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Multiple Implants Do Not Aggravate the Tissue Reaction
in Rat Brain
Gustav Lind*, Lina Gällentoft, Nils Danielsen, Jens Schouenborg, Lina M. E. Pettersson

Department of Experimental Medical Sciences, Neuronano Research Center, Medical Faculty, Lund University, Lund, Sweden

Abstract

Chronically implanted microelectrodes are an invaluable tool for neuroscientific research, allowing long term recordings in
awake and behaving animals. It is known that all such electrodes will evoke a tissue reaction affected by its’ size, shape,
surface structure, fixation mode and implantation method. However, the possible correlation between tissue reactions and
the number of implanted electrodes is not clear. We implanted multiple wire bundles into the brain of rats and studied the
correlation between the astrocytic and microglial reaction and the positioning of the electrode in relation to surrounding
electrodes. We found that an electrode implanted in the middle of a row of implants is surrounded by a significantly smaller
astrocytic scar than single ones. This possible interaction was only seen between implants within the same hemisphere, no
interaction with the contralateral hemisphere was found. More importantly, we found no aggravation of tissue reactions as
a result of a larger number of implants. These results highlight the possibility of implanting multiple electrodes without
aggravating the glial scar surrounding each implant.
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Introduction

Multielectrode arrays, such as chronically implanted electrodes

for stimulation or recording within the central nervous system

(CNS), show great promise as research tools and diagnostic and

therapeutic devices in years to come [1,2,3]. To achieve this,

multiple multielectrode arrays have to be functional inside the

CNS for years or decades without causing significant damage to

the surrounding tissue. However, all types of electrodes available

today show deteriorating recording capabilities over time [4,5,6].

This is suggested to be, at least partly, due to the tissue reactions

surrounding the electrodes that over time will increase the

impedance of the electrodes. This may ultimately insulate the

recording surfaces and thus prevent recording of electrical signals

or forcing stimulation parameters to be altered [7,8,9,10,11]. The

tissue reactions surrounding different types of neural implants have

been extensively studied with regards to size [12,13], shape

[10,14,15,16], surface structure and material [17,18,19,20],

fixation mode [13,21] and implantation method [14,22]. Howev-

er, to the best of our knowledge, interactions between the tissue

reactions to multiple electrodes implanted in the brain have not

been studied. This is a key question to be answered since the

potential additive effect of multiple glial scars could affect both the

quality of recordings from implanted electrodes and the validity of

the neural signals recorded.

The aim of this study was to evaluate the effect of the number of

implants on the glial scar, defined in this study as the accumulation

of reactive astrocytes and activated microglia, surrounding each

single implant. Two different aspects of this problem were

investigated. First, we examined whether the tissue reaction to

an electrode was affected by implantation of other electrodes in its

close vicinity, i.e. if glial scars interact within a hemisphere.

Second, we examined whether the tissue reactions to an electrode

is affected by the presence of contralateral implants, i.e. if glial

scars interact between hemispheres. We chose to focus on the

astrocytic and microglial reactions, which are main components of

the glial scar, and the most commonly investigated

[4,10,12,13,15,20,21,23,24,25]. The astrocytic reaction is moni-

tored by measuring immunoreactivity to GFAP, an intermediate

filament protein expressed in all astrocytes but highly up regulated

in reactive astrocytes in response to an injury. The astrocytes are

also the constituent of the glia limitans layer surrounding implanted

materials which delimit the normal neural tissue from the

damaged tissue and implanted materials. To monitor the

microglial reaction we measure immunoreactivity to ED1,

a cellular surface protein expressed exclusively on cells of

monocytic lineage, in the brain primarily microglial cells, when

activated by an injury. These cells are mainly responsible for

phagocytosis of damaged tissue and foreign material and are thus

a good measure of the damage caused by an implant. In addition,

activation of these glial components has been claimed to correlate

with alterations in impedance of implanted electrodes [9,11].

After six weeks, the astrocytic scar surrounding the middle out

of five implants was significantly smaller compared to the single

contralateral implant, suggesting that an intrahemispheric in-

teraction might be taking place, reducing the astrocytic response

around the central implant. However, we did not find any

evidence of interactions between hemispheres. Furthermore, we

did not find any difference between microglial reactions in the

different groups. Most importantly however, the large number of

implants did not seem to aggravate the reaction to any of the
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implants, indicating a possibility of implanting multiple electrodes

at diverse locations in the brain.

Methods

Animals, Anaesthesia and Ethics Statement
All procedures in this study were approved in advance by the

Malmö/Lund Animal Ethics Committee on Animal Experiments.

Implantations were made in female Sprague-Dawley rats (n = 23)

(Taconic, Denmark), weighing 200–250 g. Animal handling and

anaesthetic procedures are described elsewhere [26]. In brief,

animals were anaesthetized with intraperitoneal injections of

fentanyl (0.3 mg/kg body weight) and Domitor vet (medetomidin

hydrochloride, 0.3 mg/kg body weight). After surgery, the animals

received subcutaneous injections of an antidote to the anaesthesia

(Antisedan, atipamezole hydrochloride, 0.5 mg/kg body weight) as

well as Temgesic (buprenorphine, 50 mg/kg body weight) to

reduce postoperative pain.

Implants
The implants in this study were identical to the gelatine

embedded wire bundles used in a previous study in our laboratory

[25]. Implants consist of a wire bundle of 32 tungsten wires with

a diameter of 7.5 mm and an insulation layer of 3 mm
polyimide,moulded into a gelatine needle (gelatine type B, VWR

BDH, Sweden) resulting in a final diameter of 300 mm. The

gelatine is intended to give stability to the highly flexible wires

while penetrating the meninges. It dissolves during, or soon after,

implantation leaving only the wire bundle in place in the cortex.

The wire bundle have an approximate diameter of 180 mm.

Animals were kept for one or six weeks and were divided into the

following experimental groups; 1) killed after one week, implanted

with five wire bundles in the left hemisphere with 1 mm between

each bundle, and one wire bundle in the right hemisphere (n = 6);

2) killed after one week, implanted with one wire bundle in the left

hemisphere, and no implant in the right hemisphere (n = 6); 3)

killed after six weeks, implanted with five wire bundles in the left

hemisphere, with 1 mm between each bundle, and one wire

bundle in the right hemisphere (n = 6); 4) killed after six weeks,

implanted with one wire bundle in the left hemisphere, and no

implants in the right hemisphere (n = 5). A schematic overview of

the groups is presented in Figure 1.

Surgery and Implantation Procedure
The animal was attached to a stereotactic frame (KOPF

instruments, USA) under anaesthesia prior to surgical procedures.

Small craniotomies (1 mm2) were made at the single bundle

implantation site while one large craniotomy (661 mm) was made

at the five bundle implantation site. The dura mater was incised

and deflected. Implants were attached to a hydraulic microma-

nipulator (KOPF instruments, USA) using gelatine. Implantations

were made one bundle at a time at a speed of 10 mm/s, to a depth

of 2 mm. Once the target depth was reached, the gelatine

attaching the implant to the micromanipulator was flushed with

saline solution until dissolved, releasing the implant. This method

is designed to be able to release the implants without moving them

while inside the brain. The implants were left untethered without

any attachment to the skull or each other. This ensures that the

electrodes move along with the brain, and do not translate

movements between the brain and the skull which is thought to be

one of the major causes of chronic reactions to neural implants.

The skin was closed using surgical clips and the animals were

monitored during awakening.

Histology
The animals were killed by an i.p. overdose of pentobarbital and

were transcardially perfused with 200 ml of ice-cold 0.1 M

phosphate buffered saline (PBS) followed by 150 ml of ice-cold

4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The

brains were dissected and immersed in 4% paraformaldehyde

overnight. The brains were then cryoprotected in 25% sucrose

until they were no longer able to float and were cryosectioned

horizontally using a cryostat (Microm, Germany) in increments of

10 mm onto Super Frost H plus slides (Menzel-Gläser, Germany).

After blocking in goat serum to prevent unspecific binding, the

sections were incubated with primary antibodies; rabbit anti-glial

fibrillary acidic protein (GFAP, an astrocytic cytoskeleton protein;

1:5000, Cat. Nr. Z0334, Dako, Denmark) and mouse anti-CD68

(ED1, a marker for activated microglial cells, 1:250, Cat. Nr.

MCA341R, AbD Serotec, UK) at room temperature overnight.

The specificities of the antibodies have been tested elsewhere

(GFAP by the manufacturer and ED1 by Bao et al. [27]) by

Western Blot (two-dimensional quantitative immunoelectrophore-

sis or SDS-PAGE respectively). Both antibodies show a single

precipitate with roughly the appropriate molecular weight when

tested on brain or spinal cord extract, indicating good specificity

for the targeted antigen. Thereafter, sections were rinsed three

times in PBS followed by incubation in secondary antibodies; goat

anti-rabbit Alexa594 (1:500, Invitrogen, USA) and goat anti-

mouse Alexa488 (1:500, Invitrogen, USA) for 2 hours in the dark

at room temperature. Sections were rinsed three times in PBS and

coverslipped using PVA/DABCO (Fluka/Sigma-Aldrich, Switzer-

land).

Image Acquisition & Analysis
All histological images were obtained using a DS-2MV Digital

camera (Nikon, Japan) mounted on a Nikon eclipse 80i

microscope with a 10x objective. Image capture and analysis

were performed using the NIS-Elements 3.1 software (Nikon

Instruments). Images from the middle of the shaft of each bundle

track, at an approximate depth of 1 mm below brain surface, were

captured from the middle and outer bundles, their contralateral

counterpart, as well as the solitary bundles (see Figure 1 for

explanation). Regions of interest (ROIs) were set at 0–50 mm and

Figure 1. Schematic overview of implant locations in the
different study groups. Dorsal view of the cerebral cortex with
implant locations indicated by black dots. The implant in the left
hemisphere of Group 1 & 3 is referred to as the contralateral implant;
the implants in the right hemisphere in group 1 & 3 are referred to as
middle and outer implants respectively; the implant in the right
hemisphere of group 2 & 4 is referred to as the solitary implant and has
no contralateral counterpart. Distances between implants in the right
hemisphere of group 1 & 3 are 1 mm. Unnamed implants are not
analyzed.
doi:10.1371/journal.pone.0047509.g001
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50–200 mm distance from the rim of the artefact left by the wire

bundles. The histological quantification method has previously

been described in detail [13,25]. In brief, thresholds were set for

each individual image and for each marker at a fixed multiplier of

the mean background intensity. The fraction of the area in each

ROI above this threshold was calculated. Intensity thresholds were

set at six times the background intensity for GFAP immunoflu-

orescence and at five times for ED1 immunofluorescence.

Statistical Analyses
Non-parametric statistics, the Kruskal-Wallis and the Dunn’s

post hoc test for selected pairs were used in this study.

Comparisons were made between i) the middle implant and

a mean of the two outer implants; ii) the middle implant and the

contralateral implant; and iii) between the contralateral implant

and the solitary implant (see figure 1 for explanation), for each

ROI and time point. All values are presented as median values

with indication of the interquartile range and p-values of ,0.05

were considered significant. All analyses were performed using the

GraphPad Prism 5.03 software (GraphPad Software Inc., USA).

Results

Interactions within a Hemisphere
To evaluate whether any interactions within a hemisphere were

present we compared the tissue reactions towards the middle

implant to that towards the contralateral implant and the outer

implants (Figure 1). We found significantly less immunofluores-

cence for GFAP at the middle implant in the innermost ROI (0–

50 mm) after six weeks when compared to the contralateral

implant (Figure 2). This suggests that a large number of implants

in one hemisphere do not aggravate the tissue reactions to each

implant. Notably, the middle scar exhibited less GFAP staining

than both the contralateral scar and the outer scars in every

animal (in the inner ROI at the six week time point), even if the

difference between the middle and outer scars was not statistically

significant. Furthermore, there was a similar tendency after one

week, where the contralateral implant exhibited higher GFAP

levels than the middle implant in the inner ROI in all animals

except one, and the outer implant exhibited higher levels than the

middle implant in all animals (Figure 3). These differences were

not statistically significant. No differences or tendencies to

differences were seen between any of the groups when analysed

with regards to ED1-staining (Figures 2, 3).

Interactions between Hemispheres
Potential interactions between hemispheres were examined by

comparing tissue reactions to the contralateral implant to those of

the solitary implant (Figure 1). No statistically significant

differences were found between these groups, neither for astrocytic

nor microglial reactions, and the median values were similar in all

groups (Figures 2, 3). This indicates that the five implants in one

hemisphere do not affect the astrocytic reactions to the contra-

lateral implant.

Discussion

Concerns, regarding an adverse additive effect on tissue

reactions after implantation of multiple electrodes into the brain,

have been raised. This question is central to chronic electrophys-

iology since an escalating additive reaction could preclude the

possibility of recording valid physiological signals from diverse

brain areas. We wanted to address this issue and also investigate

possible contralateral effects in response to implantation. In-

terestingly, our results indicate that glial reactions to chronic

neural electrodes implanted in close vicinity of each other are not

more severe than those to single electrodes. The significant

difference seen between middle and contralateral implant in the

six week group might even suggest that a larger number of

implants slightly reduce the tissue reactions to each implant, but

further studies would be needed to provide a definite answer to

this. Most importantly, our findings indicate that it is possible to

implant multiple electrode bundles without aggravating the glial

scar surrounding each implant. This enables implantation of

functional neural interfaces consisting of a number of electrodes

implanted at different sites in the brain, which gives the

opportunity to study how different remote brain areas interact

with each other without the potential confounding factor of an

increased glial scar.

The mechanism behind the decreased astrocytic scar formation

around the central implant is not directly explored in this study,

and can thus only be speculated on. It seems, however, that we

have discovered an interesting feature of the development of

reactive astrocytosis. The most intuitive reason for a difference in

glial scar formation between two implants would be that there is

a difference in the damage caused by these implants. In this study,

the implants are identical, and the implantation procedures are

identical, the only difference is the positioning of the electrodes.

The only way we can envision that this would affect the damage

caused by the electrodes is if the movements of the outer electrodes

in relation to the brain are larger than of the middle ones, i.e. if

there were to be a stabilizing effect. However, the electrodes in this

study are free-floating, with no attachment to the skull or each

other. Thus, the movements between the electrodes and the tissue

should be minimal, and not likely to cause any significant

differences between the different implants. Furthermore, the fact

that no differences were seen between the groups after staining for

ED1 also indicates that there is no difference in the actual damage

caused by the different implants.

It should be pointed out that the implanted free-floating wire

bundles are not identical to any functioning electrodes available

today which require a solid connection to a connector on the skull.

Our wire bundles are not attached to anything except the brain,

which means that they are not affected by the movements of the

skull in relation to the brain. Hence, if we had used electrodes

tethered to the skull, the hemisphere implanted with a large

number of electrodes would have been more stabilized in relation

to the skull than the hemisphere with only one implant. Thus the

movements between the electrodes and the brain would differ, as

well as the resulting tissue damage caused by the relative

movements. By using free-floating electrodes we hope to eliminate

such movements, isolating the effect of the number of implant on

Figure 2. Glial reactions surrounding implants after six weeks. Example pictures of GFAP (magenta) & ED1 (green) staining from middle (A),
outer (B), contralateral (C) & solitary (D) implant locations after six weeks. Scale bar 100 mm. Quantifications of GFAP & ED1 staining after six weeks in
0–50 mm ROI (E) & 50–200 mm ROI (F). X-axes show different implant locations. Y-axes show the fraction of area in each ROI that is above the set
threshold. The astrocytic scar surrounding the middle implant was significantly smaller than surrounding the contralateral implant in the inner ROI
(p,0.01, K-W test with Dunn’s post hoc test). No difference was found for ED1 staining between any of the groups, n = 6 for all groups except
‘‘solitary’’ where n = 5.
doi:10.1371/journal.pone.0047509.g002
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the tissue reaction, which is the focal point of this study.

Furthermore, even if a solid lead to the skull is a requisite for

intracortical electrodes today, the development of implantable

light weight telemetry units can be foreseen to provide means for

using completely free-floating electrodes in electrophysiology in

the near future [28].

If the damage caused by each implant is virtually identical, the

difference in astrocytic scarring that we still see is most likely

explained by some innate property of the astrocytes being

recruited to the scar. Two main theories regarding how reactive

astrocytes are recruited to an injury have been described

[29,30,31]. Astrocytes may be recruited from local resident

quiescent astrocytes that differentiate into reactive astrocytes and

proliferate [30,32,33], or from distal precursor cells, for instance

from the subventricular zone [34,35].

If cells are being recruited from a distal source this might be

mediated via chemotaxis as astrocytes are known to express

chemokine receptors [36]. The presence of a larger chemotactical

gradient in the middle of a group of implants, where all the

implants may additively contribute to the gradient, than at the

edges, is likely. In this case the middle implant would be able to

recruit a larger proportion of astrocytes than the outer ones.

However, if the astrocytes are competitively recruited from a local

pool of quiescent astrocytes, the outer implants would have access

to a larger pool of astrocytes compared to the middle ones who will

have to compete with neighboring implants. In this scenario, the

middle implant would exhibit a smaller scar than the outer ones,

consistent with what we found in the present study. It should be

pointed out that the proliferation of astrocytes is likely to

contribute more to the amount of scarring than the initial number

of recruited cells. Still, a difference in the initial number of

astrocytes recruited could lead to a difference in the scar

formation.

The point should also be raised that even if research regarding

biocompatibility of multielectrode arrays today aim at reducing

the reaction to implantation, the fact remains that reactive gliosis

also has a very important defensive function. Indeed, numerous

studies have shown detrimental effects of deletion of genes central

to the process of reactive gliosis, such as absence of a normal glial

scar, increased edema surrounding the injury, more extensive

damage to the blood brain barrier and a significantly increased

area of inflammation after injury [37,38,39,40]. Thus, while

reactive gliosis has detrimental effects on neuronal regeneration in

the chronic phase, it is essential to limit the extent of a brain injury

in the acute phase [37,40,41,42]. The reduction of reactive gliosis

should perhaps only be seen as positive when correlated with

a reduced damage to the tissue, and therefore a reduced need for

defensive and repair mechanisms. In our study, the inflicted tissue

damage is the same at all implantation sites, and therefore also the

need for protective mechanisms. Thus, if the tissue response is not

able to keep up with the tissue damage, a reduced tissue reaction

should perhaps even be considered to be negative, actually

increasing the vulnerability of the neural tissue. Further long term

studies are needed to investigate a possible cut off when the

number of implants might be too large for the tissue response to

handle.

In conclusion, our results suggest that it is possible to implant

electrodes in multiple brain sites without aggravating the tissue

response, thus providing validity to large-scale electrophysiological

recordings from multiple chronically implanted electrodes. Our

finding that the middle implant exhibits the least amount of

reactive astrocytosis might suggest that the astrocytes are recruited

to the injury site in a competitive manner from a local pool rather

than an additive manner from distal migrating cells, but this

mechanism is not investigated in this study and further studies

would be required to shed light on the subject.
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