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Abstract

Implantable electrode devices enable long-term electrophysiological recordings for brain-machine 

interfaces and basic neuroscience research. Implantation of these devices, however, leads to 

neuronal damage and progressive neural degeneration that can lead to device failure. The present 

study uses in vivo two-photon microscopy to study the calcium activity and morphology of 

neurons before, during, and one month after electrode implantation to determine how implantation 

trauma injures neurons. We show that implantation leads to sustained, high calcium levels in 

neurons within 150 μm of the electrode interface. These neurons are morphologically distorted and 

mechanoporated after implantation, suggesting that calcium influx is related to mechanical trauma. 

Further, calcium-laden neurites develop signs of axonal injury at 1-3h post-insert. Over the first 

month after implantation, neuronal calcium activity increases, suggesting that neurons may be 

recovering. By defining the mechanisms of neuron damage after electrode implantation, our 

results suggest new directions for therapies to improve electrode longevity.

Graphical abstract

Corresponding author: 5057 Biomedical Science Tower 3, 3501 Fifth Avenue, Pittsburgh, PA, USA. xic11@pitt.edu; Fax: 
+1-412-648-9076; Tel: +1-412-383-6672. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Data availability: The raw/processed data required to reproduce these findings cannot be shared at this time as the data also forms 
part of an ongoing study.

HHS Public Access
Author manuscript
Biomaterials. Author manuscript; available in PMC 2019 August 01.

Published in final edited form as:
Biomaterials. 2018 August ; 174: 79–94. doi:10.1016/j.biomaterials.2018.04.043.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

two-photon microscopy; neuron calcium imaging; foreign body response; microelectrode 
implants; mechanical trauma; brain-computer interface

2. Introduction

Intracortical electrode arrays are necessary tools for recording extracellular action potentials 

from single neurons in brain-machine interface and basic neuroscience applications [1–5]. 

Implantation of these devices, however, is an inherently traumatic process that can result in 

immediate vascular and neural tissue damage, acute and chronic inflammatory glial 

responses, and progressive local neurodegeneration [6–13]. Neuron loss within the effective 

recording distance of electrode devices (electrode sites can resolve single neuron activity 

within 50-140μm [14–16]) is thought to lead to progressive failure of a device’s recording 

quality in rodent [17, 18], cat[19], and primate models [20, 21]. These biocompatibility 

issues must be surmounted before brain-machine interface technologies can have widespread 

clinical translation.

One major challenge to biocompatibility is acute tissue damage due to surgical insertion of 

electrode arrays. Post-mortem studies of stab wounds and acute implantations (1 and 24h) 

reveal that there is immediate neuronal cell death following implantation, and that the most 

rapid drop in neuronal cell density relative to healthy brain tissue occurs within the first 2 

weeks post-insert [6, 7, 9]. Other post-mortem studies have begun to suggest that acute 

implantation can result in changes to the phenotype and activity of surviving neurons [22]. 
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Namely, neurons within 100μm of the electrode initially show increases in excitatory neuron 

markers (VGLUT1, 3 days post-insert) and later show increases in inhibitory cell markers 

(VGAT, 1 month post-insert) [22–24]. One explanation for these findings is that the 

inflammatory environment surrounding the implanted electrode modulates neural activity. 

This is corroborated by experiments detailing the rapid response of microglia following 

electrode implantation and knowledge of neuromodulatory inflammatory species secreted by 

these reactive microglia [8, 25–28]. An alternative, unstudied explanation is that neuron 

activity is affected by sub-cellular, sub-lethal neuronal damage during implantation that may 

physically alter the synaptic connectivity of neurons [24].

In the present study, we use longitudinal, in vivo imaging of neuron morphology and neuron 

calcium (Ca++) activity to quantitatively map the effect of acute electrode implantation on 

neuron activity and health. We hypothesize that the mechanical trauma of electrode 

implantation can physically deform neuron cell bodies and neurites, leading to altered 

calcium activity and neurite degeneration. Calcium activity surrounding implanted 

electrodes is a particularly important read-out, as transient high calcium levels are associated 

with action potentials and burst firing during healthy neuron behavior [29], while high-

concentration and prolonged calcium build-up in neuronal somas and neurites is associated 

with neurite degeneration and excitotoxic cell death [30–33].

We ultimately show that both neuronal somas and neurites within the effective recording 

distance are mechanically distorted during implantation. Both of these cellular 

compartments exhibit prolonged high calcium levels during implantation, following which 

neurites show early signs of degradation. Despite this, only a limited subset of cells that 

exhibited prolonged high calcium levels had membrane disruption by the end of the 3-6h 

experiment. By day 2 post-insert, cells within the affected region appear to be largely 

quiescent, but demonstrated recovery over the first 28 days post-insert. Overall, these results 

identify a previously unreported damage pattern that may point to new therapeutic targets to 

prevent neural electrode performance decline.

3. Methods

3.1. Experimental model and subject details

All experiments used a mouse model for neural electrode implantation. All mice were adult 

(> 8 weeks), male, 25-30g, and single-housed in room temperature with a 12h light/12h dark 

circadian cycle. Studies involving imaging of calcium transients in neurons during acute 

neural electrode implantation (≤ 6h post-insert) were performed with C57BL/6J-Tg(Thy1-

GCaMP6s)GP4.3Dkim/J (Jackson Laboratories, Bar Harbor, ME; RRID: IMSR_JAX:

024275), which express the calcium sensitive protein GCaMP in the neurons under the 

thymus cell antigen 1 (Thy-1) promoter, with positive expression in pyramidal neurons in 

Layers II/III and V of cortex (n = 5 animals) [29]. For chronic studies of Ca++ transients in 

neurons following neural electrode implantation (1-28d post-insert), C57BL/6J mice (RRID: 

IMSR_JAX:000664) injected with AAV-Syn-GCaMP6f obtained from the University of 

Pennsylvania Viral Vector Core were used. Based on pilot studies, we noted that the AAV-

Syn-GCaMP6f model showed a higher proportion of GCaMP expressing neurons. Injection 

into motor, somatosensory, and visual cortices (<1μL per site) was performed with a micro-
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pipette and pressure injector. Animals were allowed to recover for >2 weeks prior to neural 

probe implantation and imaging to allow for adequate GCaMP expression (n = 8 animals 

implanted, with 4 additional discounted from chronic imaging studies due to premature 

death, surgical complication, or poor cranial window visibility)). To study neurite 

morphology following acute neural electrode implantation, Tg(Cnp-EGFP*)1Qrlu/J (n = 3 

animals) and B6.Cg-Tg(Thy1-YFP)16Jrs/J mice (n = 4 animals; Jackson Laboratories, Bar 

Harbor, ME; respectively: RRID: IMSR_JAX:026105, 003709) were used [34, 35]. 

Respectively, these mice have GFP expression in oligodendrocytes and myelinated axons 

under control of the 2′,3′-cyclic nucleotide 3′ phosphodiesterase (CNP) promotor or YFP 

expression in layer V neurons and their neurite arborization that project upwards to in 

cortical layers I–III.

3.2. Surgery and propidium iodide administration

Implants for acute experiments and chronic imaging experiments were non-functional 16-

channel, 4-shank planar silicon electrodes with 125 μm shank-spacing (NeuroNexus, Ann 

Arbor, MI). Shanks were 3 mm long, 15 μm thick, and tapered from 55 μm wide to a point. 

All procedures and experimental protocols were approved by the University of Pittsburgh, 

Division of Laboratory Animal Resources and Institutional Animal Care and Use Committee 

in accordance with the standards for humane animal care as set by the Animal Welfare Act 

and the National Institutes of Health Guide for the Care and Use of Laboratory Animals. For 

all surgeries, animals were anesthetized with intraperitoneal (IP) injections of 75 mg kg−1 

ketamine and 10 mg kg−1 xylazine and head-fixed by ear bars. Depth of anesthesia was 

assessed by heart rate, respiratory rate, and toe-pinch reflex. For surgeries lasting longer than 

1h and throughout acute experiments, animals received additional IP injections of 45 mg kg
−1 h−1 ketamine. Each animal’s scalp was shaved, cleaned with ethanol and betadine (for 

survival surgeries), and resected with scissors. After removing periosteum from the exposed 

skull, a layer of veterinary cyanoacrylate was applied to the skull (Vetbond, 3M). A high-

speed dental drill was used to create 5×5 mm craniotomy on one (for chronic preparations) 

or two (for acute preparations) hemispheres.

3.2.1. Acute preparation—As previously described [25, 26], following craniotomy, a 

dental cement well (Composite Flowable; Henry Schein, NY, USA) was placed around the 

exposed skull, and the animal was positioned under a two-photon microscope objective. The 

electrode array was stereotaxically targeted to motor or visual cortex at a 30-35° angle, 

avoiding large pial vasculature. Electrode array implantation to a depth of 250-350 μm 

(Layer II/III) was completed at a speed of 200 μm s−1 with an oil hydraulic microdrive 

(MO-81, Narishige, Japan). The insertion speed was selected to model with widely used 

implantation protocols, as well as to minimize tissue dimpling during insertion [25, 36, 37]. 

Because imaging occurred during implantation and continuously for 30 minutes post-

implantation, it was not possible to cement the device to the skull for these acute studies. 

Any motion related damage associated with this conformation was limited by ear head 

fixation. Prior to implantation, animals received an IP injection of sulforhodamine 101 

(SR101, 0.05mL, 1 mg mL−1) as a transient vascular contrast agent. Animals were 

maintained in an anesthetic plane throughout the duration of the acute experiment (3-6h). At 

the conclusion of the experiment, propidium iodide (PI, 1 mg mL−1 in saline) was topically 
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applied to the cortex for 20-30min to label cells with disrupted cell membranes (n = 3 of 4 

acutely implanted transgenic GCaMP animals) [38]. PI was washed off with saline and 

animals were imaged while still anesthetized. All animals were euthanized afterwards.

3.2.2. Virus injection and chronic preparation—Through preliminary studies (not 

shown), we qualitatively determined that viral injection of Syn-GCamP6f showed more Ca++ 

activity in neurites when compared to transgenically expressed Thy1-GCamP6. Denser 

labeling is preferred for power spectral density analysis, but can prohibit counting and 

morphological analyses if labeled cells are too densely packed. Therefore, viral injections 

were performed for chronic imaging studies that revolved around power spectral density 

analysis, while transgenic animals were used for the other studies. We performed AAV-Syn-

GCaMP6f (University of Pennsylvania Viral Vector Core) injections after craniotomy of 

C57BL6/J mice (8 animals were implanted, though n = 4 for chronic imaging studies due to 

premature death, surgical complications, or poor cranial window visibility). Injection was 

performed in aseptic conditions at multiple locations in visual, somatosensory, and motor 

cortices. Injection was completed with a micromanipulator, 5-10 μm diameter glass pipette, 

and micro-injector (Toohey Company, Fairfield, NJ, USA). Vasculature was avoided during 

injection and negligible bleeding was observed during or after injection. Following injection, 

the craniotomy was sealed with glass coverslips that were secured with dental cement. 

Headplates (W12mm × D19mm × 1mm) were affixed to the mouse skull with dental cement 

and cyanoacrylate to be used in awake recording (Narishige, Japan). After 2-4 weeks after 

injection—or after GCaMP expression was observed to be stable—animals were 

anesthetized, the cover glass was removed from the skull, and neural electrode arrays were 

inserted into a region of cortex with abundant GCaMP expression—within 500μm of the 

injection site—at a 30-35° angle at a speed of 200 μm s−1 as previously described [39]. 

Following insertion, electrode arrays were anchored to the mouse’s skull with dental 

composite. For 3 animals, we noted that a thick fibrous layer of tissue had grown over the 

craniotomy between virus injection and neural electrode implantation. This tissue was fully 

or partially removed before implantation. The craniotomy was then sealed with silicone 

elastomer (Kwik-Sil, World Precision Instruments, Sarasota, FL) and a clean glass coverslip.

3.3. Two-photon and fluorescence macroscope imaging

During acute implantation (pre-insertion, during insertion, and at 1-6h post-insertion) and at 

1, 2, 4, 7, 14, 21, and 28 days post-insert for chronic preparations, animals were imaged by a 

scanning two-photon microscope system consisting of a Bruker scan head (Madison, WI) 

and a laser tuned to 920nm with 100fs pulses at a frequency of 80Mhz (Mai Tai DS or 

Insight DS+; Spectra-Physics, Menlo Park, CA). The laser power was maintained between 

20-40 mW. Emitted light was collected through a 16×, 0.8 NA objective lens (Nikon 

Instruments, Melville, NY) and detected with photomultiplier tubes (Hamamatsu Photonics 

KK, Hamamatsu, Shizuoka, Japan). Z-stack images were collected with a size of either 1024 

× 1024 or 512 × 512 pixels with a resolution of 0.4-1.6 μm pixel−1 and a Z step size of 2-3 

μm for high-resolution stacks or 10-25μm for stacks collected during electrode insertion. Z-

stack images were collected every 1-2 min for the first 25-30min post implant. Time series 

images of GCaMP activity were typically acquired with an optical zoom of 2-3× at a frame 
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rate of 3-4Hz at a resolution of 1-1.5μm pixel−1 for 1-3 min. Animals received IP injections 

of SR101 prior to imaging.

For animals with a chronic preparation, on each day of two-photon imaging as well as 

during probe insertion, GCaMP activity was also imaged through an MVX-10 

epifluorescence microscope (Olympus, Tokyo, Japan) and a CCD camera with exposure 

time of 48.5 ms (CoolSnap HQ2; Photometrics, Princeton, NJ). GCaMP was excited using a 

white light source (Sola II, Lumencor, Inc; Beaverton, OR) and a 470±20 nm fluorescence 

excitation filter. The fluorescence emission (525±25 nm) was imaged over a field-of-view of 

4×4 mm2 at a frame rate of 10-20 Hz for 3-5min. All chronic imaging time-points were 

performed with awake animals that were head-fixed by headplate on a custom frame.

One additional animal was included in this study that was implanted with a functional 16-

channel, 4-shank planar silicon electrodes with 125 μm shank-spacing (NeuroNexus, Ann 

Arbor, MI) in order to characterize the effect of high-amplitude electrical stimulation on 

tissue deformation. At one month post-implantation, electrical stimulation was applied to a 

703 cm2 irridium electrode site using a current isolator box (AMPI) as previously described 

[5, 40]. The stimulus parameter consisted of a charge balanced asymmetric cathodic leading 

electrical rectangular pulse with a width of 50 μs and a trailing anodic pulse width of 250 μs 

using a k value of 0.55 at 130 Hz. On a separate electrode site, a “rejuvenation” protocol was 

carried out as previously published using a monopolar 4s 1.5V DC bias [41, 42]. The 

stainless steel bone screw in the contralateral calvarium was used as the ground. GCaMP 

activity was imaged with the two-photon microscope at 3 Hz.

3.4. Quantification and Statistical Analysis

3.4.1. Acute studies – cell counting and distance measurement—Z-stacks from 

acute studies were analyzed to determine the number of GCaMP active cells following 

implantation as a function of distance from the probe’s surface and time post-insert. Cells 

were counted manually based on elliptical morphology, with major axis length between 

10-20 μm (average major axis length of measured cells: 12.69 ± 0.42 μm). Cells included 

both cells with GCaMP signal excluded and included within the nucleus. A sample of 

counted neurons were measured post-hoc to confirm that their fluorescence intensity was 

>2× that of local background signal. Distance of a GCaMP active neuron or PI(+) cell from 

the probe’s surface was determined by manually defining a 2D mask to outline the electrode 

array’s footprint in ImageJ (National Institutes of Health). Because the electrode array is 

implanted at a 30-35°, the 2D mask was digitally rotated using the “Interactive Stack 

Rotation” tool in ImageJ to align with the array[43]. A distance transform was then created 

with the 3D mask using the “bwdist” function in Matlab (MathWorks, Boston, MA). 

Positions of manually counted cells were cross referenced with the distance transform to 

determine the distance between each cell and the nearest-contact point of the electrode array. 

Statistical differences in the number of activated neurons as a function of distance (bins of 

10μm) and time (bins of 1-1.6 minutes) were determined by non-repeated measures (Matlab) 

or one-way repeated measures ANOVA analysis (SPSS Statistics, IBM), respectively, both 

of which using Tukey’s post-hoc test (p < 0.05). Statistical differences between counts of 

GCaMP active cells and PI(+) cells as a function of distance were determined by two-way 
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ANOVA with Tukey’s post-hoc tests (p < 0.05, Matlab). Images of GCaMP active cells at 0 

min post-insert and PI(+) cells 3-6h post implant from the same animal were manually 

aligned in ImageJ using the electrode array as a stable landmark.

3.4.2. Acute studies – GCaMP intensity measurements—The fluorescence 

intensity of GCaMP of neurites in cortical Layer I was tracked from 1-2 minutes pre-

insertion, to 27.2 min post-insertion (n = 5 animals). Average fluorescence intensities within 

150×68 μm regions of interest were measured at the tissue-electrode interface and in a 

control region that was >350 μm from the device. Fluorescence was calculated as F/Fo, 

where Fo is the average fluorescence of an ROI pre-insertion and F is the average 

fluorescence of an ROI at a given time-point post-insert. Insertion site and control region 

fluorescences were compared by two-way repeated measures ANOVA with Tukey’s post-

hoc tests (significance: p < 0.05; SPSS Statistics, IBM).

3.4.3. Acute studies – morphological analyses—Z-stack images were also used to 

determine cell morphology. Cell somas of GCaMP active cells during peak activation 

(immediately after probe insertion) were manually traced and ellipses were fitted to the trace 

in ImageJ. The length of the major (b) and minor (a) axes of the fitted ellipses were used to 

calculate cell shape strain index (CSSI; Equation 1; Figure 2a) as previously described [44]:

CSSI = ΔL
LO = b − a

b + a
2

(Equation 1)

CSSI assumes that, on average, a cell without strain is a circle with a mean diameter of Lo, 

while a strained cell becomes ellipsoid that can be represented by ∆L. Histograms of CSSI 

were generated with a bin size of 0.1 and statistically compared before and after insertion 

with two-way ANOVA with a two-sample Kolmogorov-Smirnov test (significance: p < 

0.01).

Changes to neurite morphology were assessed with CNP-GFP and Thy1-GCaMP animals. 

Z-stacks from CNP-GFP mice were also analyzed for neurite orientation changes after 

neural electrode implantation. Neurite orientation was measured by performing a 

morphological opening operation with a line structuring element with a length of 25 pixels 

(optimized experimentally) at 11 different angles (15 to 180°, 15° intervals) on each image 

(‘imopen’ function in Matlab). Because 0° and 180° both represent horizontal lines, we 

included only 180° in our structuring element library to omit redundant filters. Neurite angle 

was determined to be the angle of the structuring element with the highest opening operation 

response for each pixel whose intensity was above a threshold value (Otsu’s thresholding 

method). Histograms of neurite orientation were calculated for regions of interest (50 × 75 

μm rectangles) at the tissue-electrode interface in Layer I or in distant, healthy tissue regions 

(> 350 μm from the implant). Histograms between groups were compared with a two-sample 

Kolmogorov-Smirnov test (significance: p < 0.01).

In Thy1-GCaMP animals, neurite “blebbing” was tracked. Blebs are swollen, hypertrophic 

spherical bodies (2-8μm diameter, distinct from synaptic boutons which are < 2μm diameter) 
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that develop along degenerating neurites following trauma [32, 45–47]. Blebs were 

automatically counted along Z-stacks in regions of interest that bounded the footprint of the 

electrode device and the tissue above the device. Blebs were also counted in distant regions 

from the implantation site (> 350 μm) to be used as controls. Both regions of interest were 

tracked at 1h and 3h post-insert. Automated bleb counting was performed via the Particle 

Analyzer function in ImageJ. Prior to using the Particle Analyzer, Z-stacks were first 

prepared by background subtraction (defined by x + 2σ of the Z-stack slice with the highest 

mean pixel intensity, where x is the mean pixel intensity and σ is the pixel standard 

deviation), filtering with a 1-pixel radius median filter, and then binarized based on the 

ImageJ IsoData threshold variant method [48]. In order to avoid re-counting blebs along the 

Z-stack, every 4th slice (or every 8μm) was analyzed. Particles with radii between 2-8 μm 

were then counted. Changes in the density of blebs (blebs per 10 μm2) over time and 

between implantation region and distant regions were compared with repeated measures 

two-way ANOVAs with Tukey’s post-hoc tests (significance: p < 0.05). The distribution of 

bleb diameter was also quantified and compared between implant and distant regions at both 

time points with a two-sample Kolmogorov-Smirnov test (significance: p < 0.05).

3.4.4. Chronic studies—During electrode insertion, epifluorescence macroscope imaging 

revealed a subset of AAV-Syn-GCaMP6f animals that exhibited GCaMP activity that spread 

out from the implantation site across an expansive region of transduced cortex. The speed 

and duration of this Ca++ wave was quantified by tracking the margin of the Ca++ wave in 

3-4 regions of interest on the cortex and averaging the velocity (μm/s) and duration (s) of Ca
++ wave in these ROIs.

Following initial insertion imaging, macroscope and two-photon microscope time-series 

images were collected from days 2, 7, and 28 post-insert (n = 4 animals, with 4 additional 

animals removed from longitudinal studies due to premature death, surgical complication, or 

poor visibility through the cranial window). Power spectral density (PSD) of dF/Fo GCaMP 

signal, where Fo is the mean GCaMP intensity over time, from 2.5-5 min macroscope 

recordings was calculated for each pixel from 0.1-10Hz after computing the Fast-Fourier 

Transform for each series (Matlab) [49, 50]. The sum of PSD over the 0.1-1.2Hz frequency 

band was calculated, and the average value within a 600×600 μm ROI around the implant 

was taken at each time point. This band was selected as it contains the majority of GCaMP6 

activity in the 4.3 subtype [29]. Values over time were statistically compared by one-way 

ANOVA with Tukey’s post-hoc tests (significance: p < 0.05).

4. Results

Previous studies have shown that neural probe implantation incurs neuronal cell death within 

1h post-insert, but the mechanisms are unclear, including if there is other sub-lethal damage 

to neurons. In order to explore these unknowns, we implanted non-functional 4-shank silicon 

planar electrodes in to the cortex of mice with transgenically (n = 5 animals) or virally (n = 4 

animals, with 4 additional animals removed from longitudinal studies due to premature 

death, surgical complication, or poor visibility through the cranial window) expressed 

calcium sensitive protein GCaMP in neurons to visualize changes in activity and 

morphology following neural probe implantation. Morphological changes were also assessed 
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in mice with transgenically expressed GFP in oligodendrocytes and myelinated neurites (n = 

3 animals) and mice with YFP or GCaMP expressed in cortical neurons (n = 4 animals). Cell 

membrane damage was tracked with the cell-impermeant dye propidium iodide (PI) (in a 

subset of acutely prepared transgenic Thy1-GCaMP animals, n = 3 animals). Changes were 

tracked acutely (up to 6h post insert) and chronically (from day 1 to 28 post insert) with two-

photon microscopy (TPM) and epifluorescence macroscopy.

4.1. Neural probe insertion causes abnormal and long-lasting elevated calcium levels in 
neurons within 150μm of device

While observing neural probe insertion into the cortex of transgenic Thy1-GCaMP mice 

with an epifluorescence macroscope, we noted a visible increase in GCaMP activity around 

the implantation site (Figure 1a, Movie S1). By generating traces of average fluorescence 

intensity at the insertion site before and after insertion (Figure 1b), the dynamics of the 

insertion-related Ca++ activity are elaborated. Activity peaks roughly 4.1s post-insert, begins 

to drop by 8s, and stabilizes by 42s. Over the 54.1s imaging window, Ca++ signal did not 

return to pre-insertion baseline.

In order to resolve Ca++ dynamics during electrode insertion with sufficient X, Y, and Z 

resolution to study single cells and cellular processes, neural electrode insertion and the 

subsequent 25-30min post-insertion were imaged by TPM. 3D Z-stacks of the implantation 

site were imaged every 1-2min with a Z-step size of 10-25 μm. This enabled visualization of 

the entire implantation site from the meninges through Layer II/III of cortex with sufficient 

temporal resolution to capture broad changes in Ca++ activity. In accordance with 

macroscope imaging, GCaMP activity peaked immediately after insertion, and fell to 

relative silence in the minutes that followed (Figure 2A, Movie S2). During peak activation 

(0 min post-insert), activated neurons were largely confined within 150 μm of the implant, 

with significantly more active neurons between 0-70 μm from the probe compared to >120 

μm from the implant (Figure 2B; one-way ANOVA shows significant difference across 

distance, p < 0.0001; all significant bin comparisons p < 0.05 in Tukey’s post-hoc tests). 

Peak activation lasted for the first 2 min post-insertion, which had significantly more 

activated cells within 200μm of the electrode than either pre-insertion or 6-25min post-

insertion (Figure 2C; one-way ANOVA shows significant difference across time, p < 0.0001; 

significant bin comparisons p < 0.05 in Tukey’s post-hoc tests). Further, there was no 

difference between the number of neurons between pre-insertion and 6-25 min post-

insertion, suggesting that activity returned to baseline. Finally, the duration of GCaMP 

transients of cells that were depolarized during implantation were much longer than reported 

values for normal GCaMP6 activity (half-decay time for fluorescence in GCaMP6 4.3 = 360 

± 300 ms), with 42% of GCaMP transients lasting more than 1 min (Figure 2D) [29]. Due to 

temporal resolution limitations, we were only able to sample GCaMP activity every 1-2 min, 

however, sustained GCaMP activity was only considered if fluorescence activity was 

sustained and uninterrupted between time points.

GCaMP(+) neurites in cortical layer I also showed high Ca++ levels over the first 27.2 min 

post-insert (Figure 2E). In contrast to neuron cell bodies, which had elevated Ca++ levels 

within the first minutes post-insert, neurite fluorescence was sustained through the initial 
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27.2 min compared to distant regions >350 μm from the implantation site. Tracing the 

average fluorescence intensity in ROIs at the implantation site (Figure 2E–F, blue) vs. ROIs 

at distant regions (red), there was a sustained statistically significant increase in GCaMP 

intensity at the implantation site (repeated measures two-way ANOVA, p < 0.0001).

4.2. Effect of dura resection on implantation-related calcium elevation

Animals that were injected with AAV-Syn GCaMP6f virus and prepared for chronic imaging 

studies were implanted under a fluorescence macroscope. A subset of these animals (3 out of 

8 implanted animals) could not be successfully implanted without removal of a dense fibrous 

tissue over the surface of the brain that formed after virus injection surgery. These animals 

exhibited a wave of GCaMP activity after implantation that extended across the extent of the 

transduced cortex, far beyond the site of mechanical insertion impact (Figure 3A, Movie 

S3). The Ca++ wave had a velocity of 39.45 ± 10.52 μm/s (mean ± SEM; Figure 3B) and a 

duration of 87.35 ± 30.62 s (mean ± SEM; Figure 3C), which is consistent with reported 

values for cortical spreading depression (CSD) [51]. Virus injected animals without 

durotomy exhibited calcium elevation similar to transgenic animals (Figure 1).

4.3. Neuronal sub-cellular compartments are morphologically deformed following neural 
electrode insertion

Noting that neuronal deformation can cause abnormal neural activity [52, 53], we quantified 

the morphology of GCaMP active cells in transgenic Thy1-GCaMP animals during peak 

activation following neural electrode insertion. The mechanical strain of these cells were 

quantified by a Cell Shape Strain Index (CSSI) [44], which captures how much a cell 

deviates from a perfect circle by fitting an ellipse to a cell’s perimeter (Figure 4A; bottom: 

example average CSSI values are shown, with lower values indicating less strain and high 

values indicating more cellular strain). We noted that on average, cells were more strained 

after implantation compared with the same tissue prior to implantation (Figure 4B, cells with 

CSSI > 0.3 are indicated with red *). These changes were quantified by comparing 

distributions of CSSI before (138 neurons from 4 animals) and after implant (472 neurons 

from 4 animals). Despite unmatched sample sizes, there was a statistically significant 

difference between distributions of CSSI (Figure3C; Kolmogorov-Smirnov test, p < 0.0001).

Deformation of neurites was also explored with transgenic CNP-GFP mice, with GFP 

expression in oligodendrocytes and myelinated neurites. Qualitatively, we noted that CNP(+) 

neurites appeared to be aligned across the face of the electrode after insertion (Figure 4D). 

This was quantitatively defined by determining neurite orientation through morphological 

opening operations with line structuring elements angled between 0-180° in 15° intervals. 

The neurite angle was selected to be the angle of the structuring element with the maximal 

morphological opening response. Comparing the distribution of neurite angles in regions of 

interest at the tissue-electrode interface to regions of interest in distant tissue (> 350 μm 

from the electrode), there was a statistically significant difference between neurite angle 

distributions (Figure 4E; Kolmogorov-Sminov test, p < 0.0001).
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4.4. Sustained elevated Ca++ levels in neuronal sub-cellular compartments at 1h and 3h 
post-insert

The Ca++ event that had started during implantation continued through at least the first hours 

post-insert in the neurite and soma sub-cellular compartments of transgenic Thy1-GCaMP 

animals. In the neurites of cortical layer I, Ca++-laden spherical bodies formed by 1h post-

insert and continued to develop through at least 3h post-insert in Thy1-GCaMP animals 

(Figure 5A). These elements were consistent with previous descriptions of axonal ‘blebs’, 

which are 2-8 μm in diameter with high calcium concentration [32, 45–47]. Automated 

particle analysis was used to estimate the density of blebs (in units of blebs / 10μm2 of 

tissue) in cortical layer I of Thy1-GCaMP mice at 1h and 3h post-insert at the implantation 

site as well as in tissue > 350 μm from the implantation site (Figure 5B, top). There was a 

significant group-wise difference between the implant site and distant regions for bleb 

density, but there was no effect of time (repeated measures two-way ANOVA, p < 0.001). 

Tukey’s post-hoc tests confirmed that there was significantly higher bleb density at the 

implantation site at 1h post insert, with a trending difference at 3h post-insert (p < 0.05 at 

1h, p = 0.064 at 3h). The distribution of bleb diameters was also different between the 

implant site and distant regions at 1h and 3h post-implant, with a larger proportion of 

>2.5μm diameter blebs at the implant site (Figure 5B, bottom; Kolomogorov-Smirnov test, p 

<00001). Time-series images collected at 1h and 3h post-insert show that these blebs may 

still have fluctuations in calcium levels, but they showed sustained elevated calcium relative 

to background (Figure S3). In addition to differences in bleb density between the implant 

site and distant regions, we also qualitatively compared blebbing at the implant site before 

and after implantation (Figure S5). There were few blebs at the implant site prior to 

insertion, nor in the minutes that immediately followed insertion (Figure S5, middle; also, 

Figure 2B, where we elevated calcium levels in neurites after implantation, but without the 

beaded morphology typical of blebs). Rather, blebs appeared to form within the first hours 

after insertion.

In Thy1-GCaMP animals, blebs appeared mostly as isolated spheres that were disconnected 

from any neurite arborization. To determine if blebs were in fact isolated, we examined 

Thy1-YFP mice, which have YFP reporter expression to give a more stable and complete 

anatomical map of neurons (Figure 5C). While blebs formed in these animals on a similar 

time frame as the Thy1-GCaMP mice, they appeared to be connected to larger neurite 

structures. This suggests that the Ca++-laden blebs in Thy1-GCamP animals are not isolated, 

but rather highlight the discontinuous distribution of Ca++ in neurites in the vicinity of the 

tissue-electrode interface.

At 1-6h post-implant, there were few observable GCaMP transients in layer II/III neuronal 

somas at the tissue-electrode interface or in distant tissue > 350μm from the implant (Figure 

5D). This is possibly due to the systemic effects of the ketamine-xylazine anesthesia[54]. 

Nonetheless, 3 of 4 animals that were imaged at 3h post-insert had highly fluorescent 

GCaMP signals in neurons at the tissue-electrode interface, but not in distant regions (Figure 

5D, red ˆ). These neurons were abnormal in that they had GCaMP signal in both the cytosol 

as well as the nucleus, where as normal GCaMP signal is confined to the cytosol (Figure 5D, 
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Insets) [55]. This may suggest that the nuclear membrane in these cells has been 

compromised and can no longer exclude GCaMP from entering.

4.4. Cells with membrane damage at 3-6h post-insert are geographically distinct from 
GCaMP(+) cells activated during electrode implantation

Mechanical deformation of neurons can damage and disrupt their cell membranes [45, 56]. 

In order to test cell membrane permeability in the vicinity of implanted electrodes, we 

topically applied the cell-impermeant dye propidium iodide (PI) to the cortical surface at the 

end of acute implantation studies of transgenic Thy1-GCaMP animals (3-6h post-insert) 

(Figure 6A, left). PI enters cells to stain their nuclei if the cell and nuclear membranes have 

been damaged[57]. By aligning images PI(+) cells at 3-6h post implant to images GCaMP 

activity at peak activation post-insert, it was clear that PI(+) cells were more proximate to 

the implantation site than GCaMP active cells (Figure 6A, middle and right). The 

distributions of PI(+) and GCaMP active cells as a function of distance from the 

implantation site were statistically different (Figure 6B, two-way ANOVA, p < 0.00005) 

with Tukey’s post-hoc tests indicating significantly more PI(+) cells than GCaMP active 

cells between 0-10μm from the probe’s surface (p <0.001), and significantly less PI(+) cells 

than GCaMP active cells between 20-50μm from the probe’s surface (p < 0.001).

4.5. Increasing GCaMP activity within 150 μm of the electrode array over 28d post-insert

In order to study changes in Ca++ activity surrounding implanted electrodes in the early 

chronic phase post-insert, mice were injected with AAV-Syn-GCaMP6f virus (Figure 7). 

Viral injected animals were selected for chronic studies due to preliminary studies (not 

shown) indicating that viral injected AAV-Syn-GCaMP6f animals had a greater proportion 

of GCaMP expressing neurons.

Following implantation, we estimated the degree of GCaMP activity in around the implant 

by quantifying the PSD over the 0.1-1.2Hz band (Figure 7A–C). Qualitatively, PSD 

increased from day 2 to day 28 post-insert (Figure 6A). Quantitative assessments of average 

0.1-1.2Hz PSD within the 600×600 μm ROI (Figure 7A, green dashed box) confirmed these 

observations, with PSD showing an increasing trend for all (4/4) animals over the first 

month post-insert (Figure 7B). Further, by quantifying the relative PSD fold-increases at 

days 7 and 28-35 post-insert compared to day 2, we identified statistically significant 

elevation in power at days 28-35 (Figure 7C; 1.72 ± 0.47 v. 3.18 ± 0.62, mean ± SEM; 

Student’s t-test, p < 0.05, n = 3 of 4 animals, one animal excluded due to dural bleeding on 

Day 2). Two-photon microscopy was used to determine if the increase in PSD was also 

associated with an increase in dynamic calcium behavior in individual neurons (Movie S6). 

Standard deviation projections of time series images show that there are more active cells 

with time post-insert (Figure 7D, cells indicated by red. In these time-series movies, some 

axons which appeared to be stretched across the electrode’s surface (as described in section 

3.2.) were able to exhibit GCaMP transients by 28d post-insert (Movie S6, right panel).
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5. Discussion

While high-yield, high-SNR neural recording can be obtained from implanted neural 

electrodes, reproducibility across implants remain high, due to the variability in implantation 

trauma. Furthermore, a uniform trend of decline in recording quality months to years post 

neural electrode implantation suggest that the initial trauma of acute implantation may also 

create the origin of the chronic inflammation and neurodegeneration [6, 7, 9, 25, 26]. 

Beyond this, it has long been believed—but not conclusively demonstrated—that electrode 

implantation will further damage neurite arborization without necessarily killing neurons. 

This dynamic tissue damage pattern has been largely unexplored [24], but could explain 

observed changes to neuron phenotype following implantation [22, 23]. In the present study, 

we hypothesized that electrode implantation will mechanically distort neurons, leading to 

abnormal calcium activity and axonal degeneration. Morphological measurements of 

neuronal soma shape and neurite orientation confirmed that neurons were in fact 

mechanically distorted. Imaging of calcium before and after electrode insertion 

demonstrated that calcium levels increased after insertion, and persisted through at least 3h 

post-insert. Further, at 1-3h post-insert, neurites began to show signs of injury and possible 

degeneration. Despite this, a small population of cells demonstrated compromised 

membranes at 3-6h post-insert compared to the number of cells that initially expressed high 

calcium levels after implant. Over the first month post-insert, calcium activity in neurons 

surrounding the implanted devices increased, suggesting that cells recover after initial insult. 

Together, these findings allow for the following conclusions:

5.1. Mechanical deformation of cells may underlie high calcium levels in neuron cell 
bodies and neurites

Both neuronal soma and neurite sub-cellular compartments showed altered morphology after 

electrode implantation. The cell-shape strain index shows that neuron somas in the vicinity 

of the tissue-electrode interface were more elliptical than neurons in the same cortical region 

pre-insertion. This is likely due to the strain generated as the probe displaces tissue during 

insertion, as previously suggested [11, 44]. Changes in the distribution of neurite orientation 

at the tissue-electrode interface suggest that either neurites were stretched across the face of 

the device during insertion, or that neurites were pushed together during insertion. In either 

case, the orientation metric indicates that the neurites were mechanically distorted during 

probe entry. This suggests that the act of implantation mechanically distorted and strained 

neural tissue, as has previously been shown in implantations into ex vivo brain slices [36] as 

well as studies of in vivo brain dimpling during implantation [58]. Importantly, mechanical 

distortions of neuron somas and neurites has previously been shown to disrupt neuron 

membrane integrity [31, 45, 56], disrupt neurite cytoskeletal structure [32, 59, 60], and incur 

high cellular Ca++ influx [31–33]. One limitation of these morphological analyses was our 

inability to track cell-shape strain index and neurite orientation of the same somas and 

neurites before and after implantation. This is due to the gross deformation in the Z-axis of 

the tissue during implantation (over 60μm deformations at points), which complicated cell 

tracking. To account for this, we sampled neurons in the same region (tracked by blood 

vessel landmarks) before and after implantation, which gives the best approximation of 

strain, but cannot give the actual cell strain. Future studies may address this by using cell 
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labels with sparser expression that can make cell-tracking more viable or using advanced 3D 

imaging modalities.

In this work, Ca++ flooded neurons and neurites at the tissue-electrode interface within 1 

min of implantation. Importantly, over 42% of cells affected by this implantation-related Ca
++ influx showed elevated Ca++ levels that lasted for over 1 min, which is > 90-1000× longer 

than action potential-related to single GCaMP6 4.3 transients [29]. Elevated Ca++ after 

mechanical damage to neurons can come from opening Ca++ channels and transporters [33, 

61], mechanoporation [31, 56], or from release of intracellular calcium stores [32, 62]. The 

morphological results from this study show that many cells were in fact mechanically 

distorted after implantation, and propidium iodide staining at the end of experiments show 

that a subset of (non-neuron specific) cells had some degree of mechanoporation. While this 

may suggest that only a subset of cells that demonstrated abnormal Ca++ levels, it is also 

possible that more cells were initially mechanoporated, but were able to self-repair by the 

time of propidium iodide infusion [31, 56]. Whether distortion of cells led to 

mechanoporation or not, mechanical deformation of neuron somas and neurites is still 

sufficient to cause release of intracellular Ca++ stores and/or opening of voltage gated 

calcium channels and calcium transporters [32, 33, 61, 62]. These findings reinforce the 

importance of pursuing neural electrode footprints and insertion strategies that minimize 

mechanical strain and tissue distortion after implantation [63].

Unexpectedly, we found that removal of dura prior to implantation correlated with cortical 

spreading depolarizations (CSD) during implantation. CSDs are a global event that disrupts 

normal neural function, heightens the risk of neuronal injury and cell death, and is thought to 

underlie migraine pathology [64]. Because this phenomena was only observed in animals 

that had partial or full durotomy 2-4 weeks following AAV injection, we believe that the 

CSDs may have been related to this additional trauma. In this study, animals that developed 

thick fibrosis on the surface of the brain had previously received a craniotomy during the 

virus injection procedure [65, 66]. It is possible that fibrosis was related to the cover glass 

that remained on the surface of the brain between virus injection and implantation. Foreign 

bodies on the surface of the brain have previously been shown to incite fibrosis [39, 65]. 

Ultimately, this may suggest that repeated surgical interventions, epidural fibrosis, and/or 

duratomy could affect the nature of Ca++ activity following implantation. Alternatively, it is 

possible that CSDs were occurring in a larger subset of animals, but it is only apparent in 

some virus injected animals due to the virus’s variable expression pattern [67]. Future 

studies should explore these potential mechanisms and consider the impact of CSDs in 

regeneration and degeneration following electrode array implantation.

While most electrode implantations are designed to be performed at 90° relative to the 

surface of the brain, electrode arrays in this study were implanted at 30-35° in order to 

accommodate geometric constraints of the two photon microscope objective for dynamic 

spatiotemporal imaging [13, 25, 26, 28, 39, 47]. The angled insertion may have resulted in 

more shearing of vertical axonal projections than a perpendicular insertion, which has been 

suggested to generate more blebbing-type injury [45]. While this could also result in 

shearing damage penetrating arterioles and venules, we actively mapped and avoided these 

vessels during implantation as previously described [68]. Despite these concerns, we believe 
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that even “perpendicular” implantations will still generate a distribution of local shear and 

compressive forces due to the natural variability in the angle of “vertical” axonal projections 

and the curvature of the brain. This is especially true of large, multi-shank arrays, which 

span large regions of brain curvature. With these considerations, the angled insertion of these 

experiments is still relevant for traditional “perpendicular” insertions.

5.2. Axonal transport disruption after mechanical deformation and Ca++ influx

Regardless of the mode of Ca++ entry, the prolonged high Ca++ levels observed after 

implantation suggests abnormal cell physiology and can jeopardize the health of the 

neurons. In addition to disrupting cellular ion balance, high concentrations of Ca++ can 

activate calcineurin and calpain, enzymes that can prevent neuronal Ca++ efflux and cause 

severe degradation of axonal cytoskeletal proteins [32, 62]. Mechanical deformation as well 

as calcium-activated calpain can cause disruption of microtubule structure, which is 

responsible for aggregation of axonal transport proteins and ions and the local swelling that 

defines blebs [32, 59]. This mechanism serves as a link between the current study’s 

observation of prolonged elevated Ca++ level and axonal blebbing. Our observation of blebs 

forming within the first hours post-insert is also consistent with other studies of mechanical 

trauma [31, 32]. Further, prolonged high Ca++ levels and axonal blebbing are known 

precursors to neuron cell death, neurite degeneration, and a loss of synaptic connectivity [31, 

45, 61, 69]. Due to limitations of our acute preparation, it was not possible to track 

individual neurons for sufficient time to determine the fate of axons that exhibited blebbing 

or neurons with severe, high Ca++ levels. Nonetheless, whether these axons ultimately 

repaired or degenerated, the presence of blebbing is sufficient to assert that neural electrode 

implantation caused some axonal transport interruption, with potential for neurite 

degeneration.

5.3. Normal Ca++ activity increases over the first month post-insertion

After the initial Ca++ influx after probe insertion, there was little GCaMP activity observed 

in the first hours, both adjacent to the implant as well as in distant regions from the implant. 

This is likely due to ketamine/xylazine anesthesia, which is known to suppress spontaneous 

activity, but would not prevent Ca++ influx from mechanical or electrical stimulation [31, 54, 

70]. A cohort of GCaMP-virus injected animals was prepared with cranial windows to track 

awake, spontaneous GCaMP activity over the first month post-insert overcome this 

limitation. We noted that from day 2 to day 28 post-insert, all animals showed an increase in 

PSD in calcium activity at the tissue-electrode interface, similar to previous reports [24]. 

Time-series videos of cells from this population confirmed that the Ca++ transients of these 

cells was < 1s, as has been reported for healthy, awake GCaMP6 4.3 subtype activity [29]. 

This is reminiscent of reports of neuronal suppression following TBI, followed by hyper-

excitability at later time-points [71–73]. Noting our observations of axonal trauma following 

implant, a possible explanation for dynamic changes in neural activity may be on account of 

axon degeneration and regeneration. In tissue slice recordings following TBI, axotomized 

neurons show decreased excitability while intact neurons show an increase in excitability 

[69]. In vitro studies further corroborate this, showing that neurons lose a significant amount 

of connectivity and oscillatory behavior immediately following an impact [52, 61]. At later 

time-points, it is possible that synaptogenesis has occurred, leading to increases in neuron 
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Ca++ activity as suggested by molecular studies of the brain following traumatic brain injury 

[74]. This ultimately suggests that acute injury may have long-lived consequences, and may 

instigate changes to the functional connectivity of neurons at the tissue-electrode interface.

An alternative–and potentially parallel—explanation is that gliotransmission could be 

modulating neuronal activity at the tissue-electrode interface [22]. This theory suggests that 

glia could cause both neuron hyper-excitability as well as neuron suppression at later time 

points post-implant. While the current study shows an increase in cells with GCaMP 

signaling with time post-insert, it is possible that there is still a population of GCaMP 

expressing, but silent neurons that is unaccounted for. These explanations should be further 

explored with longitudinal studies with Thy1-YFP mice that can be used get a more 

complete depiction of neurite health over time.

5.4. Beyond implantation trauma: other sources of mechanical injury

The present work suggests that the mechanical trauma of electrode array implantation is 

correlated with sub-cellular neuronal damage. While implantation is the most significant 

source of tissue deformation and stress from a neural electrode, there are other sources of 

mechanical injury at the tissue-electrode interface. Brain micromotion during respiration, 

heartbeat, and movement creates stress at the tissue-electrode interface, however the force of 

electrode penetration is >10× the force generated by micromotion [75]. The current work 

observes aberrant Ca++ activity in neuron somas and neurites during implantation, but not 

during awake and anesthetized micromotion in acute or chronic experiments. This may 

suggest that the potential contribution of micromotion to chronic neurodegeneration operates 

through different mechanisms than those suggested here.

Another potential source of tissue deformation is through aggressive electrical stimulation 

paradigms. It is well known that stimuli >+1.5V are outside the water window and cause 

electrolysis of water into O2 and H2 gas as well as pH excursions [76–81]. While it has long 

been speculated that such gas evolution could create local pressure and deformation of 

tissue, there have been few publications that explore this in vivo [82]. Using the methods 

described in this work, we explored this theory with in vivo GCaMP imaging. We examined 

current-controlled stimulation through high impedance electrode sites (Figure 8A), which 

can lead to voltage excursions outside of the water window even when safe Shannon Criteria 

is used k≪1.7 (k=0.55) [76–81]. We also tested “rejuvenation” stimulation, which employs a 

1.5V DC bias for 4 s which is hypothesized to perforate the glial scar encapsulating the 

electrode site to restore neural recording capabilities of failed recording sites (Figure 8B) 

[41, 42]. Imaging GCaMP activity around the implant during these strong stimuli reveals 

formation of large gas bubbles (110.35μm diameter bubble for current-controlled 

stimulation, 37.14μm for the “rejuvenation stimulation) that generate mechanical strain to 

the local tissue (Figure 8A–B). There is an initial depolarization of sparse and distributed 

population of neural depolarization [83]. However, as the stimulus continues, a gas bubble 

forms around the electrode site. The growing gas bubble, in turn, pushes the nearby tissue 

away generating mechanical strain. Neurons within 50μm of the electrode site were 

displaced 9.0 5±1.12 μm (mean ± SEM; n = 11 neurons) during current-controlled 

stimulation. Cell-shape strain index (see Methods section 3.4.3.) of these same neurons 
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increased 0.18 ± 0.076 (mean ± SEM). With the smaller gas bubble formed during 

“rejuvenation” stimulation, only one neuron was seen to be displaced (3.15μm; CSSI change 

= 0.08). Neurons in this strained region for both stimulation paradigms are activated. Most 

noticeably, neurons that were spontaneously firing prior to the stimulus ceased all activity 

following the stimulus (Figure 8A–B, > arrows). Other neurons near the electrode that were 

not spontaneously firing before the stimulus showed robust spontaneous firing 2 minutes 

following the recovery from the stimulus (Figure 8A–B, v arrows). It is unclear if this 

altered neuronal activity is due to intense electrical stimulation, tissue deformation by the 

microbubble, release of O2, H2, and change of pH, though each of these factors has the 

ability to modulate neuronal activity [82, 84]. Future studies should examine how the native 

neural networks are disrupted from these strong stimulus pulses. The present work suggests 

that care needs to be taken in selecting stimulation parameters that do not disrupt the local 

functional neural network.

5.5. Future directions: new therapeutic avenues

The above results identify three related mechanisms that may explain how the mechanical 

trauma of electrode implantation leads to neuron loss and neural signal decline: prolonged 

high intracellular Ca++ levels, mechanoporation, and axonal cytoskeletal injury. The true 

impact of these phenomena will not be understood until studies are conducted with 

controlled interventions that modulate these damage patterns. Potential interventions for 

high Ca++ levels could be pre-incubation with Ca++ chelators such as EGTA [31], blockade 

of Na+ and Ca++ channels[33], or blocking the GluN2B subunit on NMDA receptors[61]. 

Mechanoporation can potentially be reduced by application of ‘membrane sealants’ such as 

polyethylene glycol [85, 86] or poloxamers [87]. Axonal cytoskeleton can be stabilized by 

selectively inhibiting the Ca++ activated protease calpain [31] or injection of the microtubule 

stabilizer paclitaxel [60]. One other strategy to address each of these issues is simply to 

reduce the mechanical trauma of implantation. This can be accomplished by altering the 

speed of insertion as well as the material, shape, and size of the device [63]. Reducing the 

overall volumetric footprint of the device reduces the tissue displacement during insertion 

resulting from the tissue accepting the probe’s volume [88–91].

While these strategies may spare many neurons and neurites from degeneration, the inherent 

trauma of neural electrode implantation is likely to still damage neural tissue. Therapies 

should also be focused on neural regeneration. Some approaches involve stem cell delivery 

to the implant site [92, 93] and encouraging neurite regrowth and neuronal survival through 

immobilized L1 cell adhesion molecule [25, 66, 94, 95], or neural protective drug release 

[96–101].

6. Conclusion

Using longitudinal, in vivo microscopy, we have for the first time identified sustained, high 

Ca++ levels in neuronal somas and neurites following electrode implantation. This is 

correlated with and potentially caused by mechanical distortion of somas and neurites as 

well as cell membrane disruption. Ca++-laden neurites develop spherical ‘blebs’ over the 

first hours post-implant, suggesting disruption in axonal transport and axonal damage. We 
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ultimately show that healthy Ca++ activity increases over the first month post-implant, 

suggesting that neurons are repairing and potentially rewiring following implantation 

trauma. These results ultimately identify early damage patterns after neural electrode 

implant that may be promising therapeutic avenues to improve the long-term viability of 

implantable neural technologies.
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Figure 1. 
Electrode array implantation causes neuronal Ca++ elevation within 150 μm of the device. 

(A) Epifluorescence macroscope imaging of array implantation into the cortex of transgenic 

Thy-1-GCaMP6 animals reveals a visible increase in neuronal Ca++ in the vicinity of the 

implant site (outlined by a blue dotted box). (B) Traces of Ca++ signal within the dotted 

blue box in panel (A) show that Ca++ signal peaks by 4.1s post-insert, returns towards 

baseline by 19.4s, and begins to plateau above by 42s.

Eles et al. Page 24

Biomaterials. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Widespread, long-lasting high Ca++ levels following electrode implantation. (A) Two-

photon microscopy of electrode implantation into cortical layer II/III of Thy-1-GCaMP 

animals shows that neuronal soma Ca++ elevation occurs following implantation, and 

subsides by 25 min post-insert. (B) Quantification of the number of neurons activated in the 

minute post-implantation as a function of distance from the electrode shows that there are 

significantly more neurons activated between 0-70μm compared to >120μm from the 

implant (indicated by black bars, p<0.05, n = 5 animals). (C) The number of active cells 

dwindles rapidly after implant, with significantly more activated cells at 1-2min post-insert 

compared to pre-insertion (−1 min) as well as 6-25min (* indicate significant difference 

compared to 1 and 2 min post-insertion, p<0.05, n = 5 animals). Importantly, there was no 
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difference in number of cells between pre-implant and 6-25 mins post-insert, suggesting 

activity returned to baseline. (D) Measuring the duration of GCaMP transients shows 42% of 

cells initially activated post-insert had influx longer than 1min, suggesting pathological 

activation (n = 5 animals). (E) Imaging of superficial cortical layer I, which predominately 

hosts GCaMP(+) neurites, shows similar widespread Ca++ elevation after implantation. 

High Ca++ levels in these neurites lasts for the duration of the initial imaging window (27.2 

min). (F) There is a significant group-wise difference between the insertion site (blue) 

calcium and those of a distant control region (red, >350μm from implant) (repeated 

measures 2-way ANOVA p < 0.0001). All data presented as mean ± SEM.
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Figure 3. 
Electrode array insertion after partial or full durotomy of AAV-Syn-GCaMP6f animals 

resulted in cortical spreading depression (CSD) activity. (A) Fluorescence macroscope 

imaging of a subset (n = 3 of 8 implanted animals) of animals that transduced with GCaMP 

under control of synapsin promotor via AAV vector injection developed significant fibrosis 

under their cranial windows. After resection of the fibrous tissue, probe implantation created 

fast-moving GCaMP activity consistent with CSD that spreads across the transduced region 

of cortex that resolved by 57s post-insert. (B) CSD velocity was measured to be average 

39.45 ± 10.52 μm/s and (C) duration was on average 87.35 ± 30.62 s (mean ± SEM, n = 3 

animals).
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Figure 4. 
Neurons activated by electrode implantation are morphologically deformed. (A) Neuron 

soma morphology is measured by manual tracing cells and ellipse fitting (bottom, red 

traces). Neuron soma shape strain index (white text) measures the extent of ellipsoid 

deformation of a cell body. (B) Images of GCaMP(+) neuron somas before and after 

insertion. Red * indicate cells with a neuron soma shape strain index > 0.3. (C) Histograms 

of neuron soma shape strain index pre (red) and immediately post (blue) probe insertion. 

There is a significant difference between the group-wise distributions (Komogorov-Smirnov 

test, p <0.0001. (D) Transgenic animals with GFP expressed in oligodendrocytes under 

control of the CNP promotor show myelinated axons in layer I of cortex. After insertion 

(right), axons at the electrode-tissue interface (dotted red box) appear stretched 

perpendicular to the direction of insertion. (D) Each pixel with neurite signal was binned 

according to it’s orientation angle by morphological filtering. ROIs were 50×75μm boxes 

around either the electrode-tissue interface or tissue >350μm from the interface. Histograms 

of neurite orientation reveal significantly group-wise differences in distribution 

(Komogorov-Smirnov test, p < 0.0001). All data presented as mean ± SEM.
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Figure 5. 
High Ca++ levels in neurite and soma sub-cellular compartments at the tissue-electrode 

interfaces persists through at least 3h post-insertion. (A) In layer I, Ca++-laden blebs in 

neurites were visible from 1-3h at the tissue-electrode interface (top), but not in distant 

cortical regions (bottom). Particle analysis was used to count blebs dorsal to the implanted 

electrode (dotted blue rectangle). (B) Top: There is a statistically significant increase in bleb 

density at the implant site compared to distant tissues, with Tukey’s post-tests confirming 

that there is a statistically significant increase at 1h and a trending increase at 3h post 
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implant (repeated measures 2-way ANOVA, p < 0.01; Post-test for 1h: p < 0.05). Bottom: 
The distribution in diameter of blebs is significantly different between blebs at the implant 

site and distant region, with larger blebs prevalent at the implant site at both time-points 

(Kolmogorov-Smirnov test, p < 0.00001). Data presented as mean ± SEM. (C) Observation 

of bleb development (green ˆ) in Thy-1 YFP animals confirmed that blebs formed within 

layer I neurites. (D) A sub-population of Ca++-laden neurons with nuclear GCaMP 

inclusions (red ˆ) were tracked at 1-3h post-insertion in cortical layer II/III. These cells were 

only found within 150 m of the tissue-electrode interface (left), not in distant regions (right). 

Green dashed boxes indicate location of insets. Insets are 70×70μm; All scale bars = 100 

μm.

Eles et al. Page 30

Biomaterials. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Cells with membrane dysfunction at 3-6h post-insert are geographically distinct from cells 

with high Ca++ levels during device insertion. (A) At 3 or 6h post insertion, propidium 

iodide (PI) was topically applied over cortex to label cells with disrupted cell membranes 

(left). Images at these time points were aligned to images of transgenic Thy1-GCaMP6 

activity at 0 min post-insert using the electrode shanks as a stable land mark (middle and 

right). PI(+) cells appear to be closer to the electrode-tissue interface than GCaMP active 

cells. (B) A histogram of PI(+) (red) and GCaMP(+) (green) cells as a function of distance 

from the neural probe show that PI(+) cells are geographically distinct from the GCaMP(+) 

cells, with statistically significant groupwise effects (2-way ANOVA, * indicate significant 

post-hoc tests, p < 0.001, n = 4 animals for GCaMP active cells; n = 3 animals for PI cells). 

Data presented as mean ± SEM.
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Figure 7. 
Chronic neural Ca++ activity surrounding a neural electrode increases after implantation. 

(A) Power spectral density (PSD) of 5 min epifluorescence macroscope recordings was 

summed for each pixel over 0.1-1.2Hz over 2-28 days post-insert. Power within a 

600×600μm ROI (green dashed box) increased progressively over time post-insert (electrode 

shanks in gray boxes). (B) PSD increased over time in 4/4 animals (C) Relative to aggregate 

PSD at Day 2 post-insert, there were fold-increases in PSD at day 7 and day 28-35 post –

insert, with a statistically significant increase on relative PSD over time (Student’s T-test, p 
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< 0.05; mean ± SEM). (D) Standard deviation projections of TPM image series within the 

same ROI (electrode shanks shown in blue) reveals increasing numbers of GCaMP active 

neurons (neuronal somas indicated by red ˆ) over time post-insert. All scale bars 250 μm.
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Figure 8. 
Gas evolution during stimulation alters resting state network activity. Gas evolution can be 

caused by 130 Hz current-controlled charge balanced asymmetric electrical stimulation with 

a Shannon k value of 0.55 (A) as well as monopolar 4s +1.5V ‘Rejuvenation’ electrical 

stimulation(B). Average GCaMP activity (top) and standard deviation of activity (bottom) 

projections across frames in the designated time periods show evolution of a gas bubble 

during stimulation (cyan dashed circle). The gas bubble deformed neurons, which showed 

sustained Ca++ influx with oscillatory behavior (standard deviation projection). GCaMP 

signal reduced after stimulation (184s to 244s), but still remained elevated relative to 

surrounding tissue. Some neurons (>; right arrow) were spontaneously firing before the 

stimulus ceased activity following gas evolution. In addition, other neurons (v; down arrows) 

that were quiescent prior to the stimulus began spontaneously firing following the gas 

evolution. Scale bar = 100 μm.
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