Microelectrode cluster technology for
precise interactions with neuronal circuits
Towards highly specific adaptive deep brain stimulation
MOHSIN MOHAMMED
EXPERIMENTAL MEDICAL SCIENCE | FACULTY OF MEDICINE | LUND UNIVERSITY

Lund University, Faculty of Medicine
Doctoral Dissertation Series 2020:126
ISBN 978-91-7619-989-3
ISSN 1652-8220

9 789176 199893

Department of
Experimental Medical Science

Microelectrode cluster technology for precise interactions with neuronal
circuits

Microelectrode cluster technology for
precise interactions with neuronal
circuits
Towards highly specific adaptive deep brain stimulation
Mohsin Mohammed

DOCTORAL DISSERTATION
by due permission of the Faculty of Medicine, Lund University, Sweden.
To be defended at Hörsalen, Medicon Village, Lund, on Monday, the 30th
of November 2020 at 9.00 am.
Faculty opponent
Professor Johan Wessberg, Department of Physiology, Institute of
Neuroscience and Physiology, Gothenburg University.

Organization
LUND UNIVERSITY

Document name
DOCTORAL DISSERTATION
Date of issue
2020-11-30

Department of experimental Medical
Science,
Faculty of Medicine
Author: Mohsin Mohammed

Sponsoring organization: Swedish Research Council, Knut and
Alice Wallenberg Foundation, Lund University, Region Skåne,
Neuronano AB.

Title and subtitle: Microelectrode cluster technology for precise interactions with neuronal circuits – towards
highly specific adaptive deep brain stimulation
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 µm 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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Abbreviations
6-OHDA

6-Hydroxydopamine

BBB

Blood brain barrier

BMI

Brain machine interface

CO2

Carbon dioxide

DA

Dopamine

DBS

Deep brain stimulation

ED1

Antibody staining microglial cells

GFAP

Glial fibrillary acidic protein

IL

Interleukin

Ir

Iridium

NeuN

Neuronal nuclei

PBS

Phosphate buffered saline

PD

Parkinson’s disease

PDMS

Polydimethylsiloxane

PEG

Polyethylene glycol

Pt

Platinum

RNS

Reactive nitrogen species

ROI

Region of interest

ROS

Reactive oxygen species

RT

Room temperature

SD

Standard deviation

SN

Substantia nigra

SNR

Signal to noise ratio

STN

Subthalamic nucleus

TH

Tyrosine hydroxylase
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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 μm), microwire electrodes embedded in gelatin. In comparison,
a human hair has a thickness between 50-80 μm. 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 neuroelectronic 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 µm 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, ultraflexible 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 µm 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 µm 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: i) 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-α,1IL-1β, 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 Malmö/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 21oC 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-I, we used bundles of 29 platinum (Pt) wires (Advent Research Material,
England), with an individual wire diameter of 12.5 µm plus an insulating layer of
parylene C (4 µm). 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 μm from the distal end), using a UV laser (wave
length 355nm, energy density 1.89 J/cm2) (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/cm2).
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 µm in
diameter, Advent research material, UK) was soldered to the PCB and served as
animal ground.
In the second study (Paper-II), 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 µm (California Fine wires, USA), insulated with 4
µm 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 µm by focused low
power UV laser (wave length 355 nm, energy density 1.89 J/cm2) and then briefly
exposed to high power UV laser (wave length 355 nm, energy density 3.3 J/cm2) 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 deinsulated 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 µm)
insulated with Parylene C. The distal end of the wire is de-insulated 600 µm, 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 µm 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 50oC to a length of 1500 µm 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%, 50oC 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 50oC, 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 deinsulated 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 μm, 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 oC until implantation.

Gelatin embedded needles
In Paper-III, stainless steel needles (diameter 100 μm) were embedded in 30%
gelatin (101 Bloom strength, Gelita, Medella Pro 1500, USA) dissolved in deionized water, using custom made molds (inner diameter 350 µm). 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 4oC de-ionized water to form an ice-coat. The icecoating 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-I, -II
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 µm/s,
ii) waiting for 10 min allowing swelling of gelatin to separate the microwires and
iii) slow insertion (10 µm/s) into the target area.
Table.1. Summary of the types of anesthesia used in Papers I, II and III
Implantation Surgery
Neuronal recording

6-Hydroxydopamine lesions

Paper -I

Fentanyl (0.3 mg/kg) +
Medetomidine
hydrochloride (0.3 mg/kg)

A mixture of 1% Isoflurane,
30-40% oxygen,
60-70% nitrous oxide

Paper-II

A mixture of 1.2-2 %
Isoflurane,
30-40% oxygen,
60-70% nitrous oxide

Not applicable

Fentanyl (0.3 mg/kg) +
Medetomidine hydrochloride
(0.3 mg/kg)

Paper-III

A mixture of 1.2-2 %
Isoflurane,
30-40% oxygen,
60-70% nitrous oxide

Not applicable

Not applicable

Not applicable

In Paper-II, a unilateral lesion of dopaminergic neurons were made by injecting 6Hydroxydopamine (6-OHDA; 3-3.5 µg 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 -I, 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 µm/s) to the target area.
In Paper-III, 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 µm/s. After a waiting time of
10 min, the central, stainless steel rod was retracted at a speed of 100 µm/s.

Characterization of electrodes in vivo
In Paper-I and -II, in vivo electrical impedance was regularly measured at 1 kHz
frequency for 6-8 weeks either using a Plexon stimulator 2.0 (Paper -I, 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-I, 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:

𝜎 =

𝑚𝑒𝑑𝑖𝑎𝑛(|𝑣(𝑛)|)
0.6745

where 𝜎 is the estimated noise level and |𝑣(𝑛)| is the absolute value of the bandpass 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 µsec 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 µA starting from 10 µA. The lowest current power, at which
clear changes in motor behavior were evident, was taken as the base threshold
current.

Open field
session 1

Week 1

Week 2

Open field
session 2

Week 3

Week 4

Open field
session 3

Week 5
Limb use
assymetry test
(Cylinder test )

Open field session 4
(4 electrodes
combination)

Week 6
Limb use
assymetry 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-II, 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-I
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 2µA starting from
10 µA until apparent changes in motor behavior were observed. Following this, the
initial current was decreased to 10 µA, the second-highest ranked electrode was
added, and the current was again increased until apparent motor behavioral changes
were observed, and so on.

Strategy-II
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 3µA. 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-III, 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), 68 weeks (Paper-II), 1 and 7 days (Paper-III) 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 μm
thick coronal sections in Paper-I and 16 μm thick horizontal sections in Paper-II and
-III. The sections were mounted on glass slides (Super Frost plus, Menzel-Gläser,
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
-III), 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-III).
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 X100 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

Anti-CD68/
ED1

Mouse

Activated microglia

Monoclonal

1:250

AbD Serotec, UK

GFAP

Rabbit

Astrocytes

Polyclonal

1:5000

Dako, Denmark

RECA

Mouse

Endothelial cells
lining blood
vessels

Monoclonal

1:1000

Bio-Rad, UK

TH

Rabbit

Dopaminergic
neurons and
neurites

Polyclonal

1:1000

Pel-Freez, USA

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 4oC 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 (DSRi1) 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-I, light microscopy images were taken to confirm the location and examine
the spread of the electrodes. In Paper-II, 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 μm 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 ImageJ 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 nonlesioned side.
In Paper-III, images from sections in cortex (900-1300 µm depth) and striatum
(3500-4200 µm depth) were captured. Neuronal density (NeuN density) was
evaluated in regions of interest (ROIs) beginning from the center of the insertion; i)
ROI 1 = 0–75 μm, ii) ROI 2= 75–150 μm, iii) ROI 3 = 150−250 μm, and iv) ROI 4
= 350−450 μm (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 μm 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-I, 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-II, one-way Anova with Tukey’s
multiple comparisons was used for all comparisons. In Paper-III, 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-II). 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 µm, B=200 µm). 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 highquality 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 µV), the median signal to noise (SNR, 2.77 with
1.50 IQR) (Fig. 4C) and median impedance (Fig. 4D) (median 276 kΩ, IQR= 522
kΩ) remained stable. Hence, signal amplitudes increased over time. Together these
findings suggest a progressive normalization of the tissue around the implanted
microelectrodes.

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 µA (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-II, 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 µA (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-II, 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).

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-II.

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-II.

Fig. 7. Immunofluorescent 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 μm
below the section in A . Scale bars= 50 μm. Reprinted (adapted) with permission from Paper-II.
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Neuronal cell bodies were found in close vicinity (<10µm) 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 µm (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 0oC has
an effect on the tissue response, we compared the tissue response to implanted RT
and cold (near 0oC) 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 ~0oC (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 0oC) 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
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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-III.

It can thus be concluded that the reduction in insertion force resulting from icecoating is accompanied by beneficial effects on neuronal density.
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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-II), neurons in close vicinity (<10 µm), and
minimal microglial and astrocytic responses (Paper-II), 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 0oC 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.

48

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-I, 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 predefined 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 µC/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 PaperII, 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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Neural interfaces which allow long-term recordings in deep brain structures in awake freely
moving animals have the potential of becoming highly valuable tools in neuroscience. However, the recording quality usually deteriorates over time, probably at least partly due to tissue reactions caused by injuries during implantation, and subsequently micro-forces due to
a lack of mechanical compliance between the tissue and neural interface. To address this
challenge, we developed a gelatin embedded neural interface comprising highly flexible
electrodes and evaluated its long term recording properties. Bundles of ultrathin parylene C
coated platinum electrodes (N = 29) were embedded in a hard gelatin based matrix shaped
like a needle, and coated with Kollicoat™ to retard dissolution of gelatin during the implantation. The implantation parameters were established in an in vitro model of the brain (0.5%
agarose). Following a craniotomy in the anesthetized rat, the gelatin embedded electrodes
were stereotactically inserted to a pre-target position, and after gelatin dissolution the electrodes were further advanced and spread out in the area of the subthalamic nucleus (STN).
The performance of the implanted electrodes was evaluated under anesthesia, during 8
weeks. Apart from an increase in the median-noise level during the first 4 weeks, the electrode impedance and signal-to-noise ratio of single-units remained stable throughout the
experiment. Histological postmortem analysis confirmed implantation in the area of STN in
most animals. In conclusion, by combining novel biocompatible implantation techniques
and ultra-flexible electrodes, long-term neuronal recordings from deep brain structures with
no significant deterioration of electrode function were achieved.

Introduction
Neural interfaces have the potential to provide key scientific tools to elucidate how the conscious brain functions at the cellular and network levels and to provide effective therapy for
treatment of patients with neurodegenerative or psychiatric conditions [1–3]. However, the
ability of current neural interfaces to record neuronal activity often deteriorates over time,

PLOS ONE | DOI:10.1371/journal.pone.0155109 May 9, 2016

1 / 18

Embedded Electrodes for Deep Brain Recordings

and analysis, decision to publish, or preparation of
the manuscript.
Competing Interests: Jens Schouenborg is the
inventor of the issued patent DISSOCIATING
MULTICHANNEL ELECTRODE US8306632 (B2),
ELECTRODE ARRAY EP2117426 (B1) and
corresponding patent issued in other countries on
flexible electrodes embedded in dissolvable matrix
materials. Jens Schouenborg is a cofounder of
Neuronano AB that owns the patent. This does not
alter the authors' adherence to PLOS ONE policies
on sharing data and materials. The other authors
have no competing financial interests. There has
been no significant financial support for this work that
could have influenced its outcome.

limiting analysis of long term changes in neuronal activity [4, 5]. This instability depends at
least partially on tissue movements relative to the electrodes, often termed micro-motions, and
can occur if the active sites of the electrodes are unable to follow tissue movements caused by
e.g. heartbeats, respiration or body movement [6–12]. Moreover, the electrode performance
(i.e. signal-to-noise ratio) often deteriorates over time, presumably at least partly due to tissue
reactions which functionally encapsulate the implant [13–17], as well as a loss of a substantial
number of neurons adjacent to the electrode [11, 18–21]. Notably, the magnitude of glial scarring is dependent on micro-forces/micro-motions and the size of electrodes [22–27]. Thus,
to mitigate these effects and thereby facilitate long-term recordings with sustained quality, it
would likely be advantageous to use thin and flexible electrodes [26, 28–31].
To implant highly flexible electrodes deep into brain tissue, some form of structural support
is necessary. While ultra-thin and therefore highly flexible electrodes can be implanted into
deep tissue through a stiff cannula/guide tube, or by being glued onto a stiff guide [32, 33],
these stiff supports need to be withdrawn after implantation to release the electrodes in the tissue and to let the tissue heal. Due to their size, such guides/cannulas cause additional stab
wound-like injuries, and upon removal risk perturbing the position of the implanted electrodes. In addition, since tissue adheres to the guides/cannulas their withdrawal will create a
drag force potentially disrupting the tissue [27].
The aim of the present study was to develop techniques to enable implantation of a bundle
of ultra-flexible electrodes into deep brain targets without the need to use a guide or cannula
for structural support, and to evaluate its long-term recording properties. To this end, bundles
of ultrathin electrodes were embedded in a gelatin based matrix material shaped like a needle
to allow easy penetration of the arachnoidea mater [30, 34]. To retard dissolution of the gelatin-based vehicle, the probe was coated with Kollicoat™. The coating thickness, as well as the
timing of different steps during the implantation, were calibrated using an in-vitro model with
mechanical properties similar to the brain [35–38]. Using this new technique we were able to
implant and spread out ultra-thin and flexible platinum wires in the area of rat subthalamic
nucleus (STN) and to evaluate the long-term (up to 8 weeks) functionality of the electrodes.

Materials and Methods
1. Manufacturing and characterization of the electrode
1.1 Probe fabrication and manufacturing. Thin, pure platinum (Pt) temper annealed
microwires (Advent Research Material; England 12.5 μm) insulated with Parylene C (dichloro-di-para-xylylene), were used as electrodes. Parylene C was chosen as the insulating
material, since an intact, pore-free Parylene C coating is practically impermeable to water. In
addition, Parylene C has previously been used as a surface coating material for implants in the
medical device industry [39–42], it is highly biocompatible, anti-corrosive and extremely tolerant to the moist and ion-rich milieu encountered in the human body [39, 42] and has been
shown to provide remarkable stability as a medical device-coating [42].
Parylenization was done using a Compact Bench Top Coating System (Labtop 3000, Para
Tech Coating Inc., CA, US). Briefly, Pt-wires, were mounted on a custom-made metal frame
and placed in a parylenization chamber in a Parylene Coating System (labtop 3000, Para Tech
Coating Inc., CA, US). The Parylene coating procedure was done in three steps: vaporization,
pyrolysis and deposition. Parylene C was vaporized in vacuum at 165°C. At the initial stage
Parylene C is in the dimeric form (di-para-xylylene). Vaporization was followed by pyrolysis at
650°C to produce reactive monomers (para-xylylene). In the final deposition step the monomeric gas was cooled down to 220°C, where it polymerizes into poly-para-xylylene and forms a
uniform insulating coat on the Pt-wires.
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In this study, a 4 μm thick coat of Parylene C was polymerized on the surface of the Ptwires. A scanning electron microscope (SEM) (SU1510-ver1.0 model, Hitachi High-technology
corporation, Japan), was used to evaluate the properties and thickness of the parylene coating.
The SEM-assessment of the quality of the Parylene C coating showed a smooth surface, free of
cracks or holes, and with a thickness of 4±1μm (Fig 1A). The impedance of the insulation was
tested by measuring the impedance of a 4 cm long Pt-wire loop, insulated with 4 μm Parylene
C using Gamry Potentiostat (Series G300, Warminster, USA). The un-insulated tips of the
loop were connected to a working electrode and impedance was measured against a large surface platinum counter electrode and Ag/AgCl reference electrode in 0.9% saline solution. The
value for the impedance exceeded 21 MOhm at 1 kHz frequency indicating an intact Parylene
coating.
Twenty-nine Pt-wires, insulated with Parylene C, were soldered to a printed circuit board
(PCB) containing 30 gold-plated pads. To obtain a high quality soldering, a thin layer of gold
was electroplated on the de-insulated proximal ends of the Pt-wires before they were soldered
to the PCB. One of the 29 wires was reserved as a local reference. The remaining 28 wires were
used as recording electrodes. A non-insulated silver wire (diameter: 150 μm, Advent research
materials Ltd, England) was soldered to the PCB and used as animal ground during recordings.
The electroplating setup consisted of a cathode (the Pt-wires connected to a PCB) and a
gold anode dipped in a gold plating potassium cyanide bath (1g Au/100ml; Sargenta AB,
Malmö Sweden). The set-up was immersed in a sonicator. Voltage—controlled electroplating
at 0.3V for 10 min with continuous sonication at 38 kHz was performed using an ultrasonic
transducer (Emmi-20HC, EMAG technologies, Germany). After completion of the electroplating procedure, further sonication was performed for an additional 10 minutes, to remove any
loosely attached nanoparticles [43].
Parylene C coated wires were de-insulated and cut at the tips using high-precision laser
(Standard micro-milling system, New Wave Research Class 1, USA). In short, the wires were
collected, using polyethylene glycol (PEG 1000) dissolved in ethanol (30%W/W), placed
between two glass cover slips for immobilization, and the peripheral ends were spread out on a
flat surface. The following parameters were used for de-insulation: 90% low UV energy (wavelength 355nm and energy density 1.89 J/cm2), 50 Hz pulse frequency, target square 60μm/ x
20 μm, 1 second pre-warming, 2 passes with 20 μm/s scanning speed of the target square; and
for cutting: 90% high UV (wavelength 355 nm and energy density 6.3 J/cm2), 50 Hz frequency,
50 μm x 20 μm target square. To reduce impedance, the surface area of the de-insulated tips
was increased by briefly boiling the tips using a focused laser 85% high UV (wavelength 355
nm and energy density 5.95 J/cm2) 60 μm x 20 μm target square with, a 50Hz pulse frequency
and 100 μm/s scan speed (Fig 1C). A Gamry Potentiostat was used for in vitro measurement of
the interface impedance at a frequency of 1 kHz. Individual conductive leads were measured
with respect to a large surface platinum counter electrode and an Ag/AgCl reference electrode
in 0.9% NaCl solution at room temperature.
1.2 Moulding and embedding of the probe. A plexiglas mould was manufactured to
enable controlled embedment of the ultrathin wires and shape them into a straight and stiff
matrix-embedded probe with a sharp tip. To this end, a custom made replica of the final
desired probe shape was made in brass. The replica was subsequently pressed between two
pieces of heated plexiglas (210°C) to make an imprint in the plexiglas and thus shape a mould.
Precise and tight fit of the two halves of the mould was accomplished by closing it using 6 fitted
screws. The gelatin matrix solution was prepared by dissolving 3g of gelatin B (VWR international, Sweden) in 7 mL de-ionized water at 70°C [34]. PEG 400 (750 mg) (Sigma-Aldrich Chemie GmbH, Germany) and glycerol 150 mg (VWR, BDH Prolabo, France) were added to the
gelatin solution as filling and plasticizing agent respectively. The final concentration of the
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Fig 1. Visualization of the electrode-surface. (A) SEM image of parylene coated Pt wire. (B) De-insulation with
low power UV resulted in a smooth surface of the electrode. (C) Irradiation with high power UV resulted in an
increment in the geographical surface area without increasing the physical area. (D) The electrode impedance as
measured at 1 kHz was reduced after irradiation with high power UV (***p < 0.001). (Scale bar A = 11μm, B,
C = 10 μm).
doi:10.1371/journal.pone.0155109.g001

gelatin solution was 1.4% glycerol, 6.9% PEG and 27.5% gelatin. The electrode bundle was
slowly dipped into the warm gelatin solution (50°C), at a controlled speed of 1.2 cm/min, using
a custom-made voltage controlled motorized micro-manipulator. After drying for 1–2 min, the
electrode bundle was centered in the mould and an additional volume of heated gelatin solution was injected through the side channel in the mold. The mould containing the probe was
kept in a humidor chamber with the relative humidity (21%) optimized for slow (48h) drying
of the gelatin matrix. The dried electrode bundle was mechanically cleaned from excessive gelatin. To increase dissolution time of the gelatin based matrix after implantation, two layers of
Kollicoat™ MAE 100P (Supplier: Sigma Aldrich Sweden AB (5% in absolute ethanol) were
added, to avoid dissolution of the gelatin, by dip coating at a speed of 6 cm/min using the same
custom-made motorized micro-manipulator as mentioned above. Kollicoat™ MAE 100P is a
dispersible polymer, derived from methyl acrylic acid/ethyl acrylate, often employed as a filmforming agent by pharmaceutical companies
1.3 In-vitro tests of dissolution time and electrode spread. The effect of Kollicoat™ coating on dissolution time of the gelatin was evaluated in-vitro. Dummy probes of gelatin, i.e.
moulded gelatin needles without any internal electrodes, were made by injecting a gelatin solution (1.4% glycerol, 6.9% PEG and 27.5% gelatin, cresyl violet 5% W/V dissolved in MilliQ
water) into the mould used for probe-fabrication. Cresyl violet was added to the gelatin matrix
to increase the visibility of the probes during the implantation-procedure and thereby facilitate
the visual observation of the probe insertion track and gelatin dissolution. The moulds containing the dummy gelatin probes were dried in a humidor chamber with the relative humidity
21% for 48h, as described above.
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Evaluation of dissolution time: The dummy probes were divided into two groups i.e., kollicoated (5%, 2 layers, n = 8) and non-kollicoated controls (n = 7). The dissolution of dummy
gelatin probes was evaluated during insertion in 37°C, 0.5% agarose which is commonly used
as an in vitro model of mechanical properties of the rat brain [38]. The dummy probes were
implanted to depth of 7 mm into the agarose with a speed of 100 μm/sec using a micromanipulator (Kopf, Model 2650, California, US). The whole implantation procedure and 10 min post
implantation was documented using a microscope (Kaps, Asslar/Wetzlar, Germany), with a
connected camera filming the procedure (Infinity 2-1RC model, Lumenera, made in Canada).
The onset of gelatin dissolution followed by deviation from the intended straight track line was
visually estimated by two observers by replaying the film second by second.
Evaluation of electrode spread: In the subsequent in-vitro experiment, we used two layers
of 5% Kollicoat™ and examined its effect on the spreading of the electrode wires when inserting
the electrode bundle to the full target-depth of 8mm, corresponding to the approximate depth
of the STN in rats. In this experiment, the electrodes were implanted into the 37°C, 0.5% agarose in a three-step procedure. First, the probe was inserted 7 mm into the agarose with a speed
of 100μm/sec, using a micromanipulator. Second, we paused for 10 min, allowing the gelatinembedding to dissolve. Finally, the probe was advanced 1 mm further at the speed of 10 μm/
sec, allowing the distal tips of the wires to spread and form a cluster of recording-sites at the
target-depth of 8mm. The final spread was assessed from pictures documented with the camera
connected to the microscope. The final spread was defined as the largest distance between the
distal parts of the wires.
1.4 Mechanical testing of microwires. The buckling test (Zwick GmbH & Co. KG, Materials Testing Machine with load cell Zwick/Roell KAP-Z (0, 04-4N), Acquisition system Zwick/
Roell testXpert II) was performed on 10 mm long wires (n = 10) with fixed endpoints. The
maximum average force for deformation (Fmax, at which the wire begins to bend) was below
the detection limit (0.001 N). The theoretical buckling force was therefore calculated using
Euler’s formula, given by:
F¼

π 2 EI
2
ðKLÞ

ð1Þ

where E is the elastic modulus of Pa (platinum’s E = 168 GPa), I is area moment of inertia, L is
the effective length of the wire (10 mm) and K is the effective length factor of the wire (0.5
when both ends are ﬁxed). The theoretical value of maximum deformation force was found to
be 79.5 μN. The low value of theoretical buckling force for the microwires used indicates high
ﬂexibility.

2. In-vivo studies
2.1 Experimental animals. Female Sprague-Dawley rats weighing 200-250g, (Taconic,
Denmark) were used. All rats received food and water ad libitum and were kept in a 12-hour
day—night cycle at a constant environmental temperature of 21°C and 65% humidity. All procedures were approved in advance by the Malmö/Lund Animal Ethics Committee on Animal
Experiments (registration number M95-11), regulated by the code of regulations of the Swedish Board of Agriculture. These regulations, including directives from the European Union, follow the law on animal welfare legislated by the Swedish parliament. The animals were kept in
the animal facilities of the Biomedical Center at Lund University and experiments were carried
out at the Section for Neurophysiology.
2.2 Implantation of electrodes. The rats were anaesthetized with intraperitoneal (i.p.)
injections of fentanyl (0.3 mg/kg; Braun, Germany) and medetomidine hydrochloride
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(Domitor Vet, 0.3 mg/kg; Orion pharma, Finland), the head was shaved and animals were
mounted in a stereotactic frame for electrode implantation in the area of the STN. During the
entire time of surgery, the eyes of the animals were kept moist by opthalmic ointment of
Sodium hyaluronate 2.0mg/ml (ZilkEye, Bohus Bio Tech AB, Strömstad, Sweden). Implantation was made at the following co-ordinates in relation to bregma; AP: -3.6mm, L = ± 2.4mm,
at a depth of 7.8 mm. Briefly, the skin in the surgical area was disinfected with 70% ethanol and
an incision was made along the midline, the skin was retracted and the periosteum removed.
Burr holes were drilled though the cranium. The dura was removed after land marking of the
dorso-ventral co-ordinates (see above). The electrode bundle was implanted into the brain
using the same three-step procedure as described in the in-vitro tests (Section 1.3).i In short,
the probe was advanced to the pre-target depth (1 mm above the STN) at a speed of 100 μm/s
using a micromanipulator. Following a pause of 10 minutes, the probe was slowly advanced an
additional 1mm into the STN at a speed of 10 μm/s (i.e. the last 1mm was traversed in 1 min
and 36 sec). The ground wire was wound around stainless steel skull screws (anchor screws 1x2
mm, Agnthos Inc Lidingö, Sweden) positioned in burr holes in the skull bone, so as to get in
contact with CSF. The electrode PCB was attached to the skull using dental cement (GC FujiCEM2, GC Belgium, Europe), anchored to the stainless steel screws attached to the skull bone.
After surgery, the rats received subcutaneous injections of Temgesic (buprenorphine, 50mg/kg
body weight) to reduce postoperative pain, and antidote to the anesthesia (Antisedan, atipamezole hydrochloride, 0.5 mg/kg body weight). Animals were monitored during the awakening
phase.
2.3. Neural recordings and data analysis. Neural recordings were performed in anaesthetized rats (1% Isoflurane, Isoba1vet., Abbott Laboratories Ltd, Berkshire, England; n = 12).
The recordings commenced 1-day post implantation. The rats were connected to a Plexon data
acquisition system (Plexon Inc, Texas, USA) via a head stage and pre-amplifier for in-vivo
recordings. Each session of extracellular recordings lasted approximately 10 min, and recordings were made approximately once a week for up to 8 weeks post-implantation. Signals were
band-pass filtered between 250 Hz to 8000 Hz. One animal was excluded as the electrode
crown fell off during handling of the animal. Three animals were excluded from further
electrophysiological analysis since the histological analysis showed that they did not hit the target STN.
The noise level for a given recording was estimated using the median absolute deviation
(MAD) estimator for the standard deviation, given by:

σ N ¼ median

jvðnÞj
0:6745


ð2Þ

where |v(n)| is the absolute value of the band-pass ﬁltered digital signal [44]. Recordings in
which the estimated noise level was within 0.3 to 2 times the mean noise level across all recordings were included in the analysis. For recordings that did not meet these criteria, the corresponding electrodes were deemed as not working [45]
Spike detection was carried out by applying a negative threshold corresponding to four
times the estimated standard deviation (Eq 2) and spike waveforms were temporally aligned on
the point of maximum amplitude of the detected peak [46].
Spike sorting was performed using the first six principal component analysis (PCA) weights
as features [47]. The number of units present in a given recording was estimated by fitting the
PCA weight distribution to Gaussian mixture models with one to six mixture-components
(clusters/units) and selecting the model at which the Bayesian information criterion (BIC) converged to a minimum value [48]. The selected model was then used to cluster the data, and
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spikes whose maximum posterior probability of belonging to any of the cluster was less than
0.8 were labeled as outliers [45]. All sorting results were verified visually in PCA space and the
time-domain to correct occasional mistakes in finding the number of clusters. The signal-tonoise ratio (SNR) of putative single-units was calculated as:
SNR ¼

spp
2  σR

ð3Þ

where spp is the peak-to-peak amplitude of the unit’s mean waveform and σR is the standard
deviation of the residuals after subtracting the mean waveform from each detected spike
waveform.
Putative single-units were finally validated based on their mean-waveforms (polarity, shape,
signal-to-noise ratio and amplitude) and firing statistics (percentage of inter-spike intervals
shorter than 1 ms). In short, thresholds for the waveform-related features were set empirically
to reject putative units with waveforms that were not considered sound from a physiological
perspective. Also, putative units with an ISI-violation rate above 0.5% were rejected.
Apart from the visual inspection of spike-sorting results and the visual supervision of the
unit validation procedure, the entire processing chain was carried out automatically. This
automatization was implemented in order to ensure as much consistency as possible in the
data-processing and thereby allow the direct comparison of spike sorting results for recording
sessions at different points in time [49].
2.4. In-vivo Impedance measurements. In-vivo impedance at 1kHz was measured once a
week during the eight-week period in four of the animals. A Plexon stimulator 2.0 (Plexon Inc,
Texas, USA) was used to generate a ± 100 nA 1kHz sinusoidal current, and impedance was
measured by monitoring the changes in voltage across the electrode. The electrode impedance
is influenced by the properties of the electrode-tissue interface, increasing with a progressive
immune reaction [50]. Thus, stability of impedance over time indicates a stable electrode-tissue
interface and/or a moderate immune reaction.
2.5. Lesioning and tissue preparation. Before sacrificing the animals, electrolytic lesion
marks were made for a subset of the electrode tips (6 wires/electrode bundle) to provide an
indication of the spread of the wires inside the brain tissue. Lesions were induced sequentially
through separate wires (1 mA, 2 ms) in deeply anesthetized rats, as per [51], using a DC-stimulator (Digitimer, Class I, model DS3, made in the UK). Rats were subsequently euthanized with
an i.p. overdose of sodium pentobarbital (200mg/kg; Apoteket Product and Laboratories
Incoch Laboratorier AB, Stockholm Sweden) and transcardially perfused with 150 ml of ice
cold 0.9% saline followed by 300 ml of ice cold 4% paraformaldehyde (PFA) in 0.1M phosphate
buffer, pH 7.4. The brains were dissected and post-fixed overnight in 4% PFA at 4°C, after
which they were repeatedly rinsed and cryoprotected in 20% sucrose and finally frozen.

3. Histology
3.1. Staining of tissue. To verify the location of the electrode wires in relation to the target
area in the brain, as well as estimating the in vivo spread of the wire bundles, histological examination of the tissue was performed. The frozen brains were sectioned coronally (30 μm thickness) using a cryostat. Sections were mounted on Super Frost1 plus slides (Mänzel-Gläser,
Germany) and stained with cresyl violet. In short, sections were immersed in ethanol/chloroform (1:1) overnight at room temperature. The following day slides were rehydrated in decreasing concentrations of ethanol (100%, 95%), rinsed in distilled water (2 minutes/step), stained
with cresyl violet (Life Science products & services company; 0.1% in 0.3% acetic acid in dH2O;
5 minutes) and rinsed in distilled water (1 minute), followed by dehydration in ethanol (95%,
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and 2 x 100%), and xylene (2 x 100%, 5 minutes). Finally, slides were cover slipped-using DPX
mounting media (Fluka, Germany). Slides were examined and light microscopy images were
captured using a DS-Ri1 digital camera (Nikon Instruments, Japan) mounted on a Nikon eclipse
80i microscope.

Results
1. Electrodes used
As verified using SEM, the de-insulation resulted in a clean metal surface and we chose to deinsulate the distal section extending 25 μm (±5 μm) from the tip (Fig 1B and 1C). Focused high
intensity UV irradiation of the distal de-insulated electrode-tips caused transient boiling of the
platinum and resulted in an increase in surface area and a significant reduction in electrode
impedance at 1kHz (mean reduction 55%, p < 0.001 Mann-Whitney non-parametric test)
compared to the preboiled controls (Fig 1C and 1D).

2. Implantation vehicle—in vitro studies
An important aim of the present work was to develop an implantable gelatin embedded bundle
of ultra-flexible electrodes that can be made to spread out in deep targets in the brain. To avoid
using very rapid insertion velocities, which can cause damage to the tissue, we needed to significantly increase the time for dissolution of the gelatin vehicle. To solve this problem the embedded microelectrodes were coated with a double layer of Kollicoat™ (a single layer of Kollicoat
was insufficient, data not shown). The presence of the Kollicoat™ coating significantly increased
the onset of dissolution-time in vitro at 37°C from mean and standard deviation (SD) of 37±29
sec for the non coated gelatin probes, to 114±75 sec for the kollicoated probes (p < 0.05, Student t-test).
The increase in dissolution-time rendered by the kollicoating was sufficient to maintain
mechanical support of the gelatin embedded, needle shaped flexible wire-bundle (Fig 2A and
2C) during the implantation procedure to the pre-target depth of 7 mm at a speed of 100μm/
sec. Following a pause of 10 min, to allow dissolution of the gelatin based material, the microelectrodes were further advanced 1 mm at speed of 10 μm/sec and successfully spread out (Fig
2B and 2D). The mean and SD spread in agarose was 515 ± 69 μm.

3. Electrode performance in vivo and histology
The kollicoated gelatin probe (diameter 250 μm) used in vivo was shaped as a needle with a
conical tip to reduce dimpling of the cortical surface. The same implantation method as developed in vitro was used. Eight animals, for which the implanted probe could be confirmed to
reach the area of STN (histology, see below), were used for electrophysiological analysis.
The overall median percentage of working channels (according to noise level) was 96.36%
(IQR = 12.95%). The percentage of working channels appeared to be stable over time.
3.1 Noise level, impedance and signal to noise ratio. Over the entire course of the experiment (up to 8 weeks; recordings starting 1–2 days after implantation), the overall median noise
level of working channels was 6.63μV (IQR = 3.80 μV, IQR = Interquartile range). Fig 3A
shows a 10 sec long segment of an example recording (high pass filtered) to illustrate the normal appearance of recordings. The recording was performed during week 8 after implantation.
Fig 3B shows the distribution of noise level across all working channels in all animals recorded
from each week. The weekly median noise level increased from week 1 to 2 (p < 0.001, MannWhitney U test), week 2 to 3 (p < 0.05), and from week 3 to 4 (p < 0.01). After this initial
period, noise levels did not change from week to week. Fig 3C shows the distribution of SNR of
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Fig 2. Light field images visualizing the cluster electrode before and after in vitro implantation. (A) The
kollicoated gelatin embedded electrode bundle (diameter 250 μm) before implantation in agarose, (B)
Electrode after implantation in agarose visualizing the straight implantation track, (C) Close up of the distal
part of the probe and its conical tip (D) Close up of the electrode tip visualizing the spread of the electrode
bundle wires after insertion into 37°C agarose. The final spread was approximately 500 μm (Scale bar
A = 1mm, B = 2 mm, C = 150μm, and D = 250 μm).
doi:10.1371/journal.pone.0155109.g002
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Fig 3. In-vivo characterization of electrode performance. (A) A 10 seconds long segment of an example recording made 8 weeks after implantation,
illustrating the general characteristics of the recordings. (B) Distribution (median and interquartile range, IQR) of noise level across all recordings made
within each week. Weekly noise level increased between weeks 1 and 2 (***p < 0.001), 2 and 3 (*p < 0.05) and 3 and 4 (**p < 0.01). After that, the
weekly noise level remained stable (p > 0.05). N refers to the number of working channels recorded from each week. (C) Distribution (median and IQR) of
SNR of recorded channels with identified single-units. SNR remained stable (p > 0.05) throughout the experiment. N refers to the number of working
channels with identified single units within each week. (D) Distribution (median and IQR) of in-vivo impedance of recorded and working channels.
Impedance remained stable (p > 0.05) throughout the experiment. N refers to the working channels on which an impedance measurement was performed
each week. The variation in N (B-D) is mostly due to a varying number of animals recorded from each week.
doi:10.1371/journal.pone.0155109.g003

the highest-SNR unit across all channels recorded from each week, only considering channels
on which units were identified. At 51% of the implanted electrode sites, single-units were identified at some point in time during the course of the experiment. The weekly median SNR did
not change significantly (p > 0.05) between consecutive weeks during the full duration of the
experiment. The overall median SNR was 2.77 (IQR = 1.50). Fig 3D shows the distribution of
in-vivo impedance across all channels in four of the animals (see Section 1.4) as a function of
time after implantation. Throughout the experiment, no significant changes in weekly median
in-vivo impedance were observed (p > 0.05) indicating a relatively stable electrode-tissue interface. The overall median impedance was 276 kΩ (IQR = 522 kΩ).
3.2 Histological assessment of track line and spread of wires in vivo. We could confirm
successful targeting of the STN in 8 of the 11 animals. It should be noted that, because of the
spread, some of the wires were positioned a bit anterior or posterior to the STN. Implantation
of electrodes was achieved through a narrow track line, with the spread of the distal wires in
anterio-posterior and lateral axes (Fig 4A). Electrically induced lesions were used to further
indicate the positions of separate electrode tips, allowing us to verify the position within the
STN. The mean and SD of the in vivo spread was 497 ± 146 μm which is about the width of the
rat STN (Fig 4A and 4B).

Discussion
The development of this new neural interface was prompted by the need to obtain durable multichannel recordings from deeply located brain structures. As a step towards this goal, we

PLOS ONE | DOI:10.1371/journal.pone.0155109 May 9, 2016

10 / 18

Embedded Electrodes for Deep Brain Recordings

Fig 4. Light field micrographs of track line and spreading of electrodes in vivo. (A) Electrode tip spread
in with an average spread of approximately  500 μm in lateral direction. (B) Micrographs of electrically
induced lesion in STN indicating the positions of separate electrode tips. Lesion marks induced by electrical
stimulation of separate wires (6 wires/electrode, AC current, 1mA, 2 ms indicate the positions of the separate
electrode tips in brain sections stained with cresyl violet.
doi:10.1371/journal.pone.0155109.g004
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developed and characterized a novel multichannel neural probe composed of ultrathin and
individually independent wires, embedded in a gelatin matrix, forming a needle-like probe. To
implant this probe, we developed a three-step procedure resulting in the introduction of a cluster of ultrathin and flexible electrodes in the intended deep target tissue. Importantly, apart
from an increase in noise over the first 4 weeks, we found no obvious deterioration of electrode
properties, i.e. in vivo impedance and SNR were relatively stable, during the 8-week postimplantation period.

On the implantation method developed
In this study we, for the first time, accomplished implantation of ultrathin electrodes into deep
brain targets without using rigid guides or cannulas. By assembling the electrodes into a bundle
and support them in hard gelatin, a temporary rigidity sufficient for implantation into superficial structures such as the cortex cerebri, has previously been achieved [30]. However, one
problem with gelatin is that it quickly gets hydrated during implantation and thus loses its
rigidity. To be able to reach deep targets without using a very high insertion speed, a factor
known to cause injuries of for example blood vessels [19, 52, 53], we here developed a coatingtechnique, using Kollicoat™ to transiently retard water penetration and thus the dissolution of
the gelatin matrix. To calibrate the probe properties, initial in vitro experiments were made in
tempered agarose (37°C, 0.5%) which is known to have similar mechanical properties as brain
tissue [35]. To account for variability in dissolution time, we used a Kollicoat™-concentration
which would be able to seal the gelatin from moisture and therefore hold together the electrodes during a time sufficient to advance the electrode bundle to a depth corresponding to the
intended pre-target depth. We then paused for a sufficient amount of time (10 minutes) to
ensure dissolution of the gelatin, and thus allow the electrode wires to spread during further
advancement (1mm) of the bundle into the agarose model. Subsequent in vivo experiments
confirmed the feasibility of the method. However, it should be noted that this implantation
technique is critically dependent on many parameters, including the speed and depth of insertion, temperature, and shape and dimensions of the probe. Hence, a recalibration of the coating
thickness may be necessary in case the electrodes are to be implanted e.g. at another depth than
in the present study.
By using a highly precise mould, which ensures that the probe is centered and well aligned
from tip to proximal end, a straight insertion track was possible to obtain. To target the STN
area in the in vivo experiments we used the coordinates described in [54] and calculated a
track-line from the position of the Bregma on the skull. While this method provides a first
approach in order to assess the accuracy of the method, it is by no means an exact method for
implantation and will consequently result in variations in the final position reached due to anatomical variations between animals. In the present study, 8 of 11 implants did hit the target,
the other implants were either found above or below the target. To more precisely establish the
target coordinates before implantation, imaging of the brain using e.g. MRI, is useful. When
implanting electrodes in the clinic, this problem is routinely mitigated by imaging the target
brain nuclei and adjusting the coordinates with respect to the reference system of a stereotactical frame [55].

On the long term performance of the ultrathin electrodes in vivo
A common problem with available electrodes is that the recording performance usually deteriorates over time [12, 56]. It is commonly assumed that this deterioration is caused by the tissue
response towards the implant, resulting in glial scarring and loss of neurons nearby [16, 57,
58]. The present findings of stable SNR and impedance over an 8 week period add support to
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the notion that durable long term recordings of good quality can indeed be obtained provided
that ultrathin and ultra-flexible electrodes are used [59]. In addition, recent findings indicate
that gelatin embedding can significantly reduce the microglia reactions and also counteract the
loss of neurons near the implant [26, 30]. Hence, the use of a truly biocompatible material as
an implantation vehicle may have contributed significantly to the stability in impedance and
signal quality seen in the present study. Another feature, which may influence long-term
stability, is the surface structure of the de-insulated part of the electrode tips. It is commonly
assumed that the SNR of neural recordings depends upon the impedance of the electrode
which is related to e.g. the tissue response and the electrode surface area [60–63]. Many different methods have therefore been developed to reduce the impedance of the electrodes, including electro-plating and the use of charge carrying polymers [43, 64]. However, such coatings
are not always physically stable [65, 66] resulting in alterations of impedance not related to
for example degree of glial scarring. In the present study, we developed a simple and robust
method, employing high-power UV laser, to enlarge the surface area of the recording sites
without significantly increasing their geometrical surface area. It is conceivable, but remains to
be tested, if such surface enlarged electrodes are able to improve long-term signal quality.

Clinical applications
Apart from research purposes, durable long-term recordings are also likely to be of interest for
closed loop deep brain stimulation (DBS) [67] and for detecting the onset of abnormal activity
such as epileptic attacks [68–70]. In conventional DBS, a constant stimulation regime is applied
after an initial evaluation of stimulation parameters. Enabling a more dynamically adjustable
stimulation, which takes into account the local effects of the stimulation and also the current
brain state, has the potential to improve the DBS technology significantly [71–73]. A requirement for reliable closed loop DBS is that stable recordings can be obtained for long periods of
time. Although not evaluated in this study, the current probe may also be adapted to be used
for stimulation of deep brain targets. In such cases it may be advantageous to further increase
the size of the de-insulated distal part of the micro-wires to increase the charge delivery
capacity.

Limitations and future directions
The present design is aimed at an initial in vivo evaluation of the long-term performance of
ultrathin electrodes implanted in a deep brain target. While the results regarding stability of
impedance, noise and signal quality are promising, it is clear that there is room for improvement of the probe design e.g. with respect to the number of electrodes and the embedding
material. For example, while we chose 29 electrodes in the current design of the cluster electrodes, for practical purposes the number of individual electrodes may have to be increased
considerably. In some cases, an even greater spread of electrodes will be beneficial. As for the
embedding medium, the possibility to incorporate anti-inflammatory drugs which further protect the target tissue [74] may be useful.

Conclusions
The novel design presented here combines ultra-flexible electrodes with a biocompatible
implantation vehicle, thus enabling introduction of a cluster of multiple ultrathin and ultraflexible electrodes into a deep brain target tissue. The finding that the recording quality did not
deteriorate significantly during 8 weeks indicates that it is indeed possible to achieve stable
recordings in deep brain structures for long periods of time.

PLOS ONE | DOI:10.1371/journal.pone.0155109 May 9, 2016

13 / 18

Embedded Electrodes for Deep Brain Recordings

Supporting Information
S1 File. Data for statistical analysis. The supporting information contains data used for statistical analysis and are arranged in a corresponding way to the presentation of data in the result
section, i.e., In vitro impedance, Dissolution time, Electrode statistics, Noise level, Impedance,
and SNR. In addition, there is a section (Sheet name: “Key”) for interpreting the data arrangement. The file is organized using Microsoft excel.
(XLSX)
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Abstract
Background and aim : Deep Brain Stimulation (DBS) is an established treatment
for motor symptoms in Parkinson’s disease. However, side effects caused by current
spread outside the intended target for therapeutic stimulation limit the usefulness of
the treatment. To mitigate this problem, we developed and evaluated the feasibility
of a novel microelectrode cluster design, which enables a new strategy for improved
stimulation specificity of DBS.
Methods : A needle-shaped gelatin probe, comprising 16 physically independent
platinum-iridium microelectrodes (12.5 μm, 4 um Parylene C insulation), was
developed. The distal de-insulated end of the individual microelectrodes was
equipped with a silicone cushion to reduce vascular damages. The cluster probes
were implanted and spread in the region medial to the subthalamic nucleus in 6OHDA hemi-lesioned rats and evaluated for 6-8 weeks. Effects of DBS-stimulation
on motor behavior in five rats showing clear motor asymmetries were assessed and
evaluated, using open field analysis and the classical cylinder test.
Immunofluorescence techniques were used for histological assessments.
Results : In all rats tested, we found combinations of 4–8 electrodes that, upon
stimulation (160 Hz, 20-30 μA, 60 μs pulse width), normalized the direction, speed
of gate and forelimb asymmetries in open field tests and reduced asymmetries
during explorative behavior in the cylinder test. Stimulation via other subsets of
electrodes often caused side effects such as dyskinesia and tremor. Moreover, we
found viable neurons close to the electrode contacts, only minor microglial and
astrocytic reactions and no evidence of changes in blood vessel density at this level,
indicating that the probes and procedures were highly biocompatible.

1

Conclusion The developed gelatin embedded microelectrode cluster array provides
novel opportunities for substantially improved stimulation specificity and reduction
of side effects during Deep Brain Stimulation (DBS) in a rat model of Parkinson’s
Disease (PD).

Introduction
Deep Brain Stimulation (DBS), often in the subthalamic nucleus (STN) and
surrounding areas, has been remarkably successful in the treatment of motor
symptoms in Parkinson´s disease (PD). It is primarily employed in late stages of the
disease when pharmacological treatment no longer provides sufficient symptom
alleviation. However, in many cases, side effects such as spastic muscle contraction
(Tommasi, Krack et al. 2008, Gorgulho, Shields et al. 2009), gaze deviation
(Leichnetz 1981, Shields, Gorgulho et al. 2007), gait ataxia (Adams, Keep et al.
2011, Fleury, Pollak et al. 2016), speech disturbances (Krack, Batir et al. 2003,
Tripoliti, Zrinzo et al. 2011, Wertheimer, Gottuso et al. 2014), behavioral changes
e.g. aggression (Piasecki and Jefferson 2004, Papuc, Trojanowski et al. 2015) or
depression (Guehl, Cuny et al. 2006, Strutt, Simpson et al. 2012, Combs, Folley et
al. 2015), changes in blood pressure (Chowdhury, Wilkinson et al. 2017), and
paresthesia (Kleiner-Fisman, Fisman et al. 2003, Pahwa, Wilkinson et al. 2003)
have been reported, which could not be avoided without also reducing the
therapeutic effects of DBS. The adverse effects are assumed to be, at least partly,
due to a lack of precision (typically around+/- 1 mm) in positioning the electrode in
relation to the target, in addition to the problem of inadvertent spread of current to
undesired locations within the brain (Ineichen, Shepherd et al. 2018, Cagnan,
Denison et al. 2019). A contributing factor related to the lack of precision when
positioning the electrode is that it is not yet clear whether stimulation of structures
within or outside the STN produce (Lundgren, Saeys et al. 2011, Burrows, Ravin et
al. 2012, Blomstedt, Stenmark Persson et al. 2018) symptom alleviation, or which
sites induce side effects. Postmortem histology indicates that state-of-the-art DBS
electrodes gradually become encapsulated, which substantially increases the
distance between viable neurons and electrode contacts (Turner, Shain et al. 1999,
Biran, Martin et al. 2005, Campbell and Wu 2018). This, in turn, necessitates
elevation of stimulation current to reach therapeutic effects, which increases the risk
for inadvertent spread of current outside the therapeutic target, thus inducing side
effects. Even though recent DBS electrode designs with multiple contacts along the
circumference of the shaft of the probe, instead of annular contacts, are likely to
improve the outcome (Connolly, Vetter et al. 2016), the placement of all these
contacts on the same relatively large physical body provides a significant constraint
on the spatial precision that current DBS can achieve.
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Ultrathin flexible microelectrodes have been considered a potential solution for
delivering spatially precise stimulation (Lind, Linsmeier et al. 2010, Sohal, Clowry
et al. 2016) given that they cause reduced glial reactions and adjacent neuronal loss.
However, microelectrode-based DBS present many challenges, not least since
implantation of ultrathin electrodes requires structural support e.g. via a cannula or
adherence to a stiff rod. In addition, the withdrawal of such support structures may
alter the position of the implanted microelectrodes, due to their lack of anchoring in
the soft brain tissue during the acute phase after implantation. Furthermore, after
implantation microelectrodes may give rise to micro-punctures of blood vessels and
consequent induction of inflammatory reactions at their tips. Another problem,
which needs to be addressed, is the size dependent limitation of charge delivery
from microelectrodes (Kuncel and Grill 2004, Peixoto, Jackson et al. 2009, PooleWarren, Lovell et al. 2010, Cogan, Ludwig et al. 2016). Considering that the precise
brain sites to be stimulated are not yet well defined and may even differ between
individuals, it remains to be determined whether microelectrode-based DBS is a
realistic option.
The aim of the present study was to evaluate whether microelectrode-based DBS is
a viable option to reduce some of the problems mentioned above, which arise when
using currently available DBS electrodes. To this end, we developed a novel
microelectrode-based DBS electrode array, consisting of multiple ultra-thin
platinum/iridium electrodes (12.5 μm diameter), each equipped with a surfaceenlarged contact to improve charge delivery and a distal silicone cushion to reduce
the risk of puncturing blood vessels. The microelectrodes were embedded in a stiff,
needle shaped gelatin vehicle providing structural support during implantation
(Lind, Linsmeier et al. 2010, Etemadi, Mohammed et al. 2016), but dissolving when
in contact with fluid. Using this technique, the ensemble of microelectrodes can be
implanted through a narrow insertion track and made to spread out as a cluster in
the target area (Etemadi, Mohammed et al. 2016). Porcine gelatin was chosen as a
vehicle due to its high biocompatibility (Hiwatashi, Hirano et al. 2015) and
beneficial effects on the blood brain barrier (Kumosa, Zetterberg et al. 2018). After
implantation, gelatin dissolves and is subsequently degraded by resident gelatinases
(MMP-2 and MMP-9) in the tissue (Kumosa, Zetterberg et al. 2018).
To assess its efficacy, the DBS cluster array was implanted medially to STN near
the zona incerta, in unilaterally 6-OHDA lesioned rats (6-OHDA is a wellestablished rodent model of motor symptoms in PD).
During a period of 6-8 weeks post implantation, the effects of stimulation, via
several combinations of cluster microelectrodes, as well as stimulation thresholds,
on gate and motor symmetries were analyzed. To assess the biocompatibility of the
DBS cluster array, glial reactions, neuronal distribution and blood vessel
morphology in the area of the implanted microelectrodes, were analyzed post
mortem using immunohistochemistry.
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We show that, using a systematic selection procedure, the new microelectrode DBS
technique enabled targeted precision stimulation, via specific subgroups of the
implanted microelectrodes, which stably produced powerful therapeutic effects
without noticeable side effects such as tremor and dyskinesia. Postmortem
immunohistochemistry confirmed high biocompatibility around the individual
microelectrodes with minor glial reactions, preserved neurons nearby and no
obvious changes in vascularization in the target area.

Methods and materials
1.Manufacturing and electrode characterization
The manufacturing steps are shown in Fig. 1. Platinum Iridium microwires
(Pt90/Ir10), 12.5µm in diameter (California Fine wires, USA), were attached to a
custom-made metal frame and insulated with a 4µm thick layer of Parylene C (dicholo-di-para-xylene) using a Parylene coating machine (Labtop 3000, Para Tech
Coating Inc., CA, US). The distal ends of the wires (with respect to the contactboard) were de-insulated for 600 µm using 90% low UV energy (wavelength 355
nm and energy density 1.89 J/cm2, 50 Hz pulse frequency, target square 100 µm/20
µ m, 2 passes) using a laser milling (Laser mill 50, standard micro-milling system,
New Wave Research Class 1, USA). In order to reduce the impedance of the
electrodes, their surface area was roughened by exposing the de-insulated area to
high power laser (45% high UV, wavelength 355 nm and energy density 3.3 J/cm2,
50 Hz pulse frequency, target square 100 µm/20 µm, 2 passes) (Etemadi,
Mohammed et al. 2016). The wires were cut at both ends using 90% high UV
(wavelength 355 nm and energy density 6.6 J/cm2). To enable soldering, the
proximal ends of the wires were de-insulated by a butane flame (Portasol Pro-Piezo
75, USA) and tinned.
To minimize the risk of puncturing blood vessels in the brain on implantation,
silicone-cushions of 50-70 µm in diameter were manually deposited under
microscope on the distal end of the micro-wires (NuSil Technology, MED1-4213,
USA). The silicone cushion was then cured at 70oC for 1 hr. After freezing the wires
on dry ice, they were coated with gelatin for 1500 µm from the distal tip (30%
gelatin in de-ionized water, 289 Bloom strength, Gelita, Medella Pro 1500, USA) at
50oC, using a dipping machine (Holmarc Opto-Mechatronics, Dip Coating Unit,
HO-TH-01, India)- The dipping speed was 3000 µm/sec and retraction speed of
7000 µm/sec. The electrodes were then allowed to dry for 1 hr at room temperature.
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1.1 Flake manufacturing
Four microwires were aligned in parallel, for a length of approximately 1 cm from
the silicone cushions on a polypropylene co-polymer (Gilbert Curry Industrial
Plastics Co Ltd, UK) anti-adherent surface. The alignment of microwires was done
under a microscope using a fine paint brush (Panduro Hobby AB, Malmö, Sweden)
and ethanol (95%). The whole polypropylene sheet along with wires was
subsequently kept on dry Ice (CO2) for 20 min and sprayed with 10% gelatin at 50oC
(101 Bloom strength, Gelita, Medella Pro, 1500, USA) using an air brush (Iwata
gravity feed dual action airbrush, Anest Iwata-Medea Inc, Portland, USA). The
sprayed gelatin froze immediately, thereby fixating the wires. During the spraying
procedure the proximal parts of the wires were covered by a sheet of aluminum foil.
The gelatin flakes containing the wires were dried for 1 hour in room temperature.

1.2 Gelatin embedding, molding and soldering
After drying, the gelatin flake was cut around the electrodes and released from the
polypropylene sheet. For identification/ tracing of individual flakes, each gelatin
flake was color coded at the proximal end. Finally, four gelatin flakes were stacked
and aligned in a custom-made plexiglass mold (Prototech AB, Helsingborg) for
gelatin embedding. The mold consists of a 9 mm long cylindrical shaft with a
diameter of 350 µm, a conical tip at the distal end and a channel for gelatin injection.
Upon mounting the flakes inside the mold, gelatin (30% gelatin, 101 Bloom
strength, Gelita, Medella Pro, 1500, USA) was injected into the mold, leaving the
four flakes fully enclosed by gelatin. The gelatin embedded 16-wire array was dried
slowly at 21oC and 50% relative humidity in a temperature- and humidity-controlled
chamber (Rcom, Kingsuro Max 20 digital Incubator). After this, the de-insulated
proximal ends were aligned to the 16 pins on an Omnetics contact (Plexon,
CON/32m-V/A8828-001, USA) using a micromanipulator (Luigs & Neumann,
Feinmechanik und Elektrotechnik GmbH, Germany) affixed with forceps and then
soldered with tin (SC170, Solder Chemistry, Germany) under a stereo microscope
(Olympus, Szx7 0.5-4X, Japan). A 25 µm thick, un-insulated pure platinum wire
(PT005114, Goodfellow Cambridge Ltd, UK) was soldered to the dedicated ground
pin on the Omnetics contact to serve as animal ground during stimulation. The
connections between the wires and the contact were sealed with Epoxy (Epoxy
Technology, Epotek OG198-54 and 55, USA) and cured to harden with UVB light
(Hönle, Blue Point Eco Led, Germany). Finally, the complete probe was removed
from the mold and stored at -20°C until implantation.
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2.In-vivo studies
2.1 Experimental animals
Malmö/Lund animal ethics committee on animal experiment approved all the
animal experiments (Permit number M75-16). Six female Sprague-Dawley rats
(Taconic, Denmark) weighing ~200-250 g at the beginning of the experiment were
used for the study. All the animals received food and water ad libitum and were kept
at 21oC and 65% humidity, with reversed 12h day and 12h night cycle.

2.2 6-Hydroxydopamine lesions
Unilateral 6-hydroxydopamine (6-OHDA) lesions were made under deep anesthesia
induced by Fentanyl/Medetomidine (0.3/0.3 mg/kg, intraperitoneal injection (i.p.)
according to a previously established protocol (Cenci and Lundblad 2007). After
shaving their skull, rats were mounted into a stereotactic frame with a tooth bar (TB)
set to -4.5mm. The rats received a subcutaneous injection of 0.4-0.6 ml of local
anesthetic (xylocaine 2mg/ml + 1.25 μg/ml, Dentsply Ltd, Surry, UK). During the
entire procedure, the rat’s eyes were kept moist by covering them with a net gauze
soaked with saline. A midline-incision was made to expose bregma and lambda and
a burr hole was drilled at the coordinates AP= -4.4 mm, L=1.2 mm from bregma.
The rats received two injections of 2-2.5 µL of 6-OHDA hydrochloride (3.0 µg/µl
free base, dissolved in 0.02% ascorbate saline, Sigma-Aldrich, Sweden) in the
medial forebrain bundle at the following coordinates: Injection site 1: TB: -4.5, AP:
-4.0, ML: -1.2, DV: -7.8; injection site 2: TB: +3.4, AP: -4.0, ML: -0.8, DV: -8.0.
After closing the wound, rats received an antidote (antisedan, atipamezole
hydrocholoride, 0.5mg/kg body weight) and i.p. injection of Temgesic
(Buprenorphine, 50mg/kg body weight). The rats were left to recover for two weeks
after lesioning and were monitored regularly during the recovery period.

2.3 Implantation Surgery
Anesthesia was induced with a mixture of 30% oxygen, 70% nitrous oxide and 34% Isoflurane (Isoba ®vet, Apoteksbolget, Sweden) and maintained with 1.2-2%
Isoflurane, using a rodent nose cone (Model 906, Rat anesthesia mask, David Kopf
Instruments, California, USA). Body temperature was maintained at 36-37oC using
a heating pad. The above described procedure of shaving, injecting local anesthesia
and keeping the eyes moist (Section 2.2) was repeated during implantation. The
head was fixed in a robotic stereotactic frame (Neurostar, Robot Stereotaxic
instrument, Germany) and the surgery was planned and performed using stereotactic
software (Neurostar, Stereodrive 4.0.0, Germany). The head position was measured
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and calibrated with the robotic software to compensate for size and tilt of the skull.
After removing the connective tissues, a burr hole for implantation of the probe was
drilled at the following coordinates: AP= -3.6 mm, L= -2.5mm with respect to
bregma. In addition, 4 holes were made for stainless steel anchor screws (Agnots,
MCS1x2, Sweden) for anchoring the probe and one additional for insertion of the
ground wire. A 1.5x1.5 mm craniotomy was manually drilled (Kopf Model 1474
High Speed Stereotaxic Drill, USA) centred at the coordinates for the implant. The
probe was implanted medial to the subthalamic nucleus near zona incerta in a threestep procedure using the Neurostar robotic system, to a depth of 8 mm from the
cortical surface. First, the probe was advanced to a pre-target depth of 5.0 mm with
an insertion-speed of 1000 µm/sec. Second, a waiting-period of 4 min followed,
allowing the gelatin to swell. Third, the probe was advanced 3 mm further with an
insertion-speed of 50 µm/sec into the target. A ground-wire was coiled around a
skull screw and placed on the surface of the brain via a separate burr hole (see above)
and fixed by dental cement (RelyX ™ Unichem Self-Adhesive Universal Resin
Cement). The probe device was stabilized and fixed to the anchor screws using
dental cement. Excessive gelatin surrounding the external part of the probe was
removed through rinsing with warm saline (36-37oC) before completely securing
the device with dental cement. Finally, animals received a subcutaneous analgesic
injection of Temgesic (buprenorphine 50 mg/kg body weight) after which
anesthesia was discontinued. The rats were left to recover for 1-week before starting
experiments.

2.4 Behavioral tests
The effects of DBS on motor behavior in 6-OHDA lesioned rats were quantified
using behavioral tests. All behavioral tests were performed during the rats’ nighttime, in dim light and quiet environment, to promote animal activity and to avoid
distraction. Behavioral experiments and stimulation were carried out once a week
for 5 weeks.
Assessment of general motor behavior: Open field tests were performed to
evaluate how stimulation influenced exploratory behavior and general activity
levels. The rat was placed in a custom made square shaped box (80x80 cm) with
black background. The movements/behavior of the rats were recorded using a
camera (Logitech HD Pro Webcam C920, Logitech Inc) and a head-mounted 3-axes
accelerometer (ADXL337, Analog Devices Inc.), both were time-locked to the
operation of the electrical stimulator. The movement-data was obtained via video
tracking of the head and body using in-house developed software in Matlab
(MATLAB, 2019, Natick, Massachusetts: The MathWorks Inc., 2019) and analyzed
offline. Two LEDs (red facing neck and blue facing nose) were mounted onto the
accelerometer that in turn was attached to the rat’s head, allowing detection of the
head position and direction. The top of the head was defined as the midpoint
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between the blue and red LEDs. The (white) body could easily be detected due to
its size and high contrast against the dark background. The displacement during a
stimulation trial was defined as the total displacement of the top of the head after
stimulation-onset.

Assessment of forelimb asymmetry: The cylinder test (Schallert, Fleming et al.
2000) was used to quantify the forelimb asymmetry in the hemi-parkinsonian rats.
In this test, the rat is placed in a transparent glass cylinder (40 cm high and 20 cm
wide), and when the rat rises against the cylinder wall using its forelimbs, the left/right-paws touching the glass is counted and used to quantify usage-asymmetry
with and without stimulation. The cylinder-tests were filmed, and quantified offline
using in-house developed software (MATLAB, 2019, Natick, Massachusetts: The
MathWorks Inc., 2019). To be able to film the animal from all angles, mirrors were
mounted behind the cylinder.

2.5 In-vivo Impedance measurement
To assess the quality and integrity of the implanted electrodes, the in-vivo impedance
was measured before and after each stimulation-session. In-vivo impedance (with
respect to the ground-wire) of each electrode was measured at 1 kHz using a portable
NanoZ™ Impedance tester (NanoZ, v1.4.0, Plexon Inc, Texas, USA).

2.6 Deep Brain Stimulation protocols
The general protocol followed during the 6 weeks testing period is outlined in Fig.
2. The stimulation commenced 1-week post implantation and was performed via a
16-channel programmable constant-current PlexStim stimulator system (Plexon
Inc., Texas, USA) that was connected to the Omnetics head-contact through a
commutator, allowing the animals to move around freely during the experiment.
Trains of biphasic, charge balanced pulses of 60 µsec pulse width and 160 Hz
frequency were delivered through the implanted probe. Each stimulation-session
lasted up to 3 hrs, depending on the specific protocol that was being carried out (see
below). All stimulation-experiments were controlled with in-house software in
Matlab (MATLAB,2019 a, Natick, Massachusetts: The MathWorks Inc., 2019),
enabling systematic experimental procedures and logging of observations, as well
as video and accelerometer recordings in a time-stamped manner for objective
quantitative analysis.
Stimulation protocols used in open field experiments
Initially, all electrodes were stimulated simultaneously, with increasing strength
(steps of 2 µA), starting at 10 µA/electrode until a motor response was detected.
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This was done to avoid inadvertent stimulation-produced reactions. The lowest
current at which a clear motor effect was obtained was defined as the base threshold
current.
We next addressed the problem of how to determine which electrode combinations
give rise to therapeutic or therapy-like effects. Given that the number of
combinations of electrodes that can be selected from 16 electrodes is huge, it was
unrealistic to test all possible combinations. For example, the number of different
subgroups with 8 electrodes that can be selected from a total of 16 electrodes is
12.870. We therefore developed and evaluated a novel statistical method to identify
the four electrodes that were most efficient to induce a displacement of the animal.
In the first search strategy (Fig. 2), 26 electrode combinations including 8 electrodes
were arbitrarily pre-defined in a manner such that each of the 16 electrodes was
included in a combination an equal number of times (n=13). Each of the
combinations was tested three times in each session (Sessions 1-3). In these
experiments, the stimulation current was kept fixed at 1.1 times the base threshold.
Head movements were monitored in real time using the head mounted 3D
accelerometer and by tracking the two LEDs on the head. Each stimulation trial
commenced automatically when the accelerometer had not detected a movement for
a continuous period of at least 1 second. Ten seconds after onset, stimulation was
discontinued automatically and the program advanced to the next trial. The total
displacement of the head obtained in each test was obtained using video tracking of
the LEDs. A displacement-score for a given electrode in a given session was then
defined as the average displacement of all trials of the session in which the electrode
was involved during stimulation. Based on these scores, the 4 electrodes reaching
the highest score were determined.
As a final step in each session 1-3 (Fig. 2), synergy effects on motor response
thresholds when increasing the number of active electrodes from one to four were
tested. Initially only the highest ranked electrode was used, and current was ramped up
in steps of 2µA from an initial level of 10 µA until a clear motor effect was observed.
The initial current was then lowered to 10 µA, and the second-highest ranked electrode
was added, and the current was ramped up again until a clear motor behavior was
elicited, and so forth. The whole procedure was carried out once per session.
In the fourth open field session, instead of using combinations of 8 active electrodes,
we evaluated a second search strategy in which 42 combinations of four active
electrodes were assessed and scored with respect to head displacement as above
(Fig. 2). Each session involved stimulations of 42 (out of 1820 possible)
combinations of 4 electrodes, each combination being tested three times. The
combinations were selected such that each electrode was stimulated 10 -11 times.
The stimulation current was kept at 1.1 times the average of the threshold current
(for the four best electrodes) found in the synergy evaluation tests in sessions 1-3.
The displacement score for each electrode was then calculated in the same way as
when using 8-electrode combinations (above).
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Protocol used for assessment of limb symmetry - cylinder test
For evaluation of stimulation effects on limb-use asymmetry, the cylinder-test was
used. In the first evaluation, we selected the four electrodes which got the highest
displacement scores in the open field (session 1-3). At the start of experiment,
animals underwent baseline testing for 2 min, where no stimulation current was
used. Thereafter, the rats were stimulated at the average threshold current (for the
four best electrodes) found in the synergy evaluation tests in sessions 1-3. In cases
when symmetry was not reached with the threshold current, the stimulation current
was gradually increased in steps of 3 µA.
In a final evaluation, stimulation via the best four electrodes selected from session
4 in which 4-electrode combinations were used to score the electrodes were used in
the cylinder test.

3. Histology
3.1 Perfusion and tissue preparation
Perfusion of the rats was performed 6-8 weeks post implantation. In brief, rats were
injected (i.p.) with an overdose of pentobarbital (150-200 mg/kg, Apoteket Product
and Laboratories AB, Stockholm, Sweden). After ensuring there was no response to
painful stimulus, rats were transcardially perfused with room temperature (RT)
physiological saline (0.9%) until clear from blood (~80-100ml), followed by
~320ml ice cold 4% paraformaldehyde (PFA) in 0.1M phosphate buffer at pH 7.4,
and ~80 ml of 0.9% saline. The electrodes were carefully explanted and brains were
dissected and cryoprotected in 20% sucrose solution for ~45 hrs. Subsequently, the
brains were snap frozen in 2-methylbutane on dry ice and stored at -80°C until
sectioning. Horizontal sections of 16 µm thickness were cut using a cryostat
(Microm HM 560, Microm GmbH, Walldorf, Germany), mounted on glass slides
(Super Frost plus, Menzel-Gläser, Germany) and stored at -20°C until
immunohistochemical staining.

3.2 Histological assessment
Tyrosine Hydroxylase staining: Tyrosine hydroxylase staining was done to
determine the extent of the 6-OHDA lesion. Briefly, sections were rinsed in
phosphate buffered saline (PBS, 3x5 minutes), treated with hydrogen peroxide
(0.3% H2O2, for 15 minutes) to block endogenous peroxidase, followed by rinsing
in PBS (3x5 minutes), all at room temperature( RT; 22 ±1 o C) . To prevent
unspecific binding, sections were blocked with 5% goat serum in 0.25% Triton-X

10

in PBS for 60 minutes, and subsequently incubated with rabbit anti tyrosine
hydroxylase antibody (1:1000, #P40101-1520, Pel-Freez Biologicals, Arkansas,
USA) in the blocking solution at 4°C overnight. The following day, sections were
rinsed in PBS (3x5 minutes) and incubated with biotinylated goat-anti-rabbit in
blocking solution (1:200, #BA-1000, Vector Laboratories, Burlingame, USA) for
60 minutes at RT. After rinsing in PBS (3x5 minutes), sections were incubated with
VECTASTAIN Elite ABC Reagent in PBS (avidin-biotin-HRP complex;
Vectastain™ ABC Elite kit, #PK-6100, Vector Laboratories, Burlingham, CA) at
RT for 60 minutes. This was followed by detection of antibody-antigen binding by
applying 3,3’-diaminobenzidine (DAB Peroxidase substrate kit, #SK-4100, Vector
Laboratories, Burlingame, USA) on the sections in the fumehood (incubation ~5
minutes). Finally, slides were rinsed in distilled water (5 minutes) and coverslipped
with polyvinyl alcohol mounting media with 1,4-diazabicyclo[2.2.2]octane (PVADABCO, Merck/Sigma Aldrich, Sweden). Low magnification digital pictures of the
stained sections were captured using a Olympus camera ( SDF PLAPO 1X PF,
Olympus corporation ) for TH staining quantification. Optical density of TH fibers
was measured according to a previously described method (Burke, Cadet et al. 1990)
using NIH ImageJ software. In short, the corpus callosum (where TH-positive fibers
are absent) was used to estimate the TH background level and this was subtracted
before comparing the differences between lesioned and non-lesioned sides. The data
is expressed as the percentage of TH loss on the lesioned side compared to the nonlesioned side
Neuronal, glial and blood vessel staining: An additional immunohistological
analysis was performed to evaluate changes in neuronal and blood vessel density,
as well as microglial and astrocytic reactions in response to the implanted
electrodes. In brief, frozen sections were thawed at RT for 30 minutes, rehydrated
in PBS (3x10 min) followed by blocking in 5% goat serum in 0.25% Triton X-100
in PBS for 60 minutes to prevent un-specific binding. Sections were subsequently
incubated with primary antibodies overnight at RT. The following antibodies were
used: i) rabbit anti-neuronal nuclei (NeuN expressed in neuronal nuclei, 1:500, #Rb
104225, Abcam, USA), ii) mouse anti-RECA (rat endothelial cell antigen expressed
by endothelial cells lining blood vessel, 1:1000, #MCA970R, Bio-Rad/ Serotec), iii)
mouse anti-CD68/ED1 (marker for activated microglial cells, 1∶250,
#MCA341R,Bio-Rad/ Serotec, UK), and iv) rabbit anti-glial fibrillary acid protein
(GFAP, astrocytic cytoskeletal protein; 1∶5000, #Z0334, Dako, Denmark). The
following day slides were rinsed in PBS (3x10 minutes) followed by incubation with
secondary antibodies i) goat anti-rabbit Alexa 594 (1∶500, Invitrogen, USA), ii) goat
anti-mouse Alexa 488 (1∶500, Invitrogen, USA) and DAPI (4´, 6-diamidino-2phenylindole, 1:1000, Invitrogen, USA) in the dark for 2hrs at RT. Finally, the slides
were rinsed with PBS (3x10 minutes) and cover-slipped with PVA-DABCO
(Merck/Sigma Aldrich, Sweden), and stored at 4°C.
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Image acquisition and analysis
To evaluate the effects of implanted electrodes on the brain tissue, digital images
were captured using a Nikon Eclipse 80i microscope connected to a Nikon DS-Ri1
camera. The tissue was screened in sections along the implantation track and the
final depth observed (using the ED1 response as a guide). After this, images in the
electrophysiologically active depth-range (100-500μm from the end-point of the
array) were captured and analyzed. The sections were photographed under a 10x
objective, with the same gain and contrast for all markers, the exposure time was set
specifically for each marker but remained tahe same for all images. NIS-Elements
BR software 3.05 (NIS-Elements, Nikon Instruments, Japan) was used for image
acquisition and analysis. The position of the electrode arrays was confirmed under
10x and subsequently identified in images captured with 2x magnification to get an
overall picture of their location. For quantification of the ED1 activation in response
to implanted electrodes, the diameter of the ED1-stained area was measured around
single wires in the sections with the maximal wire spread at the relevant depth range.

4. Statistical analysis
Out of 6 rats, one rat was excluded from the analysis due to misplacement of the
probe. All the statistical analyses were performed using GraphPad Prism 8.1.2
software (GraphPad Inc., USA). For all comparisons one-way Anova with Tukey’s
multiple comparison test was used.

Results
1. Novel neural probe concept and design
In the present study, a novel multichannel probe for brain stimulation was developed
(Fig. 1) and tested in vivo. The probe consists of an array of thin Parylene C insulated
microelectrodes (n=16), each equipped with a silicone cushion at the distal tip and
a 500 µm de-insulated contact, embedded in a needle shaped gelatin body (about
300 um in diameter). The probes were rapidly (1 mm/s) implanted to a position 3
mm above target, and there the gelatin was allowed to swell for 4 minutes, before
slowly (50 um/s) advancing the cluster of microwires into the target area. As shown
in the subsequent histological evaluation, the average spread of the cluster was 650
± 191 µm (mean + SD). The probes were implanted medially to STN near zona
incerta in five 6-OHDA treated rats showing clear unilateral motor impairments in
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the open field test. To check the integrity of the electrodes, the impedance (at 1 kHz)
was measured directly before and after stimulation sessions during week 2–6 post
implantation. There was no statistical significant difference in impedance between
the weeks, although the median impedance as measured before stimulation tended
to increase the first weeks (Fig.3).

2. Effects of Deep brain Stimulation
2.1 Open field
The mean base threshold current for eliciting motor responses in the open field test
when including all electrodes in the probe was 18.4 ± 4.8 µA ( mean + SD) per
electrode. With a 10% addition to the threshold current, the current used during
stimulation with combinations of eight electrodes was 20.2 ± 5.3 ( mean + SD) µA
per electrode. In each rat, the motor effects of 26 combinations of eight electrodes
were tested week 2, 4 and 6. Each combination was tested 3 times per session thus
yielding 78 trials per session (Fig.4 A, B). In general, the behavioral responses
differed between different combinations, although some combinations evoked
rather similar behaviors. Thus, a plethora of behavioral effects could be elicited
using different combinations of electrodes, spanning from improvements in
locomotion, initiation of grooming and rearing, to increased rotation, induction of
dyskinesia or no movement. When using subgroups of 4 microelectrodes (n=42
combinations) a similar plethora of behavioral outcomes were found (Fig. 4C, D).
However, the four electrodes that got highest score when using 8 electrode
combinations (referred to as the first search strategy in Methods 2.6) differed to
some extent from the four electrodes that got the highest score when using
subgroups of 4 (referred to as the second search strategy in Methods 2.6), indicating
that there is more than one subgroup of electrodes that can provide therapeutic
effects. Importantly, similar motor behaviors were elicited when using same
combination of electrodes during different sessions of the experiments. For
example, the combination of electrodes which evoked locomotor activity in one
session, also evoked locomotor activity in subsequent sessions and the combination
of electrodes which evoked rotation, or no locomotor activity produced similar
results during subsequent trials (Fig. 4). These findings indicate that a high degree
of stimulation specificity can indeed be achieved by selecting appropriate subgroups
of electrodes from the implanted clusters.
To further analyze the synergistic effects of multiple electrodes, the stimulation
thresholds (per electrode) when increasing the number of electrodes from 1 to 4 was
evaluated. In this case, the four electrodes that showed the highest displacement
score in the first search strategy were used. As can be seen in Fig. 5, the threshold
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current per electrode was significantly reduced when using more than one electrode,
4 electrodes combination having a threshold current of about half that of a single
electrode ( P<0.0001).

2.2 Cylinder test
Without stimulation, the rats either did not exhibit exploring movements in the glass
cylinder or predominantly used the un-impaired limb when standing up and leaning
against the glass. In these tests, only combinations of 4 electrodes were evaluated.
For three of the animals, the combination of the 4 electrodes that showed highest
displacement scores in the open field tests using the first search strategy (26
subgroups of 8 electrodes) also significantly improved the usage of the impaired
limbs, reaching a forelimb symmetry close to 0.5, (where 0.5 indicate equal use of
the two forelimbs, Fig. 6). In the fourth animal, the stimulation current had to be
increased to reach a near symmetrical forelimb use. The fifth animal, showing an
incomplete lesion (70% reduction in TH immune-staining, see below), exhibited a
symmetrical limb usage already prior to stimulation and thus did not improve further
by the stimulation. When using the four electrodes that got the highest displacement
score using the second search strategy (42 subgroups of 4-electrodes), the selected
4 electrodes often did not result in restoration of forelimb asymmetry.

3. Histological assessments
3.1. Lesion verification and probe location
TH -staining in the striatum was used to examine the extent of degeneration of
dopaminergic innervations and thus evaluate the 6-OHDA lesioning. In four of the
five animals, the relative optical intensity of the lesioned hemisphere was reduced
by 97±6 % (mean + SD) compared to the non-lesioned side (Fig.7). However, in the
fifth animal, the TH staining was only reduced by 73%. The electrode array
locations were examined and identified medially to the STN near the zona incerta
in all five animals.

3.2 Neuronal, glial and blood vessel staining
In all animals, neurons were found in close proximity (<10μm) to individual
electrodes in the cluster array (Fig. 8A, B), at the electrophysiologically relevant
depth-range of stimulation (100-500μm above the electrode end points).
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A diffuse astrocytic response, examined after staining for GFAP, was found near
the implantation, primarily originating from around the wire locations (Fig. 8.C).
However, no obvious signs of encapsulation or glial thickening could be detected
around the wires in any of the animals.
The radius of activated microglia (ED1 immunoreactivity) around the single
electrode wires was quantified in the sections with the maximal wire spread inside
the electrophysiologically relevant depth range for each animal and was found to
extend ~8.9 ± 5.8 µm (Fig. 8B) around the individual wires.
Even if a slight decline in staining for RECA was present at the location of the
individual wires, since there is a small void in the tissue after explanting the wires,
no evident change in blood vessel density was observed around the wires or
throughout the implantation area (Fig. 8D).

Discussion
In the present work, a new concept for Deep Brain Stimulation, based on selection
of subsets of physically independent ultrathin microelectrodes from a cluster, was
developed. These microelectrode cluster arrays were implanted medially to STN
near zona incerta and were evaluated in a rodent model of PD for six weeks. This
study provides proof of concept by showing that significant beneficial effects, free
from observable side effects, can indeed be obtained at low current intensities.
Moreover, glial reactions around the implanted electrodes were rather small and
there were no signs of changes in blood vessel density in the target area, indicating
a high degree of biocompatibility.

Mechanisms of side effects
That side effects during DBS are due to inadvertent spread of stimulation current
outside the therapeutic target is a common notion (Shukla, Zeilman et al. 2017,
Ineichen, Shepherd et al. 2018). However, even though electrical stimulation cause
a more or less unnatural neuronal activation and that side effects also can be elicited
by increasing the stimulation strength, little evidence for this has been presented so
far. In the present study, side effects at low stimulation intensities were consistently
associated with stimulation via specific electrodes and thus particular groups of
neurons/ pathways in the brain. This finding supports the notion that side effects,
such as dyskinesia or tremor, arise when activity in particular groups of neurons or
pathways is altered (Cenci and Konradi 2010, Fieblinger and Cenci 2015, Cenci,
Jorntell et al. 2018). The ability of the present technique to change and tailor the
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spatial stimulation pattern, and thus to exclude inappropriate locations, is key to
obtain useful therapeutic effects.

On the capacity of microelectrodes to produce therapeutic effects
Conventional DBS electrodes for human use have much larger contact surfaces than
the present microelectrodes and can therefore be used within safety limits for
stimulation of large volumes of brain tissue. However, considering the complexity
of brain networks, the diffuse and spatially unprecise nature of such stimulation also
implies limited ability to avoid stimulation of brain areas eliciting side effects.
While much higher stimulation specificity can be achieved when using single
microelectrodes, therapeutic effects likely require that the correct target in the brain
is stimulated. Given the small stimulation radius of microelectrodes, finding the
beneficial sites can be problematic, since the brain targets and the underlying
therapeutic mechanisms are not fully identified (Lozano, Lipsman et al. 2019), and
may well differ between different individuals. The developed technique reduces
some of these problems by allowing a selection of microelectrodes to spread out in
a brain volume. Nevertheless, it remains to be confirmed in animals with larger
brains that the method of selecting subsets of microelectrodes from a cluster,
activating only a fraction of the neurons present, indeed overcome the problems of
the limited charge delivery from microelectrodes.

What number of microelectrodes are necessary?
Electrical stimulation needs to be below the established safety level of 30
µC/cm2(Mccreery, Agnew et al. 1990, Kuncel and Grill 2004). The thresholds found
in the present study were well below the levels for potential tissue damage, which is
corroborated by the present histological analysis. However, to be useful in humans,
having approximately 1000-fold larger brain volume than a rat (Herculano-Houzel
2009, Defelipe 2011), but not much larger neuronal cell bodies (Defelipe 2011), the
capacity of charge delivery from individual microelectrodes of the same size as used
here may be too low. The present finding that significantly lower stimulation
thresholds per electrode were obtained by stimulating a selection of microelectrodes
instead of using single electrodes, indicate that synergistic mechanisms can be utilized
to provide at least a partial solution to this problem. Nevertheless, while 16
microelectrodes, as used here, were sufficient to achieve beneficial effects in rodents,
it cannot be excluded that a higher number of microelectrodes and/or microelectrodes
with larger contact surfaces, must be used in larger brains as in humans, to reach
therapeutic effects. This may not be entirely negative, as a better selection and thus a
higher degree of specificity, is likely to be obtained by selecting from a larger number
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of microelectrodes. However, an improved specificity, due to an increased number of
microelectrodes to select from, comes at a prize, as the time to find useful
combinations of therapeutic electrodes will likely increase. Fortunately, the present
study indicates that many combinations of microelectrodes can produce useful
therapeutic effects. Moreover, the statistical search method introduced here, in
particular the first strategy using subgroups of 8 electrodes, required a rather limited
number of tests to define useful combinations. Hence, the search time to find suitable
combinations may still be feasible in a clinical setting.

Biocompatibility aspects
It is a common observation that stiff microelectrodes, used for example to locate
proper brain sites for subsequent implantation of electrodes for DBS, relatively
often cause bleeding (Binder, Rau et al. 2003, Ben-Haim, Asaad et al. 2009,
Xiaowu, Xiufeng et al. 2010). An increased number of such microelectrodes would
consequently lead to an increased risk for bleeding. Moreover, stiff microelectrodes
usually cause a “kill zone” devoid of neurons and substantial glial reactions due to
micromotions in the brain (Edell, Toi et al. 1992, Biran, Martin et al. 2005,
Fujishiro, Kaneko et al. 2014). This, in turn, increase the current intensities
necessary to activate healthy neurons. Thus, the requirements to be able to use
microelectrodes for DBS, would be a high degree of biocompatibility and a reduced
risk of bleeding. Consequently, we designed our multielectrode clusters comprising
ultrathin and flexible microelectrodes shown to be more biocompatible than stiff
electrodes (Lind, Linsmeier et al. 2010, Sohal, Clowry et al. 2016, Lee, Ejserholm
et al. 2017), and embedded them in gelatin (known to promote healing of the blood
brain barrier after insertion and to reduce microglia activation (Kumosa, Zetterberg
et al. 2018)). As an extra precaution, silicone cushions were attached et the distal
ends to reduce the risk of puncturing blood vessels The vascular system seemed
essentially normal in the cluster area indicating that the risks mentioned have been
substantially mitigated by the precautions taken. Moreover, we found viable
neurons at micrometer distances from the present microelectrodes and only minor
microglial reactions indicating a high degree of biocompatibility.

Stability of thresholds for therapeutic effects
The impedance tended to increase during the first 2 weeks and then stabilize,
although these changes did not reach statistical significance. Similar findings have
been made in previous studies and have been attributed to glial cells and or debris
adhering to the surface contacts (Merrill and Tresco 2005, Williams, Hippensteel et
al. 2007). Interestingly, there was no corresponding shift in stimulation thresholds
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which rather tended to be stable over time. Also, the impedance measured after
stimulation was rather stable over time suggesting a cleaning effect of the
stimulation. This finding also confirm lack of tissue damage with proper stimulation
parameters (Mccreery, Agnew et al. 1990, Shannon 1992). However, to confirm
safe stimulation, longer stimulation periods will be needed in subsequent studies.

Conclusions
The present study demonstrates that microelectrode based cluster DBS is indeed a
promising solution to improve stimulation specificity, and to minimize side effects.
Nevertheless, further studies are needed to determine the number and dimension of
contacts and spacing of microelectrodes necessary to reach beneficial clinical
outcomes.
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Figures and Legends

Fig.1. Steps in manufacturing of a microelectrode cluster. (A) A single 12 µm thick Pt/Ir wire coated with Parylene
C except for the deinsulated distal 600 µm, equipped with a silicon cushion distalmost. (B) Four microelectrodes are
embedded in a thin gelatin flake, (C) Stack of four flakes are molded together in gelatin.
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Fig.2.Schematic of the experimental design and time line for each rat. In session 1, 2 and 3, the first search strategy
was used in which 26 electrode combinations, each activating eight electrodes, were tested in the open field setting to
find the most effective electrodes. In session 1-3 an additional test was made to evaluate synergistic effects and
thresholds for the most effective four electrodes in the open field setting. In session 4, the second search strategy in
which 42 electrode combinations, each activating four electrodes, were tested in the open field setting to find the most
effective four electrodes. In week five and six, cylinder tests were made to assess limb symmetry.
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Fig.3. Impedance as measured before (A) and after stimulation (B) during the 6 week implantation period. Electrode
impedance (kΩ) recorded weekly across all the subjects. Graph showing Median and Interquartile range impedance
for all tested electrodes in the five animals (n= 73 for week 2, n= 43 for week 3, n= 67 for week 4, n= 72 for week 5
and n=73 for week 6, the variation in n was due to mechanical problems with the contact in some of the animals).
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Fig. 4. Typical effects of different electrode combinations in same rat. (A) Movement trajectory during stimulation
combinations of eight electrodes consistently eliciting forward movement (T1,T2 and T3 represents trial 1, 2 and 3 in
session 1. (B) Combination of eight electrodes which evoked no displacement in session 1. (C) Example of locomotor
activity using an electrode combination activating four electrodes in session 4. (D) Example of rotational behavior
evoked using another combination of 4 electrodes in session 4. Dot in right corner represents the electrode cluster.
Pink dots represents the stimulated electrodes, blue dots represent the inactive electrodes in the cluster.
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Fig.5. Stimulation thresholds when using different numbers of electrodes. (A) Movement trajectory when using 1-4
electrodes of the four electrodes that got the highest displacement score in preceding sessions 1-3 in same animal.
The threshold current is indicated in each picture in the left lower corner. Dots in right corner represents the electrode
cluster. Pink dots represents the stimulated electrodes, blue dots represent the inactive electrodes in the cluster (B)
Mean threshold current and individual threshold values when using combinations of one to four electrodes of the
electrodes that showed highest displacement score in sessions 1-3 (See also Methods). The mean threshold current
per electrode was significantly reduced when using more than one electrode. **P<0.01; ***P<0.001, ****P<0.0001.
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Fig. 6. Limb use asymmetry test in one animal. The combination of best 4 electrodes in the open field test (using the
first search strategy) improved the usage of the impaired limb and symmetry of usage of paw. On increasing the
stimulation current the usage ofleft and right limb became approximately equal.
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Fig.7. Tyrosine hydroxylase staining of a section through the striatum in a 6-OHDA lesioned rat confirming a near total
loss of dopamine on the lesioned side.
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Fig. 8. Immunofluorescent staining of tissue reactions around the microelectrode cluster array. (A) Visualization of
NeuN (red), ED1 (green) and DAPI (blue) staining in the implantation area. Rectangular box delineate the area
enlarged in B. (B) High magnification image showing NeuN and ED1 staining near a single microelectrode in an area
with high neuronal density (DAPI was omitted from this panel for enhanced clarity of the microglial and neuronal
density). (C) GFAP and (D) RECA-staining of the same area in a section 80 μm below the section shown in A and B.
(all scale bars= 50 μm).
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Background: Reduction of insertion injury is likely important to approach physiological conditions in the vicinity
of implanted devices intended to interface with the surrounding brain.
New methods: We have developed a novel, low-friction coating around frozen, gelatin embedded needles. By
introducing a layer of thawing ice onto the gelatin, decreasing surface friction, we mitigate damage caused by
the implantation.
Results and comparison with existing methods: The acute eﬀects of a transient stab on neuronal density and glial
reactions were assessed 1 and 7 days post stab in rat cortex and striatum both within and outside the insertion track
using immunohistochemical staining. The addition of a coat of melting ice to the frozen gelatin embedded needles
reduced the insertion force with around 50 %, substantially reduced the loss neurons (i.e. reduced neuronal void),
and yielded near normal levels of astrocytes within the insertion track 1 day after insertion, as compared to gelatin
coated probes of the same temperature without ice coating. There were negligible eﬀects on glial reactions and
neuronal density immediately outside the insertion track of both ice coated and cold gelatin embedded needles. This
new method of implantation presents a considerable improvement compared to existing modes of device insertion.
Conclusions: Acute brain injuries following insertion of e.g. ultra-flexible electrodes, can be reduced by providing an
outer coat of ultra-slippery thawing ice. No adverse eﬀect of lowered implant temperature was found, opening the
possibility of locking fragile electrode construct configurations in frozen gelatin, prior to implantation into the brain.
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1. Introduction
Biocompatible neural interfaces that can monitor and interact with
neuronal networks in the brain over long periods of time are of great
interest for neuroscience. However, current implantable devices usually
induce neuronal loss and glial reactions (Biran et al., 2005; Kozai et al.,
2012; Stence et al., 2001), despite being made of non-toxic materials.
From systematic studies, it has become clear that the microforces between implanted electrodes and surrounding tissue play a key role in
triggering glial responses and loss of nearby neurons (Biran et al., 2007;
Gilletti and Muthuswamy, 2006; Lind et al., 2013). Such microforces
occur if implanted electrodes are unable to smoothly follow tissue
movements (Köhler et al., 2015). As a consequence, major eﬀorts towards creating implantable ultra-flexible electrodes have been made
(Agorelius et al., 2015; Lind et al., 2010a; Zhou et al., 2017). To aid
implantation of such delicate structures, we developed a technique of
embedding ultra-thin electrodes in stiﬀ needle-shaped gelatin (Etemadi
et al., 2016; Lind et al., 2010a).
While most research in the field of neural interfaces is currently
focused on optimizing electrodes, less attention has been given to the
surgical methods of implantation (Krüger et al., 2010; Prodanov and
Delbeke, 2016). It is known that damage to nervous tissue caused by a
transient insertion causes acute tissue reactions similar to those generated around an implanted probe (Potter et al., 2012; Wellman et al.,
2019). Moreover, brain tissue reactions caused by briefly inserting a
syringe and injecting buﬀered saline solution can be quite long lasting
(>1 year in rats) (Gällentoft et al., 2015). A possible contributing factor
to mechanical injuries resulting from insertion is the commonly observed dimpling of the brain surface and ensuing forces when traversing
the nano/micro fiber mesh of the arachnoidea and pia mater (Andrei
et al., 2012, 2011). Measurements performed during transient insertions demonstrate that considerable force remains following insertion,
known as “resting” force, likely a consequence of unresolved dimpling
and friction of the probe surface (Casanova et al., 2014a; Welkenhuysen
et al., 2011). In pilot experiments we observed that dimpling could be
markedly reduced by cutting the arachnoidea and pia layers with an
extremely sharp diamond knife prior to insertion.
Biocompatible gelatin, derived from collagen, has beneficial eﬀects
on reducing acute injury sequelae (Köhler et al., 2015; Kumosa et al.,
2018; Lind et al., 2010b). In a recent study we examined the tissue
reactions caused by controlled insertion and retraction (“stab wounds”)
of either a stainless steel needle or a needle embedded in gelatin. It was
found that coating a probe with gelatin not only reduced the microglial
reactions but also significantly reduced leakage of the blood brain
barrier (Kumosa et al., 2018). The combination of gelatin embedding
and an ultra-flexible probe mitigated for the first time the ubiquitous
loss of neurons in the immediately adjacent tissues (often referred to as
the “kill zone”) six weeks after insertion (Köhler et al., 2015). This
beneficial eﬀect of gelatin coating may partly be due to reduced friction
during insertion as the gelatin hydrates. Motivated by this notion, we in
this study explore the eﬀects of adding a coat of thawing ice to the
gelatin embedded needles, as melting ice surfaces are well known to

exhibit very low friction (Blau, 1995). Given that hypothermia is also
known to protect brain tissue (Darwazeh and Yan, 2013; FAY, 1959;
Polderman and Herold, 2009), an added beneficial eﬀect of the lowered
temperature is conceivable.
The main aim of the present study was to develop a novel technique
utilizing a thawing ice coating of gelatin embedded probes to reduce
trauma during device insertion. To this end we evaluated whether such
a coating, compared to just lowering the temperature to around 0 °C,
would be able to mitigate acute “stab wound” reactions caused by
probe insertion into the brain. We first examined any potential eﬀects of
lowering the temperature of the probe, and then analysed the eﬀect of
adding a low friction, melting ice coat. A second aim was to assess
whether the acute tissue reactions could be further reduced by cutting
the pia mater with a diamond knife prior to insertion, potentially reducing dimpling of the cortical surface. The eﬀects on cortical and
underlying striatal tissue were examined 1, and 7 days post stab (PS).
We find significantly reduced acute tissue reactions after adding an ice
coat to the probe, but no added beneficial eﬀects of cutting the pia
mater. The results highlight the importance of reducing the mechanical
trauma during implantation into the brain and may likely be of relevance for many neurosurgical interventions.
2. Material and methods
2.1. Manufacturing of needle implants and force measurement equipment
2.1.1. Needle implants
Stainless steel needles with a diameter of 100 μm (Austerlitz
Minutien 0.10 Pin. Agnthos AB, Sweden) were used. Individual needles
were positioned and centered in a custom-made plexiglass mould
(Prototech AB, Helsingborg, Sweden) for gelatin embedding. The
moulds consisted of two halves, with a central canal (diameter of 350
μm), a conical tip and a channel for gelatin injection. The two halves of
the moulds were held together with 4 screws to achieve a precise fit.
A 30 % W/V gelatin solution was prepared by dissolving 3 g of 101
Bloom strength gelatin (Gelita, Medella Pro 1500, USA) in 7 mL of
deionized water at 70 °C. The 30 % gelatin solution was sonicated
(Emmi-12HC, Emag technologies, Germany) at 55 °C to remove gas
bubbles. The 55 °C solution was injected into the mould, using a temperature-controlled syringe (Model TC-124A, Warner Instruments,
1125 Dixwell Avenue Hamden, USA), via the injection channel. After 4
h in room temperature (RT; 22 +/−1 °C) the gelatinized needles were
dry enough to be removed from the moulds and were subsequently
vacuum dried for a minimum of 6 h. As a result of the drying process,
the diameter of the gelatinized needles shrunk to around 300 μm. The
dried, gelatinized needles were then placed in plastic polystyrene petri
dishes (P5606−400EA, Sigma-Aldrich, Sweden)and stored in a freezer
at −18 °C until surgery The gelatinized needles were split into three 3
groups i.e., 1) gelatinized needles at room temperature (RT needles), 2)
frozen gelatinized needles (cold needles), and 3) frozen gelatinized
needles with an icecoat (ice coat needles) (Fig. 1.). The ice coat layer
was produced on the day of surgery, by freezing the gelatinized needles

Fig. 1. Schematic illustration of the three kinds of probes used in the study. All stainless steel needles were embedded in gelatin, after which two groups of needles
were frozen and one of these further coated with a layer of ice. The three groups of needles inserted thus were: i) gelatinized needles at room temperature (RT), ii)
cold gelatinized needles), and iii) cold gelatinized needles with a melting layer of ice, i.e. ice coated needles.
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on dry ice (CO2-ice) for 10 min, subsequently dipping them in 4 °C
Milli-Q water (Merck Millipore, Solna, Sweden) twice with a 5 min
freezing step between, after which they were kept on dry ice along with
the cold gelatinized needles, until implantation. The needles are illustrated in Figs. 1 and 2.
2.1.2. Force measurement equipment
To measure insertion forces during insertion of needles into rat
brain tissue, a Micro Load Cell (0−100 g, CZL639HD) in conjunction
with a PhidgetBridge 4-Input analog-to-digital USB interface (both from
Phidgets, Inc., Canada) were used. An adapter was 3D-printed using an
acrylic-like substrate to attach the load sensor to the Kopf
Micromanipulator and stereotax on one end, and a syringe at the other.
Gelatinized insect needles (cold or ice coat needles) aﬃxed to disposable Luer-lock hypodermic needles, were quickly attached/detached
to the syringe/ probe holder. A Matlab interface was developed to record, plot and export force measurement data using manufacturer
provided software drivers for the Microsoft Windows environment. All
force recordings were performed with a 25 Hz sampling frequency and
smoothed using a moving-average algorithm with a 0.5 s window.
Calibration of the sensor was performed before each gelatin-embedded
needle insertion (see below) using a sacrificial gelatinized needle,
verified and adjusted using a 60 s recording immediately following each
measurement procedure once the needle was retracted from the brain.
Two outlier signals requiring adjustment more than 20 % of maximum
recorded force were excluded. Recordings could not be performed before insertion due to the rapid interval needed between removal of each
probe from the dry ice container to insertion into brain.
Maximum insertion values were defined as the maximum smoothed
insertion force during the insertion procedure.

tissue, the skullbone was removed over the insertion sites, two in each
hemisphere,: i)±2.4 mm lateral from the midline and 1 mm rostral to
bregma, and ii) ±3.4 mm lateral from the midline and 1 mm caudal to
bregma Previous studies have shown that there are no significant interactions between multiple implants positioned at least 1 mm apart
(Lind et al., 2012).

2.2. Animals and surgery

2.2.2. Implantation of probes for 1 and 7 days
At 3 out of the 4 insertion sites the dura was removed, using forceps
and Iris scissors, just before implantation. In the 4th, the dura, arachnoidea and pia mater were cut using a diamond knife (). All of the
gelatinized needles were hydraulically inserted using a KOPF
Instruments 2650 micro-positioner (David Kopf instruments, Los
Angeles, USA) to a depth of 5 mm from the brain surface. The insertion
order was alternated (RT needles, cold needles, ice coat needles and ice
coat needles with pia cut) between animals. The gelatinized needles
were inserted (speed = 1000 μm/sec) and held in the brain for 10 min,
after which they were slowly retracted (speed = 100 μm/sec). On the
day of surgery the gelatinized needles were taken from storage (at −18
°C), one batch was kept in a dust free container at RT, and the rest were
kept on dry ice. The ice coated needles were constantly monitored
through the microscope after removal from the dry ice environment,
and were implanted at the time when their outer surface shifted from an
opaque ice coat to a transparent state (Fig. 2), i.e. when the transition
from frozen to liquid water occurred (defined as 0 °C for water). The
cold needles were implanted at the same duration after removal from
the dry ice container. Measurements using a temperature probe (Testo
108, Testo SE & Co, KGaA, Germany) confirmed that the surface held a
temperature of close to 0 °C at the time of implantation. After surgery
the rats received a subcutaneous injection of Temgesic (buprenorphine,
0.05 mg/kg, Schering-Plough, Belgium) for postoperative analgesia,
and the skin was closed using surgical clips.

2.2.1. General surgery
All animal experiments were approved by Malmo /Lund Animal
Ethics Committee on Animal Experiments (Permit number M76−16).
Twenty-seven, adult, female/male Sprague-Dawley rats (Taconic,
Denmark) were used. Allsurgical procedures were performed under
deep anaesthesia. Induction of anaesthesia was done with a mixture of
2.5−1.8% Isoflurane (Isoba®vet, Apoteksbolget, Sweden) in 30–40 %
oxygen and 60–70 % nitrous oxide and then kept at 1.2–2 % Isoflurane,
delivered through a rat nose mask (Model 906, Rat anaesthesia mask,
David Kopf Instruments, California, USA). After shaving the head, the
rats received a local anaesthetic subcutaneous injection of 0.4−0.6 ml
xylocaine (2 mg/mL) + adrenalin (1.25 μgram/mL) (Dentsply Ltd,
Surrey, United Kingdom) in the surgery area. During the whole surgical
procedure, rats were kept on a heating pad, set at 37 °C, with temperature feedback from a rectal probe. Rats were mounted in a stereotactic frame, and a midline incision was made to expose the area
between bregma and lambda. After removing the overlying connective

2.2.3. Acute, insertion force measurements
After having prepared the surgery area (as per above), the following
procedures were performed to measure the insertion force. The probe
holder connected to the force meter was moved to the correct location,
calibration was performed (see above), the dura was cut using fine
forceps and a pair of iris scissors. Finally, the probe to be tested was
swiftly mounted in the probe holder and inserted at a speed of 1000
μm/sec to a depth of 5 mm. The implants were constantly monitored
through the microscope after removal from the dry ice environment and
were implanted as described above. Needles were held for 10 min inside
the brain, after which they were explanted at a speed of 100 μm/sec.
The force subjected to the load cell was measured continuously
throughout the experiment until 60 s after retraction above the brain
surface (see above). After completion of the surgery, the animals were
injected with an overdose of pentobarbital (150−200 mg/kg, i.p.) and
when deeply anaesthetized killed by heart puncture.
Fig. 2. Light field images of gelatine embedded
needles without and with an ice coating. The
structure of the RT gelatin embedded needle is
shown (A), compared to the structure of the
cold gelatin embedded needle with a melting
ice coat (B). The transition from a frozen layer
of ice to a melting ice layer is captured (b). 1=
stainless steel rod, 2= gelatin layer, 3= ice
coat in a frozen state, and 4= ice coat at
melting state.
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2.3. Perfusion and tissue preparation
One, or seven days PS rats were deeply anaesthetized with an
overdose of pentobarbital (150−200 mg/kg, i.p.). When animals
showed no response to painful stimulation, they were transcardially
perfused with 0.9 % RT saline until the tissue was cleared from blood
(∼80−100 ml), followed by ∼320 mL of ice cold 4% paraformaldehyde in 0.1 M phosphate buﬀer, pH 7.4, and finally ∼80 mL of RT 0.9
% saline. The brains were dissected and cryoprotected in a 20 % sucrose
solution at 4 °C for 22−30 hrs, snap frozen in isopentane on dry ice and
stored at -80 °C until sectioning. The brains were sectioned (16 μm
horizontal sections) in a cryostat (Microm HM 560, Microm GmbH,
Walldorf, Germany), mounted onto glass slides (Super Frost plus,
Menzel-Gläser, Germany), and stored at -20 °C.
2.4. Immunohistochemistry
Immunohistological staining of brain sections was performed to
enable evaluation of neuronal density and microglia and astrocyte response. The frozen tissue sections were kept at RT for 30 min, and after
rehydration in phosphate buﬀered saline (PBS; 3 × 10 min), the sections were blocked with 5% goat serum in 0.25 % Triton X-100 in PBS
to prevent nonspecific binding. The slides were incubated with primary
antibodies overnight at RT. The following primary antibodies were
used; i) mouse anti-CD68/ED1 (a marker for activated microglial cells,
1∶250, Cat. Nr. MCA341R, AbD Serotec, UK), ii) rabbit anti-glial fibrillary acid protein (GFAP, an astrocytic cytoskeletal protein; 1∶5000,
Cat. Nr. Z0334, Dako, Denmark), or iii) rabbit anti-neuronal nuclei
(NeuN, expressed n neuronal nuclei 1:500, Cat. Nr. ab 104225, Abcam,
USA). Following another rinse in PBS (3 × 10 min), the slides were
incubated in light sealed chambers with DAPI (4´, 6-diamidino-2-phenylindole, 1:1000, Invitrogen, USA), and the following secondary antibodies; i) goat anti-rabbit Alexa 594 (1∶500, Invitrogen, USA) and ii)
goat anti-mouse Alexa 488 (1∶500, Invitrogen, USA), for 2 h at RT.
After the final rinse in PBS (3 × 10 min), the slides were coverslipped
with polyvinyl alcohol mounting medium with 1,4-diazabicyclo-[2.2.2]
octane (PVA-DABCO, Fluka/Sigma Aldrich, Switzerland), and stored at
4 °C.

staining. The area devoid of detectable neuronal cell bodies, i.e. the
“neuronal void” area, was encircled and measured around each of the
insertion sites using image analysis, NIS-Elements.
Pixel-intensity profiles, for staining of ED1 and GFAP, were calculated using in-house developed software in Matlab (MATLAB ® and
Statistics Toolbox Release 2019b, The MathWorks, Inc., Natick,
Massachusetts, United States). For each captured section, the pixel-intensity profiles along 36 lines, 450 μm long and symmetrically radiating
from the mid-point of the stab-wound, were calculated and averaged.
Lines intersected by a ventricle were invalidated and excluded from the
average. The distances from the mid-point were binned into four ROIs
in the same way as for the neuronal density measurements, with the
modification of ROI 4 being defined as 400−450 μm to ensure that it is
outside the glial reaction area. The mean intensity value in each ROI
was used for statistical analysis. For comparison between needle
groups, the intensity profiles were normalized with respect to ROI 4 by
dividing with the mean intensity in ROI 4. When comparing ROI 1–3
with ROI 4, the non-normalized data were used.
2.6. Statistical analysis
All the analyses were performed using GraphPad Prism 8.1.2 software (GraphPad Software Inc., USA). For each animal the mean value
of two sections was used for cortex and striatum respectively, with the
exception of three animals where only one section either in cortex or
striatum of suﬃcient quality was available. Data is expressed as the
mean value and the standard error of the mean. For comparing ROI-1, 2
and 3 with ROI-4 non-parametric Friedman test with Dunn’s multiple
comparison test was used. For comparisons between the experimental
groups i.e., RT vs cold or ice coat vs cold, either non-parametric
Friedman (where matching data points were available; cortex 1 day PS)
or Kruskal-Wallis test (for remaining groups, where matching values
were missing), with Dunn’s multiple comparison test was used. For the
force insertion measurements, the Student´s t-test was used. P-value of
<0.05 was considered statistically significant. In case of statistical
significance, the Q, H or T values are provided in the Results section.
3. Results

2.5. Image acquisition and analysis

3.1. Technique used for implantation of frozen probes into the brain

Sections stained for NeuN, ED1, GFAP and DAPI from cortex
(900−1300 μm i.e. within lamina 5) and striatum (3500−4200 μm),
were screened and captured using a Nikon DS-Ri1 camera mounted on a
Nikon Eclipse 80i microscope. Stab wound sites were photographed
using a 10x objective, and the same gain, contrast and exposure times
for the respective markers were used. For image acquisition and analysis NIS-Elements BR software 3.05 (NIS-Elements, Nikon Instruments,
Japan) was utilized.
For evaluation of neuronal density, defined as NeuNdensity in
stained tissue, regions of interest (ROIs), with the following radiuses (r)
originating from the center of the stab injury, were analysed; i) ROI 1: r
= 0–75 μm, ii) ROI 2: r = 75–150 μm, iii) ROI 3: r = 150−250μmand
iv) ROI 4: r = 350−450 μm. The ROI 4 was positioned far away from
the injury and used as a reference for normalization of neuronal density
data. The detection threshold for NeuN staining was set at a fixed ratio,
3.3 times above the mean background intensity, to ensure that only
specific staining was analysed. The neuronal density is expressed as the
fraction of the area above threshold, related to the total ROI area. For
striatal sections containing part of a ventricle inside the ROI, the ventricular area was subtracted from the quantified ROI area, and sections
where the stab was inside a ventricle were excluded. For comparison
between the needle groups, the neuronal density was normalized to the
density in the outer ROI (ROI 4), in the same section.
For analysis of the extent of the area deprived of neurons, the area
around the injury was investigated with respect to presence of NeuN

The present study builds on our previous findings that a gelatin
coating around implants has beneficial eﬀects on the brain tissue response (Köhler et al., 2015; Kumosa et al., 2018; Lind et al., 2010a). To
improve this technique further, we here introduced cold probes, with or
without a low friction surface. The intention was to provide an outer
layer of thawing ice (frozen probes dip coated in water and re-frozen),
to yield minimal friction against the tissue during insertion (Fig. 2). We
made use of the property that the opacity of the ice coated needles
changes when thawing, from non-transparent to translucent, to initiate
the insertion at around 0 °C. Below, the tissue reactions to implantation
of cold and RT needles are compared, as well as reactions to cold and
ice coated needles, to evaluate the eﬀects of hypothermia and low
friction surface coating, respectively. In addition, results from the insertion force measurements are shown for comparison of the diﬀerential forces subjected to the brain tissue in response to insertion of cold
or ice coated needles.
3.2. Eﬀects of hypothermia and ice coating
3.2.1. Neuronal density (NeuN) and neuronal void
To determine the eﬀects on neurons of lowering the temperature of
an implant, from room temperature (RT) to around 0 °C, or adding a
slippery coat on the probes, the neuronal density in cortex and striatum
was compared (1 and 7 days PS), between RT gelatinized needles and
cold gelatinized needles, and between ice coated gelatinized needles
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and cold gelatinized needles, respectively. In addition, the neuronal
density within and peripheral to the area of the stab (i.e. ROI 1–2, and
ROI 3, respectively) was compared with the normal neuronal density
located far from the injury site (ROI 4) (Table 1). In general, very small
diﬀerences were found in neuronal density between RT gelatinized
needles and cold gelatinized needles. However, when examining the
stab wounds after ice coated needles compared to cold needles, it was
evident that eﬀects on neuronal density were less pronounced after
addition of the ice coat.
Comparison of RT vs cold implants 1 day PS: No significant diﬀerence in neuronal density was found in cortex or striatum in any of the
ROIs when comparing the RT with cold needles 1 day PS (Fig. 3).
Compared to respective ROI 4, both groups showed a significant decrease in neuronal density in cortex in ROI 1 (95 % in cold, 89 % in RT;
P < 0.0001) and ROI 2 (69 % in cold P < 0.01; 55 % in RT, P < 0.05),
but not in ROI 3. In striatum, there was a significant reduction in
neuronal density in ROI 1 for both groups (82 % in cold and 90 % in RT;
P < 0.001), but not in the other ROIs.
Comparison of ice coated vs cold implants 1 day PS: The neuronal
density in cortex was found to be significantly higher in ROI 1 and 2 in
response to stab with ice coated needles (394 %, P < 0.05; 116 %, P <
0.001, respectively) compared to cold needles 1 day PS (Fig. 3). Compared to ROI 4, there was a significant decrease in neuronal density in
cortex, in ROI 1 (95 %; P < 0.0001) and ROI 2 (69 %; P < 0.01) in
response to cold needle stab, but only in ROI 1 (79 %; P < 0.01) in the
ice coated group. In striatum, a significantly decreased neuronal density
was only observed in the cold needle group, where it was limited to ROI
1 (82 %; P < 0.001), i.e. for the ice coated needles there was no significant reduction in neuronal density in striatum in any of the ROIs
compared to ROI 4. These findings indicate a significant mitigation of
neuronal loss by the ice coating.
Comparison of RT vs cold implants 7 days PS: There was no significant diﬀerence in the neuronal density in the tissue in or surrounding the stab injury when comparing RT and cold needles, in
cortex or striatum 7 days PS (Fig. 4). Compared to respective outer ROI
4, a significant reduction in neuronal density in ROI 1 (87 % in cold and
74 % in RT; P < 0.05), but not in ROI 2 and ROI 3, was found in cortex
in both groups. In striatum, there was a significant decrease in neuronal
density in both ROI 1 and ROI 2 (52 % and 40 % respectively; P <
0.01), but not in ROI 3 after insertion of cold needles. The results were
similar for RT needles but did not reach statistical significance in any of
the ROIs.
Comparison of ice coated vs cold implants 7 days PS: No significant
diﬀerence in neuronal density was found between ice coated and cold
needles in cortex or striatum 7 days PS (Fig. 4). Compared to ROI 4, a
significant reduction in neuronal density was found in cortex in ROI 1
in both groups (67 % for ice coat, 87 % for cold; P < 0.05) and in
striatum in ROI 1 and 2 (52 % and 40 % respectively; P < 0.01) for cold
needles.
RT vs cold implants 1 and 7 days PS: Notably, for both types of
needles, a centrally located area devoid of NeuN staining referred to as
the neuronal void, was found at 1 day PS, but less markedly at 7 days PS
(Fig. 5). No significant diﬀerence in the extent of the neuronal void was
found when comparing the RT and cold needles, in cortex or striatum,
at either of the time points examined.
Ice coat vs cold implants 1 and 7 days PS: The neuronal void at one
day PS was significantly smaller in cortex (P < 0.01) for the stab
wounds induced by ice coated needles as compared to cold needles
(Fig. 5). However, at 7 days PS, the neuronal voids had decreased and
there was no longer any statistically significant diﬀerence between the
two needle groups in cortex or striatum.
3.2.2. Microglia activation (ED1)
Comparison of RT vs cold implants 1 day PS: There was no significant change in the microglia activation after stab with RT needles
compared to cold needles in cortex or striatum, in any of the ROIs at 1

day PS (Fig. 6). Compared to respective ROI 4 (Table1), there was a
significant increase in the microglial activation in cortex in ROI 1 (77
%, P < 0.001 for cold; 67 % for RT, P < 0.0001) and ROI 2 (70 %; P <
0.0001 for cold, 36 %; P < 0.01 for RT,) for both RT and cold needles.
In striatum, there was significant increase in microglial activation in
ROI 1 (79 % for cold; 65 % for RT; P < 0.01), and ROI 2 (36 % for cold
and 45 % for RT; P < 0.05).
Comparison of ice coated vs cold implants 1 day PS: There was no
significant diﬀerence in the microglial activation to stabs by ice coated
compared to cold needles in cortex or striatum 1 day PS (Fig. 6).
However, compared to ROI 4 (Table 1), both types of stabs did produce
a significant increase in the microglial activation in ROI 1 in both cortex
(122 %, P < 0.0001 for ice coat, 77 %, P < 0.001 for cold) and striatum
(97 % P < 0.0001 for ice coat, 79 %, P < 0.01 for cold), as well as in
ROI 2 (35 %, P < 0.0001 for cold, 44 %, P < 0.01 for ice coat) in cortex
and striatum.
Comparison of RT vs cold implants 7 days PS: There was no significant diﬀerence in the microglia activation to stab with a RT needle
as compared to a cold needle in cortex or striatum at 7 days PS (Fig. 7).
Compared to ROI 4 (Table 1), there was, however, still a significantly
increased activation of the microglia in both cortex and striatum in ROI
1 (Cortex: 210 % for cold, 235 % for RT, P < 0.001; Striatum: 309 % for
cold, 307 % RT, P < 0.0001) and ROI 2 (Cortex: 63 % for cold, 53 %
RT; Striatum: 59 % for cold, 75 % RT, P < 0.01) for both groups at this
time point.
Comparison of ice coated vs cold implants 7 days PS: There was still
no significant diﬀerence in microglia activation between the two needle
groups in cortex or striatum at 7 days PS (Fig. 7). Compared to ROI 4
(Table 1), there was a significantly increased microglia activation for
both needle groups in cortex ROI 1 (225 % for ice coat, 210 % for cold,
P < 0.001), ROI 2 (40 % for ice coat, 63 % for cold, P < 0.01), and in
Table 1
Summary of Q values after statistical analysis comparing tissue reactions in ROI
1, 2 and 3 with ROI 4, at 1 and 7 days PS in cortex and striatum using Friedman
test (Degrees of freedom; Df = 3 for all groups). NS indicates that no significant
diﬀerence was found in the comparison and further testing was not performed.
Time

Tissue

Marker

Experimental group
Cold

RT

Ice coat

1 day PS

Cortex

NeuN

Q = 27.4
P < 0.0001
Q = 22.6
P < 0.0001
Q = 13.3 P < 0.01

Q = 27.1
P < 0.0001
Q = 19.4
P < 0.001
Q = 22.3
P < 0.0001
Q = 21.6
P < 0.0001
Q = 13.5
P < 0.001
NS
Q = 11.9
P < 0.01
Q = 26.7
P < 0.0001
Q = 16.2
P < 0.01
NS

Q = 22.6
P < 0.0001
Q = 30.0
P < 0.0001
Q = 13.3
P < 0.01
Q = 16.6
P < 0.001
Q = 28.0
P < 0.0001
Q = 15.2
P < 0.01
Q = 15.8
P < 0.001
Q = 27.0
P < 0.0001
Q = 25.9
P < 0.0001
NS

Q = 27.0
P < 0.0001
Q = 27.0
P < 0.0001

Q = 25.9
P < 0.0001
Q = 20.6
P < 0.0001

ED1
GFAP
Striatum

NeuN
ED1
GFAP

7 days PS

Cortex

NeuN
ED1
GFAP

Striatum

NeuN
ED1
GFAP

Q = 16.3
P < 0.001
Q = 15.0
P < 0.001
NS
Q = 16.3
P < 0.001
Q = 18.4
P < 0.001
Q = 8.3
P < 0.05
Q = 15.3
P < 0.001
Q = 30.0
P < 0.0001
Q = 25.6
P < 0.0001
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Fig. 3. Eﬀect on neuronal density 1 day after stab wound injury. (A) Representative histological images of NeuN staining in cortex and striatum 1 day after stab
injury, comparing stabs generated using cold gelatinized needles (∼0 Co), RT gelatinized needles, and cold gelatinized needles with a melting ice coat. B)
Quantification of neuronal density, expressed as the ratio between the NeuN-stained area above threshold and the total ROI (In cortex; n = 10 for all groups,
Friedman test, Df = 2, ROI 1:Q = 6.2, P < 0.05; ROI 2: Q = 8.6, P < 0.01. In striatum; n = 8 for cold and RT and n = 9 for ice coated needles, Kruskal-Wallis test,
Df = 2, NS (NS = non-significant)). * P < 0.05, ** P < 0.01.

striatum in ROI 1 (248 % for ice coat, 308 % for cold, P < 0.0001), and
ROI 2 (57 % for ice coat, 59 % for cold, P < 0.01).
3.2.3. Astrocytic response (GFAP)
Comparison of RT vs cold implants 1 day PS: There was no significant diﬀerence in the astrocytic response when comparing RT and

cold needles in cortex or striatum 1 day PS (Fig. 8). Compared to ROI 4
(Table 1), a significantly increased astrocytic response was only found
in cortex in ROI 3 for RT needles (11 %; P < 0.05), and in striatum in
ROI 2 for cold needles (16 %; P < 0.05).
Comparison of ice coated vs cold implants 1 day PS: The astrocytic
response in the cold group was significantly lower than in the ice coated
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Fig. 4. Eﬀect of stab wound injury on neuronal density after 7 days. (A) Representative histological images of NeuN stained sections of cortex and striatum 7 days
after stab injury inflicted by cold gelatinized rods, gelatinized rods at RT and gelatinized rods with a melting ice coat. (B) Quantification of neuronal density,
expressed as the ratio between the NeuN- stained area above threshold and total area of the ROI. (In cortex; n = 8 for cold, n = 9 for RT and ice coated needles,
Kruskal-Wallis test, Df = 2, NS. In striatum; n = 9 for cold and ice coat, n = 8 for RT needles Kruskal-Wallis test, Df = 2, NS).

needle group in cortex in ROI 1 (28 %, P < 0.001), and ROI 3 (11 %, P
< 0.05), whereas no diﬀerence was found in striatum 1 day PS (Fig. 8).
Compared to respective ROI 4 (Table 1), the astrocytic response in
cortex was not significantly diﬀerent in the cold group, whereas it was
increased (16 %, P < 0.01) in the ice coated group in ROI 3 only. In
striatum, the astrocytic response was increased in ROI 2 (18 %, P <
0.001) and ROI 3 (21 %, P < 0.01) for ice coated needles, and in ROI 2

(16 %, P < 0.05) for cold needles.
Comparison of RT vs cold implants 7 days PS: There was no significant diﬀerence in astrocytic response when comparing RT with cold
needles in cortex and striatum 7 days PS (Fig. 9). Compared to ROI 4
(Table 1), an increased astrocytic response was found in cortex in ROI 1
(71 %; P < 0.001) and ROI 2 (50 %; P < 0.01) for RT needles and in
ROI 2 (53 %; P < 0.05) (but not reaching statistical significance in ROI
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cold gelatinized needles (11.1 ± 3.9 mN) (Fig. 10). Mean total force
experienced by the tissue during the first 5 min of the insertion for the
ice coated gelatinized needles (3.2 ± 1.4 mN) was 56 % less (P < 0.01)
than for the cold gelatinized needles (7.2 ± 3.0 mN). Mean resting
forces between 8−10 min post insertion were found to be similarly low
for both ice coated and cold gelatinized needles (∼0.4 mN, less than
5% of maximum).
4. Discussion

Fig. 5. Quantification of the area devoid of NeuN stained cells, i.e. neuronal
void, in cortex and striatum 1 and 7 days post stab injury. Individual values and
their mean (horizontal bar) are presented for each animal. (For 1 day PS cortex,
Friedman test, Df = 2, Q = 10.4, P < 0.01. For1 day PS striatum, 7 days PS
cortex and striatum, Kruskal-Wallis test, Df = 2, NS). **P < 0.01.

1) for cold needles, but in neither case in ROI 3 (i.e. outside the stab).
Similarly, in striatum, there was a significant increase in astrocytic
response in ROI 1 (91 % for cold, 89 % for RT; P < 0.0001) and ROI 2
(41 %, P < 0.01 for RT; 35 %, P < 0.05 for cold), but not in ROI 3, for
both RT and cold needles.
Comparison of ice coated vs cold implants 7 days PS: The astrocytic
reaction was less spread/ diﬀuse in the tissue and more concentrated to
the insertion track 7 days PS. There was no significant diﬀerence in the
astrocytic response when comparing the eﬀects of ice coated and cold
needles in cortex or striatum (Fig. 9). Compared to respective ROI 4
(Table 1), there was an increased astrocytic response for ice coated
needles in cortex in ROI 1 (108 %, P < 0.0001) and ROI 2 (64 %, P <
0.01) but not ROI 3, and cold needles in ROI 2 only (53 %, P < 0.05). In
striatum, the astrocytic response was significantly increased in ROI 1
(59 % for ice coat, 91 % for cold, P < 0.0001) and ROI 2 (46 %, P <
0.01 for ice coat, 35 %, P < 0.05 for cold), but not in ROI 3, for both
groups.
3.2.4. Eﬀects of cutting the pia mater
Finally, we analysed whether a sharp cut of the pia mater with a
diamond knife, prior to insertion of ice coated needles, has any further
eﬀect on the tissue response. However, we found no evidence of any
such eﬀects at 1 or 7 days PS in cortex or striatum (data not shown).
3.3. Eﬀects of an ice coat on insertion force
Having found diﬀerences in tissue responses between cold gelatinized and ice coated gelatinized needles, we evaluated the insertion
forces exerted by these two groups of implants.
The eﬀect of a melting ice coat layer around the gelatinized needles
in comparison to gelatinized needles without this layer, was evaluated
with regards to changes in insertion force during implantation into the
brain. There was a pronounced lowering of the insertion force when the
needles were coated with melting ice. The mean penetration force (0–5
seconds) of ice coated gelatinized needles (6.1 ± 2.3 mN) was 45 %
lower than (P < 0.01) the mean insertion force observed in response to

Both for brain science and clinical therapies/diagnosis, it is of
considerable importance to minimize acute damage and tissue reactions
following invasive neurosurgery, e.g. brain biopsies or implantation of
electronic devices for deep brain stimulation (DBS)/recording
(Campbell and Wu, 2018; Gulino et al., 2019; Zhang et al., 2013). In the
present study, we built on our gelatin embedding method for implantation which previously has proved to successfully mitigate tissue
responses and loss of neurons around implanted electrodes in the brain
(Köhler et al., 2015; Lind et al., 2010b). For the first time, the eﬀects of
a low-friction, thawing ice coat was analyzed. Addition of an ultraslippery surface around the dry gelatin indeed further mitigates the
acute loss of neurons in the brain, one day following insertion, as
compared to cold gelatin embedded needles. A week after stab injury,
there is still a trend towards higher neuronal density along the track for
the ice coated compared to the cold needles. Neuronal density in cortex
and striatum was not diﬀerent from reference levels with the exception
of the innermost region of the track in cortex. Importantly, for ice
coated probes, near normal levels of the astrocytic response was found
along the cortical part of the track at day one PS. Together the present
data indicate that the initial injury can be significantly reduced by the
addition of an ice coat. Lastly, the finding that no significant adverse
eﬀects are caused by lowering the temperature of the probe from room
temperature to around 0 °C presents novel opportunities for utilizing
frozen constructs.
4.1. Eﬀects on neurons and glial cells
As already mentioned, there is strong evidence that the addition of a
gelatin layer around needles has beneficial eﬀects on the nervous tissue
injury response. Initial studies implanting pure gelatin needles in rat
cortex demonstrated that tissues healed by 12 weeks after implantation
as determined by no observable glial reaction (Lind et al., 2010a). More
recent studies have shown preservation of neurons around implanted
gelatin embedded ultra-flexible probes (Köhler et al., 2015). The present study confirms the usefulness of gelatin embedding and, in addition, shows that an added ice coat further reduces the loss of neurons
and severity of a neuronal void in the innermost ROIs 1 and 2 (i.e.
within the insertion track) one day after stab injury. It is also worth
noting that no significant reduction in neuronal density was found
outside the insertion track (i.e. in ROI 3) in any of the regions and time
points studied.
The reduction of the neuronal void after seven days, for all of the
needle types, clearly suggests that the tissue readjusts over time,
bringing along neurons from the periphery into the central ROIs. It is
thus conceivable that neurons from tissue adjacent to the track may
partly “replace” neurons lost early on, thus partially masking a loss of
neurons in the inner ROIs at this later time point.
In general, negligible diﬀerences were found with regard to microglia activation and astrocytic response between the probe types in
the present study. However, whereas the astrocytic response was close
to control levels in animals in the ice coated group 1 day after injury, in
the other groups a tendency towards a reduced response was found in
the innermost ROI at this time point. Given the reduced loss of neurons
and also basically preserved astrocytic reactivity in the innermost ROIs
after ice coating, the lack of a mitigating eﬀect on microglia activation
was somewhat surprising and may suggest that the degree of the
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Fig. 6. Microglial activation 1-day post stab injury. (A) Representative images of cortex and striatum stained for ED1 to compare the microglia response generated
after stab injury using cold gelatinized rods, gelatinized rods at RT and gelatinized rods with a melting ice coat. (B) Quantification of the ED1 activation, expressed as
the computed pixel intensity above threshold in the respective ROIs. (In cortex; n = 10 for all groups Friedman Test, Df = 2, NS. In striatum; n = 8 for cold; n = 9 for
RT, and n = 10 for ice coated needles, Kruskal-Wallis test, Df = 2, NS).

microglial response is not directly related to loss of neurons or to astrocytic reactivity in the early phase after injury. However, these interactions are highly complex (Cherry et al., 2014; Liddelow et al.,
2017; Mattugini et al., 2019) and outside the scope of this study.

4.2. Mechanism related aspects
The present finding, that cold and RT needle insertions did not result in any significant diﬀerences with respect to glial responses or
neuronal loss, indicate that lowering the temperature of an implant to
close to 0 °C do not, in itself, reduce damage. Thus, the mechanisms
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Fig. 7. Microglial activation 7 days post stab injury. (A) Representative histological images of cortex and striatum after ED1 staining comparing the microglia
response to stabs generated using cold gelatinized rods, gelatinized rods at RT and gelatinized rods with a melting ice coat. (B) Quantification of the ED1 activation,
expressed as the computed pixel intensity above threshold in the respective ROIs. (In cortex; n = 8 for cold and n = 9 for RT and ice coated needles Kruskal-Wallis
test, Df=2, NS. In striatum; n = 9 for cold and ice coated and n = 8 for RT needles, Kruskal-Wallis test, Df=2, NS).

underlying the beneficial eﬀects of ice coating do not appear to be due
to a lowered temperature. It is, however, known that cooling the brain
by a few degrees after an infarct or period of anoxia is beneficial
(Darwazeh and Yan, 2013; FAY, 1959; Polderman and Herold, 2009).
The lack of beneficial eﬀects of cold probes as compared to RT probes
could be due to that the tissue temperature is already reduced a few
degrees in both cases and that there is no further eﬀect of reducing the

temperature below RT. Alternatively, given the high degree of vascularization of the brain (Andreone et al., 2015), the slender probes are
likely to warm up rather quickly and thus significant diﬀerences in
temperature may not persist long enough to yield a clear eﬀect on
neuronal survival. The mitigation of neuronal loss and the reduced
central void after insertion of ice coated needles may instead be a
consequence of reduced insertion forces as the implant surface becomes
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Fig. 8. Astrocytic response 1 day post stab injury. (A) Representative images of GFAP stained cortex and striatum comparing the astrocytic response to stab wounds
generated using cold gelatinized rods, gelatinized rods at RT and gelatinized rods with a melting ice coat. (B) Quantification of the astrocytic response expressed as
the computed pixel intensity above threshold in the respective ROIs. (In cortex; n = 10 for all groups Friedman test, Df = 2, ROI 1: Q = 12.8, P < 0.001; RO3: Q =
6.2, P < 0.05. In striatum; n = 8 for cold, n = 9 for RT and n = 10 for ice coated needles, Kruskal-Wallis test, Df = 2, NS). *P < 0.05, ***P < 0.001.

very slippery when the ice coat is melting. Dry gelatin, on the other
hand, usually has a somewhat rugged micro/nano structure, which
before being fully wetted may cause some friction and tearing and
possibly rupture nearby cells and vessels. This “mechanical” hypothesis
is consistent with the notion that neurons are extremely vulnerable to
microforces (Lind et al., 2013).
We found no further beneficial eﬀects of cutting the pia mater with

an ultra-sharp knife prior to insertion of an ice coated probe. One
possible reason could be that ice coating, by providing a very slippery
surface reduces the insertion force to a point where removal of the pia
has no added beneficial eﬀect on relief of these forces. Since we used a
very small opening in the skull and dura mater, as part of our eﬀorts to
reduce surgical damage and prevent post-surgery extrusion of the
cortex through the dura opening, we were unable to document the

M. Mohammed, et al.

Fig. 9. Astrocytic response to stab wound 7 days post injury. (A) Representative images of GFAP stained cortex and striatum comparing the astrocytic response to
stab wounds generated using cold gelatinized rods, gelatinized rods at RT and gelatinized rods with a melting ice coat. (B) Quantification of the astrocytic response,
expressed as the computed pixel intensity above threshold in the respective ROIs. (In cortex; n = 8 for cold and n = 9 for RT and ice coated needles Kruskal-Wallis
test, Df = 2, NS. In striatum; n = 9 for cold and ice coated and n = 8 for RT needles, Kruskal-Wallis test, Df = 2, NS).

degree of surface dimpling in the present study. It is assumed that
dimpling, by resisting penetration will increase the insertion forces
that, in turn, has been linked to tissue damage (Han et al., 2012;
Mahvash and Dupont, 2010; Sharp et al., 2009). Resting forces are thus
likely a consequence of unresolved dimpling and friction of the probe
surface, and usually considerable following insertions (Casanova et al.,
2014a; Welkenhuysen et al., 2011). However, in the present study,

insertion of gelatin embedded needles, both cold and ice-coated, results
in negligible resting forces. This likely contributes favorably to the
general neuronal presence for both of these experimental groups at 7
days PS.
While gelatin can provide a very useful structural support for delicate and ultra-flexible probes (Agorelius et al., 2015; Lind et al.,
2010a), it rapidly transforms to a soft gel when in contact with fluids.
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insertion of electrodes, or other objects, are of considerable interest in
both neuroscience research and clinical therapy since procedures such
as biopsies, implantation of catheters, injection of solutes, etc. all include insertion of a device into the brain. The present study introduces
a novel method, utilizing an ice coated gelatin embedded construct
suitable for e.g. implanting probes into the brain, which show promising neuroprotective eﬀects in the acute phase after implantation.
Author contribution

Fig. 10. Mean insertion force (solid lines) and 95 % confidence interval (dotted
lines) plots for cold gelatinized needles (red, n = 8) and ice coated gelatinized
needles (black, n = 8) inserted to a depth of 5 mm at a speed of 1 mm/s, shown
for t = 0–1 min (and for t = 0-10 min in insert). Yellow shaded region denotes
the 5 s penetration within which mean insertion force values are 11.1 ± 3.9 mN
for cold gelatinized needles, and 6.1 ± 2.3 mN for ice coated gelatinized
needles (Student´s t-test, Df = 14, T = 3.1, P < 0.01). The mean insertion force
for the ice coated gelatinized needles (3.2 ± 1.4 mN) during the first 5 min
(insert) was 56 % less (Student´s t-test, Df = 14, T = 3.5, P < 0.01) than for the
cold gelatinized needles (7.2 ± 3.0 mN). **P < 0.01.

Hence the structural support disappears within minutes after introduction into tissue. To avoid deviations from the intended track line
in deep implantations, one solution would be to apply a coating that
retards water penetration into the gelatin (Etemadi et al., 2016) and/or
to increase the insertion speed.
Studies on impact of speed suggest that insertions should be made at
either relatively slow speed (2−20 μm/s) (Casanova et al., 2014b; Fiáth
et al., 2019) or high speed (1−2 mm/s) (Bjornsson et al., 2006;
Campbell et al., 1991; Edell et al., 1992; Maynard et al., 2000; Turner
et al., 1999) to reduce tissue damage. Given that only high speed is
feasible when using a thawing ice coat, we chose to use 1 mm/s
throughout the present study, which is also similar to the insertion
speeds used during clinical implantations of DBS electrodes. The present finding of rather small tissue reactions to a stab with an ice coated
needle suggests that brain injuries in response even to large probes, (as
used here) which normally cause substantial injury (Thelin et al.,
2011), can be significantly mitigated.
4.3. Novel opportunities from the gel track formed in the brain by a gelatin
coated probe
The main aim of the present study was to further reduce tissue injury during insertion of electrodes into the brain, thus increasing safety
and improving physiological conditions in the targeted area of the
brain. However, the developed technique may also oﬀer additional and
novel fields of application. As became evident during surgery, a temporary gelatin space was left in the tissue after extraction of the central
pin (stainless steel needle inside the gelatin). This space, consisting of
the moist gelatin coat may oﬀer a novel route for subsequent implantation. A conceivable benefit would be to use this “gel track” as a
guide, thus a second implantation may be performed with higher spatial
precision, as the track will be visible in MRI. For instance, this may be a
useful way to increase precision during DBS-electrode implantation,
where precision is currently around +/-1 −2 mm in human patients
(Bjartmarz and Rehncrona, 2007; D’haese et al., 2010; Von Langsdorﬀ
et al., 2015).
4.4. Concluding remarks
Improved surgical methods which mitigate brain injury upon
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