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Abstract
Objective. Intracortical brain interfaces are an ever evolving technology with growing potential for
clinical and research applications. The chronic tissue response to these devices traditionally has
been characterized by glial scarring, inflammation, oxidative stress, neuronal loss, and blood-brain
barrier disruptions. The full complexity of the tissue response to implanted devices is still under
investigation. Approach. In this study, we have utilized RNA-sequencing to identify the
spatiotemporal gene expression patterns in interfacial (within 100 µm) and distal (500 µm from
implant) brain tissue around implanted silicon microelectrode arrays. Naïve, unimplanted tissue
served as a control.Main results. The data revealed significant overall differential expression (DE)
in contrasts comparing interfacial tissue vs naïve (157 DE genes), interfacial vs distal (94 DE
genes), and distal vs naïve tissues (21 DE genes). Our results captured previously characterized
mechanisms of the foreign body response, such as astroglial encapsulation, as well as novel
mechanisms which have not yet been characterized in the context of indwelling neurotechnologies.
In particular, we have observed perturbations in multiple neuron-associated genes which
potentially impact the intrinsic function and structure of neurons at the device interface. In
addition to neuron-associated genes, the results presented in this study identified significant DE in
genes which are associated with oligodendrocyte, microglia, and astrocyte involvement in the
chronic tissue response. Significance. The results of this study increase the fundamental
understanding of the complexity of tissue response in the brain and provide an expanded toolkit
for future investigation into the bio-integration of implanted electronics with tissues in the central
nervous system.

1. Introduction

Microelectrodes implanted in the nervous system are
rapidly evolving technologies with ever-increasing
applications in clinical and research settings. By
recording from, and/or stimulating neuronal popu-
lations, it is possible to interface the nervous system
with assistive devices ormodulate neuronal activity to
treat neurological disease and injury. Re-animation of
a patient’s limbs following spinal cord injury, treat-
ment of the medication-resistant motor symptoms
of Parkinson’s disease, and interruption of seizure

activity in intractable epilepsy are examples of the
potential clinical applications of implantable neuro-
technologies [1–15]. Likewise, the commercial value
of neural prosthetics has been highlighted by the
recent investment of private companies in ‘next-
generation’ electrode designs and the development of
novel closed-loop neural interface systems [16, 17].

As advances in neurotechnology continue, the
biological response to implanted electrodes in the
brain is an on-going challenge to progress in the field
[18–21]. Vascular disruption and microglial activa-
tion are early responses to implantation, where the
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extension of microglial processes toward the device
has been observed within minutes of insertion [22].
An astroglial scar subsequently encapsulates the inter-
face and further separates the electrode from nearby
neuronal populations. The glial response is reportedly
accompanied by a ∼40% loss of neuronal somata
within the first 100 µm of the electrode surface in
comparison to a stab wound control [23, 24]. These
observations, in combination with other early reports
[21, 25, 26], provided motivation for the design of
next-generation neural interfaces with improved bio-
logical integration [18, 27, 28]. However, questions
remain regarding the relationship between the bio-
logical impacts of electrodes, design, and their long-
termperformance [18]. Reports of poor signal fidelity
and loss of neuronal signals in tissue with no apparent
neuronal loss or glial scarring suggest additional com-
plexity in the underlying relationship between the tis-
sue response and device performance [19].

In recent years, new factors have been identified
as potential contributors to the biological response
to implanted devices. Insertion of electrode arrays
damages cellular populations and the extracellular
matrix, and disruption of the blood brain barrier
(BBB) generates disruptive debris and initiates down-
stream cytokine signaling cascades [21]. Both in vivo
imaging and gene expression studies have confirmed
vascular damage and BBB disruption resulting from
implanted electrodes, where insertional trauma is
evident in the downregulation of genes associated
with tight junctions and adherens junctions [29–
32]. New research also implicates oligodendrocytes
and NG2 cells as dynamic players in the response
to an indwelling foreign body. Literature has shown
that much like other cell types, oligodendrocytes and
NG2 cells are affected by BBB disruption, inflamma-
tion, and the traumatic injury caused by device inser-
tion [22, 33]. Device insertion causes direct mechan-
ical damage to oligodendroglia and myelin structure
as well as secondary damage through inflammatory
mechanisms. Increased permeability of the BBB fol-
lowing insertion exposes the cortical environment to
inflammatory plasma proteins and debris which can
recruit myelin-targeting immune cells which create
further damage [33]. Likewise, Bedell et al have iden-
tified numerous differentially expressed (DE) genes
at the device interface involved in neuroinflammat-
ory cascades known to contribute to glial scarring
and cell death [31, 34]. These recent reports indic-
ate that the biological response to implanted electrode
arrays remains incompletely understood, motivating
the search for additional biomarkers of device-tissue
interaction.

Here, we report the results of sequencing the tran-
scriptome of tissue collected both within 100 µm
(‘near’, or ‘interfacial’) and∼500 µm (‘far’, or ‘distal’)
from Michigan-style electrode arrays implanted into
rat motor cortex. We compared their profiles to the
transcriptome of naïve, unimplanted animals. Tissue

was collected at time points designed to capture
the initial insertion injury (24 h), early reactivity
(1 week), and chronic responses (6 weeks). We detec-
ted the expression of >1000 genes per condition,
where >100 were significantly differentially expressed
in near-device versus naïve tissue and >90 genes were
DE in near-device versus far tissue. Interestingly, >20
geneswereDE in tissue 500µmfrom the device versus
naïve tissue. A description of symbols and reported
roles for DE genes are found in table 1. A selected sub-
set of detected and DE genes identified in this study
are discussed which either validate existing under-
standings of tissue response in the brain or expand
upon contemporary reports with additional mech-
anisms in the context of implanted devices. Com-
plete raw results from the data analysis can be found
in supplementary files (1–15) (available online at
stacks.iop.org/JNE/18/045005/mmedia). By report-
ing RNA-sequencing on tissue samples captured at
multiple distances and time points, we extend current
understanding of the spatiotemporal profile of gene
expression surrounding implanted electrode arrays
in the brain. The data reinforce observations and
hypotheses described in literature while unmasking
previously-unreported effects of implanted devices
on gene expression.

2. Methods

2.1. Surgical implantation of silicon electrodes
Single shank ‘Michigan’-style probes (16-channel
A1 × 16−3 mm, 15 µm thick, 703 µm2 site size,
100 µm site spacing, Neuronexus Technologies) were
stereotaxically implanted in the motor cortex (M1)
of male Sprague–Dawley rats (aged 12–14 weeks) as
reported previously [130]. Animals were isoflurane-
anesthetized and a craniotomy was performed over
M1 (+3.0 mm anterior posterior, 2.5 medio lateral
from Bregma), dura was resected, and the probe was
stereotaxically inserted to a depth of 2 mm from
the cortical surface [131]. A dental cement head-
cap was used to secure bilateral implants to two
stainless steel bone screws. Bupivacaine and Neo-
sporin were applied topically to the area around the
incision to minimize discomfort and infection risk,
and meloxicam was administered via injection for
post-operative pain management. Devices remained
implanted in M1 for the duration of designated time
points (1 d, 1 week, and 6 weeks). All surgical proced-
ures described were approved by the Michigan State
University Animal Care and Use Committee.

2.2. Tissue extraction and slide preparation
At the terminal time point, animals were deeply anes-
thetized with sodium pentobarbital, perfused with
4% paraformaldehyde transcardially, and the brains
were extracted. Following graded sucrose protection
(5%–20%) and cryo-embedding, the brains were
sliced via cryostat (Leica) as 20 µm thick sections
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andmounted on SuperfrostTM Plus slides (Fisher Sci-
entific). Six tissue sections (n = 6) were collected
for analysis at each time point (24 h, n = 3 rats;
1 week, n = 5 rats; 6 weeks, n = 4 rats) in addi-
tion to six samples collected from naïve, unimplanted
rats. Depth of collection spanned the implant shank
(∼600–1700 µm from cortical surface). The nature of
the tissue collection along the implantation depth did
not allow for analysis of the full volume of tissue or
tissue proximity to different electrode materials (e.g.
recording sites versus bulk material).

2.3. Laser capture microscopy (LCM) for tissue
collection
Tissue near the implant injury, or ‘interfacial’ (within
100 µm) was extracted using LCM (Zeiss Palm
MicroBeam IV). Distal tissue of an approximately
equivalent total surface area was extracted from
∼500 µm away from the implant site to assess
distance-dependent effects. These samples were col-
lected and pooled from four smaller sections obtained
at locations equidistant from the implant site. Using
similar collection methods, control tissue from naïve
brains was used to compare implanted tissue to
unimplanted tissue. Settings were optimized by using
excess tissue to calibrate laser strength and focus,
allowing for efficient collection of tissue while avoid-
ing any apparent heat damage to either the slide or the
tissue. This process was repeated for each laser cap-
ture session.

2.4. RNA extraction and sequencing
RNA was extracted from LCM-collected tissue using
a specialized RNAstorm extraction kit (Cell Data Sci-
ences). cDNA library preparation and RNA sequen-
cing was carried out by the University of Michigan
Advanced Genomics Core. cDNA libraries were
prepped using a Takara SMART-stranded kit and
subsequently subjected to 150 paired-end cycles
on the NovaSeq-6000 platform (Illumina). Sequen-
cing adapters were trimmed using Cutadapt (v2.3).
FastQC [132] (v0.11.8) was used to ensure the qual-
ity of data. Reads are mapped to the reference
genome Rattus_norvegicus.Rnor_6.0.9, using STAR
[133] (v2.6.1b) and assigned count estimates to genes
with RSEM [134] (v1.3.1). Alignment options follow
ENCODE standards for RNA-seq [135]. FastQC is
used in an additional post-alignment step to ensure
that only high-quality data gets used for expression
quantitation and differential expression.

2.5. Differential expression of RNA
Data was pre-filtered to remove genes with 0 counts
in all samples. Differential gene expression analysis
is performed using DESeq2 [136], using a negative
binomial generalized linear model (thresholds: lin-
ear fold change >1.5 or <−1.5, Benjamini–Hochberg
FDR (Padj) <0.05). Functional analysis, including

candidate pathways activated or inhibited in com-
parison(s) and GO-term enrichments [137], are per-
formed using iPathway Guide (Advaita) [138, 139].
While the nature of our tissue preparation and
retrieval is prone to degradation, duplication, and low
yield, these conditions were consistent across samples
and were not expected to influence any sample cohort
preferentially. Likewise, a review of data via principal
component analysis did not reveal outliers associated
with specific section depths. As such, genes identified
as DE are expected to represent effects related to the
presence of the device.

3. Results and discussion

3.1. Differential gene expression in interfacial,
distal, and naïve tissues
In comparison to traditional immunohistochemistry
or analysis of gene expression through quantitative
polymerase chain reaction (qPCR), RNA-sequencing
simultaneously assesses thousands of genes while
obviating the need to pre-select a limited number
of biomarkers of interest [140, 141]. Traditionally,
device-tissue interaction has been assessed through
quantitative immunohistochemistry or qPCR, while
a more recent approach by Bedell et al profiled
a broader set of genes associated specifically with
neuroinflammatory cascades [31]. To the best of our
knowledge, our data is the first to report sequencing
analysis of the whole transcriptome of tissue collec-
ted surrounding implanted Michigan-style electrode
arrays in rat motor cortex. The data revealed differen-
tial gene expression as a function of time and distance
from implanted devices (figures 1 and 2). Overall,
157 genes were detected as significantly DE in inter-
face versus naïve, 94 genes were detected as signific-
antly DE in near versus far, and 21 genes were detec-
ted as significantly DE in far versus naïve (figure 1).
The majority of DE genes were upregulated in near
versus naïve and near versus far tissue, while a shift
toward downregulation was observed in far versus
naïve tissue (figure 1). We observed the highest num-
ber of DE genes at the interface relative to naïve tis-
sue following implantation (157 DE genes at 24 h)
and fewer DE genes over time post-implantation
(62 DE genes at 1 week, 26 DE genes at 6 weeks),
likely reflecting a pronounced impact of insertional
trauma. Contrasts in distal versus naïve tissue fol-
lowed an opposite time course, with 1 DE gene at
24 h, 5 DE genes at 1 week, and 5 DE genes 6 weeks
post-implantation. The identification of DE genes in
distal tissue collected 500 µm from the device versus
naïve control tissue suggests that implanted elec-
trode arrays affect tissue beyond the proximal device
interface.

As described in following sections, our results val-
idate foundational and contemporary literature while
also providing new observations of patterns of spati-
otemporal gene expression surrounding devices. The
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Figure 1. RNA-sequencing of cortical tissue reveals spatiotemporal gene expression at the device interface. Volcano plots illustrate
overall DE of genes at near-device relative to naïve tissue ((A) 157 DE genes), near relative to far tissue ((B) 94 DE genes), and far
relative to naïve tissue ((C) 21 DE genes). ‘Overall’ expression represents the group comparisons of samples pooled across time
points. Significance was thresholded at Log2FC⩾ 0.6 and P ⩽ 0.05 (dashed red lines). (Red: upregulated DE, blue: downregulated
DE, black: detected not DE.)

DE genes discussed in this study have been grouped
into known associations of cellular expression and
interactions. We observed DE of glial and neuronal
genes that have not been characterized in the context
of implanted electrode arrays. While the majority of

these genes reinforce mechanisms of neuronal loss,
synaptic pruning, and reactive gliosis, our data also
revealed aminority of genes which are associatedwith
protective and regenerative effects, suggesting novel
therapeutic targets.
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Figure 2. Transcriptomic analysis of interfacial and distal tissue at the device interface. (A) Representative heatmap of differential
gene expression for each contrast for previously characterized cell types and their known roles in tissue response to implanted
devices. (I) Neurons, (II) astrocytes, (III) microglia, and (IV) oligodendrocytes. (B) Representative heatmap showing differential
gene expression of each contrast in our analysis for (V) oxidative stress, (VI) inflammation, and (VII) blood-brain barrier. Color
bar indicates Log2FC. ‘NaN’ indicates nondetection. Significance was thresholded at Log2FC⩾ 0.6 and P ⩽ 0.05. Asterisks (∗)
denote statistically significant differentially expressed genes.

3.2. Differential expression of neuron-associated
genes
Foundational literature has described a ‘kill-zone’ at
the device interface where neuronal density declines
over time, as evidenced by a loss of neuronal cell bod-
ies and neurofilaments in interfacial tissue. Our data
did not reveal a statistically significant reduction in
the neuronal nuclear marker NeuN (Rbfox3) near the
device, but we did observe decreases in the expres-
sion of several genes associated with neuronal struc-
ture and synaptic function in excitatory pyramidal
neurons (e.g. CaMKIIa) (figures 3 and 4), which may

reflect a simple loss of neurons from the local popu-
lation. An alternative explanation is that altered gene
expression occurs within individual neurons, poten-
tially as a result of structural or functional remodel-
ing in the neuronal network. Our recent observations
have revealed significant loss of dendritic arbors and
spine density locally to implanted electrodes [142],
supporting an at-least partial role for plasticity to con-
tribute to the observed gene expression results. The
data also showed increased expression of neuronal
cytoskeleton-associated genes (figure 3), which is not
explainable by broad-based neuronal loss. Potential

8
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Figure 3. Differential expression of genes associated with the neuronal synaptic architecture at the device interface relative to
naïve tissue. The table and representative graphs that illustrate the downregulation of synaptic associated genes at 24 h, 1 week
and 6 weeks post-implantation. ‘Overall’ expression represents the group comparisons of samples pooled across time points.
Significance was thresholded at Log2FC⩾ 0.6 and P⩽ 0.05. Asterisks (∗) denote statistically significant differentially expressed
genes.

reasons for the apparent decoupling of synapse and
cytoskeleton-associated genes include: (a) a separa-
tion of damage-associated effects on local neurons
and dendritic arbors versus long-range connections
from axons of passage, and/or (b) cycles of persistent
repair and damage within individual neurons at the
interface, potentially related to pulsatilemicromotion
of brain tissue relative to the device. Review of the
data set revealed novel observations of neuronal genes
associated with cytoskeletal remodeling, intracellular
signaling, synaptic structure and intrinsic excitabil-
ity surrounding implanted electrodes, revealing new
mechanisms and potential targets to improve integ-
ration.

3.2.1. Neuronal structure: cytoskeletal genes
Previous descriptions of the tissue response to
indwelling electrodes have been characterized by a
loss of neurofilament protein at the device interface
[24]. We did not observe significant reductions in
expression in any of the isoforms of neurofilament
protein, but rather an apparent upregulation of Nefh,

Nefm, and Map4 throughout the duration of device
implantation out to 6 weeks timepoint (figure 4).
This observation has been corroborated by recent
histological studies where neurofilament protein was
found to be elevated above control tissue over time
[143, 144]. Accumulation of neurofilament at sites of
injury is known to be associatedwith neuronal patho-
logy as well as the dysfunction of axonal transport
mechanisms [99]. In accordance with altered axonal
transport, we detected DE of kinesins at the device
interface. The kinesin superfamily and dynein trans-
port proteins play an essential role in axo-dendritic
transport of synaptic vesicles, cytoskeletal proteins,
and mitochondria [145]. These motor proteins have
also been shown to play a role in the transport of post-
synaptic density proteins such as Snap-25, Syntaxin-
1, and Bsn, which were also DE at the device interface
[146]. Upregulation of Kif5a, Kif5b, and Kif5c at the
device interface relative to naïve tissue was signific-
ant at 24 h post-implantation. Kif5a and Kif5c are
neuron-specific kinesins. Kif5b is expressed ubiquit-
ously in many cell types and is known to play a role
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Figure 4. Differential expression of genes associated with the cytoskeletal architecture of neurons at the device interface relative to
naïve tissue. The table and representative graphs above show fluctuations in neuronal genes associated with cytoskeleton and
motor proteins at 24 h, 1 week and 6 weeks post-implantation. ‘Overall’ expression represents the group comparisons of samples
pooled across time points. Significance was thresholded at Log2FC⩾ 0.6 and P ⩽ 0.05. Asterisks (∗) denote significantly
differentially expressed genes.

in ion channel and mitochondrial transport in neur-
ons, which can be disrupted in states of injury [85,
147]. Upregulation of neuronal kinesins is associ-
ated with changes in mitochondrial trafficking dur-
ing injury, but it is unclear if this response is adaptive
and neuroprotective or a driver of neurodegeneration
[148]. Dctn1, a microtubule motor component of the
dynein complex, was also upregulated coincidentally
with the observed kinesins at the 24 h timepoint. It is
currently unknown whether upregulation of axonal
transport proteins is adaptive for neuronal survival or
results in axonopathy [83], but dysfunction of Dctn1,
kinesins, and related proteins are known to be highly
associated with neurodegenerative disease [83, 84].

3.2.2. Neuronal function: synapse-associated genes
In addition to neuronal cytoskeletal perturbations,
we observed significant downregulation of several
synapse-associated genes in interfacial tissue, particu-
larly during the first week post-implantation (includ-
ing CaMKIIa, Syn1, Stxbp1, Bsn, Arc, Gabbr1/2,
Cacna1i and Cacng3) (figure 3) [71]. Several of
these genes are associated with regulating vesicular

release. For example, synapsins are known to play
key functions in synaptic formation and plasticity
through their role in chaperoning synaptic vesicles
during cytoskeletal transport [122]. Syn1, which is
downregulated in our analysis at 24 h and 1 week
post-implantation, has been reported to play roles
in neurite outgrowth, synapse formation, and syn-
apse maturation [122]. Bsn is a protein component
of the presynaptic skeleton that is well-known for
its role in vesicle loading at synaptic ribbons in the
auditory system [44], and it was also downregulated
during the first week post-implantation in our data.
Bsn has been reported to be expressed in the cor-
tex, although its function in that location has yet to
be fully characterized [149]. Bsn has been reported
to play a role in inflammatory pathologies such as
multiple sclerosis, where it has been reported to con-
tribute to neurodegeneration via upregulation and
somatic Bsn accumulation [45]. The observed down-
regulation of Bsn and other genes associatedwith syn-
aptic release is potentially another indicator of neur-
onal loss, or perhaps an indirect adaptive mechanism
to preserve neuronal health.

10



J. Neural Eng. 18 (2021) 045005 C H Thompson et al

We also observed acute and overall downregula-
tion of Stxbp1 at the interface relative to both naïve
and distal tissue. Stxbp1 binds synaptic vesicle at the
pre-synapse and is a protein that has been reported
to be essential for the exocytosis of neurotransmitter
release [150, 151]. Studies where Stxbp1 is dysfunc-
tional has been shown to eliminate neurotransmitter
release in affected neurons [150]. Likewise, while not
statistically significant, we observed consistent down-
regulation of Snap-25 at the device interface relative to
distal tissue. Snap-25 is known to interact with Stxbp1
in their roles for docking pre-synaptic vesicles, reg-
ulation of Ca2+ channels, and in some cases, post-
synaptic spine development and neuronal survival
[118, 152]. Taken together, the decreased expression
of these genes indicates a decline in synaptic transmis-
sion surrounding the device, likely due to neuronal
loss and/or loss of local dendrites and spines [142] on
residual neurons, both of which have been observed
at the device interface [92].

Genes associated with dendritic spine formation,
function, and maintenance also were significantly
DE at the device interface. We found that Cyfip2 is
downregulated overall, at 24 h, and 1 week post-
implantation at the interface relative to naïve tissue.
Cyfip2 is enriched in neurons and has been reported
to play roles in mRNA translation at the synapse
as well as the structural maintenance of the pre-
synapse, and the maturity of dendritic spines [73].
Reduced Cyfip2 has been implicated in the progres-
sion of Alzheimer’s disease but has yet to be investig-
ated in the context of implanted electrodes [73]. Arc
is a highly regulated neuronal specific protein and
its mRNA levels are directly controlled by neuronal
activity, specifically via N-Methyl-D-aspartic acid
receptors [37, 38]. TheArc gene is widely expressed in
the brain and has been directly implicated in its role in
synaptic plasticity at the post-synapse by modulating
the formation of dendritic spines and the recruitment
and maintenance of AMPAr [37]. Arc is best charac-
terized as a player in behavior and learning, but has
also been identified in M1 following motor learning
tasks [153]. Arc is also suspected to bind dynamin
in its role as an intermediate-early gene which we
also found to be downregulated at the interface [37].
We have observed downregulation of Arc expression
overall and at 24 h post-implantation. Loss of Arc
at the post-synapse in the event of injury has been
shown to exacerbate neuronal injury and even lead
to neuronal death through endoplasmic reticulum
stress and necroptosis [154]. Because loss of Arc has
been implicated in the decline of neuronal health, this
gene may find use as a novel biomarker for evaluating
device-tissue integration.

Many of the DE synapse-associated genes iden-
tified in this study are known to be driven by
calcium-based mechanisms. Gabbr1 is the primary
component of the metabotropic G-protein coupled
receptor for GABAB1. Gabbr2 (gpr51) combines

with GABA-B1 as a heterodimer to form functional
GABA-B receptors and inhibits high voltage activated
Ca2+ channels as a driver of inhibitory post-synaptic
potentials [76]. We have observed downregulation
of both Gabbr1 and Gabbr2 24 h post-implantation.
If these downregulations are not solely a product
of neuronal loss at the interface, downregulation of
Gabbr1 and Gabbr2 could potentially be indicators of
neuronal excitotoxicity and increased calcium influx
at early stages in the tissue response. We observed
later downregulation of the calcium/calmodulin-
dependent protein kinase CaMKIIa which was sig-
nificant one week following insertion. CaMKIIa is a
gene that has been found to be necessary for neuronal
function and long-term potentiation (LTP) through
its interactionwith post-synaptic proteins in response
to calcium influx [53, 155]. Nrgn has been reported to
bind calmodulin (CaM) at the post-synapse and facil-
itate the generation of activeCaMKII required for LTP
[103]. We observed overall downregulation in Nrgn
in interfacial vs distal contrasts with pronounced
changes at 24 h post-implantation. Ngrn knockout
studies have shown a marked decline in intracellular
Ca2+ and increased incidence of long-term depres-
sion of neuronal synapses [51, 103, 104]. Nrgn is a
neuronal protein that is highly expressed in cortex,
specifically in the post-synapse in dendritic spines
[51, 104]. Cacna1i and Cacng3 are both neuronal low
voltage-activated calcium channel components which
are downregulated at the device interface 24 h post-
implantation.Cacna1i encodes the pore forming sub-
unit of the CaV 3.3 ion channel in subsets of neurons
such as GABAergic neurons in the thalamic reticu-
lar nucleus (TRN). In TRN neurons, the Cav3.3 ion
channel is activated by transient membrane hyper-
polarization as a mediator of rebound burst firing in
oscillatory neuronal activity [50]. Cacng3 codes for
a calcium channel γ3 auxiliary subunit that is also
known as a transmembrane AMPA regulatory protein
(TARP) [156, 157]. Both Cacna1i and Cacng3 have
been reported to play roles in neuronal plasticity and
in the development of epilepsy [50, 156].

Previous work by Eles et al reports increased
calcium-based activity as a direct result of device
implantation-based trauma, which appeared to nor-
malize by 1 month post-insertion. Insertion-driven
Ca2+ influx can activate cellular mechanisms that
contribute to axonal blebbing, axon transport dis-
ruption, neurite degeneration, synaptic degradation,
and neuron death [158]. Early downregulation of
Gabbr1 andGabbr2may facilitate early calcium influx
and promote excitotoxicity. Decreased expression of
a cluster of calcium-related genes at the one-week
time point potentially could be an adaptive response
following electrode insertion-driven Ca2+ influx to
reduce Ca2+ driven activity. Future work will need to
explore these mechanisms.

It is possible that monitoring synaptic-associated
genes could serve as useful indicators of neuronal

11



J. Neural Eng. 18 (2021) 045005 C H Thompson et al

Figure 5. Differential expression of genes associated with astrocyte activity at the device interface relative to naïve tissue. The table
and representative graphs that outline the general upregulation of astrocyte associated genes at 24 h, 1 week and 6 weeks
post-implantation. ‘Overall’ expression represents the group comparisons of samples pooled across time points. Significance was
thresholded at Log2FC⩾ 0.6 and P ⩽ 0.05. Asterisks (∗) denote statistically significant differentially expressed genes.

health and function in surviving populations. Down-
regulation of Syn1 may point to potential synaptic
dysfunction and axonal disruptions in local neurons.
For example, the significant downregulation of Bsn
at 24 h and 1 week post-implantation could indicate
a decline of neuronal populations or possibly indic-
ate early synaptic dysfunction or neuronal loss at the
device interface [149]. The observed downregulation
of Stxbp1 overall and at 24 h post-implantation may
reflect early neuronal damage and loss of neuronal
processes. Further investigation is required to determ-
ine whether these genes are related to adaptive mech-
anisms in individual neurons and/or neuronal loss,
and assess their suitability as novel biomarkers for
neuronal responses to implanted electrodes.

3.3. Differential expression of astrocyte related
genes
3.3.1. Astroglial scar-associated genes
Astrogliosis is considered to be a significant compon-
ent of the fibrotic glial ‘scar’ that forms over time
around indwelling devices. This scar is believed to

impede signal acquisition, segregate neuronal pop-
ulations from insertion insult, and interfere with
the exchange of ions and soluble factors [159]. We
detected multiple DE genes associated with astrocytic
activity around implanted devices (figure 5). Activ-
ated astrocytes at the device interface are commonly
characterized through the progressive increase of
Gfap and vimentin [21, 23, 24, 129, 160]. Our analysis
confirmed a significant upregulation of these genes
near the device interface and, in the case ofGfap, radi-
ating out to tissue ∼500 µm distal to the device (far
versus naïve, log2FC = 2.219, padj = 0.042). Com-
plementary to these previously-reported effects, we
detected DE of additional genes potentially associ-
ated with glial scar formation. Col4a1, which astro-
cytes are known to secrete at sites of injury and
inflammation, was significantly upregulated at the
device interface overall and specifically at 24 h and
1 week post-implantation [64, 161]. Ncan (chon-
droitin sulfate proteoglycan 3, CSPG3) was also
upregulated through 1 week post-implantation at
the device interface and is reportedly expressed by
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activated astrocytes in the fibrotic scar following trau-
matic brain injury [162]. Similarly to other reported
CSPGs, Ncan is implicated in the failure of neural
regeneration in the central nervous system (CNS)
via interference of neuronal adhesion molecules and
cadherins. At the device interface, the intermediate
filament nestin (Nes) is upregulated overall and at
24 h.Nestin is commonly associatedwithmultiple cell
types such as neural progenitors [163], but because
Nes is strongly upregulated in proliferating react-
ive astrocytes [100], at the device interface this may
indicate the transition of local astrocytes to reactive
states.

3.3.2. Homeostatic support and repair
Astrocytes are also well known for their ability to
communicate with neurons in the cortex and provide
homeostatic support [159]. As such, open ques-
tions remain regarding the beneficial versus detri-
mental impacts of reactive astrocytes surrounding
devices [164]. Our data unmasked modulation of
genes potentially associated with a neuroprotective
or reparative role. For example, we observed signific-
ant upregulation of Apolipoprotein E (Apoe), which
has been associated with reactive astrocytes as well as
neurons in inflammatory states [40, 41, 165]. Apoe
plays a key role in positive cellular processes, but
increased presence of Apoe is most commonly repor-
ted as a constituent of inflammatory tissue response
which is common during neurodegeneration [40, 41,
165]. We also observed upregulation of Bestrophin-
1 (Best1), which is an ion channel that is highly
expressed in astrocytes in the brain and is permeable
to both glutamate and GABA [43]. Under normal
conditions, Best1 is localized to astrocytic processes
where it favors glutamate release to maintain neur-
onal synapses. Under pathological conditions, Best1
is redistributed to the astrocytic soma and takes on
the role of GABAergic release, which is known to sup-
press synaptic transmission and neuronal excitability
[43]. At the device interface, this mechanism could
potentially work to counteract neuronal excitotox-
icity during the initial inflammatory phase of the tis-
sue response created by BBB breach, microglial activ-
ation, and insertion-driven calcium influx. Modi-
fying the excitatory/inhibitory tone of surrounding
brain tissue has been previously proposed as a can-
didate protectivemechanism to preserve neuronal tis-
sue surrounding devices, albeit at the likely expense of
signal generation [130, 144].

We observed significant upregulation of Aqp4
overall and at 1 and 6 weeks post-implantation. Aqp4
is essential for cellular water homeostasis in the brain
and is abundantly expressed in astrocytic end-feed; its
upregulation in astrocytes has been proposed to be
involved in cell swelling during injury and ischemia.
Aqp4 can also influence astrocyte-neuron commu-
nication as an adhesion molecule that is involved
during cellular migration, neuromodulation, and

neuronal plasticity. The complete extent to which
Aqp4 is involved in the tissue response to brain
injury is still unclear, but increased expression is
strongly correlated with glial scar formation and
inflammation [35]. Ptbp1 was strongly upregulated
at the device interface relative to distal tissue and
at 1 week post-implantation relative to naïve tissue.
Ptbp1 is an RNA-binding protein which has been
implicated in alternative splicing and the regulation
of numerous cellular processes in the brain [109,
110, 166]. Recently, Ptbp1 has been shown to sup-
press pro-neural genes, and shRNA knockdown of
Ptbp1 in midbrain converted astrocytes into func-
tional dopaminergic neurons within the nigrostriatal
region of the mouse brain [108]. It is still unclear
if Ptbp1 upregulation at the interface correlates with
increased astrocyte density, but due to the recently
demonstrated potential for repair, this gene is a prom-
ising target for future investigation.

3.4. Differential expression of genes associated
with microglia and inflammation
Microglia have long been implicated in the tissue
response to implanted electrode arrays as well as in
neurodegenerative disease [167, 168]. In healthy cor-
tical tissue, microglia play a supportive role in a vari-
ety of cellular processes such as synapse formation
and maintenance, disposal of cellular debris, prun-
ing of nonfunctional synapses, and promotion of
oligodendrocyte precursor cell (OPC) survival and
differentiation. Following insult to cortical tissue,
microglia become activated, causing them to prolif-
erate, migrate to sites of injury, produce inflammat-
ory cytokines, upregulate lytic enzymes and assume
a pathological phenotype [46, 164, 169–173]. Activ-
ated microglia are documented to lose the ability
to support healthy processes such as maintaining
functioning synapses. Cytokines secreted by activated
microglia can drive neurons into a state of excitotox-
icity and neurodegeneration, potentially exacerbating
an environment that is already unfriendly for neur-
ons at the interface. In our data, we observed expec-
ted upregulation of genes typically associated with
microglial reactivity (figure 6), particularly at early
time points (e.g. Cx3cr1, Csf1r).

The upregulation of lysosomal Ctsl also appears
to validate microglial-driven inflammation at the
interface. Knockdown studies have provided evidence
that Cstl is associated with phagocytotic microglia
and contributes to neuronal cell death [67]. We
observed acute upregulation of Ctsl at 24 h post-
implantation. In the context of indwelling devices,
upregulation of Ctsl could act as a marker for
microglial activation and may contribute to inflam-
matory neuronal damage. Similarly to Ctsl, Ctsb is
highly expressed in pro-inflammatory microglia and
plays a role in degradation of extracellular mat-
rix proteins and can contribute to neuronal dam-
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Figure 6. Differential expression of genes associated with inflammation and microglial activity at the device interface relative to
naïve tissue. The table and representative graphs that show the generalized upregulation of microglial and inflammation
associated genes at 24 h, 1 week and 6 weeks post-implantation. ‘Overall’ expression represents the group comparisons of samples
pooled across time points. Significance was thresholded at Log2FC⩾ 0.6 and P ⩽ 0.05. Asterisks (∗) denote statistically
significant differentially expressed genes.

age [65, 66, 174]. Tnfrsf1a, as a known activator
of inflammatory microglial pathways NF-κB and
MAPK, is also modestly upregulated at the device
interface. Ptprc (CD45) is associated with infiltrating
leukocytes and is known to be expressed in microglia
as well, so it is possible that upregulation of this
gene suggests the presence of general macrophage-
like activity. However, it is likely that Ptprc expression
is being driven by the local microglial population.
In general, our data confirms the expected presence
of activated microglia at the device interface, while
identifying the perturbation of previously unreported
genes related to these cells.

We also observed a cluster of gene expres-
sion associated with the complement cascade rel-
evant to microglial function, which is well docu-
mented in pathological states where cellular debris

and apoptotic cell bodies are present [46–48, 167]. C3
and C1q bind the membrane of apoptotic cell bod-
ies and synapses as a marker for pruning by local
microglia [167, 171]. The upregulation of C1q and
C3 have been reported to destabilize functional syn-
apses [46]. Additionally, the secretion of C1q from
microglia is associated with the induction neurotoxic
‘A1’ reactive astrocytes, which in turn stimulates C3
expression as a key biomarker of A1-astrocytes [164].
High complement levels during pathological states
can lead to ‘over-pruning’ of synapses and myelin
which can, in turn, lead to excessive loss of neuronal
connectivity [127, 173]. Thus, genes associated with
microglial-mediated inflammation and the comple-
ment cascade are candidate targets for restoration
of lost neuronal network connectivity surrounding
devices.
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Figure 7. Differential expression of genes associated with oligodendrocytes at the device interface relative to naïve tissue. The table
and representative graphs illustrate the upregulation of key genes associated with oligodendrocytes at 24 h, 1 week and 6 weeks
post-implantation. ‘Overall’ expression represents the group comparisons of samples pooled across time points. Significance was
thresholded at Log2FC⩾ 0.6 and P ⩽ 0.05. Asterisks (∗) denote statistically significant differentially expressed genes.

While the majority of our observations of
microglial-associated genes suggest mechanisms
associated with synaptic pruning, neurotoxicity
and inflammation, upregulation of Gpnmb over-
all and at the 24 h timepoint may suggest a more
complex interplay of protective and detrimental
effects. Gpnmb, which has been discussed in the con-
text of Alzheimer’s disease, may suggest that there
are microglia-mediated mechanisms which work
to attenuate the inflammatory response of react-
ive astrocytes through CD44 receptor action [79].
Gpnmb is a transmembrane glycoprotein that has
been reported to be expressed in microglia and mac-
rophages in the brain and are reported to play roles
in neurodegenerative states. Gpnmb has been shown
to bind astrocytic CD44 to attenuate astrocyte driven
inflammation and provide neuroprotection in neuro-
degenerative disease. As such, it has been suggested
as a potential therapeutic target against neuroinflam-
mation [79].

3.5. Differential expression of oligodendrocytes
associated genes
Oligodendrocytes are well-known for their role in
myelination of axonal fibers in the brain, but they
also provide metabolic and trophic support directly
to neurons.While previous studies have often focused
on microglia and astrocytes as the primary glial play-
ers in the tissue response to implanted electrode
arrays, more recent studies have explored the role

of oligodendrocytes and their progenitors (OPCs) in
device-tissue interaction. Our data identified several
DE genes associated with oligodendrocytes andOPCs
(figure 7). Interestingly, Ptprz1 was found to be
upregulated overall and at every timepoint out to
6 weeks post-implantation. Ptprz1 is enriched in
OPCs and is believed to play a role in the mainten-
anceOPCs in an undifferentiated state [111].Upregu-
lation of Ptprz1 by itself does not necessary imply that
OPCs are being locked into an undifferentiated state,
but it would allow for more binding sites for associ-
ated substrate molecules which have been shown to
directly inhibit OPC differentiation into mature oli-
godendrocytes.

Oligodendrocytes are one of the few cell types
in the brain to express transferrin (Tf ) post devel-
opmentally [39, 124], and it is notable that Tf is
upregulated at all timepoints throughout the six
week implantation period in comparison to naïve
tissue. It is possible that the chronic upregulation
of iron sequestering proteins such as Tf and pos-
sibly Fth1 reflect the increased metabolic demands
of oligodendrocytes, which may result from chronic
cycles of damage and repair presented by a fixed,
indwelling microelectrode array. Oligodendrocytes
are known to be susceptible to oxidative damage due
to their relatively high basal metabolic requirements
to produce and maintain myelination while provid-
ing trophic support to nearby cellular populations.
These demands may be further exacerbated in the
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Figure 8. Differential expression of genes associated with BBB integrity at the device interface relative to naïve tissue. The table
and representative graphs illustrate fluctuations of BBB associated genes at 24 h, 1 week and 6 weeks post-implantation. ‘Overall’
expression represents the group comparisons of samples pooled across time points. Significance was thresholded at Log2FC⩾ 0.6
and P ⩽ 0.05. No genes were identified as significantly DE in this group.

injury zone of the device interface. As with other
reactive glia, there may be a combination of repar-
ative and degenerative effects of these cells at the
interface.

Myelin is largely comprised of structural pro-
teins Plp1 and Mbp, and the expression of these
genes is directly linked to axonal myelin construc-
tion [94, 175]. It is possible that upregulation of
these genes reflects a need for myelin regener-
ation and repair, or alternatively, the formation
of damage-associated ‘myelinosomes’. Myelinosomes
have been recently reported to be frequently targeted
by microglia and invasive macrophages for phagocyt-
osis [176], likely via the complement system. It has
been reported that high prevalence and upregulation
of Plp1 is directly linked to microglial activation and
inflammation, and myelinosomes may contribute to
persistent microglial inflammation at the interface
[172]. The need for remyelination after myelinosome

pruning may be one explanation for the upregula-
tion of Plp1 and Mbp at the device interface over
the duration of implantation. Plp1 overexpression
also has been reported to directly influence activ-
ation of inflammatory microglia, so there is some
uncertainty as to whether the upregulation of Plp1
at the device interface is regenerative or inflammat-
ory [170, 172]. In the context of Alzheimer’s disease,
states of chronic inflammation can drive OPCs into a
proinflammatory state over long periods of time (out
to 18 months) [177, 178], but we have not seen evid-
ence in this 6 weeks dataset of that particular phen-
otype of oligodendrocyte. The chronic upregulation
of oligodendrocyte and myelin specific genes such as
Plp1 andMbp at the device interface in our data sup-
ports the need to further understand the role of oli-
godendrocytes in device-tissue integration, which is
an emerging line of inquiry recently pursued by Kozai
et al [22, 176, 179].
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Figure 9. Differential expression of genes associated with oxidative stress at the device interface relative to naïve tissue. The table
and representative graphs illustrate fluctuations of oxidative stress associated genes at 24 h, 1 week and 6 weeks post-implantation.
‘Overall’ expression represents the group comparisons of samples pooled across time points. Significance was thresholded at
Log2FC⩾ 0.6 and P ⩽ 0.05. Asterisks (∗) denote significant differentially expressed genes.

3.6. Differential expression of genes associated
with BBB and oxidative stress
Recent literature has begun to explore the role of BBB
integrity as a component of the tissue response to
indwelling electrodes. Insertion of devices in most
cases causes ischemic insult through direct contact
with vasculature. Transient rupture of the BBB causes
an influx of circulatory cell types, plasma proteins,
and extracellular iron, thus exacerbating the exist-
ing immune response [29]. Increased permeability of
the BBB disrupts cortical homeostasis and is known
to result in the upregulation of matrix metallopro-
teases, antioxidant activity, and genes that control
regeneration of the neurovascular unit [29, 30]. BBB
disruption and the associated oxidative stress that
follows has been typically observed at 48 and 72 h
post-implantation, with one report suggesting no sig-
nificant upregulation of these genes within 24 h of
device insertion [30]. We detected numerous genes

associated with BBB (figure 8) and oxidative stress
(figure 9), but few of them were flagged as statist-
ically significant DE. It is possible that we did not
observe significant DE in genes associated with vas-
cular trauma and associated pathways because the
24 h time point was not a sufficient duration to
reveal effects. While we did detect many genes asso-
ciated with oxidative stress, neurovascular unit and
inflammation, most of these effects were not stat-
istically significant. However, we detected signific-
ant upregulation of the antioxidant Sod2 at the 24 h
timepoint, which may be related to acute oxidat-
ive stress following device insertion. Ncf1 was also
found to be generally upregulated overall at the device
interface. Ncf1 is enriched in phagocytic cells such as
microglia and is upregulated as a part of the innate
immune response. Upregulation of Ncf1 may also be
a signifier of infiltrating neutrophils following BBB
breach caused by device insertion. Ncf1 upregulation
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is known to directly increase the levels of reactive
oxygen species in the extracellular environment and
may contribute to cellular damage at the device inter-
face [30]. In addition to generators of oxidative stress,
we observed upregulation of protective mechanisms
which are responsive to oxidative stress in the brain.
Fth1 has recently been characterized as a protect-
ant against oxidative stress following device inser-
tion [30]. We observed upregulation of Fth1 overall
and also at 1 week post-implantation. Fth1 upreg-
ulation could be a sign of increased extracellular
heme degradation due to increased BBB permeab-
ility related to device insertion and micromotion.
Likewise, Rtn1 downregulation is notable since the
reticulon protein family has been reported to play
involvement in neuronal apoptotic pathways in injury
and disease [116, 117]. Rtn1 upregulation following
injury has been implicated in activation of apoptosis
in neurons as a result of endoplasmic reticulum stress
through the Bcl2 pathway [116]. Neuronal oxidative
stress and cell death has been suggested at the device
interface, but we have observed a marked downreg-
ulation of Rtn1 at the device interface, which could
imply potentially compensatory activation of neuro-
protective mechanisms in surviving neurons.

4. Conclusion and perspectives

This study has expanded current understanding of
the complexity of the biological impacts of electrodes
implanted in the brain. The data validate previous
observations while identifying novel genes associated
with the tissue response to implanted cortical devices.
While we present and discuss selected genes in this
initial report, we have provided the comprehensive
raw data set, which includes many additional stat-
istically significant DE genes, as supplementary files
(1–15).

In addition to expected DE of genes associ-
ated with astrocytic fibrosis, inflammation, and glial
activation, our transcriptional analysis has high-
lighted new DE genes at the device interface which
may be contributing to performance outcomes. The
observed upregulation of neuronal cytoskeletal genes
in parallel with downregulation of synapse associ-
ated genes leads to new questions regarding the neur-
onal response at the device interface (i.e. plasticity
versus loss). Changes in neuronal kinesins, pre- and
post-synaptic proteins, and myelin structural pro-
teins are all implicated in injury and neurogenerat-
ive disease, and the impact that these effects have in
surviving neuronal populations at the device inter-
face is the subject of future work. The coincident
and persistent upregulation of Tf, Plp1, and Mbp
support evidence that oligodendrocytes play a role
in the tissue response. It is possible that neuronal
injury and inflammation leads to increased genera-
tion of myelin associated proteins and a subsequent
increase in oligodendrocyte metabolism required to

maintain myelinated axons at the electrode interface.
We also observed the expression of multiple genes
which may contribute to a positive, adaptive func-
tion. For instance, potential astrocyte-driven neur-
onal hypo-excitability via Best1 may provide neuro-
protective benefits immediately post-implantation,
but prolonged neuronal inhibition may contribute to
signal loss or instability over time. It is likely that the
DE of genes at the device interface represent a spec-
trum of tissue response effects, both protective as well
as detrimental to local interfacial tissue. The fibrotic
scar that forms around the device is essential to re-
establish the BBB and cortical homeostasis, but pro-
longed presence of an Ncan rich glial scar may prove
to be detrimental for long-term device integration.
Many of the DE genes are expressed in multiple cell
types andmay playmulti-functional roles in the tissue
response, which warrants additional investigations to
determine cell-type specificity and downstream out-
comes of gene expression effects.

We have also identified a small number (21) of
DE genes in distal tissue to implanted devices relat-
ive to naïve tissue.We observed downregulation of the
cholesterol synthesis intermediate lanosterol synthase
(Lss) and 7SK RNA. Additionally, we observed upreg-
ulation of Gfap, Tensin3, collagen type IV, neural
precursor cell expressed, neural precursor expressed
developmentally downregulated 9 (Nedd9), and the
Hsp70 co-chaperone Hsp40 in distal tissue. Upreg-
ulation of Gfap is expected, but the DE of Lss and
Nedd9 lead to questions regarding a novel role of these
genes in the context of implanted electrode arrays and
brain injury. The presence of DE genes in distal tissue
suggests that future work should explore distal gene
expression, as it raises new questions about an influ-
ence of the tissue response on the broader network
generating the local field potential.

Many of the DE neuronal genes discussed in
this study have been previously implicated in neuro-
degenerative diseases such as multiple sclerosis,
Alzheimer’s disease, and Parkinson’s disease. The
possibility that mechanisms are conserved between
device-based tissue response and neurodegenerative
disease may allow for insights to be shared between
these fields of research. Future work will explore gene
ontology and pathway analysis to contextualize newly
identified DE genes surrounding devices.

Significant questions for further investigation
remain, such as: (a) how do the changes in gene
expression influence the interplay between affected
cell types at the device interface and their contribu-
tion to the overall tissue response, (b) to what extent
is this observed DE being driven by fluctuations in
individual cells versus changes in cell populations
at the device interface, (c) do the observed fluctu-
ations in gene expression drive significant alterations
in protein expression, and (d) which, if any, of these
genes are useful biomarkers of signal quality? Finally,
the observation that genes are DE in tissue 500 µm
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away from the device relative to unimplanted tissue
indicates that the tissue response to the implanted
electrode array may extend further than previously
thought.

Future work may extend on the current obser-
vations by assessing chronic time-points beyond
6 weeks and performing focused analysis of gene
expression localized to electrode sites. Likewise,
assessing the relationship between recording qual-
ity and gene expression remains an important area
of future work. Nonetheless, identification of genes
associated with multiple cell types and processes at
the device interface provides an expanded toolkit for
evaluation of the tissue-device interface. This study
has opened new avenues to investigate how the DE
genes identified contribute to tissue response, cre-
ating opportunities for intervention and improved
chronic performance.
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