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Progress has been made in the field of neural interfacing using both mouse and
rat models, yet standardization of these models’ interchangeability has yet to be
established. The mouse model allows for transgenic, optogenetic, and advanced
imaging modalities which can be used to examine the biological impact and failure
mechanisms associated with the neural implant itself. The ability to directly compare
electrophysiological data between mouse and rat models is crucial for the development
and assessment of neural interfaces. The most obvious difference in the two rodent
models is size, which raises concern for the role of device-induced tissue strain. Strain
exerted on brain tissue by implanted microelectrode arrays is hypothesized to affect
long-term recording performance. Therefore, understanding any potential differences
in tissue strain caused by differences in the implant to tissue size ratio is crucial for
validating the interchangeability of rat and mouse models. Hence, this study is aimed
at investigating the electrophysiological variances and predictive device-induced tissue
strain. Rat and mouse electrophysiological recordings were collected from implanted
animals for eight weeks. A finite element model was utilized to assess the tissue strain
from implanted intracortical microelectrodes, taking into account the differences in the
depth within the cortex, implantation depth, and electrode geometry between the two
models. The rat model demonstrated a larger percentage of channels recording single
unit activity and number of units recorded per channel at acute but not chronic time
points, relative to the mouse model Additionally, the finite element models also revealed
no predictive differences in tissue strain between the two rodent models. Collectively
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our results show that these two models are comparable after taking into consideration
some recommendations to maintain uniform conditions for future studies where direct
comparisons of electrophysiological and tissue strain data between the two animal
models will be required.

Keywords: rodent model, intracortical microelectrodes, electrophysiology, tissue strain, brain, finite element
model

INTRODUCTION

Intracortical microelectrodes (IMEs) allow for direct interfacing
with neuronal populations, thereby enabling the exploration of
neuronal function, neurological diseases, and potential therapies
(Wise and Angell, 1975; Schwartz, 2004; Kipke et al., 2008).
Intracortical microelectrodes are able to record and transmit
electrical impulses directly from neurons in the brain (Renshaw
et al., 1940). Recorded electrical impulses can then be used in
numerous applications, including being translated into control
signals for prosthetic devices to restore function (Hochberg
et al., 2006; Schwartz et al., 2006; Gilja et al., 2015). When
used in brain–machine interfacing (BMI) applications, IMEs
have enabled quadriplegic and amyotrophic lateral sclerosis
(ALS) patients to control external neuroprosthetic devices
as well as neuromuscular stimulation systems that restore
movement to their own limbs (Gilja et al., 2015; Schroeder and
Chestek, 2016; Ajiboye et al., 2017). Intracortical microelectrodes
have also been an essential part of many basic neuroscience
studies and have significantly advanced our understanding of
natural brain function.

The usefulness of IMEs depends on the ability to reliably
record the electrical signals from many individual neurons over
time (Wise, 2005; Kozai et al., 2015a; Ajiboye et al., 2017).
The ability of IMEs to detect isolatable action potentials from
individual neurons is directly dependent on the distance between
healthy neuronal cell bodies and the microelectrode recording
site (Buzsáki, 2004). The inflammatory response to implanted
electrodes is thought to limit the ability to record consistent
and reliable signals over time and contribute to electrode
failure (Biran et al., 2005; McConnell et al., 2009; Potter et al.,
2012; Kozai et al., 2015b). The complex inflammatory response
occurring after electrode implantation results in decreased
recording quality within weeks, and a continued decline often
leading to complete loss of detectable action potentials within
a few years (Chestek et al., 2011; Jorfi et al., 2015; Kozai et al.,
2015b).

The initial insertion of IME causes breaching of the blood–
brain barrier (BBB), which leads to injury of the local brain
parenchyma (Potter et al., 2013; Saxena et al., 2013). Damage to
the BBB is believed to be chronically agitated as stiff implants
move against the natural micromotions of the brain observed
during respiration and activity-dependent vasculature changes
(Gilletti and Muthuswamy, 2006; Harris et al., 2011; Nguyen
et al., 2014; Zhang et al., 2014; Prodanov and Delbeke, 2016).
The breached BBB allows for the infiltration of blood-borne cells
and the initiation of an inflammatory response (Ravikumar et al.,
2014b; Bedell et al., 2018a). Chronic implantation of the IME

results in a frustrated phagocytic event, causing a build-up of
pro-inflammatory factors (He et al., 2007; Skousen et al., 2015).
Accumulations of pro-inflammatory molecules causes oxidative
damage to the surrounding cells, tissue, and the IME (Ereifej
et al., 2018; Bennett et al., 2019). Within weeks, the inflammatory
response results in a glial scar which creates a barrier believed to
reduce the ability of the IME to consistently record signals from
local neurons (McConnell et al., 2009; Ravikumar et al., 2014b;
Kozai et al., 2015b; Nguyen et al., 2016).

The early failures of IMEs have sparked substantial research
in understanding electrode failure by utilizing several animal
models and novel techniques. Studies involving feline models
have shown unreliable and inconsistent electrode performance,
with variability in recordings for up to 2 months, due to
the instability of the electrode–tissue interface (Rousche and
Normann, 1998; Xindong et al., 1999, 2006). Utilization of
primates in IME studies have shown the potential clinical
applications of the electrodes, but unfortunately suffer from
the same decline in recording performance (Chestek et al.,
2011; Barrese et al., 2013, 2016). Recent work introducing
a marmoset model also displayed similar signal degradation
found in traditional animal models (Debnath et al., 2018).
Rodent models yield similar electrode reliability results compared
to the larger animal alternatives. However, the smaller sized
animals offer a less sentinel species with lower costs and smaller
housing requirements, enabling larger sample sizes for increased
statistical power. Therefore, rodents continue to be the most
commonly utilized animal model to investigate the performance
and integration of IME.

In turn, rats have been employed for years to better understand
the failure mechanism after IME implantation (Vetter et al., 2004;
Zhong and Bellamkonda, 2007; McConnell et al., 2009; Winslow
and Tresco, 2010; Potter et al., 2012; Prasad et al., 2014; Nolta
et al., 2015; Bennett et al., 2018; Ereifej et al., 2018; Salatino et al.,
2019). Moreover, recent work has shown the ability to use rats
to investigate motor functions following implantation of neural
probes in the motor cortex (Goss-Varley et al., 2017, 2018). It
is thought that rats are utilized more frequently in experiments
compared to mice, due to their stronger physiological similarities
to humans (Shanks et al., 2009) and ease in surgical procedures
due to larger size (Barre-Sinoussi and Montagutelli, 2015).

While rat models have proven useful, there has been a
recent move toward the use of mice when studying the acute
and chronic performance of developing IME technologies. For
examples, transgenic knock out studies are commonly performed
in mice over rats due to cost and the availability of “off-the-
shelf ” engineered animals. Transgenic animal models enable
researchers to target and better understand specific genes that
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may affect electrode performance (Kozai et al., 2014; Bedell et al.,
2018a,b; Hermann et al., 2018a,b). Additionally, mouse models
have shown promise with optogenetic studies, aiding the ability
to correlate the electrophysiology a specific cell to the observed
behaviors (Anikeeva et al., 2011; Pashaie et al., 2014; Park et al.,
2017). Mice are also ideal candidates for 2-photon microscopy,
due to the smaller size of their brain allowing for live imaging into
deeper structures of the brain. For example, 2-photon microscopy
with mice has been used in the field of neural engineering to
investigate the live cellular response along the depth of the
implanted IME (Kozai et al., 2012, 2016).

As can be seen from the aforementioned examples, there are
advantages to using both rats and mice when studying IME
performance and the evoked tissue response. In fact, our lab has
used both interchangeably (Ereifej et al., 2017, 2018; Bedell et al.,
2018a, 2019; Hermann et al., 2018a; Mahajan et al., 2019). The
initial intent of this study was to perform an internal check of
consistency to ensure that we were justified in using both rodent
models. Here, we report on our “internal audit” as a way to
help standardize the field and ease any similar concerns, while
preventing the unnecessary duplication of animal research. It is
critical to validate the scaling and translation of findings from
the mouse model to inform the design of experiments using rat
models, and vice versa. Of note, other fields of research such
as, diabetes, orthopedic, gene sequencing, among others, have
shown the importance of validating the ability to use different
animal models and compare them to one another while relating
to the clinical models (Working, 1988; Giannobile et al., 1994;
Newman et al., 1995; Yan et al., 2011; Islam et al., 2013).
Particularly, previous work from our lab attempting to account
for the animal model interchangeability has shown negligible
differences of histological outcomes for glial cell activation,
neuronal density and BBB breaching between the two models
at initial (2 weeks) and chronic (16 weeks) time points (Potter-
Baker et al., 2014). However, we have yet to investigate whether
there are differences observed in electrophysiological recordings
between the rat and mouse model. It is also of great interest
to evaluate any implications the implanted electrodes have on
the mechanical strain exerted on the adjacent brain tissue. It is
hypothesized that there may be a direct relationship between the
size of the electrode relative to the brain tissue and the resultant
strain on the brain tissue. Therefore, this study is the first to utilize
finite element modeling to compare tissue strain caused by IMEs
in both the rat and mouse model, as well as comparisons of the
electrophysiological recordings made from the two models over
8 weeks under similar conditions.

MATERIALS AND METHODS

Intracortical Microelectrode Implantation
Procedure
Similar silicon, single shank, 16 channel IMEs from NeuroNexus
were utilized in both rodent models but with different inter-
electrode-contact spacing to account for differences in cortical
thickness. Specifically, the rat model used probe model # A1× 16-
3mm-100-177-Z16, with inter-contact spacing of 100 µm, while

the mice were implanted with probe model # A1 × 16-3mm-50-
177-Z16, which had an inter-contact spacing of 50 µm. Prior to
implantation, electrode impedance magnitudes were measured
at 1 kHz in saline and verified to the manufacturer’s values.
Electrodes were then washed with a mixture of 95% ethanol and
deionized water for 5 min and air dried. Implants were then
sterilized using the standard ethylene oxide (EO) gas protocol:
54.4o F, 1 h sterile time and 12 h aerate (Ravikumar et al., 2014a).

The Institutional Animal Care and Use Committees (IACUC)
at the Louis Stokes Cleveland Veterans Affairs Medical Center
(LSCDVAMC) and Case Western Reserve University (CWRU)
approved all animal procedures. All rat work was performed at
LSCDVAMC by one surgeon, while mouse work was performed
at CWRU by two other surgeons; all three surgeons have the
same expert level competency for performing these surgeries.
Six male Sprague Dawley rats (8–10 weeks old and weighing
∼225 g) and 14 male/female C57/BL mice (8–10 weeks old
and weighing ∼20g) were utilized in this study. Implantation
procedures were similar for both animal models with a few
minor differences due to protocol requirements for other ongoing
studies. Both animal models used isoflurane to anesthetize
the animals to the surgical plane prior to surgery, (3.5% in
1.5 L/min O2 for rats and 3% in 1.0 L/min O2 for mice). Surgical
procedures for mice were performed in a class II sterile hood
using microisolator techniques, whereas the rat surgeries were
done on an open surgical table using aseptic techniques. Animals
were prepped for surgery by first shaving the implantation
site, and then sterilizing the area with alternating wipes of
betandine for mice and chlorhexidine gluconate (CHG) for rats,
and isopropanol. Marcaine (0.2 mL of 0.25% Marcaine) was
administered subcutaneously (SQ) around the surgical site as
a topical anesthetic. For antibiotics and analgesic, Cefazolin
(25 mg/kg in rats), Carprofen (5 mg/kg for rats), and Meloxicam
(2 mg/kg in mice) were administered subcutaneously. Animals
were then mounted on a stereotaxic frame and maintained at
the surgical plane by inhalation of 0.5–2% isoflurane through a
nosecone throughout the surgery.

In both animal models, an incision was made down the
midline of the scalp and the skin was retracted to expose the
skull. The skull was cleaned of the periosteum, dehydrated using
hydrogen peroxide, and primed using Vetbond animal tissue
adhesive. Three craniotomies were drilled, one each for the
ground wire, reference wire and electrode. A 0.45 mm drill bit
was used for all craniotomies, except for the electrode craniotomy
in rats, which was 2 mm in diameter. Because the dura was too
thick for the silicon electrodes to penetrate in the rat model,
the dura was reflected prior to implanting the electrode in the
rat. Due to the size difference between the rat and mouse skull,
the coordinates for the craniotomies differed slightly. In rats, the
ground wire was 1.5 mm lateral to midline and 1.5 mm posterior
to bregma, the reference wire was 1.5 mm lateral to midline and
5.5 mm posterior to bregma, and the electrode craniotomy was
on the contralateral side, 2 mm lateral to midline and 2 mm
anterior to bregma (forelimb primary motor cortex). In mice, the
ground wire was 1.5 mm lateral to midline and 1 mm rostral
to the bregma and the reference wire was 1.5 mm lateral to
midline and 1 mm caudal to the bregma, and the electrode
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craniotomy was on the contralateral side, 1.5 mm lateral and
0.5 mm anterior or posterior to the bregma (motor/sensorimotor
cortex). The ground and reference wires were manually inserted
and secured to the skull (rats used Teets cold cure dental cement
and mice used silicone elastomer and Stoelting dental cement).
The electrodes were implanted using a Kopf micromanipulator.
In rats, the implant insertion rate was 100 µm (the distance
between channels) every 1–2 min up to an approximate depth
of 2000 µm, which ensured that the length of the electrode
containing the 16 contacts spanned across layers III–V of the
cortex containing the majority of the detectable pyramidal cells.
In mice, the electrodes were inserted in increments of 50 µm (the
distance between channels) at a rate of 10 µm/s, with intervals
of 10–30 s in between. The electrode was implanted to a depth
of approximately 1000 µm, to ensure that the contact sites of
the electrode were present in cortical layers III–V. The electrode
craniotomies were then sealed with a silicone elastomer (Kwik-
Sil, World Precision Instruments) and a dental acrylic (Teets in
rats, Stoelting in mice) was used to secure the electrode connector
and form a sturdy headcap. Post-operative care and monitoring
was provided the week following surgery, with administration of
analgesia and antibiotics for up to three days following surgery.

Electrophysiological Recordings
Awake and freely moving tethered electrophysiological
recordings were collected from the animals after surgical
recovery. Recordings were taken using the TDT RZ5D BioAmp
Processor recording system for the rat study, and TDT RX5
Pentusa Processor for the mouse studies. Prior to recordings,
animals were anesthetized using 3% isoflurane when connecting
the headstage cable to minimize head movement that could
lead to connector damage. Ten minute recordings from each
rat were collected twice per week starting the day after surgery
continuing for 8 weeks, whereas 3 min recordings were obtained
from each mouse twice per week beginning 5 days post-surgery
until 16 weeks post-implantation. For direct comparison to the
rat model, only the same 8 week duration is presented here.

Signal Processing
The electrophysiological data were processed as previously
published, by implementing a sampling rate of 24.4 kHz, a
bandpass filter spanning 300 Hz to 3 kHz and a common
average reference algorithm (Bedell et al., 2018a; Hermann et al.,
2018b). In order to account for some inherent variance in the
final implanted electrode depth between animals (e.g., due to
differences in brain swelling during implantation), performance
metrics were calculated using the most active electrode contacts
presumed to span the layers with the large pyramidal neurons. In
rats the 10 consecutive channels having the most spiking activity
(defined by the highest sum of average units over the 8 week
study) were utilized for the final rat data assessment. Due to
the smaller cortical thickness in mice, metrics for the mice were
calculated using the eight consecutive channels with the highest
sum of average units over time.

To address artifacts attributed to motion, moisture shorting
head stage contacts, and inconsistent connections between
recording equipment and arrays in an objective manner,

blinded artifact removal techniques were applied as previously
described in detail (Bedell et al., 2018a; Hermann et al., 2018b).
Artifact removal techniques administered by reviewer without
knowledge of type of subject or time point included removal
of time segments, channels, or recording sessions. In both
rats and mice, the removed days and channels were randomly
distributed across channels, days and animals groups (rat data
removed = 1.04% of recording days and 1.25% of individual
channels; mouse data removed = 9.7% of recording days and 2.6%
of individual channels).

Following artifact removal, spikes were detected with a
threshold of 3.5 standard deviations from the mean voltage.
Snippets of data spanning 12 samples pre-threshold crossing
to 24 samples post-threshold crossing were clustered by the
unsupervised sorting algorithm, Wave_clus (Quiroga et al., 2004;
Bedell et al., 2018a; Hermann et al., 2018b). The number of single
unit clusters identified by the sorting algorithm was logged for
each channel of the microelectrode array. Information about the
number of clusters detected and signal quality of each cluster
was used to generate five metrics for quantitative comparison (as
described in Bedell et al. (2018a), Hermann et al. (2018b). The
first three metrics were calculated from all “working” channels
(i.e., channels having impedances and noise levels consistent
with intact connections): (1) percentage of working channels
detecting single units, (2) average number of units per working
channel, and (3) background noise level averaged across all
working channels where noise level was calculated as twice
the standard deviation of the background activity after time
windows containing spikes and artifacts were removed [robust
methods from Quiroga et al. (2004)]. Two additional metrics
were calculated from the subset of channels detecting isolatable
single units: (4) peak-to-peak maximum amplitude of each unit’s
mean waveform averaged across all units on a given channel and
(5) signal-to-noise ratio (SNR) averaged across units where the
“signal” is each units mean peak-to-peak amplitude and noise is
calculated as in (3).

Strain Model
To investigate the difference between rats and mice in the
tissue strain caused by brain micromotion after electrode
implantation, three-dimensional (3D) finite-element models
simulating interfacial strains induced by brain micromotion
from respiration and vasculature were developed. We utilized a
model that consisted of two components: a silicon-based single
probe shank (dimensions and insertion depths relative to the
electrodes used in the rat and mouse surgeries, respectively)
and surrounding brain tissue (dimensions relative to animal’s
respective cortex size), as shown in Figure 1. The cross-sectional
dimensions of the brain tissue surrounding the electrode are two
magnitudes higher than the probe cross-sectional area, ensuring
that the boundaries will have negligible impact on the results, and
only the depth of the electrode in relation to the cortex will be a
variable taken into consideration in this model. In this study, the
cortex was assumed to be linearly elastic with isotropic material
properties to induce the primary strains in the surrounding tissue
after electrode implantation. Table 1 summarizes the dimensions
and material properties used for the two components in both
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FIGURE 1 | Configurations for the finite element method strain models. (A) Schematics of the model configurations and set up of the micromotion and (B)
tetrahedron mesh of the rat and mouse models.

models, as described previously (Subbaroyan et al., 2005; Nguyen
et al., 2014). Recent work investigating the mechanical properties
of various brain tissue specimens utilized in traumatic brain
injury models, revealed no significant differences of viscoelastic
properties between the rat and mouse cortical tissue (MacManus
et al., 2017). Thus suggesting it is suitable to use the same
Young’s modulus and Poisson’s ratio for the rat and mouse in our
computational model.

The brain and electrode components were treated as one
connected unit in both models by assuming tied contacts
at the probe–brain interface. The bottom and side outer
surfaces of the brain tissue were fixed in all directions as
model boundary conditions. To simulate the relative tangential
tethering, micromotion between the skull and brain tissue from
an implant fixed to the skull, a 20 µm displacement along the
positive X direction was applied to the top of the probe’s shank.
This simulated the displacement due to the relative micromotion
between the skull and brain tissue, as marked by the green
arrows in Figure 1A. Similar models investigating tissue strain
after microelectrode implantation utilized 20 µm micromotion,
which falls in the range of vascular (2–4 µm) and respiratory
(10–30 µm) micromotion, as well as the calculated induced
electrode displacement (20 µm) following rotational acceleration
of an animal’s head (Muthuswamy et al., 2003; Lee et al.,
2005; Subbaroyan et al., 2005; Gilletti and Muthuswamy, 2006;
Sridharan et al., 2013; Nguyen et al., 2014).

The two components were meshed into tetrahedron elements
(Figure 1B). Brain tissue elements away from the interface for

both the rat and mouse models had mesh sizes of about 500 µm.
A finer mesh was used to model the probe and area surrounding
the interface elements with an average size of 83.27µm. The
meshing methodology generated in total 2,589 nodes and 13,495
elements for the rat model and 1,507 nodes and 7,347 elements
for the mouse model. Strain distribution induced in the meshed
models are as shown in Figure 1B. Strain distributions induced
by the micromotion were solved using COMSOL Multiphysics
software (COMSOL, Burlington, MA, United States). Strain
distribution was described by von Mises strain, εe, which was
calculated following the equation (Lee et al., 2005):

εe =
1

1+ ν

{
1
2
[(ε1 − ε2)

2
+ (ε2 − ε3)

2
+ (ε3 − ε1)

2
]

} 1
2

(1)

where ν is the Poisson’s ratio of the brain tissue andε1, ε2, and
ε3 are first, second, and third principal strains correspondingly
from output of the finite element method model as described
in section “Strain Model”. The von Mises strain fields obtained
through Eq. (1) were then normalized by dividing all of the von
Mises strain values by the maximum induced von Mises strain
values across the entire models for both rat and mouse. The
maximum induced von Mises strain value was found at the probe
tip of the mouse model. The final von Mises strain values then
ranged between zero and one allowing for impartial comparison
between the two models.
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TABLE 1 | Parameters used in the finite-element models to simulate micromotion and strain from implanted silicon probe shank in rat and mouse brain.

Components Parameter Rat model Mouse model

Brain Tissue Young’s Modulus 6 KPa

Poisson’s ratio 0.43

Dimension (X × Y × Z) 5000 µm × 5000 µm ×
2500 µm

5000 µm × 5000 µm
× 1250 µm

Silicon Probe Shank Young’s Modulus 200 GPa

Poisson’s ratio 0.27

Dimension Thickness = 15 µm, Max
width = 123 µm narrowing down to
33 µm over a 1500 µm length and
a 50 µm long tapering end

Thickness = 15 µm, Max
width = 123 µm narrowing down to
33 µm over a 750 µm length and a
50 µm long tapering end

Inter-channel length 100 µm 50 µm

Insertion depth 2000 µm 1000 µm

Prescribed displacement
(due to micromotion)

20 µm

Statistical Analysis
For statistical analysis of the five electrophysiology metrics,
a general linear model in Minitab 16 (Minitab Inc., State
College, PA, United States) was utilized to allow for comparisons
between conditions (time and animal group) as fixed factors.
Time was grouped in three ranges, total time (weeks 1–8),
acute (weeks 1–2), and chronic (weeks 3–8) to represent the
phases of the neuroinflammatory response at the neural interface
(Reichert, 2007; Potter et al., 2012). To account for repeated
measures, each individual rat or mouse was nested within its
respective animal group. The terms of the model were the animal
group and the different time intervals. Significance was defined
as p < 0.05. Statistical analysis on the finite element strain
models was performed by a Pearson correlation between the rat
and mouse model.

RESULTS

Electrophysiological Recordings
Variability in Recordings
One of the main challenges to successful IME implementation
is obtaining consistent recording quality. Inconsistent recording
quality over time within the same animal, as well as between
animals within the same group has been observed with
previous studies utilizing one animal species (Rousche and
Normann, 1998; Xindong et al., 1999, 2006; Chestek et al.,
2011; Barrese et al., 2013, 2016; Michelson and Kozai, 2018).
To our knowledge, a direct comparison of electrophysiological
recording quality between two different animal species has
not been previously reported. Here, our evaluation of the rat
and mouse models revealed that both have variability within
their own animal group, over time, and compared to one
another (Figure 2).

Electrophysiological Results
Electrophysiological recordings from the rat model were
compared to the mouse model over the entire course of time
(weeks 1–8), as well as group based on the time course of

inflammatory events following device implantation: acute (weeks
1–2) and chronic (weeks 3–8) time points.

There was a significant difference (∗indicates p < 0.05) in
the percentage of channels recording single units and the single
units recorded per channel between the rat and mouse models
over the entire 8 weeks (Figures 3A,B). Further evaluation
revealed there were significantly higher (#indicates p < 0.05)
percentage of channels recording single units and single units
recorded per channel in the rat model during the acute
time point compared to the mouse model (Figures 3A,B).
There were no significant differences of percentage of channels
recording single units or single units recorded per channel
between the two rodent models during the chronic time points
(Figures 3A,B).

There was a significant difference (∗indicates p < 0.05)
of recorded noise between the rat and mouse models
over the entire 8 weeks (Figure 3C). Yet, there were no
significant differences in recorded noise between the two
rodent models during the acute time points (Figure 3C).
It was found that there was significantly more (#indicates
p < 0.05) noise recorded in the mouse model compared to
the rat model during the chronic time point (Figure 3C).
There were no significant differences found between
the recorded maximum amplitude (Figure 3D) or SNR
(Figure 3E) between the rat and mouse recordings over
the entire eight weeks or when compared at acute and
chronic time intervals.

Finite Element Analysis of Tissue Strain
Normalized von Mises strain results are as shown in Figure 4.
Simulated micromotion around the tethered probe resulted in
elevated strains at the tissue surrounding both the top of the
brain and tip of the probe (Figures 4A,B). Both animal models
predicted to have similar strain profiles to each other around the
tissue surrounding the top of the brain, and the mid-point and
tip of the probe with a Pearson correlation coefficient of 0.97
(Figures 4C–E). It was found that the highest strain was at the
tissue surrounding the top of the brain in both rat and mouse
models (Figure 4C).
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FIGURE 2 | Electrophysiological recordings variability. There was substantial variability within and across animal models as well as across time. With few exceptions,
there was a universal trend for recording quality to decline over time.

DISCUSSION

One of the main challenges of clinical implementation of IME
technology is the instability and decline in recording signal (Biran
et al., 2005; McConnell et al., 2009; Potter et al., 2012; Kozai et al.,
2015b). The rat model is commonly utilized for understanding
the decline of recording quality and longevity (Vetter et al.,
2004; Nolta et al., 2015; Mahajan et al., 2019; Salatino et al.,
2019), as well as for strategies to improve integration at the
neural interface to expand electrophysiological outcomes (Jorfi
et al., 2015; Kim et al., 2018; Wellman et al., 2018; Won et al.,
2018). Recent progress has shown increased use of transgenic,
optogenetic and two-photon techniques being employed more
frequently in neural interface research (Anikeeva et al., 2011;
Kozai et al., 2012, 2014, 2016; Pashaie et al., 2014; Luan et al.,
2017; Park et al., 2017; Bedell et al., 2018a,b; Hermann et al.,
2018a,b). As advances in neural interface research are made, it
is becoming evident that the standardization of rat and mouse
models is critical for translation of novel findings. Previous work
has shown negligible inflammatory response differences using
histological methods between these two animal models (Potter-
Baker et al., 2014). However, as the neural interface field is
expanding research strategies, it is necessary to further evaluate
the differences between these two rodent models. Hence, we
conducted a quantitative assessment of the electrophysiological

recordings and tissue strain from implanted IMEs in both rat
and mouse models.

Electrophysiological recordings were taken twice per week for
eight weeks, from awake, freely moving tethered rats and mice. In
order to allow for direct comparison between the rat and mouse
data, electrophysiological data was analyzed using the same
metrics in both groups. Both rodent groups revealed a similar
decline in electrode recording, with variability of recordings
over time, within each rat and mouse group independently
and between the two rodent groups comparatively. Although
this observation is not optimal for IME translation, it is not
surprising, as recording instability is known to be one of the main
challenges with IME use. In fact, similar inconsistent recordings
have been observed in other animal models, including cat and
primate models (Rousche and Normann, 1998; Chestek et al.,
2011; Barrese et al., 2013). It is noteworthy that both rodent
models showed similar trends of signal decline and instability
over the eight weeks. This indicates that the use of either rodent
model will result in similar recording patterns, thus making the
two models comparable.

Differences in the percentage of channels recording single
unit activity and the number of units recorded per channel
between the rat and mouse model were noted within this
study. Further analysis revealed these differences were only
significant within the first two weeks of the study. In fact,
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FIGURE 3 | Comparison of electrophysiological recording metrics between rat and mouse models. There were significant differences between the (A) % working
channels and (B) units per channel between the rat and mouse recordings over the entire eight weeks. (* indicates a p < 0.05). Specifically, there were significantly
more (A) % working channels and (B) units per channel recorded from the rat recordings compared to the mouse recordings at acute time points (1–2 weeks) (#
indicates a p < 0.05). There were significant differences in (C) noise between the rat and mouse recordings over the entire eight weeks. (*indicates a p < 0.05).
Specifically, there was significantly more noise from the mouse recordings compared to the rat between the acute (1–2 weeks) and chronic (3–8 weeks). (#indicates
a p < 0.05). There were no significant differences between the recorded (D) maximum amplitude and (E) signal-to noise ratios (SNR) between the rat and mouse
recordings over the entire eight weeks or when compared at acute versus chronic time intervals.

it was observed that the rat model had significantly higher
percentage of channels recording single unit activity and the
number of units recorded per channel in the first two weeks.
However, the two animal models had overlapping trends for
the remainder of the study. These observed differences can be
explained by a few key differences between the animal models
and surgical technique. First, the insertion rates between the
two animal models varied slightly, with the rat insertion at
100 µm every 1–2 min and the mouse surgeries at a rate of
10 µm/s every 10–30 s. It has recently been shown that slower
insertion rates, 120 µm/min, results in improved recording
quality, with the highest and most stable SNR, increased single
unit yield, and the highest ratio of inhibitory interneurons
at acute time points (1and 45 min) (Fiáth et al., 2019). The
insertion rate for the rat model was in line with the optimal
insertion rates reported by Fiáth et al. (2019), indicating that the
improved recordings observed during the first two weeks after
implantation could be in part due to the slower insertion speed.
It is thought that the slower insertion speed allows the brain
tissue to recover from the necessary compression and stretching
forces without breeching the BBB, which ultimately results in
more neuronal survival around the implant (Edell et al., 1992;
Bjornsson et al., 2006; Fiáth et al., 2019). Accordingly, the slower
insertion speed used to implant into the rat may have actually
allowed the brain tissue to partially recover during the insertion

time, thus resulting in improved recordings during the acute
time point. There were no statistically significant differences
of percentage of channels recording single unit activity and
the number of units recorded per channel between the two
rodent models beyond the acute time interval. This further
suggests differences at the early time points were not due to
inherent differences in the animal models themselves but due
to temporary factors associated with implantation techniques.
Additionally, it is common practice among some research groups
to allow the rodents to recover from surgery for approximately
one week prior to performing electrophysiological recordings,
which our study did not incorporate, thus negating the acute
recording differences observed herein (Nolta et al., 2015; White
et al., 2016; Harris et al., 2017). Markedly, the duration of IME
implantation for the majority of similar rodent studies is 12-
16 weeks, emphasizing the importance of having comparable
recordings between the rat and mouse models during the
chronic time period (Kozai et al., 2014; Kozai et al., 2015a;
Bedell et al., 2018a; Hermann et al., 2018b; Usoro et al.,
2019). Furthermore, clinical trials utilizing implanted IMEs
remain implanted on a timescale of years, underscoring the
value of our chronic findings (Hochberg et al., 2006, 2012;
Ajiboye et al., 2017).

The depth that the electrode was inserted varied between
the two rodent models. Although the recording contacts on
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FIGURE 4 | Strain profiles of rat and mouse cortex from implanted silicon probes. Predicted strain profiles induced by a tangential tethering force on silicon probe
implanted into (A) mouse and (B) rat cortex. Normalized strain among a quarter region of each model (as highlighted by yellow insets) were shown are shown.
(C) The strain of the tissue surrounding the top of the electrode was predicted to be the highest in both animal models. (D) The strain around the mid-point of the
probe was predicted to be negligible and close to zero in both animal models. (E) The strain surrounding the tip of the implanted probe was predicted to be lower
than the strain at the top in both animal models. The strain between the two animals was predicted to be similar to each other at all three points analyzed.

the inserted electrode was proportional to the optimal cortical
layers (layers III–V) of the respective rodent model, this variation
may have resulted in the acute increase of percentage of
channels recording single unit activity and the number of units
recorded per channel in the rat model. In a previous study
examining the inflammatory response to implanted electrodes
between rat and mouse models, it was observed that there
were significantly more neurons around the implanted probe
in the rat cortex at two weeks compared to the mouse cortex
(Potter-Baker et al., 2014). This observation was attributed to the
difference in scale between the two animal models, specifically,
the thickness of the cortical tissue, size of the cortical layers
and the distribution of cells within that space (Defelipe, 2011;
Potter-Baker et al., 2014). Furthermore, the variances of the
single unit activity between the two animal models can also
be attributed to the number of synaptic inputs per neuron in

each animal model (DeFelipe et al., 2002; Defelipe, 2011). As
follows, this calculated synaptic activity per neuron in various
animal models has revealed variances between animal models and
cortical layers within the same animal model (DeFelipe et al.,
2002; Defelipe, 2011). In fact, there are specific differences in
the proportion, length, and density of putative excitatory and
inhibitory synapses, which may not affect cortical layers the
same, between the rat and mouse (Defelipe, 2011). Although the
dissimilarities between the rat and mouse brain scale and synaptic
activity could have been a source to the observed differences
in electrophysiological recordings, further investigation into
this hypothesis is required prior to concluding the observed
electrophysiological differences between the two rodent models
is due to inherent anatomy and physiology of the animals. The
fact that there were no observed significant differences in the
chronic recording metrics of percentage of channels recording
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single unit activity, number of units recorded per channel,
SNR and amplitude between the two rodent models would
suggest the cyto-architecture differences between models may
only have a limited effect on recording differences. The greater
increase in recorded noise with the mouse model compared
to the rat model may have been confounded by differences in
environmental noise between the two models since the mice
recordings were performed in a class II sterile hood and the
rats were recorded on a non-enclosed surgical table. Hence,
the overall electrophysiological results comparing the rat and
mouse model show negligible differences between the two
models and encourage future investigations to utilize either or
both animal models.

In order to predict the micromotion induced strains
surrounding the implanted probe, a finite element model
simulating a 20 µm displacement to the top of the probe
was utilized. The differences in electrode implantation depth,
thickness of the cortex, and marginal variances in electrode
geometry were all taken into consideration in the models.
Interestingly, there were negligible differences between the
predicted strain for the two rodent models. These results
indicate that the strain induced onto the tissue from respiratory
and vasculature micromotion is negligible between the rat
and mouse. Both models displayed similar strain profiles with
the highest being at the top of the brain (i.e., top of the
probe), similar to our previous findings (Nguyen et al., 2014).
Conversely, a variable that was not included in the model,
but differed between the two rodent models is the reflection
of the dura. During the rat surgeries, the dura is reflected
to allow for ease of electrode insertion due to the stiffness
of the dura. However, in the mouse, the dura is much
thinner and removal is not necessary for electrode implantation.
The influence reflection of the dura has on tissue strain,
micromotion, and downstream inflammatory response is not
fully understood, but likely has some effect initially before the
dura regrows over time. In fact, Gilletti and Muthuswamy
(2006) showed the presence of the dura exhibited a significantly
lower respiratory displacement of rat brain tissue, compared
to animals without a dura. However, the presence of the dura
had no effect on the vasculature displacement (Gilletti and
Muthuswamy, 2006). Our model did not take into account the
different displacement values between the rat with a reflected
dura and the mouse with an intact dura. Our model used
total displacement, combining the effects of both vasculature
and respiration, since the vasculature displacement has not
been shown to be influenced by dura reflection; we kept the
displacement value constant for both models. In future work,
experimental measurements of displacement from both rat and
mouse under conditions of reflected or intact dura will be
conducted and the experimental data will be used as model
inputs to define the brain micromotion. Future finite element
models can incorporate multi-physics models, in which the
effect of tissue strain from physiological micromotion and/or
material stiffness can be correlated to the electrophysiological
recordings. In fact, Lempka et al. (2011) utilized multi-physics
computational modeling to investigate potential factors, such as
electrode geometry and noise sources, to identify their effect

on recording quality. The effects on electrophysiology from
pathophysiology of the brain, such as the formed glial scar, can
also be assessed through multi-physics models. For instance,
computational modeling from Malaga et al. (2015) discovered
that the glial scar did not contribute to the reduction of signal
amplitude, instead it was suggested that the displacement of
neurons from the electrode was the main contributor to the
size of the amplitude (Malaga et al., 2015). The work by Malaga
et al. (2015) in combination with the total findings from Potter-
Baker et al. (2014) demonstrating significantly more neurons
around the implanted probe in the rat cortex at two weeks
and the current findings herein signifying improved recording
quality from the rat during the first two weeks, alludes that
the improved recordings in the rat model are possibly due to
less neuronal displacement after electrode implantation. Future
multiple physics computational modeling, as well as experimental
approaches, can further assess the acute neuronal displacement
and coinciding electrophysiological recordings between animal
models, while also taking into consideration the effects from
reflection of the dura, tissue strain, glial scar, among many
other variables.

CONCLUSION

Collectively the electrophysiological and predictive tissue strain
data reveal there are negligible differences between the rat
and mouse models. The reported increase of percentage of
channels recording single unit activity and the number of
units recorded per channel between the rat and mouse model
could be attributed to the differences in electrode insertion
rate. However, this variance observed may also be due to
inherent differences in animal scale and physiology, but
this requires further investigation. Finally, the finite element
model revealed negligible differences between the two rodent
models tissue strain from implanted electrodes. Although, the
reflection of the dura in the rat model was not directly
compared to the intact dura in the mouse model, dural
regrowth after implantation should make the two models
representative of strain at chronic time points. The finite
element model presented herein, although preliminary, can set
the foundation for future multiple physics components to be
incorporated into.
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