion is of importance (Paper-III). Conceivably, the nanofiber
web of the meninges and extracellular matrix cannot cling to melting ice during the
insertion. Since there was no difference between the RT probes and the frozen
probes (held at 0°C during insertion), the effect of the ice-coat was not due to low
temperature. That frozen probes did not do any harm also opens up interesting future
possibilities.
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Deep Brain Recording

Neuroelectronic interfaces, which can be used to record neuronal signals and
stimulate for long time with spatial precision, are of high importance not only for
functional understanding of complex neural circuitry but also for therapeutic
neuromodulation. However, the performance of implanted neuroelectronic devices
has been quite variable in the past and often show progressive deterioration over
time (few weeks, months or years) after implantation [91]. The progressive
deterioration of recording capacity of implanted devices is assumed to be due to
progressive tissue reactions driven by microforces between the tissue and the
implant [35, 40, 92]. Flexible microelectrodes, which can better follow
micromotions of the brain may therefore mitigate the problem [17, 93]. Thus to
improve mechanical compliance between the implant and tissue, flexible polymer
(such as polyamide and parylene) based neuroelectronic devices have been
developed [32, 94, 95]. However, the majority of these types of devices are designed
for cortical recording [96]. Hence, much of what is currently known on neuronal
signaling in deep structures in awake freely moving animals is still based on
recordings using stiff electrodes that induce considerable tissue reactions. To enable
implantation of ultra-flexible microelectrodes into deep targets we made use of
needle shaped gelatin vehicles allowing multiple electrodes to be inserted through a
narrow track-line to pre-target levels and then made to spread out in the target area.
During the entire period of eight weeks after implantation, the overall impedance
and SNR remained stable. In view of that the impedance of implanted electrodes is
known to be affected by the tissue reactions [97], normally increasing during the
first weeks, in parallel with an increasing gliosis [98, 99], the stable impedance we
found indicates a more stable, i.e. non-increasing, gliosis around ultra-flexible
microelectrodes. In addition, the stable SNR found in Paper-1, indicates preservation
of viable neurons near recording sites which was confirmed in the subsequent
histological examination in Paper-II. Notably, the quality of the recordings did not
decline significantly during the eight week observation time, which is in sharp
contrast to previous studies [100, 101].

Deep Brain Stimulation

Implanted electrodes for electrical stimulation of neurons have been widely used
both in the clinic and research. Currently used clinical DBS electrodes, for treatment
of e.g. Parkinson disease, are rather large often in the millimetre scale, as compared
to microelectrodes used in research. Consequently, the tissue reactions and loss of
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neurons are typically in the millimetre scale [102] precluding precise stimulation of
smaller groups of neurons. Due to the relatively large surface area of their
stimulation site, current can be ejected that effectively stimulate neuronal tissue
beyond the scarring. However, the profuse spread of the current necessary to
produce beneficial effects, in turn hinder a detailed analysis of the underlying
neuronal mechanisms of the beneficial effects. Consequently, the mechanisms
behind DBS are still poorly understood [103]. Moreover, adverse effects, caused by
current spread to unintended brain areas, are often difficult to avoid [78]. Hence,
while DBS of the subthalamic nucleus (STN) can be highly effective in treating the
motor symptoms of PD patients, it has been associated with worsening of speech
and cognitive symptoms [104, 105]. To mitigate these problems, the latest DBS
electrode design (“Cartesia” from Boston Scientific, “Model 6180 from Abbott)
for clinical use is equipped with multiple segmented stimulation sites along the
circumference of the probe [39], allowing steering of stimulating current in a pre-
defined horizontal plane [106]. This novel design partially solves the problem of
how to avoid side effects [107]. However, since stimulation sites are placed on the
same physical body, differential stimulation of functionally distinct territories
within the same nuclei is far from optimal (Fig. 10A).

Microelectrodes can only stimulate neurons locally (Fig. 10B) due to their smaller
surface area when adhering to established safety levels (30 uC/cm2), [108, 109],
and therefore need to be precisely positioned in the tissue. However, it is presently
not clear whether the stimulation should be made within or outside the STN (for
example in zona incerta) to produce optimal beneficial effects [110-112]. Given
that, the exact brain sites to be stimulated are not yet well defined, it becomes
challenging to locate the right spot to microstimulate for achieving therapeutically
beneficial effects. One of the main aims of this thesis was therefore to evaluate if
micro-stimulation, based on a cluster of microelectrodes spread out in a target area,
is a viable option for brain stimulation in the clinic. To overcome the problems of
limited stimulation range of microelectrodes, a cluster of ultra-flexible (and
therefore biocompatible) microelectrodes was developed and evaluated (Paper-II).
The hypothesis was that by selection of appropriate subsets of microelectrodes, that
produce beneficial effects upon stimulation, an increased stimulation specificity and
a reduction of side effects can be achieved.

This hypothesis was confirmed in a rat model of PD. Importantly, stimulation
thresholds for therapeutic effects were well below safety levels. Although
promising, it remains to be evaluated if ultra-flexible microelectrodes will be able
to deliver sufficient stimulation current in animals/humans with a bigger brain size.
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Fig. 10.Schematic comparision of the stimulation field produced by a conventional DBS electrode and the
developed multichannel cluster electrode. (A) Conventional DBS electrode with four stimulation sites. (B) DBS
electrode developed in this thesis with multiple stimulating microelectrodes. Violet color indicates the active
channel/sites and yellow color indicates the spread of stimulation current. Green colored circle represents the
neurons/pathways, which evoke the good therapeutic effects upon stimulating. Red colored circles represents neurons/
pathways which evoke side effects upon stimulation.

The fact that the threshold current for therapeutic effects was much lower when
using multiple microelectrodes compared to using a single microelectrode suggest
that the problem of limited current delivery can be overcome by using many
microelectrodes in larger brains. However, an increased number of microelectrodes,
will, of course, also increase the time consumption to find the most effective
electrodes, given the increased number of possible microelectrode combinations.
For example, there are 12870 possible combinations of 8 electrodes that can be
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selected from a group of 16 electrodes. We, therefore developed a novel statistical
method to reduce the number of tests necessary to find useful combinations of the
microelectrodes. Interestingly, the statistical scanning method introduced in Paper-
I, required only a small number of trials to find beneficial combinations, indicating
that many combinations, not just one can be of therapeutic use.

One current trend in brain stimulation is to develop “closed-loop” stimulation, using
conventional electrodes, wherein stimulation is dependent on the information
extracted from recorded neuronal activity [113]. This way stimulation can be turned
on and off depending on the need. The cluster design of the developed
microelectrode probe, providing an increased specificity and reduced side effects,
can be tailored to allow closed-loop DBS, wherein a subset of microelectrodes is
used for detecting neural activity, and another subset for stimulation. Such electrode
constructs may, in combination with appropriate software, provide the basis for
dynamical fine tuning of brain stimulation, thereby optimizing stimulation therapy
in the future.
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